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Abstract
We analyzed 17 years (2005–2022) of X-ray time series data from the BL LAC object, a type of active galactic nucleus, using open data from the
Neil Gehrels Swift Observatory. Data with exposure times exceeding 1000 seconds in photon-counting (PC) and windowed timing (WT) modes
were processed using HEASoft, software. Rapid XRT data analysis revealed quasi-periodic oscillation (QPO) in BL LAC, a bright source potentially
influenced by complex motions, such as those of a supermassive binary black hole system. We employed power spectral density (PSD), epoch
folding, and autocorrelation function (ACF)methods to investigate periodicity. The light curve exhibited red noise characteristics, and frequency
domain analysis confirmed a 1.593 hour QPO. These findings contribute to understanding the variability and potential binary nature of BL LAC
objects.
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1. Introduction

Astronomy studies the origin and evolution of celestial bod-
ies and high-energy phenomena, including black holes and active
galactic nuclei [1, 2]. In the early 20th century, astronomy was lim-
ited to the optical band. The emergence of radio astronomy in the
1950s, driven by advances in electromagnetic wave technology, en-
abled the discovery of quasars, pulsars, and radio galaxies [3, 4].
Technological developments in rockets, balloons, and satellites en-
abled X-ray observations above Earth’s atmosphere, essential due
to atmospheric attenuation of low-energy X-rays [5, 6]. The first
X-ray image of the Sun was captured on April 19, 1960, using a
pinhole camera aboard an Aerobee-Hi rocket. In 1962, the first
extra-solar X-ray source was detected, marking a breakthrough
due to the distinct observational techniques required in X-ray as-
tronomy. Goddard’s X-ray program began with balloon experi-
ments in 1965, followed by sounding rocket missions in the 1970s
and orbiting observatories thereafter [7]. Amilestonewas the 1975
X-ray image of the Virgo Cluster. Major X-ray missions such as
HEAO, EXOSAT, Ginga, RXTE, ROSAT, ASCA, BeppoSAX, and Chan-
dra have advanced the field. These observations help decode high-
energy emission mechanisms and fundamental cosmic processes.
Today, AGNs are explored across the full spectrum-from radio to
TeV γ-rays-supported by open-access data from observatories like
Swift [8]. AGN are extremely luminous regions at galaxy centers,
powered by accretion onto supermassive black holes. Emitting
across the entire electromagnetic spectrum, AGN includes quasars,
blazars, Seyfert galaxies, and radio galaxies. Their emission de-
pends on energy outputmechanisms, often featuring powerful, col-
limated jets perpendicular to the accretion disk [6, 9]. The classifi-
cation in Table 1 is based on their optical and ultraviolet spectra.

Blazars, first identified in 1929 andunified in 1980, areAGNswith
jets aimed at Earth. They show rapid variability, high non-thermal
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emission, and X-rays from the inner accretion disk, powered by
a supermassive black hole [11]. Blazars show a two-peaked SED:
the low-energy peak (UV–soft X-rays) from synchrotron radiation,
and the high-energy peak (X-rays–γ-rays) from inverse Compton
or hadronic processes [12]. Blazar variability spans wide temporal
and spatial scales. A 1996 study reported variability amplitude cor-
relating with redshift and anticorrelating with luminosity. How-
ever, later observations of 15 blazars found no clear correlation
with either [13]. Variability in the V band is generally larger than
in the R band, though exceptions exist, with some cases showing
equal or greater variability in the R band. This suggests that the as-
sumption of systematically larger variability at higher frequencies
may not always hold. Recent research also indicates that blazar
variability can be quasi-periodic [13, 14, 15]. BL Lacertae is an un-
usual type of AGN of BL LAC objects which have rapid variability
and high polarization. According to radio loudness, BL Lacertae
is AGN of radio-loud source. There are around 40 BL LAC objects
known, one is BL Lacertac which is bright source [16].

BL Lacertae is located about 950 million light-years from Earth,
which is the most energetic type of black-hole-powered galactic
core. Supermassive black holes, about 200 million times the mass
of our Sun in the case of BL LAC – in these galaxies’ cores power
jets of electrically charged particles and intense radiation [17]. Ini-
tially, this source at that time was classified as an LBL in TeVCat
but because of the BL LAC’s characteristics, it has been updated
to an IBL. This update was based on its classification in the Fermi
2nd AGN Catalog [18]. BL LAC is the Source Type of IBL and has
the other name 1ES 2200+420 and TeVCat Name TeV J2202+422
with (z= 0.069) R.A. (J2000): 22h 02m 43.3s and 4. (J2000): 42d 16’
40” [19]. Nowadays, the source has been extensively studied in a
broad range of the electromagnetic spectrum by using several in-
struments whereas featureless BL LAC objects including BL Lacer-
tae or BL LAC have been neglected for several years.

Swift is a 2004 space telescope for rapid GRB detection and
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Table 1: Classification of AGN [10].

Type Subtype Abbreviation Properies
Type 1 1. Steep spectrum radio-quasars 1. SSRQ 1. Quasar with steep radio spectrum(α > 0.5)

2. Quasi-steller object 2. QSO 2. Distant source with braod lines
3. Flat-spectrum radio quasar 3. FSRQ 3. Quasar with flat radio spectrum(α < 0.5)
4. Seyfert 1 4. Sy1 4. Broad+ narrow emission lines

Type 2 1. Fanaroff-Riley radio galaxy 1. FR1 1. Low-power, core-bright radio galaxy
2. Fanaroff-Riley radio galaxy 2. FR2 2. High-power, lobe bright radio galaxy
3. Seyfert 2 3. Sy2 3. Only narrow line emission

Type 3 1. BL Lacertae 1. BL LAC 1. Featureless optical continuum, weak lines
2. Optically violent variable AGN 2. OVV 2. Highly variable, polarized, apparent superluminal motion

study across 0.002–150 keV using BAT, XRT, and UVOT [20]. The
Swift X-Ray Telescope (XRT) is a sensitive CCD-based imaging
spectrometer designed to study GRB afterglows, providing spec-
tra, light curves, and localization within ~2 arcsec [21, 22]. The
Swift/XRT parameters are given in Table 2.

Table 2: Swift/XRT parameters [23].

XRT Parameter Value
Telescope JET-X Wolter 1
Energy range 0.2-10 keV
Detector E2V CCD-22
Detector format 600 x 600 pixels
Pixel size 40 µm × 40 µm
Readout modes Image (IM) mode, Photodiode (PD) mode,

Windowed Timing (WT) mode,
and Photon-counting (PC) mode

Pixel scale 2.36 arcseconds/pixel
Field of view 23.6 × 23.6 arcminutes
PSF 18 arcseconds HPD 1.5 keV,

22 arcseconds HPD 8.1 keV
Position accuracy 3 arcseconds
Time resolution 0.14 ms, 1.8 ms, or 2.5s
Energy range 0.2-10 keV
Energy resolution 140 eV 5.9 keV (at launch)
Effective area 110 cm2 @ 1.5 keV

Numerous studies have searched for quasi-periodic oscillations
(QPOs) in blazars across optical, radio, X-ray, and γ-ray bands.
Early photographic monitoring of OJ 287 and BL Lacertae using
the Scargle periodogram yielded only 50% significance for opti-
cal periodicity [24, 25]. Radio and optical campaigns by WEBT
over 30 years found ~8 yr periodicity in radio hardness ratios,
with weaker optical signatures using DFT, ACF, and SF techniques
[26, 27]. RXTE ASM data (1.5–12 keV) for 24 blazars revealed a 313
± 12-day QPO in BL LAC’s X-ray light curve via structure function
and DCF analysis [28]. XMM-Newton archival observations also
indicate non–yearly quasi-periods in BL LAC using WWZ and LSP
methods [29]. Fermi γ-ray sky analyses identified ~680-day cycles
in BL LAC and PG 1553+113 with generalized Lomb–Scargle peri-
odograms [30]. Combined optical (AAVSO) and radio (OVRO, UM-
RAO) data from 1970–2018 exhibit ~9 yr optical and ~8 yr radio
QPOs for BL LAC [31]. Recent Fermi studies of bright γ-ray blazars
cast doubt on robust year-long QPOs amid red-noise, underscoring
the need for rigorous verification [32]. These mixed results mo-
tivate our targeted timing analysis of Swift-XRT data to confirm
X-ray QPOs in BL LAC.

2. Methodology

This study utilizes power spectral density and epoch folding
methods to detect and verify QPOs. Data analysis requires HEA-
Soft, software package (version 6.30), which includes Swift-specific
tools, standard FTOOLS, and XANADU packages. Installation fol-
lows the verified procedures available online, and the calibration
database (CALDB v1.02) must be locally installed for proper data
calibration. Once the software setup is complete, Swift data can
be downloaded and processed. Public Swift-XRT data, including ex-
posure times, are cataloged in the Swift-XRTmaster catalog, which
provides high-level data and archive access for each observation
ID. For this study of BL Lacertae, observations with exposure times
exceeding 1000 seconds were downloaded, spanning 17 years from
October 28, 2005, to March 12, 2022. A total of 386 observation IDs
were obtained, with 311 in window timing (WT) mode and 75 in
photon counting (PC) mode; one WT observation (ID 00030720160)
was excluded due to errors.

Swift-XRT data were processed using the HEASARC pipeline.
Source and background regions were defined in SAOImage DS9
(RA=330.680, DEC=42.277). A 20-pixel radius was used for source
extraction in both WT and PC modes; background regions were 40
pixels (PC) and 20 pixels (WT). High-level products were generated
with xrtproducts. Light curves were background-subtracted using
lcmath and binned into .flc files via lcurve. For pile-up affected
data, the inner radius was estimated using ximage, and an annular
region (inner radius from analysis, outer radius 20 pixels) was de-
fined in DS9 as shown in Fig.1. Background regions were the same
as in non-pile-up cases. Pile-up occurs when multiple photons are
recorded as one event. It is significant above ~0.5 counts (PC) or
~100 counts (WT). In this study, no pile-up was found in PC mode,
though 33 observations near the threshold were checked.

Figure 1: Radial profile of the point spread function (PSF) showing the ef-
fect of pile-up. The plot displays PSF intensity versus radius. The
central deficit relative to the model curve indicates photon pile-
up, wheremultiple photons are registered as a single event. This
profile is used to define an annular extraction region that ex-
cludes the piled-up core for accurate spectral and timing anal-
ysis.
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3. Results and discussion

3.1. The light curve
The analyzed light curve of the source blazar BL LAC is given

in Fig. 2. The light curve clearly shows the periodic modula-
tion when the time in seconds is 2.24208 × 108, 3.482635 × 108,
4.83635×108, the count rate is above the average count rate. Stan-
dard deviation is 0.28897, average count per second is 0.44311, min-
imum count is 0.3307, and maximum count per second is 1.8190.
The start time and end time are given in the efold graph.

Figure 2: X-ray light curve showing source variability over time. The
count rate (counts/sec) varies with time (sec), indicating intrin-
sic brightness fluctuations of the source.

The autocorrelation of the graph of the light curve is given by
Fig. 3, which shows the autocorrelation signals for the blazar BL
LAC. The horizontal axis shows the time delay as calculated from
the arm length difference. The autocorrelation function is mostly
affected by pulse rate. The graph of Fig. 3 has a different spatial po-
sition. Different spatial positions in the autocorrelation graph cor-
respond to different time delays. By the graph of the autocorrela-
tion function different spatial positions of autocorrelation are seen
i.e., there are some time delays in light curve of Fig. 2. There is posi-
tive andnegative type of autocorrelationwhichmeans that the pro-
cess is completely uncorrelated but serially correlated in time. The
light curve process is a red noise process. Here the search of QPO of
such noise process i.e., having zero meaning and finite variance in
the autocorrelation function serially correlated in time. For search
period, the time obtained from the maximum power of frequency
is period of oscillation. Also, if the power spectrum weighed to-
wards low frequency without preferring single point it is red noise
[33].

3.2. Power spectrum density (PSD)
The power spectrum density of a signal is its power distribution

over its frequency. A binary process might cause the power spec-
trum line to fluctuate. The power spectrummay also be used to de-
termine the amount of noise present in broadcasts. To obtain PSD,
the amplitude of the FFT is multiplied by its complex conjugate
and normalized to the frequency bin width. Power spectral den-
sity characterizes a stationary randomprocess in the frequency do-
main. Power spectrum is discrete-time Fourier transform (DTFT)
of the correlation process. For power spectra s(f) and correlation
processes r[k], they are changeable by the DTFT as,

s(f) ↔ r[k] (1)

s(f) =

∞∑
k=−∞

r[k]e−jkf (2)

Figure 3: An autocorrelation plot. The x-axis represents the time delay,
while the y-axis shows the autocorrelation coefficient, indicating
the strength and direction of correlation of the signal with itself
at various delays. This plot helps identify hidden patterns and
periodicities within the time series data.

r[k] =
1

2π

∫ π

−π

s(f)ejkfdf (3)

The unit of power spectrum density is power/Hz. As the name
implies, the Fast Fourier Transform (FFT) is an algorithm that de-
termines the Discrete Fourier Transform of an input significantly
faster than computing it directly. FFT reduces the number of com-
putations needed for a problem of size N from O(N2) to O(NlogN).
In equation 1 FFT can also do the work as DTFT. The estimation of
the square of the value is done by

P (ϑ) =
T

n2F 2
(|

n∑
j=1

x(tj)e
−2πϑt|)2 (4)

Figure 4: Power spectral density of BL LAC object by Swift observations,
with frequency (Hz) on the x-axis and corresponding power on
the y-axis, highlighting maximum power at 9198.47 Hz.

After giving the file in XRONOS, it read all information like start
time, stop time, bin time, etc. By passing with default windows, a
300-bin timewas given tomake only one interval of data. Wdata ob-
tained from that was plotted as Fig. 4. Because of the periodic pro-
cess, the power spectrum line fluctuates over frequency for power.
To make clear the time of spectral analysis, negative binning was
done.
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Figure 5: Power spectral density of Swift XRT data for BL LAC object, ana-
lyzed to search for quasi-periodic oscillations (QPOs), with a bin
time of 300.0 seconds.

3.3. The efsearch

Calculating χ2 in epoch folding, forNb phase bins is done by,

χ2 =

Nb∑
i=1

(xi − x)2

σ2
i

(5)

χ2 is dependent on the time series and pulse shape. To make
noise-free signals, the error of the Gaussian frequency of non-
sinusoidal oscillation should be taken in epoch folding. The period
as described by Fourier component is described as,

σ2
p =

∞∑
k=−∞

σ2
total

π2T 2N

P 2∑∞
k=−∞ k2A2

k

(6)

In this work, epoch folding was done using the efsearch task
from the XRONOS package in HEASoft, FTOOLS- the graph is in Fig.
6. It automatically calculates the harmonic chi-square (χ2) to find
the best period by maximizing the χ2 value from the light curve.
The period estimated from the power spectral density (PSD), about
19 seconds, was used. This helped generate phase bins over an in-
terval of around 300 seconds. Since XRONOS only accepts integers,
the number of bins per periodwas given as an integer. A resolution
of 50 seconds was used, and 128 trial periods were tested.

3.4. efold
A specific or estimated period is used to fold the data and create

a phase-folded light curve. This is done using the efold task, with
the hidden parameter perfo set to 1, meaning the period is given
in days. The light curve file, along with the default window epoch
and period (as used in efsearch), is provided. The nphase param-
eter defines the number of phase bins per period, which sets the
resolution of the folded profile. The resulting plot of count rate
versus phase is saved, and the graph is shown in the figure as Rate
vs Phase. From Fig. 4 and 5, power spectrum density graph, it was
obtained that, for maximum power 9198.47, the period is 5735.26
sec. Which is 1.593 hours. Red noise data should be epoch folded
with time [33]. So efsearch was done. By efsearch, Fig. 6 gives
best period of 5735.26 seconds is 1.593 hours for the observation of
blazar BL LAC using the epoch folding search. It verifies the time
that was obtained from PSD graph. By this graph we obtain the
phase characters, using them phase folded light curved was made.
Which shows the very well-defined folded phase. Which is folded

Figure 6: Efsearch graph generated by XRONOS for the Swift XRT light
curve of the BL LAC object. The chi-squared values are plotted
against trial periods, showing a prominent peak at 5735 seconds,
which suggests the presence of quasi-periodic oscillation (QPO)
at this period.

to 5735.26 second in Fig. 7. Hence QPO of 5735.26 second is 1.593
hours is seen in observation of BL Lac.

Figure 7: Phase-folded light curve of the BL LAC object derived from Swift
XRT data, folded over a period of 5735.26 seconds, showing nor-
malized intensity variations across two (phase 0 to 2), with obser-
vations spanning from 136771 1:02:09.651 to 136950 20:44:56.832.

In PSD curve the first maximum power is of epoch blast. From
the second pick of power spectrum the Quasi-periodicity of 5735.26
sec, which is 1.593 hours. This Quasi-periodicity time is verified by
epoch folding method, which gives clear pick in zero phase which
is shown in Fig. 6. This phase gives the phase folded light curve as
in Fig. 7.

4. Conclusion
A binary black hole (BH) system may cause fluctuations in the

power spectrum due to frequency shifts [34]. Black hole and neu-
tron star X-ray binary systems are known to exhibit quasi-periodic
oscillations (QPOs) in their X-ray flux. If the QPOs observed in BL
LAC objects were due to a supermassive binary black hole (SBBH)
system, this could conflict with the upper limits on the gravita-
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tional wave background set by pulsar timing array experiments.
This suggests the difficulty of confidently associating QPOs in BL
LAC objects with SBBHs [35].

QPOs in blazars may also arise from jet emissions, possibly
driven by perturbations near the black hole [28]. Therefore, cur-
rent evidence is insufficient to conclusively classify BL LAC as a
binary system. Moreover, low-frequency QPOs often appear as
stochastic variations in spectral analysis, which reduces the reli-
ability of any associated confidence level in the power spectrum
density (PSD) graph [30].

In one relevant study [28], performed a structure-function anal-
ysis using over 12 years of X-ray data from the Rossi X-Ray Timing
Explorer (RXTE) All-Sky Monitor for 24 blazars in the 1.5–12 keV
energy range. Their findings did not support the one-year QPO
claims previously made by Rani et al. If a true QPO with a period
of roughly one year existed in a blazar like BL LAC, the PSD should
show a significant peak at the corresponding frequency. However,
in our case, we observe a much shorter QPO timescale. This may
suggest that, if a binary system is present, the black holes are in
extremely rapid orbital motion. Thus, the detection of a QPO in a
blazar could hint at the presence of a binary supermassive black
hole system. However, before concluding such a scenario, the bi-
nary model must also be able to explain other physical and obser-
vational properties of the source consistently.
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