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• Blazars are known to display variability on timescales ranging from a few 
minutes and hours to weeks, months, and even a few years across the 
whole electromagnetic spectrum. Different timescales in different 
wavebands can correspond to different physical processes and emission 
mechanisms. 


• TESS is a space-based optical telescope that provides very high-cadence 
data and are very suitable for investigating timescales of the order of a few 
hours to days and sometimes up to a few months.


• The Quaver pipeline provides three distinct methods to correct for the 
systematic effects affecting the TESS light curves; these are simple PCA, 
simple hybrid, and full hybrid methods. The simple hybrid light curves show 
remarkable agreement with simultaneous ground-based observations, 
which, however, are not as densely sampled as TESS light curves and 
preserves long-term variability. The fully hybrid method considers all 
systematics rigorously and removes them from the source flux itself. 
Specifically, the fully hybrid method is more suitable for studying rapid 
variability and quasi-periodicities but over-fits long-term variability of the 
order of the length of a TESS observation sector.  

 

Light curves of 3C 371 using simple (top) and fully (bottom) hybrid methods.


• The TESS data usually have gaps in the middle of each roughly monthly 
observation as well as the gaps between adjacent sectors. To analyze 
multiple sectors of TESS observations, it is important to treat the gaps with 
care so that they do not significantly affect the measurements of any 
variability timescales.
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We present various time series analysis methods to analyze multiple-
sector observations of bright AGN from the Transiting Exoplanet Survey 
Satellite (TESS) and examine whether issues such as gaps and noise in 
these data can be mitigated. We determine variability timescales and 
search for quasi-periodicity using these methods and assess any 
differences. We present an analysis of the $\approx$~ 300-day TESS 
observation of a blazar 3C 371 using power spectrum density, structure-
function, and weighted wavelet Z-transform approaches. To reduce the 
effect of gaps and noise, Continuous auto-regressive moving averages, 
and Bartlett periodogram methods are used. We have also used 
recurrence analysis to account for the nonlinearity present in the data 
and to quantify variability or periodicity as the recurrent state. When 
analyzing multiple sectors together, significant variability, which could be 
quasi-periodic oscillations (QPOs), of duration 3--6 days in individual 
segments, is detected. These may be attributed to the kink instabilities 
developed in the jet or the existence of mini-jets inside a jet undergoing 
precession. We find that these methods, when applied appropriately, 
can be used to study the variability in TESS data. The noise present in 
these TESS observations can be minimized using Bartlett's 
periodogram and wavelet decomposition to recover the real stochastic 
variability.

• The variability observed in AGNs across the electromagnetic spectrum 
is believed to originate in the outflows, jets, and the accretion disk of 
the system. The resultant variable emission can interact with various 
phases of the plasma surrounding the central engine, which can make 
the observed variability more complex and non-linear in nature. 
Therefore, including non-linear dynamics in the analysis could provide 
a better model to explain the observed variability. 

• C-ARMA processes directly probe the possible correlation structure 
present in the observation in the form of a stochastic differential 
equation which defines the temporal evolution of data.

• we used C-ARMA (2,1) process, commonly known as the Damped 
Harmonic Oscillator (DHO), which is a second-order differential 
equation. The motivation behind using this model is the ability of 
second-order differential equations to explain many physical systems. 

where  and are the autoregressive and moving average coefficients, 
respectively. The coefficients are defined such that  is equal to unity. 
Here, (t) is the Wiener process that provides stochasticity in the 
behavior of C(t) which is essentially a perturbation around the steady 
flux state for the observed state C(t).
• The variability of stochastic processes, as observed in AGNs, is often 

described in terms of the power spectral density (PSD) and structure 
function (SF). PSD measures the variability amplitude per temporal 
frequency, while the SF estimates the variability amplitude as a 
function of timescale. 
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• The interaction between the instabilities and the toroidal magnetic 
field leads to magnetic reconnection and the formation of a kink at 
the center of a jet, which is quasi-periodic in nature. The temporal 
growth of the kink instability from the center of the jet to its boundary 
is manifested in the light curves as a variable quasi-periodic 
signature. 

 is the ratio of the distance traversed by the kink from the center of 
the jet to its boundary, R, with the velocity of propagation,  and  
is the Doppler factor. Putting values for a typical blazar in the above 
equation estimates the growth time to be 1--10 days, which is 
consistent with the QPO found in this work. 
• As these optical emissions of such small timescales are believed to 

originate in the jets, multiple timescales could arise from different 
processes related to plasma instabilities or the presence of sub-
structure within a jet, or ``mini-jets"

Tkink =
R

⟨vtr⟩ δ
,

Tkink
⟨vtr⟩ δ

Timing analysis for epoch A and C. The light curve is plotted in (a) along with the C-ARMA generated light 
curve and a sine fit with a period of 6 days. (b) and (c) respectively show the PSD and SF calculated directly 
from the observations and from the C-ARMA fit. (d) shows the GLSP results. The brown dotted correspond to 
a possible quasi-periodicity. WWZ color-color diagram is plotted in panel (e).

Comparison of PSD and SF calculated using CARMA and original LC
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Figure 5. Recurrence plots of the individual sectors of Cycle 2 observations, in the order 14, 15, 16, 17 (top row), 18, 20, 21, 22 (middle row), 23, 24, 25, and
26 (bottom row). The black dots in the plots correspond to the value of 1 in the recurrence matrix whereas the white dots correspond to a zero entry in the
recurrence matrix.

ence of possible structured variability, such as (quasi-) periodicity,463

non-linearity, or even chaos. High-order stochastic systems, like first-464

and second-order auto-regressive processes, have some amount of465

memory, which can manifest as patterns in the RP. The usefulness of466

the RP is based on the critical property that each class of dynamical467

system has a unique pattern in phase space (e.g., a circle for a sim-468

ple pendulum versus randomly distributed points for white noise),469

which allows one to identify different classes of variability in real470

data. (For details, see Eckmann et al., 1987; Phillipson et al., 2020,471

and references therein).472

If one were to sum along the diagonals of the 2-D recurrence473

matrix, you would retrieve an analog to an autocorrelation function474

(ACF). In an ACF, the first peak gives an indication of a variability475

timescale, and any subsequent peaks can indicate a possible periodic-476

ity. Similarly, the structures in a RP around the diagonal will also give477

indications about the presence of variability. The patterns observed478

in an RP can be used to detect structures present in the data. For479

instance, a uniformly distributed RP indicates that the data is purely480

random. Any periodic or quasi-periodic features are characterized481

by repeating structures (diagonal lines, checkerboard features). For482

non-stationary data, one might observe changes in the patterns across483

the RP (Marwan et al., 2007), while vertical or horizontal lines cor-484

respond to a stationary or very slowly changing dynamical state.485

Recently, Phillipson et al. (2020) performed an RA of a Kepler486

observation of the AGN KIC 9650712, which was put forward as a487

QPO candidate in Smith et al. (2018b). The timescale of the QPO488

was confirmed using RA, and its RP was distinct from the RP of489

stochastic surrogates (simulated light curves with the same power490

spectrum and flux distribution), supporting the claim that the source491

of the QPO is a deterministic, possibly nonlinear, process.492

4 RESULTS493

In this section, we will discuss the results for each sector individually494

using PSD, SF, and RA. We also present the results for each epoch495

as well as for the entirety of the Cycle 2 TESS observations of 3C496

371. We compare the results using different methods to mitigate497

gaps (C-ARMA and Bartlett’s method) and include de-noising of498

the observations via wavelet decomposition. We also discuss the499

significant variability observed in the epoch-wise light curves using500

WWZ and GLSP methods.501
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• Recurrence analysis is a method that correlates positions in time to 
nearby positions in the phase space of a dynamical system, compiled 
into a square matrix. The resultant matrix can be visualized as a 
``Recurrence Plot” (RP) with patterns unique to different dynamical 
systems. For example, repeating patterns in an RP is an indication of 
the presence of deterministic variability, possibly including quasi-
periodicity, in the observation. RPs fundamentally probe the higher-
order, non-linear patterns of variable sources and enable one to 
distinguish a stochastic process from a deterministic process as 
responsible for the observed variability. 

Recurrence plots for various sectors 

Recurrence plots for epoch A and C

• Bartlett's method is an approach to computing the periodogram of a 
time series by averaging the periodogram of equal segments of the 
light curve, resulting in smoothing of the periodogram. One of the 
most common issues with multi-sector TESS data is how to perform 
careful treatment of the gaps between the sectors and also, 
sometimes, within the sector. The multiple-sector observation can be 
treated as a time series comprising many sectors separated by gaps.

 Frequency ( )d−1

 Bartlett’s method applied on epoch A data

18 Tripathi et al.

Table 2. Variability timescales (in days�1) obtained using different techniques used in this work for different epochs and whole Cycle 2 observation.

Method Epoch A Epoch B Epoch B1 Epoch C Cycle 2

LSP 0.24 ± 0.02 0.23 ± 0.02 0.23 ± 0.02 0.30 ± 0.04 0.23 ± 0.04
CARMA PSD 0.21 ± 0.02 0.17 ± 0.03 0.14 ± 0.03 0.24 ± 0.02 0.15 ± 0.03

SF (1/day) 0.22 ± 0.02 0.24 ± 0.02 0.2 ± 0.03 0.23 ± 0.03 0.23 ± 0.03
CARMA SF (1/day) 0.2 ± 0.01 0.17 ± 0.01 0.19 ± 0.02 0.23 ± 0.02 -

Bartlett’s PSD 0.18 ± 0.03 0.24±0.01 0.24±0.03 0.28±0.01 0.24±0.06
WD 0.16 ± 0.02 0.23±0.03 0.23±0.02 0.28±0.04 0.23±0.05

the gap increases. As the variability timescales and the possible QPO950

periods are in the range of 3.0-7.0 days, which corresponds to the951

frequency of 0.14-0.25 d�1, the gaps should produce minimal effects952

on the PSD distribution.953

In Sectors 18 and 21, the C-ARMA SFs show no features, probably954

due to the low-order C-ARMA process we used. It is possible that955

higher-order C-ARMA processes could result in SFs with some fea-956

tures corresponding to the variability timescales. We also performed957

recurrence analysis. This RP method employs non-linear time series958

analysis to determine whether a particular state of a dynamical system959

recurs or repeats in the light curve, resulting in structured variability960

or periodicity. The RPs of almost all sectors show canonical checker-961

board features distinctive of quasi-periodicity, which supports the962

presence of variability also seen in the PSD and SF analyses. Please963

note that the current recurrence analysis is qualitative. The next step964

would be to assess whether these RP features are quantitatively in-965

dicative of a stochastic or deterministic through an analysis of the966

line patterns in the RP (e.g., the lengths and distribution of lines967

throughout the RP as compared to canonical dynamical systems)968

and to assign significance values to those features (Phillipson et al.,969

2020).970

As many observations from continuous sectors are available for971

this source, it is important to explore whether the same type of972

variability is present when the sectors are combined so that the source973

is at different overall flux levels. For this purpose, we divided Cycle974

2 observations into three epochs, based on stationarity, so the whole975

Cycle 2 is divided such that sectors within each epoch have similar976

means. The C-ARMA PSD gives the variability timescales to be in977

the range of 5.0-7.0 days for all three epochs and the whole Cycle978

2, which is in agreement with what we found for individual sectors.979

This timescale is in agreement with the SF results. There is a very980

large gap in Epoch B, as there is no data for Sec. 19. To assess the981

effect of such a big gap, we remove Sec. 18 and Sec. 19 to construct982

a new segment, called Epoch B1. The results for Epoch B and Epoch983

B1 do not differ significantly and display similar timescales. We also984

analyzed the whole Cycle 2 observation by making it a zero mean985

process, and the variability timescale found with C-ARMA analysis986

is 0.15 d�1, which corresponds to 6.6 days.987

These variability timescales in the range of 3.0–7.0 days can be988

interpreted in a variety of ways. They could correspond to the re-989

laxation time related to synchrotron self-Compton emission, as de-990

scribed in Finke & Becker (2014). Such variability timescales have991

also been reported in Ryan et al. (2019) by studying the W-ray emis-992

sion in blazars, and it has been suggested that such timescales arise993

from instabilities inside the jet produced by a kink instability and994

magnetic reconnection (Jorstad et al., 2022). Recently, Dingler &995

Smith (2024) also found similar timescales by analyzing TESS ob-996

servations of southern blazars The light curves analyzed in this work997

follow the red-noise stochasticity (U⌘86⌘ ⇡ 2) which are consistent998

with models including leptonic emission and magneto-hydrodynamic999

simulations of turbulent jets (Pollack et al., 2016; Curd & Narayan,1000

2019; Thiersen et al., 2019; Dingler & Smith, 2024). In this work,1001

both GLSP and WWZ analyses indicate the presence of multiple1002

variability timescales, which could be the result of two physical pro-1003

cesses acting in different emission regions. It is also possible that1004

these processes may vary in intensity over time and alternatively1005

dominate the observed light curve, resulting to shift in the character-1006

istic variability timescales. As these optical emissions of such small1007

timescales are believed to originate in the jets, multiple timescales1008

could arise from different processes related to plasma instabilities or1009

the presence of sub-structure within a jet, or “mini-jets" (e.g. Biteau1010

& Giebels, 2012; Carini et al., 2020).1011

Aside from the variability timescales, we also found the presence1012

of a quasi-periodic signal whose significance is at least 99.99% (4f).1013

QPO periods of 6.0, 4.3, and 3.6 days are found for Epochs A, B,1014

and C, respectively. These signals are found to persist throughout the1015

respective epochs as is evident in WWZ results. The recurrence anal-1016

ysis also confirms the presence of variability on the QPO timescales.1017

We used Bartlett’s method as well as the C-ARMA method to miti-1018

gate the effect of the gaps. These methods work in different domains.1019

C-ARMA fits the light curve in the time domain, whereas Bartlett’s1020

method averages the PSDs in Fourier space. Bartlett’s method re-1021

duces the fluctuations or variance present in the observation and1022

also improves the significance of the claimed QPO signal. For Cy-1023

cle 2 analysis, a peak around 6 days is found to be more than 4f1024

significant, while it was less significant in the simple PSD analy-1025

sis. Interestingly, the bending frequency estimated from BP for all1026

epochs and the whole Cycle 2 observations corresponds to the QPO1027

frequency (as listed in Table 2), which could suggest the variabil-1028

ity timescales arise from some fluctuation that got smoothed out by1029

Bartlett’s method. We also used the wavelet decomposition method,1030

which reduces the white noise present in the higher frequency regime1031

and improves the strength of peaks in the lower frequency regime,1032

producing a more sophisticated treatment of noise, which also affects1033

the significance level of the desired QPO signal. This method also1034

improves the significance of a signal around 6 days for the full Cycle1035

2 observation. Like BP, the bending frequency also corresponds to1036

the QPO frequency for all individual epochs for WD.1037

The quasi-periodic signal, along with the variability timescale,1038

suggests the presence of different kinds of physical processes or the1039

same process having different timescales (mini-jets). The different1040

QPO periods or variability timescales in different epochs can sensibly1041

be taken to correspond to changes in the size of the emission region1042

inside the jet (Biteau & Giebels, 2012; Carini et al., 2020). One of the1043

most plausible models to explain the origin of such days’ variability1044

is the kink instability model (e.g. Jorstad et al., 2022). In this model,1045

the variability is attributed to instabilities developed in the plasma1046

of the jet, which has a toroidal magnetic field, as shown through1047

magneto-hydrodynamical simulations (e.g. Dong et al., 2020). The1048

interaction between the instabilities and the toroidal magnetic field1049
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TESS has proved exceptionally useful for the study of AGNs as well 
as for its primary purpose of exoplanet detection. The high-cadence, 
regularly sampled data make it an excellent tool for probing short-
term variations in many AGNs. To take advantage of such high-quality 
data, the inevitable gaps present within the sectors or between them 
and the noise affecting the AGN variability should be treated carefully.  
Our study concludes that the methods presented in this work are 
indeed effective in countering these issues and could certainly be 
used to analyze multiple-sector TESS observations of other blazars 
as well as Seyfert galaxies in future work.   
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that the position angle of polarization at 43 GHz is along the jet, as 
expected for a tight helical field.

Visual inspection of Figs. 1b and 2 clearly identifies pulses that 
repeat on a timescale <1 day. We have used different methods of time 
series analysis—REDFIT27 periodogram, continuous wavelet transform 
(CWT)28 and weighted wavelet Z-transform (WWZ)29 (Methods)—to 
search for periodicity in the optical and γ-ray flux and PR data. The peri-
odograms (Extended Data Fig. 4) indicate QPOs of around 0.5–0.55 days 
for all three datasets with ≥99% significance. Both wavelet methods 
show that the periodicity is transient (Extended Data Figs. 5 and 6).  
A QPO of 0.55 days is detected during MJD 59,076–59,112 at 99% 
significance in R-band (CWT, WWZ) and γ-ray (CWT) fluxes, and PR 
(WWZ). The CWT PR scalogram also possesses the most significant 
period, about 0.55 days, during the same time interval, but with 92% 
significance. There are other periods ≤1 day apparent at 99% signifi-
cance, but they do not agree among the methods and different arrays.  
We have applied a trial-period method for the R-band measurements 
over MJD 59,076–59,112 using a sinusoidal function, finding that a 
period of 0.55 days yields the lowest χ2 value (Extended Data Fig. 7a 
and Methods). Therefore, the period of 0.55 days is the most consistent 
among the methods and datasets. Comparison of the average SR and PR 
pulses indicates that, although the average PR pulse has a wider profile 
than that of SR (Extended Data Fig. 7b,c and Methods), they are clearly 
similar, implying that the SR and PR oscillations are produced by means 
of the same process. In addition, the wavelet methods show QPOs of 
4–5 days with 99% significance identified in the middle of the outburst 
(MJD 59,100–59,130) and a period of approximately 14–15 days, with 
similar significance during the first half of the outburst.

We attribute the 0.55-day QPOs to a current-driven kink instability, 
triggered when the jet is perturbed by a lateral displacement6. This 
random process occurred near stationary feature A2, associated with 
a recollimation shock where Alfvén waves are excited26. Growth of the 
kink creates two further effects: (1) development of contiguous regions 
in which magnetic field lines become oppositely directed, then recon-
nect to accelerate electrons, which produce electromagnetic radiation 
whose flux and polarization oscillate; and (2) driving of turbulence 
that disorders the magnetic field and accelerates electrons that gen-
erate radiation with very low polarization and random fluctuations.  

The multiwavelength outburst results from a combination of the 
increase in flow Lorentz factor, which sends a shock wave down the jet 
(knot K), a decrease in viewing angle, a kink in the jet and its magnetic 
field, and turbulence. The size of a kink grows with time30, which could 
explain the approximately 4-day QPOs in the second half of the outburst, 
whereas the QPO of about 14 days during the first half can arise from the 
passage of K through successive stationary features A0–A3 (see above).

We model the polarized optical flux as synchrotron radiation and 
the γ-ray flux as synchrotron self-Compton emission, using jet param-
eters derived from the VLBA data, Γ of about 15, Θo of about 3.8° and  
δ of about 15. The model assumes that the magnetic field is a superpo-
sition of constant toroidal, periodically fluctuating poloidal and tur-
bulent components (Methods). We use Markov chain Monte Carlo 
(MCMC) fitting to constrain the toroidal and poloidal components, the 
fluctuation amplitudes of the optical and γ-ray flux, the quasi-period 
and the average turbulent contribution (Extended Data Fig. 8a). We find 
that the full period of the twist in the kink of about 1.1 days (involving 
only the poloidal component) corresponds to the period in χR, whereas 
the flux and PR have a period of half this value, 0.55 days (Extended Data 
Fig. 8a), which coincides with the result of the time series analyses.  
The QPO expected from a kink has an observed period of about r z

v δ
∆ (1 + )

2 '
, 

in which ∆r is the size of the kink and v' is the transverse velocity, esti-
mated at about 0.1–0.2c (ref. 6). This yields ∆r of around 8 × 1015 cm 
(roughly 3 light-days), which is similar to the theoretical expectation, 
∆r approximately 1016 cm (ref. 6). Figure 2 compares SR, PR, χR and γ-ray 
flux versus time with the MCMC fit. Figure 4 sketches the development 
of the kink instability as a superluminal disturbance propagates through 
recollimation shocks, a scenario that results in short-timescale QPOs.
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Fig. 3 | Parsec-scale jet of BL Lac. a, VLBA total (contours) and polarized 
(colour scale) intensity image of BL Lac at 43 GHz on 7 September 2020, 
convolved with a circular beam of radius 0.1 mas at PA = 0° (bottom-left circle). 
The global intensity peak is 1.944 Jy beam−1 and contour levels start at 0.35% of 
the peak and increase by factors of √2. The red circles represent the FWHM of 
Gaussian components according to models of the flux intensity distribution. 
Black line segments in the image show the electric vector (polarization) 
direction. b, Distance of knots with respect to the core (dotted red line) versus 
time, with each vector indicating knot position angle at a given time (error bars 
correspond to 1σ uncertainties). The dashed lines show the average locations of 
stationary features A1, A2 and A3, and the solid green line approximates the 
motion of superluminal knot K.
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Fig. 4 | Sketch of the development of the QPOs. Jet flow is from left to right 
(corresponding to north-to-south in BL Lac). Interaction of an off-axis moving 
shock with a standing recollimation shock triggers a kink instability, which 
grows, causes quasi-periodic structure to form, leading to QPO emission and 
disrupts the magnetic field, whose structure changes from helical to turbulent. 
The peak of the outburst occurs during times 5 and 6.
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