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Resumen:

El objetivo de este trabajo es caracterizar la variabilidad de estrellas evolucionadas (es decir, AGB, x-AGB, post-
AGB y enanas blancas). Concretamente, este trabajo analiza la posibilidad de utilizar curvas de luz de TESS para
detectar ruido rojo estocdstico de alta frecuencia (flickering) en dichas estrellas. Dado que se piensa que el flickering es
un indicador de binaridad, su deteccién en este tipo de estrellas podria permitir a estudios de seguimiento detectar
estrellas simbidticas (sistemas binarios compuestos por una estrella AGB y una estrella compacta). Esto podria
ayudar a entender mejor la transicién entre las estrellas AGB y post-AGB, que se sospecha estd influenciada por
interacciones binarias, basdndose en las morfologias de las nebulosas proto-planetarias alrededor de estrellas post-
AGB, inexplicables de otra forma.

Seguimos de cerca los pasos de [Merc, J. et al. (2024) para detectar flickering utilizando datos de TESS. Sus
resultados no pudieron replicarse exactamente (particularmente la clara separacién entre estrellas con flickering y
estrellas aisladas). Propusimos una lista de candidatos a flickering basada en valores de RMS. Ampliamos su trabajo
introduciendo dos nuevos métodos: los modelos bilineal libre y no lineal. Los métodos aplicados permitieron difer-
enciar los pardametros de ajuste entre los distintos tipos estelares. El pardmetro no lineal v mostré una separacién
particularmente clara: las fuentes con flickering se concentraron en valores bajos (v < 2.0), mientras que las AGB
aisladas y post-AGB presentaron valores consistentemente mas altos. Ademas, los objetos del Catalogo de Variabil-
idad (Fetherolf et al.| (2023))) y los sistemas WD-+IR (Farihi et al| (2025)) también exhibieron un patrén distinto,
con valores de v més elevados y 7 més reducidos respecto a las AGB aisladas.

En este trabajo también desarrollamos técnicas para la seleccién de una muestra de control de estrellas AGB
aisladas, utilizando mediciones de Galex, TESS y Gaia. Empleamos herramientas del VO (Aladdin, TopCat, etc.) asi
como bibliotecas de Python (LightKurve, tpfplotter, etc.). También realizamos un estudio preliminar de variabilidad
periddica. En dltima instancia, este trabajo ha demostrado tanto el potencial como las limitaciones de utilizar datos
de TESS para la deteccién de flickering. La alta calidad, cadencia corta y amplia cobertura de TESS lo hacen
adecuado para este tipo de investigacién. Sin embargo, el tamano de pixel grande y la banda espectral mas roja
limitan la precisién con la que finalmente podrian realizarse las detecciones de flickering.

Abstract:

The goal of this work is to characterize the variability of late-evolution stars (i.e. AGB, x-AGB, post-AGB
and WD stars). More specifically, this work analyzes the possibility of using TESS light curves for detecting high
frequency stochastic red noise (flickering) in such stars. Since flickering is thought to be a tracer for binarity, its
detection could allow follow-up studies to detect symbiotic stars (binary systems composed of an AGB and a compact
star). This could help us better understand the transition between AGB and post-AGB stars, which is suspected
to be influenced by binary interactions, based on the otherwise unexplainable morphologies of pre-planetary nebula
around post-AGB stars.

We closely followed the steps of [Merc, J. et al.| (2024) for detecting flickering using TESS data. Their results
could not be exactly replicated (particularly the clear separation between flickering and isolated stars). We proposed
a list of flickering candidates based on RMS values. We expanded upon their work by introducing 2 new methods:
the free bilinear and non-linear models. We found that some separation between stellar catalogs was achieved with
the non-linear fitting parameter : flickering sources clustered at lower values (y < 2.0), while isolated AGB stars
and post-AGB objects exhibited systematically higher values. Some general characterization was also found for
objects from the Variability Catalog of Stars (Fetherolf et al. (2023))) and WD+IR (Farihi et al| (2025)) catalogs,
with systematically higher + and lower 7 values than isolated AGB stars.

In this work we also developed techniques for the selection of a control sample of isolated AGB stars, using
measurements from Galex, TESS and Gaia. We employed VO tools (Aladdin, TopCat, etc...) as well as Python
libraries (LightKurve, tpfplotter, etc...). We also carried out a preliminary periodic variability study. Ultimately,
this work has shown both the potential and limitations of using TESS data for flickering detection. The high quality,
short cadence, high area coverage of TESS makes it suitable for this kind of research. However, the coarse pixel size
and the redder passband limit the precision with which flickering detections might ultimately be made.
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1 Introduction

1.1 Low-to-intermediate mass evolved stars: AGB and beyond

The asymptotic giant branch (AGB) is a late evolutionary phase of 1 — 8 M, stars that follows the depletion of
helium inside their core. The lack of fuel at the cores forces the stars to contract, increasing its temperature until
hydrogen burning can start in shells around the core. This is known as the early asymptotic giant branch (E-
AGB). The contraction continues, increasing the shell fusion rate. This expands the outer layers, cooling the surface
temperature, all the while increasing the star’s brightness. This can be traced in color magnitude diagrams (CMD)
as a steep ascend to brighter and redder regions of the diagram. Once the shells are hot enough, helium shell burning
will begin too, giving way to the thermally pulsing asymptotic giant branch (TP-AGB). The hydrogen and helium
shells interact with one another, periodically becoming unstable, and resulting in “thermal pulses”, thousand-year
long readjustments in the shells after runaway burning.

In simpler terms, AGB stars are objects with initial masses between 1 — 8 M, approaching the end of the stellar
life cycle. They have highly metallic compositions, even at the surface, due to dredge-ups. Their outer shells
are extremely expanded, resulting in cool effective temperatures. They are very bright (10 — 10* L) and very big
(100—1000 Rg). On account of them being so large, AGB stars are susceptible to all kinds of variability mechanisms,
specially pulsations or other asteroseismic phenomena.

The low gravitational pull on the outer envelopes makes AGB stars prone to mass loss, which in some cases
amounts to quantities of gas large enough to create extended structures around the star. Once mass loss grinds to a
halt, as a result of most of the weakly-bound outer layers already being shed, the star contracts and heats up, giving
way to the so-called post-AGB phase. The post-AGB phase is characterized by usually being contained inside a
pPN: gas structures originating from the star’s shed layers, and theorized to be the precursors of planetary nebulae.
This topic will be expanded upon in the next subsection.

1.2 Impact of, and signs of, binarity in evolved stars

As mentioned in the previous section, AGB stars have such immense radii that the gravitational pull on its outer
layers becomes very weak. This facilitates mass loss to a point where large amounts of the mass of the star are being
shed (from 1078 to 10~° M, per year, amounting to a significant fraction of the star’s mass being lost (Kippenhahn
et al.| (2012)))), generating large gas structures around it, forming a pre-planetary nebula (pPN).

pPN have, more often than not, complex morphologies. It is theorized that this might be due to binary inter-
actions, which sculpt the gas from the pPN into bipolar, multipolar, or highly axisymmetric structures. Recent
surveys suggest that up to 60% of AGB stars could have main sequence companions (Ortiz and Guerrero| (2016)),
but confirming binarity before the star’s transition to the post-AGB phase can be difficult.

Symbiotic stars are binary systems composed of a cool, evolved AGB star and a compact partner (typically a
white dwarf, although rarer systems with neutron stars have also been observed (Chakrabarty and Roche| (1997)))).
Symbiotic stars typically have wide orbits, meaning they do not exchange mass directly through Roche-lobe overflow,
but strong stellar winds can nonetheless form accretion disks around the compact partner, likely producing some
UV excess. This might be achieved through Wind Roche Lobe Overflow (WRLOF) (Sun et al.| (2024])), where stellar
winds reach the Roche Lobe, even if the extended atmosphere does not.

Accretion disks can generate recognizable signals, allowing us to infer the presence of binary companions around
AGB stars before a pPN has been formed. More specifically, signals from accretion disks usually present high
frequency stochastic variability (typically called flickering in the literature). As material falls onto the compact
star, it gathers around a tight disk. The closer to the star, the faster it orbits. Infalling particles within the disk
then interact with each other, either through viscosity or through magnetism, heating up, and emitting as a black
body. However, the increase in temperature is not homogeneous, giving way to a range of regions with different
sizes emitting at different temperatures. These regions evolve rapidly, changing in both size and temperature, and
causing the signal to “flicker” in brightness and frequency. In other words, a fourier transform of the high frequency
variability of a flickering source would reveal a high-RMS, noisy, fast-evolving spectrum that fuses itself at the highest
frequencies with the intrinsic white noise of the detector.

Several space missions (such as the Hubble Space Telescope (HST) or Galex), and numerous ground-based
telescopes (such as the Rozhen observatory), have observed flickering stars. This is typically done in blue or UV
bands, where flickering is much brighter relative to its host star than in redder bands. UV excess particularly has
gained some attention as a potential tracer for binarity (Sahai et al. (2011)), likely arising from accretion-driven
interactions between the AGB wind and a companion. Similarly, X-ray detections in AGB stars (x-AGB) signal
accretion too, offering additional candidates.

Some notable works researching flickering include Bruch| (1992) (establishing the ground work for later studies
on the flickering of cataclysmic variables), |Zamanov et al.| (2010) (which used data from the Rozhen observatory to
characterize the flickering in RS Ophiuchi, a known symbiotic star), and [Sahai et al.| (2018]) (which used data from
HST to study flickering in UV bands in AGB stars).



Although rare, given the less favorable conditions for flickering observation, research on flickering detection using
measurements in redder bands has also been done recently. Notably, Merc, J. et al.| (2024) used light curves from
the TESS Mission (with a 6000 - 10000 nm band pass) to first test whether flickering could be detected in symbiotic
stars already known to exhibit it, and subsequently identify previously unrecognized flickering symbiotic stars. Their
work will be used as reference for this work’s efforts at characterizing flickering using TESS data.

For some rare cases, the ecliptic plane of the binary system coincides with our line of sight, allowing us to directly
detect binaries through transits (a periodic dimming in the brightness of the star). If the binaries orbit each other
at close enough distances, we can also observe the elliptic deformations of their envelopes (resulting in periodic
brightness variability). Although rare, such objects can be confirmed as binaries much more easily than through
flickering detection.

1.3 The TESS Mission

The Transiting Exoplanet Survey Satellite (TESS)H is a NASA mission launched on April 2018, and still functioning
today. Its primary mission is to detect exoplanets through transits in light curves using precise photometric measure-
ments in the T passband (6000 - 10000 nm). Despite having a much coarser spatial resolution than its predecessor,
Kepler (21 vs. 4 arcseconds, respectively), TESS improves on a lot of mission critical parameters, such as: much
better cadence (up to 20 second cadence light curves), much larger sky coverage (around 85% of the entire sky),
and more modern CCDs that allow for much higher quality data. Plus, TESS, unlike Kepler, focuses on brighter
stars closer to us, which allows higher magnitude objects, such as AGB stars, to be observed without saturating the
detectors. However, the big pixel size makes it a necessity to analyze possible contaminants in crowded fields.

TESS is capable of covering such a large area of the sky because of its 4 wide angle cameras, arranged vertically
from the polar region to the equator of the sky, each observing 24 x24 degrees of the celestial sphere. TESS measures
each region of the sky for 27 days, and assigns to the area covered by each camera a chronological sector number.
Polar regions will thus be covered much more regularly, allowing certain objects to have a bonanza of measurements,
but leaving equatorial objects less observed. Every year, TESS completes an entire hemisphere, and moves on to the
other one. The pattern repeats indefinitely, reassigning sector numbers to previously observed sectors, differentiating
them from past observations.

In order to observe both hemispheres, and to avoid contamination, TESS was put on a highly eccentric orbit
around Earth. Every 13.7 days, twice per sector, and near the perigee, TESS interrupts observations in order to
upload data to Earth (denominated downlink gap).

Although TESS’s main mission is to detect exoplanets, one of its secondary missions is to study variable stars.
A high quality, precise, 2-minute cadence light curve allows for an extensive asteroseismic analysis of stars with any
kind of variability in its brightness, such as AGB stars.

However, raw data from TESS can be messy and full of outlier data points. TESS takes full-frame images (FFI)
of the entire sector. But, in order to minimize downlink time, TESS does not upload to Earth all of the light curves
it measures, uploading instead longer cadence FFI. The cadence of FFI have changed throughout the years, starting
at 1800 seconds. As of 2025, TESS is measuring FFI with a 120 second cadence.

It is then necessary to carefully select the appropriate pixels inside the FFI that contain data from the desired
object, generating an “aperture”, from which photometric data can be obtained, so that a light curve for the object
can be computed. The aperture can change from sector to sector for a given object. However, for a given set of
TESS Objects of Interest (TOIs), TESS has already saved from the full set of FFI (prior to downlink simplification)
light curves with the optimal cadence (up to 20 seconds).

Selecting the adequate data processing pipeline is crucial. Luckily, several pipelines are available on the Mikulski
Archive for Space Telescopes (MAST). MIT’s Quick-Look Pipeline (QLPE offers light curves for most stars, but
are usually noisy and have longer cadences. On the other hand, the TESS Science Processing Operations Center
(SPOCE offers more precise, clean light curves for TOIs. SPOC corrects the raw data from orbital and instrumental
contamination, as well as from threshold crossing events (outliers). A full set of corrected FFI, cleaned through the
same pipeline as SPOC lightcurves, can be found under the author name “TESS-SPOC”. The latter, being FFI, will
typically have longer cadences than SPOC light curves, but can be useful nonetheless.

1.4 Goals of this work

As mentioned before, the novelty of TESS is that it offers high quality, short cadence light curves for brighter stars.
That means that previously uncharacterized AGB stars can now be studied much more thoroughly, and given more
precise classifications according to their variability. For example, its short cadence makes TESS specially suitable for
detecting flickering, high frequency stochastic variability that would otherwise be invisible in longer cadence data.

Lhttps://exoplanets.nasa.gov/tess/
2https:/ /tess.mit.edu/qlp/
3https:/ /heasarc.gsfc.nasa.gov/docs/tess/data-handling.html



Thus, the goal of this work is to analyze TESS measurements of stars in advanced stages of evolution, in search
of both stochastic and periodic variability. Particularly, we studied AGB, x-AGB, post-AGB, symbiotic and WD
stars. The work by Merc, J. et al.| (2024) will be used as reference for the detection of flickering via TESS light
curves. The validation of their results will be one of the primary goals. If possible, we look to isolate the effects of
binarity in the periodograms, and determine if flickering detection using TESS data is a viable tracer of binarity in
evolved stars, and thus of symbiotic stars.

2 Observations and Data Processing

In this work we have analyzed TESS light curves from stars in several catalogs. These include a control sample of
AGB stars from |Suhl (2021)), the symbiotic and red giant stars studied in Merc, J. et al.| (2024), post-AGB stars
from |Oomen et al| (2018) and [Fetherolf et al.| (2023, and white dwarfs with infrared excess (WD+IR) from |Farihi
et al.|(2025). Information about these catalogs, and the motivation behind their selection, will be expanded upon in
Section 2.3.3.

gathers some over-all information about the stars selected from these catalogs. Our work analyzes a sum
of 278 stars. Most stars have been observed in more than one sector, resulting in a total amount of light curves
analyzed of 842. This results in large and numerous tables and graphs. In this work we will present subsets of such
tables, shown for illustration, and examples of graphs. If you wish to access any specific table or graph, please refer
to this |GitHub page.

In Sections 2.1 and 2.2 we will first discuss the workflow employed for the data gathering, processing and analysis.
This workflow includes an extensive use of Python (with libraries specific to TESS data processing), as well as tools
from the Virtual Observatory (Aladdin and TopCat most notably). In Section 2.3 we will expand upon the selection
process for the stars used in this work.

Table 1: Summary of Stars and Sectors by catalog.

Stellar Category No. of objects No. of light curves Reference

Isolated AGB stars 155 431 Suh| (2021))

Merc et. al. stars (no flickering detected) 41 113 Merc, J. et al(2024)
Merc et. al. stars (flickering detected) 17 35 Merc, J. et al (2024)
post-AGBs from the TESS VSC 22 105 Fetherolf et al.| (2023))
post-AGB binaries (van Winkle objects) 17 31 Oomen et al.| (2018])
x-AGB 13 34 Guerrero et al.| (2024)
WD-+IR 13 93 Farihi et al.| (2025)

2.1 Using TESS data with Python: LightKurve and tpfplotter

In this work, the bulk of the data processing and analysis has been made using Python. The light curves were
acquired from MAST mainly through the Python library LightKurve (Lightkurve Collaboration et al.| (2018)), which
allowed for filters in the data search. SPOC light curves (short cadence light curves of TESS Objects of Interest)
and TESS-SPOC FFI (Full Frame Images that have been processed with the same pipeline as SPOC light curves)
were downloaded for our collection of objects for every possible sector and cadence. LightKurve itself is also able to
filter out from the light curves bad data identified by SPOC, as well as eliminating outliers through a 3 ¢ clipping,
standard in the literature for the type of studies carried out in this work.

We also used the Python library tpfplotter (Aller et al.| (2020)) for overlaying Gaia data onto the TESS image
and identifying probable contaminants. Tpfplotter allows for the option to output the list of objects inside the TESS
aperture of the light curve, making it easy to spot sources of brightness or variability that do not belong to the
object of study.

2.2 Initial Data Reduction Pipeline

Once TESS light curves have been downloaded through LightKurve for the desired sectors and TIC ids (TESS Input
Catalog, numeric identifier given to each star by TESS), an initial filtering out of bad data is made. First of all,
due to the technical capabilities of TESS, we found that objects with a brightness greater to magnitude 4 appeared
to be too saturated for the data to be reliable, and were eliminated from the sample (a total of 27 objects, 26 of
them isolated AGB stars). Secondly, due to the large size of TESS’s pixels, stars in crowded regions would usually
have apertures containing neighboring stars. Data from these stars could sometimes be salvageable on account of
near stars being faint enough, but in most cases they had to be eliminated from the sample. This “crowdedness”
parameter (the amount of signal originating from the observed source, and not neighbors) was already included


https://github.com/ArturoPR/TFM

in the header of the light curves as the value “CROWDSAP”. A limit of CROWDSAP> 0.95 was selected as the
threshold for sampled stars.

The processed light curves from TESS, once imported into Python, require some further readjustments. The
PDCSAP flux column is used by default, as it has already been corrected for major instrumental effects by the TESS
pipeline, unlike the raw sap_flux data. We then eliminate data points with a quality mask value other than 0. Data
points that are detected as faulty by the computer onboard TESS at the time of measurement are automatically
flagged by setting its quality mask to values other than 0. The exact quality mask value depends on the exact error
suspected for the data point. Before further processing, the light curves were renormalized from Analog-to-Digital
Unit (ADU) to Parts per million (PPM).

Once cleaned, light curves were smoothed using a Savitzky—Golay filter (Savitzky and Golay|(1964)). The goal was
to extract from the signal any low frequency tendency, originating from instrumental error tails around downlinks,
or from intrinsic variability from the star. These low frequency tendencies were then subtracted from the light curve,
isolating the high frequency fluctuations from the star. This last signal was then used to properly calculate the RMS
value, further discussed in Section 3.2.

Two types of periodograms were computed for the unsmoothed light curves (without any Savitzky—Golay filter
applied). This was done via the Lomb-Scargle periodogram library included in Astropyﬂ Periodograms are discrete
Fourier transforms of light curves, typically made using data with uneven time steps. They calculate the presence,
if any, of possible periodic variabilities in a given frequency range. A higher power value means that that given
frequency is more present in the signal. As we prove in later sections, gaps of data (downlinks or holes in the
light curve made from deprecating data points because of bad quality) can create artificial peaks in power in the
periodogram.

First, a periodogram was made of the entire frequency spectrum. This ranges from the Nyquist frequency (the
highest possible frequency inferred from the data, assuming wavelengths sampled by at least two points) to the
lowest possible frequency (around 27 days, the total amount of time observed by sector). This type of periodogram
is usually portrayed as a log-log plot in order to ease readability (see .

Secondly, a periodogram was made of the low frequency regime using a smoother, slower computational Lomb-
Scargle method (“cython”). This was done with the intention of better characterizing low frequency periodic vari-
ability. In these periodograms we also calculated the False Alarm Probability values (FAP) using the Astropy Python
library. These values are shown in plots (as in as black horizontal lines, corresponding to a 90%, 95% and
99% chance of that peak being a false alarm. In other words, peaks in the periodogram exceeding these lines are not
likely to be a result of noise, but real variability in the signal.

Once this initial data processing was finished for all objects, one last filter was carried out. Light curves were
classified via visual inspection of the periodogram. As mentioned before, if the final light curve is missing too many
data points in a periodic pattern (every 13 days, in the case of downlink), artificial peaks might show up in the
periodogram (as the ones in . However, if the final light curve is missing too many data points in a
non-periodic pattern, the resulting periodogram can end up incredibly distorted, usually in the shape of wide arches
at high frequencies (as in . No further analysis can be carried out in this cases. Visual inspection also
revealed probable binarity candidates, which might have strong peaks at medium frequencies (as in [Figure 1d).

The initial data reduction pipeline can thus be summarized into the following steps:

1. Data Acquisition and Filtering 4. Smoothing
e Download TESS light curves (LightKurve) for tar- e Apply Savitzky-Golay filter and subtract low-
get stars frequency trends for RMS calculation
e Remove saturated stars (Tiag < 4) 5. Periodogram Analysis
e Exclude crowded targets (CROWDSAP < 0.95) e Compute Lomb-Scargle periodograms (Astropy):
2. Data Cleaning — Full frequency range (log-log)
o Select PDCSAP flux (instrument-corrected) — Low-frequency focus (linear)
e Remove bad-quality points (quality flag # 0) e Calculate FAP thresholds
3. Normalization 6. Quality Control
e Convert flux to PPM e Visually inspect for:

— Distorted periodograms (non-periodic gaps)
— Binary candidates (medium-frequency peaks)
— Artificial peaks (periodic gaps)

4https://docs.astropy.org/en/stable/timeseries /lombscargle.html
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(a) Raw (blue) and smoothed (green) light curves of V* SU Lyn (TIC 11670502), showing stellar
variability. Raw light curve with smoothed tendencies subtracted (red). The Savitzky-Golay filter

isolates low-frequency features that can later be subtracted.
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(b) Troubleshooting graph showing data quality of TIC 11670502: Downlink and instru-
mental data gaps (regions in yellow) of the raw (black points) and smoothed (red) light
curve.
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Figure 1: (a-b) Light curve cleaning and smoothing; (c-d) Frequency analysis. More examples of plots can be found
in Appendix, or in this |GitHub page.

2.3 Samples studied in this work

2.3.1 Objects used in Merc, J. et al.| (2024)

The initial goal of this work was first to validate the findings from [Merc, J. et al| (2024), and then potentially improve
on their method, and use it on different star samples. In order to recreate their results as faithfully as possible,

we gathered all of the objects they used for their study, which can be classified into several groups: stars with no
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flickering detected mostly AGB stars, but also symbiotic stars with no detectable flickering), objects with
flickering detected via TESS light curve analysis which includes well-known symbiotic stars as well as
previously unidentified flickering AGB stars) and a control sample of (assumed) isolated AGB stars. However, no
information was given in Merc, J. et al.| (2024) about the specific stars used as a control sample of isolated AGB
stars. In Section 2.3.2 we explain how we selected our own sample.

Table 2: Subset of stellar parameters for AGB and and symbiotic stars in Merc, J. et al.| (2024) without flickering
detection using TESS light curves. The full table is available at |GitHub.

Name TIC ID TESS mag Sectors CROWDSAP
BX Mon 64333488 8.61 7 0.973
EG And 115780639 5.30 17,57,84 1.000
RS Oph 6348255 9.46 80 0.959
SULyn 11670502 5.00 20,60,73 1.000
V1044 Cen 30541762 8.69 37,64 0.898
V407 Cyg 357457104 9.52 15,16,55,56,75,76,82,83 0.911
77.CMi 453173127 6.38 87 0.999
omi Cet Mira 332890609 2.26 31,4 0.904
AE Ara 30667659 9.93 66 0.924

Table 3: Subset of stellar parameters for AGB and and symbiotic stars in Merc, J. et al| (2024) with flickering
detection using TESS light curves.

Name TIC ID TESS mag Sectors CROWDSAP
694 Mon 403675153 8.65 87 0.985
ASAS J152058-4519.7 146068950 9.16 65 0.929
CN Cha 394916057 7.02 64,66 0.992
RTCru 180045004 8.88 64,65 0.758
TCrB 462607643 7.73 24,25,51,78 1.000
420 Hya 443619246 7.37 37,64 1.000
AR Pav 304202168 9.82 66 0.956
AX Per 453231036 8.74 58 0.980
Hen 3-461 303495210 8.19 36,37,63 0.975

2.3.2 Isolated AGB stars

As mentioned in Section 2.3.1, Merc, J. et al|(2024) does not specify the source, nor the stellar parameters for the
presumably isolated red giants used as a control sample. Thus, we gathered ourselves a sample of likely isolated
AGB stars, in order to characterize the effects of binarity in the periodograms, and determine if flickering detection
using TESS data is a viable tracer of binarity in evolved stars. |Merc, J. et al. (2024)) do not specify how they
chose their control sample either, so alternative methods were used in this work to find likely isolated stars. It is
important to point out that it is usually extremely complicated to firmly conclude that a star is indeed isolated,
given the observational biases of the different detection techniques. In symbiotic stars specifically, the brightness
contrast between an AGB star and a white dwarf is so great that resolution of both stars is even more complex.
We are left with indirect indicators of binarity, such as radial velocity or transits. However, these are not good for
confirming isolation, since they only confirm binarity. We therefore select a sample of AGB stars statistically likely
to be isolated, while recognizing that some binary systems may have been included due to the limitations of our
methodology. In fact, if recent studies are to be believed, binarity might be the norm for AGB stars, instead of the
exception (Ortiz and Guerrero| (2016))), making our selection process even more prone to error.

In order to discard binaries from our sample, we based ourselves in the method described in [Sahai et al.| (2011)).
They found that a detection of UV light could be tied with binarity in AGB stars. This UV excess could originate
from a hot, compact partner (e.g. white dwarf), or from the interaction of a possible partner with an accretion disk.
Thus, eliminating from the sample AGB stars with UV excess could be a good start for reducing the amount of
binaries in the sample.

We first gathered all the AGB stars included in the catalog from |[Sub| (2021). These were cross-identified from
IRAS, AKARI, MSX, WISE, 2MASS, and AAVSO catalogs; and offer a large pool from where to select likely
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candidates. We then cross-matched those stars with measurements from Galexﬂ (a UV space telescope launched
in 2003) in both its near UV (Galex-NUV) and far UV (Galex-FUV) filters. For this we used Aladdirﬂ We also
cross-matched the resulting catalog with measurments from Gaiaﬂ (a space telescope launched in 2014 offering precise
astrometric data for a wide selection of stars), in order to correct stars of extinction and reddening, and convert
apparent magnitudes to absolute magnitudes.

Before making the final sample selection, we cross-matched all stars with the the TESS catalog using TopCatﬂ
in order to obtain all of the star’s TIC ids and TESS magnitudes. We then filtered out stars with faulty data (e.g.
bad Gaia parallax results) and TESS band brightness higher than magnitude 4 (since we know we will not be able
to use its TESS light curves). We also deprecated stars that were known binaries (using SIMBA[ﬂ queries, which
offer the star’s “MainType”, which can help identify known spectroscopic binaries, astrometric binaries, etc...).

357 AGB stars were initially obtained from |[Suh| (2021}, from which 155 were finally selected, 10 of those being
confirmed binaries in SIMBAD. Once the initial sample of AGB stars with measurements of TESS, Gaia and Galex
had been arranged, we proceeded with the final sample selection, basing ourselves on the identification criteria used
in |Ortiz and Guerrero| (2016). They claim that any star with non-zero brightness in the Galex-FUV band is likely to
be a binary. They also claim, although less definitively, that AGB stars with relatively high Galex-NUV emissions
were also binary candidates.

Assuming that Galex-FUV detections are indeed a proxy for probable binarity, we are faced with the fact that
most of our stars have no Galex-FUV detection (around 15% of the sampled AGB stars did). If we want to further
reduce the number of stars in our sample of likely isolated stars, strictly eliminating stars with Galex-FUV detections
will not be enough. Thus, we need to extrapolate the features of stars that do have Galex-FUV detections, and pick
the stars that deviate the most from such criteria. First, we calculated the T-NUV color index (substracting the
TESS magnitude and the Galex-NUV magnitude). When a star has a value of T-NUV close to 0 it means that it is
probably a binary system with a compact companion which might be contributing to the UV signal.

As seen in [Figure 2a, for stars with the same T},,q4, those with Galex-FUV detections have higher T-NUV values
than those without. This results in stars with Galex-FUV detections gathering at the lower right regions of the
overall linear trend. The linear fits in show that there is a systemic 1.5 difference in T4, (vertical axis)
between both types of stars. This, of course, is most likely due to a coupling between the Galex-NUV and Galex-FUV
values, which is expected. In other words, stars with Galex-FUV emissions are more likely to also have Galex-NUV
emissions. Nonetheless, this trend is very useful, since we can now identify stars with anomalous UV emissions even
when they do not have Galex-FUV emissions, as we had intended.

We can now determine our final control sample of AGB stars by selecting only those stars towards the top left
region of as shown in [Figure 2d Those objects are shown in [Table 4 The “Binary Likeness” parameter,
ranging from 50 to 300 (quantifying the position in the final sample, containing 300 stars), quantifies how much
towards the upper left corner the star is. In Section 5 we will take a value of 150 or lower as the threshold for
the selection of the control sample. This was calculated by detrending the data (subtracting the linear fit from
. Despite the final sample containing 300 stars, only 155 of those had suitable TESS data.

Table 4: Subset of stellar parameters for the final control sample catalog of likely isolated AGB stars. 357 were
initially obtained from [Suhl (2021)), from which 155 were finally selected following the filters described in Section 2.1.
The full table is available at GitHub.

TIC ID TESS mag Sectors CROWDSAP Binary Likeness

147795605 7.7 60 0.968 50
336728909 10.19 o7 0.999 50
354209282 6.15 o6 1.0 50
91104738 5.57 56,83 1.0 50
296974016 7.93 63 0.999 50
16880539 5.31 57,84 0.997 50
139121623 3.97 27,28,68 0.999 50
431603831 9.59 o7 0.907 50
24350903 2.47 42,55,82 0.994 50

Shttp://www.galex.caltech.edu/about /overview.html
Shttps://aladin.cds.unistra.fr/
Thttps://www.esa.int/Science_Exploration/Space_Science/Gaia_overview
8https://www.star.bris.ac.uk/ mbt/topcat/
9https://simbad.u-strasbg.fr/simbad/
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Figure 2: T vs. T-NUV for the subsample of AGB stars from (2021)) with TESS, Galex and Gaia measurements
(light blue), stars with Galex-FUV detections (orange) and the final control sample of AGB stars (black).

2.3.3 x-AGB: AGB stars with X-ray excess

As discussed in the previous section, detection of UV in AGB stars is thought to be tied to binarity, and thus, to
the presence of an accretion disk. X-ray emissions in AGB stars, although more rare, might originate from the same
phenomena as UV emissions. In fact, X-ray emissions have been detected in known symbiotic stars, sometimes in
a recurrent fashion that might suggest the presence of an accretion disk (Toala et al(2024)). These stars are thus
likely candidates for flickering detection. We have selected 13 AGB stars with x-ray excess (x-AGB) from

(2024) for this work (Table 5|).

Table 5: Subset of stellar parameters of the 13 x-AGB stars.

Name TIC ID TESS mag Sectors CROWDSAP
CD-38_3905 132636906 8.40 61,62 0.904
HD_165774 330960059 6.06 13,66 0.989
HD_187372 272841269 4.40 14,15,41,54,55,56,74,75,82 0.999
TRAS_08427+0338 350315597 11.32 61 0.980
V*_CI_Hyi 234300677 5.26 27,29,67,69 0.998
V* DH _Eri 178804201 5.14 31,32 1.000
V*_EY_Hya 393806122 4.69 34,61,88 0.999
V* R_Aqr 92138849 5.36 29,69,70 1.000
V*_TW _Cen 112098802 6.43 64 0.987

2.3.4 Other Objects

In addition to symbiotic stars and xAGBs (along with the control sample of presumably non-binary AGB candidates),
we have also explored the variability of post-AGB stars and white dwarfs using TESS data.

As this area remains largely unexplored, to our knowledge, we investigate whether signs of flickering or other
indicators of binarity can be identified, and whether different stellar populations can be distinguished based on their
TESS light curve properties.

The first addition we made to our list was the catalog of post-AGB stars included in|Oomen et al.| (2018) (Table 6)).
17 objects from this catalog were finally selected. These stars are later referred to in this work as van Winkle objects.

Van Winkle objects are post-AGB stars with near infrared excess, which indicates the presence of dust around
the star. Further analysis of these objects revealed that they were, in fact, binaries with main sequence companions
with orbital periods ranging from 1 to 10 years. They are characterized for having rotating circumbinary disks,
and not particularly intense stellar winds. These characteristic made them an interesting target for our analysis of
flickering.

10



Table 6: Subset of stellar parameters of the 17 post-AGB stars selected from |[Oomen et al.| (2018)).

Name TIC ID TESS mag Sectors CROWDSAP
89_Her 285139576 5.08 26,40,52,53,79,80 0.999
BD-+46_442 327790652 8.89 58 0.978
DY _Ori 151405646 9.85 71,72 0.968
HD_108015 72069886 7.52 64 0.985
HD_131356 259921603 8.00 65 0.954
HD_213985 188569689 8.73 69 0.999
HD_46703 149984609 8.43 60 0.997
HD_52961 425148238 6.83 71,72 0.998

Secondly, we included some of the objects studied in |Fetherolf et al.| (2023]), from the so-called “Variability Catalog
of Stars Observed during the TESS Prime Mission”. This catalog includes a large amount of all sorts of variable
objects. We only included 22 post-AGB candidate stars (stars with IRAﬂ color measurements compatible with
post-AGB stars), selected based on strangely short variability periods (1 to 10 days), which made them also binary
candidates. See

Table 7: Subset of stellar parameters of the 22 used stars from the Variability Catalog of Stars Observed during the
TESS Prime Mission (Fetherolf et al| (2023))). The full table is available at GitHub.

Name TIC ID TESS mag Sectors CROWDSAP
*_73_Ori 434408053 5.42 33,43,44,45,71,72,87 0.999
HD_15629 49720925 8.00 18,58 0.980
HD_161796 316493106 6.75 24,25,26 0.999
HD_239626 329074395 8.91 15,16,17,56,57,84 0.755
HD_3191 284141111 8.13 17,18,58,85 0.969
HD_36408A 302824830 6.08 43,44,45,71 0.715
HD_95862 304996702 8.74 10,11,63,64,90 0.951
LS_II4+25_15 435781776 10.60 14,41,54,81 0.911
TYC_8170-690-1 75311623 10.41 62,63 0.868

Lastly, we included a set of 13 white dwarfs with excess infrared emission, a potential indicator of the presence
of disks resulting from mass transfer in a binary-interacting system. We used the list included in |[Farihi et al.| (2025])

(Table 8)).

Table 8: Subset of stellar parameters of 13 WD with IR excess from |[Farihi et al.| (2025)). The full table is available
at |GitHub.

Name TIC ID TESS mag Sectors CROWDSAP
BD+20_307 91373945 8.45 17,42,43,70,71 0.998
EC_05365-4759 220616055 15.87 31,32,33,87 0.592
GD_362 88844987 16.03 25,26,52,53,79,80 0.052
GD_85 17857475 15.07 60 0.307
HD_172555 464405850 4.62 66 0.990
PG_0843+517 142259188 16.33 20,47 0.614
SCR_J0859-3647 191233258 15.43 62,89 0.394
Ton_345 184915712 16.13 44,46,72 0.808
UCAC4.077-007106 391923441 15.28 10,11,12,13,27,28,29,30, 0.210

3 Non-periodic variability: Flickering analysis in Merc, J. et al. (2024)

In this section we explore how flickering manifests in light curve analysis. Specifically, we show the theoretical shape
flickering might have, how it can be correlated with the RMS, and the methodology employed for its detection in

LO0https://irsa.ipac.caltech.edu/Missions/iras.html
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|Merc, J. et al (2024). We also explain how we tried to validate the methodology and results from Merc, J. et al.
(2024). Lastly, we propose several improvements and alternative methods for flickering detection using TESS light
curves.

3.1 The theory behind flickering

As discussed in Section 1.2, flickering is a stochastic, high frequency variability observed in the light curves of objects
with accretion disks. The ultimate physical processes behind this phenomenon is not clear. In |[Uttley et al.| (2005)
they propose that the signal from an accretion disk can be modeled by quantifying the amount of coupling between
frequencies.

White noise has no coupling, for instance. The value of a white noise has in no way been influenced by its prior
values. On the other hand, coupled variability, such as that of a random walk, depends on all of its prior states (the
final state of a random walk is the sum of all of its past displacements). In other words, by defining the coupling
of past states with the present one, it is possible to describe variability processes that have propagation between
frequency modes.

[Uttley et al. (2005) find that flickering is not a white noise phenomenon, but one that shows itself in periodograms
as “red noise” (where lower frequencies have more power than higher ones). Probably as a result of a coupling between
smaller, faster temperature fluctuations with bigger, slower ones further away in the disk, flickering always possesses
some amount of negative slope in the periodograms.

We illustrate this in [Figure 3] where we plot in |[Figure 3a] 3 different synthetic light curves (as proposed in [Uttley]
), and in their respective periodograms. We include white noise (no coupling between steps),
a random walk (maximum coupling, resulting in a strong negative slope), and a middle ground example with some
amount of coupling. Theoretical slopes for flickering in log-log plots range from —1.5 to —2.

Light curves for Different Memory Functions (g) Power Spectra for Different Memory Functions (g)

—— White Noise (Slope = 0.02)
Flicker Noise (1/f) (Slope = -1.59)
—— Red Noise (1/f?) (Slope = -1.96)
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(a) Synthetic light curves. (b) Periodogram of the synthetic light curves.

Figure 3: Analysis of synthetic light curves.

3.2 RMS as a proxy for variability and flickering: validating RMS results from
J. et al.| (2024)

Calculating the Root Mean Square (RMS) of a light curve can shed some light onto the nature of a star’s variability.
In [Merc, J. et alf (2024), it is used as a preliminary parameter for quantifying the amplitude of a star’s brightness
fluctuations. They employ several methods:
1. Peak-to-peak amplitude (as used in [Zamanov et al| (2015))). Very susceptible to low frequency instrumental
and natural fluctuations in the light curves.
2. Difference between the median of the top 5% highest and 5% lowest values.
3. Absolute RMS (as used in [Uttley et al] (2005)). This refers to the classical definition of RMS, given by

RMS{z[n]} = /% 3, 22[n]"
4. Full width at half maximum (FWHM) of a Gaussian fit to the collapsed points of the light curve (as used in
(2021))). Also susceptible to low frequency instrumental and natural fluctuations in the light curves.

In order to validate the flickering detections in [Merc, J. et al.| (2024), we first need to validate their RMS results.
We calculated the RMS values of all of our control sample AGB stars (Table 4), and the symbiotic and AGB stars
used in Merc, J. et al. (2024)) (Table 3| and [Table 2)). We also employed the same four methods. The RMS values
calculated in this work are indeed in agreement with the work by [Merc, J. et al.| (2024) (see [Figure 4). As shown in
their work, the four methods for calculating the RMS are linearly dependent from one another. The peak-to-peak
method (1) is the noisiest, reaching considerable spread in our results (light blue). This was to be expected, since
the peak-to-peak method takes into account any of the low frequency trends that might have slipped through the
smoothing filter.

M https://en.wikipedia.org/wiki/Root_mean_square
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Figure 4: Comparison between RMS values. Known symbiotic stars in darker tones. Different methods vs. Absolute
RMS (method 3): Peak-to-peak (blue), 5% extremes (orange), FWHM (green).

3.3 Negative high frequency slope as a proxy for flickering: validating slope results
from Merc, J. et al. (2024)

Before attempting to recreate their results later in this section, we will explain in more depth the methodology used
in Merc, J. et al, (2024). Apart from RMS, they used other tracers of flickering. Specifically, they searched for “red
noise” (see Section 3.1), a negative slope in the high frequency region of the log-log plots of periodograms. Red noise
is a common tracer for accretion disk emissions in not only symbiotic star research, but also for other types of stars
(Dorn-Wallenstein et al|(2019))), or AGNs (Kraicheva et al.| (1999)).

After cleaning out long-term trends using a 4o clipping of outlier data and a Savitzky—Golay (SG) filter
land Golay] (1964)), they infer flickering using 3 techniques:

1. Measuring the power at 25 and 215 pHz in the periodogram.

2. Making two linear fits of the 20 - 1000 uHz region in the log-log periodogram plot: one at high frequencies
(>80pHz), and one at lower frequencies (<80uHz). This is referred to later on in this section as bilinear fitting.

3. Estimating the RMS through 4 different methods.

They expect stars with flickering to have higher RMS, higher power at 215 pHz, and lower (i.e. more negative)
high-frequency slope (>80uHz) than single red giants with the same apparent magnitude. In Section 4, we will refer
to the high frequency slope as Slope2, and to the low frequency slope as Slope. The frequency at which both linear
fits separate is referred to as Breakpoint.

As seen in their results do hint at a clear difference between flickering symbiotic stars (orange) and
single red giants (blue). Although some symbiotic stars do not deviate from the single red giant trend (blue curve),
most are visibly separated in [Figure bal [Figure 5d and [Figure 5dl Graph shows that no difference is
expected for the low-frequency slope.

In[Figure 5a] [Figure 5d and [Figure 5dl the object named RT Cru appears twice in the plots. That is because they
noticed that the slope varied notably from sector to sector, suggesting the presence of an accretion disk exhibiting
variable flickering behavior, with transitions between quiescent and active states. That is to be expected in flickering,
since accretion disks are a naturally fluctuating phenomenon. Its intensity is strongly dependent on the amount of
material falling in the accretion disk, which can vary greatly from year to year. That is why in our plots, shown in
Section 3.3.1, we choose to show each sector as an individual point. When evaluating the results, it will be important
to keep in mind that flickering stars might have sectors without flickering, due to its inherent variability.

3.3.1 Recreation of the results in Merc, J. et al.| (2024)): Fixed bilinear model

We now seek to validate whether symbiotic and isolated stars can be similarly separated based on their light curve
properties in diagnostic diagrams created from the TESS and TESS-SPOC light curves. We already calculated RMS
values in Section 3.2. In this subsection we show our results for the bilinear fittings of the periodograms. However,
we encountered several problems. Firstly, as previously mentioned, they do not specify what stars they used as a
control sample of isolated AGB stars, which forced us to select our own. Secondly, the specific method they use to
calculate the high frequency slope is not explicitly shown in its totality. They do not specify if they constrained the
separation between low and high frequency fittings, or up to what frequency they smoothed the light curve. Thus, we
were forced to develop our own version of what we hoped was their intended method. We will present that method
now.

The bilinear fitting consists on, as the name suggests, fitting 2 linear functions in the log-log periodogram that
meet at a medium point, or “breakpoint”. See for our method, and for the method from
(2024). In their work they mention that the typical frequency range for the breakpoint was 80uHz. When
left free, the fitting algorithm preferred much higher frequencies for the breakpoint (around 1000xHz). In order to
prevent that, and to keep the method as close as possible to that in Merc, J. et al|(2024), we forced the fitting to
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Figure 5: Figures 11, 12, 13 and 14 from [Merc, J. et al.| (2024). Subset of studied symbiotic sources (orange squares)
and red giants from the control sample (blue circles). The blue line shows the formal linear fit to the dependence for
giants.

have a breakpoint between 60 — 100pHz.

We remind the reader that we chose to represent each sector as a different point (Figure 6a)), while in [Merc, J.
et al. (2024) they typically show the mean value of all sectors . The precise sectors used can also differ
from our work and theirs. We chose to do this to better illustrate the variability present in the flickering intensity,
as several of the stars we studied had sectors with wildly different fittings, despite being the same object.

There are some other key differences between our method and theirs. First of all, they used Full Frame Images
(FFI), instead of the SPOC light curves we used. That implies that they carried out their own instrumental
corrections to the raw data from TESS, and defined their own custom apertures for each star. Not only would such
a task fall outside of the time constrains for our work, it is also not explicitly shown how exactly they carried out
this processing, so no effort was taken on our part to recreate this aspect of their analysis. Also, FFIs have higher
cadences (fewer data points) than their SPOC counterparts, so in order to try and recreate as closely as possible the
work in [Merc, J. et al| (2024)), we clipped our periodograms to the their same maximum frequency.

Secondly, they applied a strong smoothing filter to eliminate any of the low frequency trends. We did apply the
same filter for RMS calculations, but we preferred to maintain low frequency trends in the linear fittings in fear of
possibly eliminating true trends in the medium-frequency regime.

Applying the method described above to our sample of stars revealed that the results from |Merc, J. et al.| (2024)
could not be exactly replicated. As seen in (which plots the high frequency slope with respect to the T
magnitude), instead of a smooth trend of isolated AGB stars (blue), with flickering stars clearly deviating from
them (orange), we obtained much noisier AGB stars (green). Although the slope values for the symbiotic stars were
similar (the same stars as in |Merc, J. et al.| (2024) were used, see red squares in , the fact that we cannot
distinguish them from the control sample AGB stars makes their characterization much less clear than in their work.

4 Non-periodic variability: Alternative methods for flickering analysis

After not finding a definitive distinction between flickering and non-flickering objects by applying the methodology
from|Merc, J. et al.[(2024), we attempted 2 alternative methods with the hope that they would make such a distinction
much clearer. These include an improved bilinear model, modified in order to take full advantage of SPOC light
curves’ shorter cadence; and a non-linear model based on a pseudo-lorentzian function fitting, common in accretion
disk emission characterization.

4.1 Free bilinear model

In an effort to improve upon the initial results from the fixed bilinear model, we designed a second variant of the
method described in Merc, J. et al.| (2024)): the free bilinear model (see [Figure 8al).
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Figure 6: Comparison between fixed bilinear models for the same star and sector. Raw periodogram in blue.
Smoothed periodogram in darker blue. Linear fit in black.
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Figure 7: Comparison between Merc, J. et al.| (2024) and this work (fixed bilinear model). The slope of at the high
frequency regime (> 80uHz) is plotted against the TESS magnitude. Simulated isolated red giants in blue (estimated
values from Fig.12 in |Merc, J. et al, (2024)), flickering sources from Merc, J. et al.| (2024) in orange (one point per
star, mean of all sectors), results from this work for the same flickering sources from Merc, J. et al. (2024) in red
(one point by sector), the control sample of isolated AGB stars from this work in green.

As in the fixed counterpart, the free bilinear model fits 2 linear functions to the 2 parts of the periodogram.
This time however, we do not constrain the breakpoint frequency, allowing it to place itself at the optimal range,
where the fitting’s error is minimal. Hence “free” bilinear model. We also used the entire range of the periodogram,
instead of clipping it to FFI ranges. This means we now have access to higher frequency regions of the periodogram.
We sought to figure out if this higher frequency regime could facilitate the characterization of flickering, since it is a
fundamentally fast-changing phenomenon. We also intended to find out if some of the flickering detections in
might actually be false positives, wrongly identified due to the restricted spectrum of frequencies
available in FFI.

Applying this second method to our sample did not allow us to differentiate flickering stars from non-flickering
stars either (see . We did see the effects of freeing the breakpoint position. In (comparison
between breakpoints in the free and fixed models) it is easy to see that constraining the breakpoint to 60 — 80uHz
was forcing the model to avoid the best fit in most sectors. (high frequency slope in the fixed model vs.
the free breakpoint) shows that both of the plotted variables are coupled, most likely because forcing the breakpoint
to remain at 80uHz (log10(80) ~ 1.9) was also leaving as “high frequency region” data with a high slope that would
have otherwise been included in the “low frequency region”, hence increasing the hi-fi slope for higher breakpoint
frequencies.

Lastly, in (high frequency slopes in the fixed (Slope2B) and free (Slope2) bilinear models) one can see
that for values of Slope2B closer to 0, Slope2 is much more clumped up around 0. On the other hand, for values
of Slope2B further from 0, Slope2 spreads through more values. This is because the free model is much better at
detecting the transition between the slope and the white instrumental noise (see7 resulting in a value close
to 0 for the hi-fi slope (that fits exclusively the instrumental white noise). This does not happen in the fixed model,
since having the breakpoint constrained to lower frequencies does not allow for the white noise to be isolated to the
hi-fi slope. This might have been an intended result of Merc, J. et al| (2024)). Nonetheless, the clear distinction
between their flickering detections and control sample is still not easily visible in our results, as seen in the plots of

the high (Figure 9a)) and low (Figure 9b)) frequency slopes.
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Figure 9: Comparison between |Merc, J. et al| (2024) and this work (free bilinear model). The slope is plotted
against the TESS magnitude. Simulated isolated red giants in blue (estimated values from Fig.12 in
(2024)), flickering sources from Merc, J. et al.|(2024) in orange (one point per star, mean of all sectors), results from
this work for the same flickering sources from [Merc, J. et al.| (2024]) in red (one point by sector), the control sample
of isolated AGB stars from this work in green.

4.2 Alternative method: non-linear model

Lastly, we tried a non-linear fitting model based on other analysis of flickering in the literature. We found that a lot
of the research being made on the topic of flickering detection (as in [Kourniotis et al.| (2025))) used pseudo-lorentzian
functions, as opposed to linear ones. This particular method has not yet been used for symbiotic stars, however.
The particular equation used in our work was:
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where the power of the periodogram (P(v)) is described by parameters A, B, 7 and 7. v is the frequency. An
example of this fit can be seen in Next we offer simple considerations for the physical meaning behind
each parameter. Note that the function takes meaning when seen in log-log plots.
e B can be thought of as the minimum noise level, or the base intensity of the highest frequencies, where
instrumental white noise dominates.
e A can be thought of as the maximum natural signal intensity, reached at the lowest frequencies.
e 7 can be thought of as the inverse of the frequency where the downwards trend begins, which is correlated
with the temporal scale at which flickering would be occurring (as seen in [Degott et al. (2025)). Technically,
it represents the period at which half of the maximum intensity is achieved.

e v can be thought of as the steepness of the descend at frequency 7.

In[Degott et al|(2025) they used this same technique for analyzing active low-mass stars. They used the parameter
7 as a proxy for rotational modulation variability (i.e. the variability resulting from sunspots periodically entering
and leaving our line of sight). They found that logio(7[days]) had typical values between -0.3 and 0.3. They also
found parameter A to be correlated to stellar activity.

In they also used this non-linear method for blue supergiant stars. They found that v was
typically between values of 2 to 6, while log;o(7[days]) was between values of -1.3 and -0.6.

In our case, we should expect lower values for 7 (from hours to minutes, logio(7[days]) ~ —2), since flickering
is a fast-pace phenomenon that should introduce the slope at high frequencies. We should also expect v to be high
(around 2), since it should be coupled to the slope measured in the bilinear models. As seen in we
obtained results with values for log;o(7[days]) ranging from 0 to -1, not as high frequency as the blue supergiants,
but definitely more high frequency than the low-mass stars. For v we obtained values between 1.5 and 2.5. However,
we observed that confirmed flickering sources from Merc, J. et al.| (2024) had lower 7 values, instead of higher. This
will be expanded upon in Section 5.

shows the maximum slope (max_slope) obtained with the non-linear model against the TESS mag-
nitudes. No clear deviation from flickering and non-flickering sources can be seen here either. In this case (the
non-linear model), the slope was calculated by analytically obtaining the derivative of the model function, and then
obtaining the maximum slope value. In Section 5 we will explore in more detail if these non-linear parameters offer
any advantage over linear fittings when differentiating flickering from non-flickering stars.

P(v)=B+ (1)

—-4.0
m  Flickering stars from this work

B Isolated AGBs from this work

|
n
m

= F
Power Spectrum Fit - TIC: 2688613, Sector: 43, Author: SPOC, Exptime: 120s = mm a g -
a
N Original Data T 30 B me © a
T \ A —— Fitting Range. = o LN ] ': Bgg .
| == Model Fit (a=8.31, T=-1.75, y=1.94, b=4.61) £ og =] '- )
. S| aget o ofu wWa, T e,
g 8 o == ' L} ]
H ° o a g4 > ofn “guga, . o
H z -"1*' l% e s
EQ g -20 --‘ . o ofc? o .
£ E =] B o @ ‘ [}
= g [ 3 B o, "a
= £ o o 8% 8 g [} -4 ]
] £ -15 B 5,0 Ow B e L
3a =) o
13 kS o ] a
3 =] 5] B
< -10 g
2 ] m O
@
—0.5
4 5 6 7 8 9 10 11 12 13
N TESS T [mag]
% P e e o B B fe W
logyo(Frequency) [uHz] . . .
(b) The maximum slope is plotted against the

(a) Example of a non-linear fit of TIC 2688613, sec- TESS magnitude. Results from this work for the
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120 seconds. Raw periodogram in blue. Smoothed in red (one point by sector), the control sample of
periodogram in red. Linear fit in black. isolated AGB stars from this work in green.

Figure 10: Non-linear model.

5 The search for flickering: Results

In this section we will show the trends and correlations we found in the different results from prior sections. These
include the four RMS calculations and the three different fitting models.

We remind the reader that our control sample of isolated AGB stars has a threshold value for the Binary Likeness
parameter of 150 or lower. Although stars with Binary Likeness > 150 are also plotted, they are not to be mistaken
with the control sample. We include them in order to maximize potential flickering detections, since our selection
method via UV excess could prove to be useful for binarity detection. As mentioned in prior sections, we also
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Figure 11: + values against logio(7[days]) values. Results from this work for the detected flickering sources from
Merc, J. et al.|(2024) are in yellow, non-flickering sources from [Merc, J. et al.| (2024]) are in brown, the control sample
of isolated AGB stars from this work is in black (Binary Likeness < 150) and purple (Binary Likeness > 150).

used CROWDSAP> 0.95 as our threshold for minimum contamination. Only stars with 1,4 < 4, and SPOC or
TESS-SPOC light curves available, are plotted in this section.

The color coding is the same in all scatter plots: results from this work for the detected flickering sources from
Merc, J. et al.[(2024) are in yellow, non-flickering sources from [Merc, J. et al.| (2024]) are in brown, the control sample
of isolated AGB stars from this work is in black (Binary Likeness < 150) and purple (Binary Likeness > 150), stars
from the Variability Catalog of Stars are shown as red crosses, objects from |Oomen et al.| (2018) (van Winkle objects)
are shown as empty orange circles, x-AGB stars are shown as green crosses, and WD with IR excess are shown as
empty blue circles.

The abundance of catalogs and sectors might make some of the plots somewhat messy and difficult to follow.
When a more detailed view of some particular correlation is needed, isolated plots or histograms will be shown to
ease readability. More plots are available at this GitHub pagel

5.1 Magnitude correlations

First we explore the correlation between the TESS magnitude and the RMS or v non-linear parameter. We still seek
to validate the results from Merc, J. et al|(2024)), in particular, their results for the RMS vs. Magnitude plot (see
for their results, for ours). As discussed in Section 3.2, the same trend for the minimum RMS
for a given TESS magnitude is still observed. Some flickering sources from Merc, J. et al| (2024) do seem to have
higher RMS than isolated stars, but others remain at the lower trend that Merc, J. et al.| (2024]) associates with the
control sample of red giants.

At higher brightness (lower magnitudes) it is hard to conclude anything. Objects in that region appear to
fluctuate a lot more in RMS (vertical strings of points close together are the result of different sectors of the same
object having contiguous RMS values). There does not seem to be a trend at low magnitudes, and since there are no
flickering stars from Merc, J. et al.| (2024) in that region, no direct comparison can be made. This might be due to
the data being faulty (perhaps our threshold for minimum magnitude was not high enough, and TESS saturates at
fainter brightness). Or perhaps we are observing at low magnitudes stellar types with intrinsically higher variability
from sector to sector that at higher magnitudes might be invisible due to their distance. This seems to be the case
for x-AGB stars (green crosses), which are much more present at low magnitudes, suggesting an observational bias.

Assuming a high RMS is indeed a tracer for flickering at the range of magnitudes at which flickering stars from
Merc, J. et al.| (2024) can be found (around 7 to 9 magnitudes), we suggest the objects in as candidates for
flickering.

Secondly, in [Figure 12b| we show 7 vs. the TESS magnitude. In this figure we can clearly see distinctions between
catalogs, made much clearer because of the different brightness levels. Again, x-AGB stars seem to populate the
lower magnitudes, while AGB stars from our control sample with Binarity Likeness > 150 seem to populate the
higher magnitudes. Most notably, post-AGB objects from the Variability Catalog of Stars (Fetherolf et al.| (2023))
seem to be spread out through all magnitudes and have systematically higher v values than the rest of catalogs (see

Figure 16| for mean values of «).

18


https://github.com/ArturoPR/TFM

+  Control AGB, Binary Likeness <= 150

45 * Control AGB, Binary Likeness > 150
Merc et. al. (no flickering)

% Variability Catalog of Stars

. Van Winckel

4.0 .. . X XAGB

+  Control AGB, Binary Likeness <= 150
Control AGB, Binary Likeness > 150
+ Merc et. al. (no flickering)

x  Variability Catalog of Stars

35 Van Winckel

wre

. x  XAGB *
o WD+IR o WD+IR x o, *hg *
© Merc et. al. (with flickering) © Merc et. al. (with flickering) o ox ¥
3 3.0 x %" o L
x
35 o I § x .r‘ *
E _ £ A
RN g2s N Ok R
* e *
30 . S 3
'G‘" L ;r-ﬁ' e o . *
- SO g B
20 AT P
. L]
o ¥
2.5 L e
3 "
8 g8
o *

.
2.0 H
H

Magnitude

(a) logio(RM Saps) vs. the TESS magnitude.

Magnitude

(b) v vs. the TESS magnitude.

Figure 12: RMS plots.

Table 9: Stellar parameters for flickering candidates between 7 and 9 T},,,4 based on RMS values. Known flickering

symbiotic stars from [Merc, J. et al.| (2024) have been excluded.

TIC ID Magnitude Catalog Sectors
4385592 9.50 Isolated AGB 72
422989548 7.69 Isolated AGB 17, 25
58227898 9.13 Isolated AGB 70
397514892 8.25 Isolated AGB 78
120504920 8.14 Isolated AGB 69
129077819 8.84 Isolated AGB 67
129684571 7.88 Isolated AGB 57
264248402 8.27 Isolated AGB 56
264413925 7.52 Isolated AGB 72
316417053 7.13 Isolated AGB 75
388775434 9.66 Merc et. al. (no flickering) 82
333326188 8.74 Merc et. al. (no flickering) 80
282619434 7.86 Merc et. al. (no flickering) 81
237100139 8.37 Merc et. al. (no flickering) 74, 75, 84
83299618 7.94 Merc et. al. (no flickering) 75
6348255 9.46 Merc et. al. (no flickering) 80
337886863 7.55 Variability Catalog of Stars 16, 17, 18, 24, 57, 58, 77, 84

5.2 Noise parameters

Noise is strongly related to flickering. In fact, an important challenge researchers face when attempting to infer the
presence of flickering is differentiating it from other sources of noise. Thus, it is important to understand how we
have parametrized noise in this work, as it might prove a useful resource when attempting to measure flickering. In
[Figure T3] we plot several noise-related correlations. In[Figure 13a] we can see that the B parameter in the non-linear
model (which quantifies the minimum noise level at the highest frequencies) is strongly related to the absolute RMS,
as was to be expected. This type of plot might be useful for flickering detection, since a high RMS but low B might
indicate that the star possesses an intense source of intrinsic noise that does not originate from instrumental noise.
We can also see in that the higher the magnitude value, the higher the minimum B value, as was to be
expected (observational biases skew the stars at low brightness levels towards more variable and luminous stellar
types).

During the analysis, when considering if 7 was a good tracer of the slope of the periodogram, we suspected
that the values of v might be influenced by the instrumental noise of the light curve. In other words, we feared ~y
was getting coupled to the difference between the maximum signal intensity (A) and the minimum floor-level white
noise (B), meaning that instead of measuring the slope flickering might produce, it was in fact measuring the slope
generated by the contrast difference between the natural signal and the artificial noise, which is highly dependent on
the apparent magnitude. In order to quantify this coupling, we show in [Figure 13Dy against the difference between
log10(A) and log1o(B). The plot shows that no notable coupling can be measured, thus making v a valid tracer of
the slope. The same result can be seen in this time with respect to magnitude.
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Figure 13: Several noise parameter correlations.

5.3 Parameter v

We now show the general trends observed for the non-linear parameter . As previously mentioned in Section
3.5, flickering sources from Merc, J. et al| (2024) gravitated towards lower ~ values, instead of higher values (see
. It was first thought that this might mean that the v parameter was, in fact, not coupled to the slope from
the bilinear models. However, shows that v and the slope calculated in the non-linear model (max_slope)
are indeed correlated.

Although not as clearly as the slope vs. magnitude graphs in[Merc, J. et al.| (2024)) (see|Figure 5)), the v parameter
does offer some differentiation between flickering and non-flickering stars. [Figure 16|shows the same data as[Figure 14}
but separated by catalogs. The area inside the white ellipses contains around 50% of the data points, and can be
thought of as the spread of the distribution. One can clearly see that the known flickering objects (lower left) have
considerable higher spread, even when taking into account the difference in data points. As previously mentioned, =y
has systematically lower values in flickering stars, with a mean of 1.79 with respect to 2.10.

also shows that both the post-AGB stars from the Variability Catalog of Stars (Fetherolf et al.| (2023)))
and the WD-IR catalog stars have significantly higher « values, and somewhat lower 7 values. Examples for light
curves and periodograms for all of this types of stars have been included in the Appendix.

[Figure 15b] [Figure 15c| and [Figure 15d| show some correlations between v and the bilinear models. One can see
that flickering stars from [Merc, J. et al| (2024) have lower low frequency slopes, but higher high frequency (hi-fi)
slopes.
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Figure 14: « values against logio(7[days]) values.
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Figure 16: ~ values against logio(7[days]) values for all catalogs. The white dot shows the mean value. The white
ellipse surrounds an area containing approximately 50% of the data points.
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6 Periodic variability: pilot study

Periodic signal detection was not a priority in this work, but it was nonetheless a secondary goal. In this section
we present a brief overview of the results we obtained for the characterization of periodic variability in the catalogs
studied in this work. Inwe show the frequency of maximum power (in days~!) with respect to magnitude.
Most stars had maximum frequencies around 0.1 days. This is no coincidence. As mentioned in Section 2.3.2,
downlink time can introduce artificial peaks at f = 1/13 days~! ~ 0.1. TESS light curves require elaborate data
analysis in order to get around this issue, which goes beyond the scope of this work. Even though we cannot show
quality results for periodic variability measurements in the frequency region dominated by downlink artifacts, we
did detect in the periodograms known binaries (see for a periodogram of the spectroscopic binary CRTS
J131559.4-370018, which displays an intense peak at 2.6 days~!) and solar-like oscillations (see which
displays a gaussian bump in frequency at the middle of the periodogram, as seen in the objects studied in

(2024)).
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Figure 17: Frequency of maximum power (in days~!) with respect to magnitude. Value obtained from the linear

low frequency periodograms (see [Figure 1e).
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(a) Example of a periodogram of binary sys-
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peak at logio(F) = 1.7. A folded light (b) Example of a periodogram of a star with
curve of this object for that frequency can solar-like oscillations. Notice the gaussian
be found at |GitHub page! bump at logio(F) = 1.7.

Figure 18: Periodograms of some of the binaries and solar-like oscillations found.

7 Conclusions

The goal of this work was to characterize variability in AGB stars using TESS data. More specifically, this work
has analyzed the possibility of using TESS data for the detection of high frequency stochastic red noise (flickering).
We sought to take advantage of the high quality, short cadence, 27 day-long light curves TESS has made available
for previously unexplored AGB, post-AGB, x-AGB and WD stars. By detecting flickering in these objects, binarity
can be inferred and analyzed in detail in follow-up studies. The overarching motivation behind this study was to
better understand how binarity might be the culprit behind the morphology of pPN, potential successors of those
AGB-stars which exhibit flickering.

We closely followed the steps of Merc, J. et al|(2024) for the initial flickering detection methodology. Since their
results could not be exactly replicated (particularly the clear separation between flickering and isolated stars), we
expanded upon their work by introducing two new methods of analysis: the free bilinear and non-linear models. We
proposed a list of flickering candidates (see based on RMS values. We also found that some separation
between stellar catalogs was achieved with the non-linear fitting parameter : flickering sources clustered at lower
values (v < 2.0), while isolated AGB stars exhibited systematically higher values. Some general characterization was
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also found for post-AGB stars from the Variability Catalog of Stars (Fetherolf et al| (2023)) and WD+IR, (Farihi
et al.| (2025))), with systematically higher v and lower 7 values than isolated AGB stars.

One of the main challenges we faced during our research was figuring out if our selection of objects for the
control sample of AGB stars was appropriate. Since one of our primary goals was to isolate the effects of flickering
on the fitting parameters, having a suitable selection of control stars confirmed not to have any flickering was of
extreme importance. In [Figure 19 we show the absolute RMS values of all the AGB stars considered for the control
sample with respect to magnitude. The color coding indicates the Binary Likeness, ranging from blue (unlikely) to
red (likely). We feared our method would deprecate stars based on magnitude, instead of actual binary likelihood.
There seemed to be some bias towards higher brightness values, but overall, a homogeneous range of magnitudes
was achieved.

However, it is undeniable that some magnitude-dependent biases were introduced through the control sample into
the results (see the spread at high brightness values in. We strongly recommend researchers carrying out
similar analysis to refine a good control sample independent of brightness with which to properly compare flickering
candidates.

A study of the periodic variability of all the stars was also attempted, but the results were greatly contaminated
by downlink gaps in the light curves. Binaries and solar-like oscillations were observed.

Ultimately, this work has shown both the potential and limitations of using TESS data for flickering detection.
The high quality, short cadence, high area coverage of TESS makes it suitable for this kind of research. However,
the coarse pixel size and the redder passband limit the precision with which flickering detections might ultimately
be made. Future missions, such as PLATO or other light curve oriented surveys, might fill in the gaps of TESS, and
allow for a precise and exact characterization of how binarity shapes late-stage stellar evolution.
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Figure 19: Comparison between the AGB stars considered for the control sample. Blue indicates low Binary Likeness,
while red high Binary Likeness.
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A Light Curves and periodograms
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Figure 20: Example graphs for a low Binarity Likeness control sample AGB.
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Figure 21: Example graphs for a high Binarity Likeness control sample AGB. Very high ~ and very low 7.
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Figure 22: Example graphs for a flickering source from |Merc, J. et a1.| (]2024{).
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