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Abstract

Using an unprecedented cadence of 30 minutes provided by the Transiting Exoplanet Survey Satellite, we have
examined the optical light curves (LCs) of the blazar S5 0716+714 obtained from its Sectors 40, 47, and 53 over a
period of about 75 days. This source exhibited flux variability in each of those sectors, reaching a maximum
variability amplitude of 5.6%. The power spectral density shapes were tested with a simple power law and two
distinct bending power laws and were found to be better fit by bending power laws than simple power laws for all
but one of the segments. To look for any periodicities in these LCs, we used weighted wavelet Z transform
analysis and generalized Lomb–Scargle periodograms. We identified one possible quasiperiodic oscillation
signature in a portion of sector 40 (period of ∼6.5 hr), having ∼95% global significance. A statistical approach to
assess the LCs involving continuous autoregressive moving average was implemented, and the LCs were found to
follow more complex processes than the simplest and typical damped random walk process. We briefly discuss
the statistical properties of the LCs along with the general variability features and physical processes that could
cause these types of fluctuations.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); BL Lacertae objects (158); Jets (870);
Blazars (164)

1. Introduction

Active galactic nuclei (AGNs) are extremely compact
accretion-powered central regions of host galaxies involving
astrophysical processes produced by supermassive black holes
(BHs) of 106–1010M⊙ that are challenging to resolve even
with the best available telescopes. Blazars, being a subclass of
radio-loud and jetted AGNs pointing their jets almost along the
observer’s line of sight (≲10�; C. M. Urry & P. Padovani
1995), make up a very small fraction of all AGNs (<1%). It
has been well established that blazars show flux, spectral, and
polarization variations in all accessible electromagnetic (EM)
bands on diverse timescales ranging from as short as a few
minutes to as long as several years (e.g., H. R. Miller et al.
1989; C. M. Urry et al. 1993; C. M. Raiteri et al. 2001, 2006;
A. C. Gupta et al. 2012, 2016, 2022, and references therein).
Blazars are usually classified into two subclasses: BL Lacertae
objects (BL Lacs) and flat spectrum radio quasars (FSRQs).
BL Lacs show featureless continua or very weak emission
lines (i.e., equivalent width � 5Å; J. T. Stocke et al. 1991;
M. J. M. Marcha et al. 1996), whereas FSRQs show prominent
emission lines in the composite optical/ultraviolet spectra
(R. D. Blandford & M. J. Rees 1978; G. Ghisellini et al. 1997).

Blazar flux variability across the entire EM spectrum is
mostly nonlinear, stochastic, and aperiodic (e.g., P. Kushwaha
et al. 2017), with emission being predominantly nonthermal
(e.g., A. C. Gupta et al. 2019b, and references therein), and
these flux changes provide an important way to probe these
accretion-powered sources. Very high flux variability in the

form of flares, quiescent phases, and partially coherent
variations in the form of periodic or quasiperiodic oscillations
(QPOs) of various lengths are among the characteristic
features of blazars (e.g., A. Shukla & K. Mannheim 2020;
J. H. Fan et al. 2021; S. Kishore et al. 2024a, and references
therein). No single AGN emission model has been able to
explain all these observed traits, but these features can be
employed to constrain some of the physical processes and
accompanying mechanisms acting on short-length scales that
are related to the timescales of variations (e.g., A. Shukla &
K. Mannheim 2020; S. Kishore et al. 2023; M. J. Valtonen
et al. 2024, and references therein).

QPOs or periodic oscillations have been seen rather
frequently in the light curves (LCs) of neutron star and
stellar-mass BH binaries (R. A. Remillard & J. E. McClintock
2006). While the LCs of AGNs are primarily nonperiodic
throughout the whole EM spectrum, over the past two decades,
sporadic QPO detections in several EM bands and with a range
of periods have been documented in a number of blazars (e.g.,
A. C. Gupta et al. 2009, 2019a; P. Lachowicz et al. 2009;
O. G. King et al. 2013; M. Ackermann et al. 2015;
A. Sandrinelli et al. 2016, 2017; G. Bhatta et al. 2016; J. Zhou
et al. 2018; G. Bhatta 2019; A. Sarkar et al. 2020; P. Peñil
et al. 2020; A. Sarkar et al. 2021; A. Tripathi et al. 2021;
A. Roy et al. 2022a; A. Roy et al. 2022b; S. G. Jorstad et al.
2022; S. Kishore et al. 2023; A. K. Das et al. 2023; P. Peñil
et al. 2024; A. Tripathi et al. 2024, and references therein) and
other AGN subclasses (e.g., M. Gierliński et al. 2008;
W. N. Alston et al. 2014, 2015; H.-W. Pan et al. 2016;
A. C. Gupta et al. 2018, and references therein). QPOs with
timescales of days or hours are believed to be very rare in
AGNs (e.g., A. Gupta 2018), and their nature is unclear.
Multiple possible explanations for these features have been
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suggested (e.g., S. Kishore et al. 2023), including emission
from plasma moving helically inside the jet (e.g., A. Sarkar
et al. 2020), plasma instabilities (e.g., L. Dong et al. 2020) or
orbital motion in an accretion disk (e.g., S. Hong et al. 2018;
A. Roy et al. 2022a).

The bright blazar S5 0716+7144 (z= 0.31 ± 0.08;
K. Nilsson et al. 2008) has been among the most studied
blazars, including examinations of variability across all EM
bands on diverse timescales (e.g., S. Wagner et al. 1990;
A. Quirrenbach et al. 1991; S. J. Wagner et al. 1996;
G. Ghisellini et al. 1997; G. Tagliaferri et al. 2003;
C. M. Raiteri et al. 2003; E. Pian et al. 2005b; U. Bach
et al. 2005; L. Foschini et al. 2006; M. Villata et al. 2008;
A. C. Gupta et al. 2012; B. Rani et al. 2013; G. Bhatta et al.
2013; S. Chandra et al. 2015; A. Wierzcholska &
H. Siejkowski 2016; A. Sandrinelli et al. 2017; MAGIC
Collaboration et al. 2018, and references therein). Variations
from S5 0716+714 are seen with a very high duty cycle (a
means to quantify the overall variability pattern, defined as the
fraction of time that the source shows a variable nature based
on available observational data) of ∼1 (e.g., S. J. Wagner &
A. Witzel 1995), which means that the object is almost always
in a somewhat active state. S5 0716+714 emits very high-
energy γ − rays, as reported by Major Atmospheric Gamma
Imaging Cherenkov observations (H. Anderhub et al. 2009),
and has been included in the catalog of TeV emitting sources.5

Periodic oscillations or QPOs on diverse timescales have
apparently been detected on several occasions in different EM
bands from the blazar S5 0716+714 (e.g., A. Quirrenbach
et al. 1991; J. Heidt & S. J. Wagner 1996; S. J. Wagner et al.
1996; C. M. Raiteri et al. 2003; A. C. Gupta et al. 2009;
B. Rani et al. 2010, 2013; D. A. Prokhorov & A. Moraghan
2017). It is possible that a potential QPO on a ∼1 day
timescale was simultaneously detected in the radio and optical
bands (A. Quirrenbach et al. 1991). On another occasion, its
optical emission seemed to exhibit quasiperiodicity with a ∼4
day timescale (J. Heidt & S. J. Wagner 1996). In a
multiwavelength observational campaign of the source, a
QPO with a period of a ∼7 days was detected at 5 GHz radio
frequency (S. J. Wagner et al. 1996). From a long-term optical
LC, a QPO with a period of 3.0 ± 0.3 yr was reported in this
blazar (C. M. Raiteri et al. 2003). In an extensive search for
optical QPOs on the timescales of minutes using the published
LC taken from 1999 to 2003 by F. Montagni et al. (2006),
A. C. Gupta et al. (2009) found evidence for QPOs on five
occasions in the period range of 25–37 minutes. B. Rani et al.
(2010) carried out optical observations of the source in 2008
and reported QPO detection on one occasion with the period of
∼15 minutes. In multiwavelength observations of the blazar
S5 0716+714 from 2008 to 2011, B. Rani et al. (2013) found
evidence for a 63 day period in the optical band, and
D. A. Prokhorov & A. Moraghan (2017) suggested a 346
day period in γ-rays.

The mass of the central BH plays a crucial role in AGN
physics, greatly influencing the accretion disk size, rate, and
temperature via the Eddington limit. In addition, it also affects
the relativistic jet power, variability timescales of disk
instabilities, host galaxy’s bulge, position of the synchrotron,
and inverse-Compton peak frequencies for blazars, etc.,
making it important to estimate the BH mass. There are

several methods to assess the mass of the accreting BHs. The
primary ones include stellar and gas kinematics investigation,
requiring high-resolution host galaxy spectroscopy. Reverbera-
tion mapping, which tracks the response of emission lines to
continuum variations, and megamasers investigation (e.g.,
J. Moran et al. 1995) are also the basic methods for BH mass
deductions. However, all these methods rely on the presence of
well-resolved spectral lines (e.g., B. M. Peterson & A. Wandel
2000; R. J. McLure & J. S. Dunlop 2002; E. W. Liang &
H. T. Liu 2003; E. Pian et al. 2005a; C. J. Grier et al. 2013, and
references therein). Since the optical spectrum of the blazar S5
0716+714 is a featureless continuum, it is not possible to
utilize the above-noted methods. An empirical method based
on the BH mass and velocity dispersion of the host galaxy
bulge is also inapplicable to the source, as the host galaxy of
the source has only been marginally detected (K. Nilsson et al.
2008).
In this paper, we present the time-domain statistical study of

the optical LC of the blazar S5 0716+714, which was
observed with the Transiting Exoplanet Survey Satellite
(TESS). This includes the LC’s variability inspections and a
thorough QPO search in the obtained LCs. In Section 2, we
describe data acquisition and reduction. In Section 3, we
explain the data analysis techniques we used and present the
results. A discussion is provided in Section 4.

2. Data Acquisition and Reduction

Aside from some data gaps of 1–2 days related to
telemetry, S5 0716+714 was observed by TESS in eight
Sectors: 20, 26, 40, 47, 53, 60, 73, and 74. TESS’s detector
bandpass spans the range 600–1000 nm and is centered at the
traditional Cousins I-band.6 We obtained the optical SAP_-
FLUX (flux obtained by summing constituent pixel values via
simple aperture photometry; see J. M. Jenkins et al. 2016, 2020
for details) provided by the TESS Science Processing
Operations Center (SPOC) pipeline for calibration with the
cotrending basis vectors (CBVs), as described in S. Kishore
et al. (2023), and have followed the procedure given there.
Hence, we refer the readers to that paper for the nomenclature
used in this section and the optimum values found for the three
parameters employed during data reduction: the two goodness
metrics (overfitting and underfitting) and the regularization
factor (α).

Unfortunately, there were no lightcurvefiles already
available for Sectors 60, 73, and 74 through the SPOC, and the
overfitting metric values for Sectors 20 and 26 were found to
be much lower than the minimum optimum value of 0.8
needed for proper calibration. Hence, we only considered data
from Sectors 40, 47, and 53 in our inspection of the LCs
(constituting a composite timespan of ∼74 days). Table 1
includes these parameters obtained for different sectoral

Table 1
Flux Calibration Details

Sector α Overfitting metric Underfitting metric

40 0.1 0.803 0.990
47 0.1 0.806 0.834
53 0.1 0.841 0.961

4 See Figure 3 of Villata et al. (1998) for the field of view of S5 0716+714.
5 http://tevcat.uchicago.edu/ 6 https://heasarc.gsfc.nasa.gov/docs/tess/documentation.html

2

The Astrophysical Journal, 998:317 (10pp), 2026 February 20 Kishore, Gupta, & Wiita

http://tevcat.uchicago.edu/
https://heasarc.gsfc.nasa.gov/docs/tess/documentation.html


reductions, and Figure 1 presents the LCs obtained for the
three noted sectors after reduction. In our analysis, each of the
sectoral LCs was segmented into two parts, of roughly 12 days
in length, separated by the standard data gap to ensure even
spacing between the data points.

3. Data Analysis and Results

3.1. Excess Variance

As the LCs of blazars are degraded by instrumental noise,
they can very often exhibit nominal variability signatures
enhanced by that noise. Hence, the typical variance test can
lead to erroneous results. Since flux variability acts as one of
the fundamental properties of a typical blazar across all EM
bands, incorporating the intrinsic measurement uncertainties
becomes crucial. The excess variance method helps take care
of this uncertainty in estimating the intrinsic variability of the
source. It is estimated via

F
S

x
, 1var

err
2 2

2¯
( )=

S
n

x x
1

1
, 22 2( ¯) ( )=

and

F
n F x n x

1

2

1
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err

var

err
2

2

2 2
2

( )
¯ ¯

( )= +

where Fvar is the fractional rms variability amplitude;
S err

2 2 is the variance after discarding the average
contribution expected from measurement uncertainties; and
x n, , anderr

2¯ ¯ represent the mean flux value, mean square
uncertainty, and the number of flux data points. The fractional
rms variability amplitude, that is, the square root of the
normalized excess variance, and the corresponding uncertainty
have been computed as in S. Vaughan et al. (2003). We employed
this excess variance as the first test to confirm the genuine
variability in the LCs. Each of the six segments was tested
individually with this, and the results have been presented in
Table 2. We found that the source shows a corrected variability
amplitude of between 3.2% and 5.6% on these ∼12 day intervals.

3.2. Periodogram Analysis

Blazar LCs often exhibit a “red noise” periodogram or
power spectral density (PSD) where the periodogram shapes
generally follow a simple power-law relation P(ν) ∼ ν− α with
ν the temporal frequency, so the power decreases rapidly with
increasing frequency. Aside from these simple power laws,

Figure 1. LCs of S5 0716+714 corresponding to Sectors 40 (top), 47 (middle), and 53 (bottom).
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bending power laws or broken power laws have also been
observed to characterize the PSD shapes (e.g.,
O. González-Martín & S. Vaughan 2012). These characteristic
structures and PSD slopes can provide clues to the states of the
observed systems. An additional benefit of the periodogram is
that any distinctive oscillatory behavior in the time series can
be readily detected and can be tested for its significance
against the corresponding PSD shape.

We have used the generalized Lomb–Scargle periodogram
(LSP; N. R. Lomb 1976; J. D. Scargle 1982; E. Pian et al.
2005a; M. Zechmeister & M. Kürster 2009; J. T. VanderPlas
2018) to do a segment-wise PSD analysis of the obtained LCs.
The PSD shapes were fitted with three distinct PSD models
(e.g., see S. Vaughan 2010; D. Emmanoulopoulos et al. 2013):
M1 (simple power law):

P A c, 41( ) ( )= +

M2 (bending power law–“A”):

P A c1 , 51
1 1

b

1( )( ) ( )= + +

and M3 (bending power law–“B”):

P A c1 , 6
b

1

2

1 2

( ) ( )= + +

where the free parameters A, α1, α2, νb, and c, are the
normalization, spectral indices, bending frequency, and an
additive constant, respectively. The above three models,
respectively, have three, four, and five free parameters. We
have used the minimization of negative log-likelihood method

to derive the free parameters for the above power-law models.
The function to be minimized is given as (see S. Vaughan
2010)

L
I

P
P2 log , 7

j

j

j
j ( )= +

where Ij and Pj are the observed periodogram and the model
spectrum. The corresponding uncertainties on the model
parameters were computed following O. González-Martín &
S. Vaughan (2012). We further used the Bayesian information
criterion (BIC) approaches to quantify the applicability of the
individual models characterizing the PSD shapes and to get the
preferred model. This method relies on the negative log-
likelihood minimization, additionally accounting for the number
of free parameters, incorporating the number of data points as
well. The preferred model has the lowest BIC value. It is given as

LBIC k nln , 8· ( ) ( )=

where k and n are the number of free parameters and the number
of data points. The BIC values for the best-fit models are
presented in Table 2. We find that all the segments can be well
described by M2 except 1/47, which is better described by M1.

To estimate the distinct significance levels of any frequency
peaks and the average spectrum for a comprehensive QPO
search, we simulated 105 artificial LCs based on the mean,
variance, PSD shape, and flux distribution of the LCs. To do
this, we employed the publicly available Python code
DELCgen,7 a version of the LC simulation algorithm from

Table 2
Variability Amplitudes, LSP Fit Parameters for Simple Power and Bending Power-law Fits, and Corresponding BIC Valuesa

Sector/ Timespan Fvar Normalization Bending freq. Power spectral index Offset BIC CARMA
Segment (d) (%) constant (A) (νb: (day−1)) α1 α2 (c) coef. (p, q)

40/1b 13.73 4.06 1.08 100.06
0.06 1( ) ×+ 2.47 0.02

0.02+ 0 −1325.3 (3,1)
1.27 100.08

0.08 1( ) ×+ 2.61 0.03
0.03+ 2.38 × 10−3 −1315.8

9.40 0.59
0.63+ 2.13 0.07

0.08+ 3.15 0.04
0.05+ 2.38 100.54

0.55 3( ) ×+ −1344.9

2.17 100.13
0.13 1( ) ×+ 1.01 0.02

0.02+ 2.82 0.03
0.03+ 1.48 102.32

1.18 1( ) ×+ 1.37 100.53
0.53 3( ) ×+ −1344.6

40/2 13.52 4.70 7.46 0.57
0.60+ 2.76 0.04

0.04+ 4.18 100.50
0.50 3( ) ×+ −1593.3 (3,1)

9.32 0.81
0.91+ 1.62 0.07

0.07+ 3.61 0.08
0.08+ 5.89 100.52

0.53 3( ) ×+ −1619.9

3.08 100.26
0.28 1( ) ×+ 8.42 100.22

0.22 1( ) ×+ 3.26 0.05
0.05+ 2.98 102.37

2.39 1( ) ×+ 5.44 100.52
0.52 3( ) ×+ −1617.7

47/1b 12.23 5.38 3.55 0.20
0.21+ 2.36 0.02

0.03+ 0 −1687.0 (3,2)
3.85 0.24

0.25+ 2.44 0.03
0.03+ 6.1 × 10−4 −1684.9

1.10 100.07
0.07 1( ) ×+ 7.04 100.29

0.28 1( ) ×+ 2.63 0.02
0.03+ 6.1 102.7

2.6 4( ) ×+ −1682.9

3.55 100.22
0.21 2( ) ×+ 2.86 100.05

0.05 1( ) ×+ 2.45 0.02
0.02+ 1.08 0.05

0.05+ 2.3 101.8
2.6 4( ) ×+ −1679.0

47/2 10.38 4.42 5.56 0.44
0.48+ 2.68 0.04

0.04+ 2.51 100.39
0.40 3( ) ×+ −1357.7 (3,1)

8.07 0.72
0.79+ 1.50 0.07

0.07+ 3.39 0.07
0.07+ 3.46 100.40

0.41 3( ) ×+ −1370.6

4.01 0.39
0.44+ 7.15 0.43

0.48+ 6.18 0.68
0.82+ 2.09 0.07

0.07+ 4.33 100.40
0.41 3( ) ×+ −1367.8

53/1 11.98 3.21 8.33 0.69
0.74+ 2.47 0.05

0.05+ 1.24 100.14
0.14 2( ) ×+ −954.8 (3,0)

6.13 0.62
0.69+ 3.26 0.14

0.14+ 4.74 0.22
0.24+ 1.81 100.14

0.15 2( ) ×+ −987.9

5.53 0.57
0.64+ 5.07 0.24

0.26+ 6.42 0.60
0.70+ 1.52 0.09

0.09+ 1.89 100.14
0.15 2( ) ×+ −985.8

53/2 12.06 5.60 4.54 0.30
0.32+ 2.32 0.03

0.03+ 2.14 100.57
0.59 3( ) ×+ −1361.3 (3,1)

8.74 0.69
0.74+ 1.23 0.06

0.06+ 2.89 0.05
0.05+ 4.43 100.60

0.61 3( ) ×+ −1367.3

5.71 100.42
0.45 1( ) ×+ 4.78 100.13

0.13 1( ) ×+ 2.58 0.03
0.03+ 2.84 101.02

0.99 1( ) ×+ 3.48 100.60
0.59 3( ) ×+ −1361.9

Note.
a The uncertainties in Fvar values are less than 10−4% and hence not presented.
b The simple power-law fitting of LSP of this segment offered a negative value of c, so we employed two approaches: one includes fixing it to zero, and the other
when it was set to the value obtained with the model M2.

7 DELCgen.py
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D. Emmanoulopoulos et al. (2013), and the LSPs of each
individual created LC were estimated. However, with this
method, the average LSPs of several segments could not
properly fit the periodograms (apparently there were slight
disagreements in periodogram shapes estimated with the LSP
and DELCgen.py package for each individual segment: an
example plot for the segment 1/40 depicting the poor fitting is
presented in Appendix Figure 4–upper panel). So, we followed
a rather straightforward method that uses the property that the
periodogram is distributed in a χ2 distribution with 2 degrees
of freedom (Equations (15) and 16 of S. Vaughan 2005). Then
we can estimate a proper multiplication factor for the required
significance levels. The best fits with the three models are
presented in Figure 2, and the LSP fit parameters are included
in Table 2. Using appropriate multiplication factors, Figure 2
includes the local 99.73% (3σ) significance levels for
corresponding best models for each of the segments. We find
that none of the segments as a whole give any strong
periodicity peak crossing the local 3σ significance level,
making it unnecessary to compute global levels, as that would
further increase the threshold levels.

3.3. Weighted Wavelet Z Analysis

The weighted wavelet Z (WWZ) provides a particularly
useful way to analyze LCs that might possess transient QPOs.
When considering a limited temporal span of time-series data,
this technique simultaneously decomposes these data into both
frequency and time domains. Thus, the WWZ analysis method
can assess the temporal evolution of prominent periodicities,
along with their phase and amplitude. Characterized by two
basic properties, scale and position, a wavelet represents a
localized wave-like oscillation. The transform utilizes these
wavelets instead of the sinusoidal components, and they act as
window/weight functions to constrain the portions of interest
in the LC (see G. Foster 1996, and references therein), to offer
a two-dimensional map of power as a function of time and
frequency.

Following S. Kishore et al. (2023), we performed the
segment-wise WWZ analysis of the observed LCs to get a
general overview of the behavior of the LC in the time–
frequency domain. To do so we used the libwwz python
package,8 based on the G. Foster (1996) and M. Templeton
(2004) Fortran codes. This way, we can make a visual
inspection of LC behaviors without being immediately
concerned about the significance of any periodic peculiarities.
The WWZ maps of all the segmented LCs are presented in
Figure 3.

We require that a genuine QPO signal must satisfy the
criteria that the LSP peak corresponding to that signal must
cross the local 99.73% significance level above the most
preferred underlying spectrum/model (selected through the
BIC criteria) and cover at least ∼ 4 cycles (visualized via the
WWZ map). An additional benefit of the WWZ analysis is that
a time-averaged periodogram (TAP: included in Figure 2), or
mean of the WWZ, can also be constructed from the WWZ
map by integrating it along the time axis; this is similar to the
nominal PSD of the LC and helpful in detecting periodicities.
Every visually indicated high-powered feature in the WWZ
map was considered a region of interest and was tested for
periodicity searches. One way in which disagreement among

different techniques may arise is from a difference in
considering the associated uncertainties with the individual
data points. The LSP plots in all segments contain several
peaky structures. Since any sustained signal in the WWZ maps
naturally produces a corresponding peak or hump-like
structure in the TAP, we only consider LSP features supported
by a corresponding distinctive TAP peak/hump as possible
signals of QPOs.

3.4. Stochastic Modeling

The PSDs of LCs can also be estimated using autoregressive
(AR) methods. One such method includes REDFIT analysis
(M. Schulz & M. Mudelsee 2002; an established FORTRAN
package) that is based on fitting the LCs using the simplest
AR(1) model. We tested our LCs with the REDFIT program
but found that this approach could not properly fit the
periodogram, particularly in the higher frequency regions (an
example plot of periodogram fitting for the segment 1/40
showing the poor fitting using REDFIT method is presented in
Appendix Figure 4–lower panel). So, we employed a more
complex technique, continuous autoregressive moving average
(CARMA), to assess the segmented LCs. This approach
combines continuous forms of AR and moving average (MA)
models under the assumption that the LCs are outcomes of a
Gaussian process y(t), given via stochastic differential
equation (see B. C. Kelly et al. 2014, and references therein) as

d y t

dt

d y t

dt
y t

d t

dt

d t

dt
t , 9

p

p p

p

p

q

q

q q

q

q

1

1

1 0

1

1

1

( ) ( ) ( )

( ) ( ) ( ) ( )

+ + +

= + + +

where ε(t) ia a continuous white noise process and (αi, βi) are
the AR and MA coefficients. Basically, this model relates the
LC and its first p-derivatives with a noise process and its first
q-derivatives, which for stationary processes requires p > q,
and provides more flexibility in fitting both LCs and the shapes
of the PSDs of the LCs (see V. P. Kasliwal et al. 2017). In
other words, CARMA models deal with the past memories of
the stochastic processes and associated random fluctuations on
different timescales. The REDFIT algorithm is equivalent to
the CARMA (1,0) model, which has been found to be
insufficient to describe the segmented LCs.

Blazar LCs are well known to be stochastic in nature and
often cannot be fit by the simplest CARMA (1,0), also known
as the damped random walk process. Higher order CARMA
models and associated modified versions have been observed
to better fit the random nature of AGN LCs across multiple
wavelength regimes of the EM spectrum (e.g., see
V. P. Kasliwal et al. 2017; A. Goyal et al. 2018;
M. Tarnopolski et al. 2020; H. Zhang et al. 2022; S. Kishore
et al. 2024a, 2024b, and references therein). We have utilized
the publicly available Python code EzTao following W. Yu &
G. T. Richards (2022) to find the simplest possible CARMA
models that describe the segmented LC behaviors. We
consider all pairs (p, q): 1 < p< 5, q< p for the CARMA
fittings. The best CARMA model (p, q) was estimated by again
minimizing the negative log-likelihood values, determined for
all sets of (p, q) with the above conditions (see
D. Foreman-Mackey et al. 2017, for details). The best
CARMA fit (p, q) pair values have been included in Table 2.8 https://github.com/ISLA-UH/libwwz
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We find that all the segmented LCs require a minimum
of p = 3.

4. Discussion

Here we have performed a segment-wise temporal
examination of the TESS LCs of the blazar S5 0716+714
that were observed in three Sectors: 40, 47, and 53. This
source was also observed in Sectors 20, 26, 60, 73, and 74,
but for Sectors 20 and 26, no optimal reduction was
attainable with the CBV detrending, and for Sectors 60, 73,
and 74, no SAP_FLUX was available with the SPOC
pipeline. We used the 30 minute binned LCs of the source

in our analysis and first estimated the amount of variability in
the six segmented LCs. For PSD characterization, we
employed the traditional LSPs approach, and for the
periodicity searches, we also performed WWZ analyses to
assess the LC in the time–frequency domain. In all these
sectors, the WWZ maps of the obtained LCs reveal some
high-power regions, which were further tested with the same
LSP. Simultaneous agreement of both of these techniques,
along with the corresponding LSP peak touching or crossing
a local 99.73% significance level and a minimum of four
cycles, was considered a signature of a genuine QPO.

During the complete observation, the source underwent
several phases of variation, showing both intraday and short-
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Figure 2. LSPs and the TAPs obtained with the WWZ transforms for different indicated sectors. The three rows correspond to Sectors 40, 47, and 53, while in each
row, the two plots are for the two segments for each mentioned sector. The 99.73% significance levels are the local ones and correspond to the most preferred power-
law model considered via the BIC coefficient.
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term variabilities. The segment-wise analysis of the blazar S5
0716+714 indicated possible signatures of dominant varia-
tions in the range (∼0.4–1 days−1), in most of the segments
with one at ∼ 0.58 days−1 during segment 40/2, but the LSP
analysis could not separate them from the background bending
power-law spectrum (see Figure 2). Of all the six segments,
only one feature in the segment 1/40 might possibly be called
a QPO feature. An independent analysis of a constrained
portion of segment 1/40 reveals that the LSP feature at around
3–4 days−1 (corresponding to a period of around 6.5 hr) in this

segment only approaches a global significance of ∼95%. Apart
from this, segment 1/53 also shows some variations on similar
timescales, but it has even lower global significance. These
variations have relatively low powers (because of the red noise
nature of the blazar LC), and due to their short-lived nature,
further searches for and investigation of such signatures would
be desirable. It is also worth noting that the normalized power
of the higher frequency peaks may be greatly diminished
because of the relative increase of powers at lower frequencies
if there are long-term trends.

Figure 3. WWZ analysis of the segmented LC. The three rows correspond to Sectors 40, 47, and 53, while in each row, the two plots are for the two segments for
each mentioned sector.
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4.1. LCs and Periodogram Properties

The sectoral LCs of the source (Figure 1) illustrate S5 0716
+714 in three somewhat different flux states. All the LCs have
been found to follow bending power-law spectra, characterized
by model M2, except that of segment 1/47, which has a
preference for model M1. The quantity α1 acts as a proxy for
the spectral slope after the bending frequency, and the source
has displayed an appreciably elevated range of slopes,
untypical for blazars, which generally lie in the vicinity of 2.
Except for the segment 1/47, the bending frequencies are
found to be in 1.2–3.3 range. In the segment 1/53, the best-
fitting spectral slope is quite steep at ∼4.74. The bending
frequency for this segment (1/53) is also high compared to
those of the other bending power-law fit segments, meaning
that the microvariations are highly dominant over day
timescales. It is noteworthy that the source happens to be in
the lowest of the states in Sector 53. It is possible that these
differences might be attributed to the accretion disk processes,
as the contribution of the accretion disks can only be perceived
when the jet contribution is minimum in the blazars (i.e., in a
low-flux state).

For background periodogram estimation we also tested the
LCs fitting with the AR(1) model using the REDFIT programs
(see M. Schulz & M. Mudelsee 2002), which are efficient in
estimating red noise power spectra of time-series data, but the
theoretical (analytical) spectrum obtained from fitting the LCs
could not properly fit the power spectrum of the LCs,
specifically in the high-frequency regime. This suggests that
they require higher order regression models such as CARMA
(p, q), which are able to produce more complex LC behaviors,
and they resulted in a preferred CARMA p-value of 3.

4.2. Possible Causes of Aperiodic Erratic Variability

Figure 1 reveals the existence of several short-term and
intraday random variations displayed by the source. These
variations are characteristic features of the AGNs, though the
distinctive process causing such variations are highly debated,
and several models have been put forward in this regard. Since
S5 0716+714 is a blazar source, the dominant variations in the
LC can be safely presumed to arise within the jets. The random
variations highly support the idea of existence of ensemble of
emitting regions/blobs. Geometrical origins involving motion
of these blobs along a helical magnetic field can describe the
observed variability through changes in the Doppler factor,
produced by small variations in our viewing angles to the
individual blobs (e.g., P. Mohan & A. Mangalam 2015). The
change in Doppler factor does not change the intrinsic flux of
the source but can significantly affect the observed flux along
the observer. The turbulent extreme multizone model put

forward by A. P. Marscher (2014) is another model capable of
producing this type of rapid variability. In this scenario, hot
plasma blobs with randomly oriented magnetic fields flow
along the jet, and when they cross a standing conical shock
they can produce fast flux variations. This mechanism is also
able to cause rotation of polarization angles. Another
promising class of models that can yield such rapid variability
are those involving “jets-in-a-jet” or “minijets” proposed by
G. Ghisellini & F. Tavecchio (2008) and D. Giannios et al.
(2009). In these scenarios the plasma in small regions of the jet
is accelerated to very high Lorentz factors (> 100) via
magnetocentrifugal or magnetic reconnection processes.
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Appendix

We present here (Figure 4) an example comparison of
periodogram fittings for the segment 1/40 using two methods.
One follows D. Emmanoulopoulos et al. (2013), with which
we obtained an average periodogram from the LSPs of 105

simulated LCs based on flux distribution of the input LC and
its PSD shape determined with the module from DELCgen.
py. The second directly fits the LSP of the input LC via a log-
likelihood method. The goodness of fit is evaluated by
comparing the corresponding cumulative distribution function
(CDF) with that of the theoretical χ2 distribution of 2 degrees
of freedom (see S. Vaughan 2005). We implemented the
standard nonparametric Kolmogorov–Smirnov test, and the
latter approach has been found to offer a better p-value under
the null hypothesis that the two fits describe the obtained LSP.
We also show here that the simplest stochastic approach of
AR(1) with the REDFIT method gives a visibly poor fit to the
periodogram for the same segment, implying that the LC is
better fit using higher order regressive processes than the
simplest AR(1).
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