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Abstract
The main goal of this project is to investigate star-planet interactions during the Red Giant
Branch (RGB) phase. In particular, we focus on what happens to planetary systems once their
host stars leave the main sequence and engulf close-in planets, presumably, perturbing the dy-
namical architecture of the system. In this context, we wonder if close-in planets may survive
this evolutionary phase, evolving towards a new stable configuration, or on the contrary, if these
planets are destroyed and the entire system collapses. Whatever the outcome, how will this
interaction alter the star and affect its subsequent evolution? Here, we search for observational
evidence of transiting planets orbiting hot subdwarfs (sdBs) stars, which are direct post-RGB
objects that have lost most of their envelopes. To this end, we analyze light curves from the
space missions Kepler/K2, TESS, and CHEOPS to search for shallow periodic transits of close-
in, previously engulfed planets or their remnants, such as the rocky cores of giant gas planets.
By determining the occurrence of planets or remnants around sdB stars, we will place strong
constraints on the evolution of planetary systems after the RGB phase of their host stars.

This summary describes the methods, tools, and strategies used to explore the available
photometric data in the search for transiting planets and establish detection limits that allow us
to build planet occurrence rates around these stars.
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1. Introduction
The question of the evolution of planetary systems after the main sequence of their host

is generally addressed by searching for exoplanets around evolved stars, i.e., sub-giants, RGB,
and standard Horizontal Branch (HB–Red Clump) stars. However, these evolved stars are giant,
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with radii ranging from 5–10 to 1000 R⊙ and have masses about 1.5 M⊙. Hence, transit and
radial velocity methods are very challenging to use, and in the best case, only able to detect giant
and massive planets (Jones et al., 2021). Indeed, several studies found a dearth of close-in giant
planets and a total lack of small close-in planets around evolved stars compared to solar-type
main sequence stars (see, e.g., Sato et al., 2008). An alternative approach to studying the fate
of planetary systems can also be addressed by studying white-dwarf stars, which is the ultimate
fate of 97% of all stars. Orbiting these stars have been found disintegrating planetesimals and
a transiting giant planet (Vanderburg et al., 2020). Statistics on the occurrence rate of planets
around white dwarfs as a function of orbital period and planet radius have been established
(Wilson et al., 2019). However, white dwarfs experience two giant phases of evolution: the
RGB and the Asymptotic Giant Branch (AGB). AGB expansion and intense mass loss, followed
by the planetary nebula phase, profoundly affect the orbital stability of any surrounding bodies.
Consequently, such detected planets might correspond to first-generation, second-generation,
or hybrid planets. That is, no direct conclusions on the fate of planetary systems when their
host stars leave in the main sequence can be drawn by studying white dwarfs. On the contrary,
sdB stars, thanks to their small sizes and masses combined with the fact they do not suffer
AGB expansion, constitute excellent opportunities to address the question of the evolution of
exoplanet systems after the RGB phase, that is, allowing us to obtain direct conclusions on the
evolution of planetary systems just afterward the host star leaves the main sequence.

To date, no transit of an exoplanet or remnant has been detected around an sdB. Neverthe-
less, some detections have been claimed (see, e.g., Silvotti et al., 2007; Charpinet et al., 2011).
However, they are highly debated by recent studies (Silvotti et al., 2018; Blokesz et al., 2019).
The lack of clear evidence of exoplanets or remnants orbiting hot subdwarfs is mainly because
no systematic surveys have been performed in the search for these objects. In this context, in
Van Grootel et al. (2021) we carried out an in-depth feasibility study considering data from
Kepler/K2, TESS and CHEOPS, and built our target list, which is displayed in Figure 1. We
concluded that transiting objects with radius ≲1.0 R⊕ can be detected in most Kepler/K2 and
CHEOPS targets for orbital periods shorter than one day. We found that sub-Earth size objects
down to 0.3 R⊕ might be detectable in the best scenarios. For TESS targets, while being the
mission providing the largest sample of observed targets, its poorer photometric quality yields
detections of ≲1.5 R⊕ when using one or two sectors, but sub-Earth sizes may be reached when
combining more sectors.

2. Strategies, methods and tools
2.1. The Kepler/K2 & TESS surveys and the CHEOPS filler program

We are systematically analyzing the sdB stars to date observed by Kepler/K2 & TESS sur-
veys to search for shallow periodic transits of planetary origin by means of our SHERLOCK
pipeline (described in the following section). In short, about 2500 sdBs have been observed by
these missions. About 70 were observed in the original Kepler field, and 170 were in the K2
mission. TESS, accounting for the 2-years primary mission and extended mission (started in
June 2020), has observed about 2200 sdBs, a number that increases with each new sector ob-

74



Figure 1: Celestial distribution of our hot subdwarfs sample: TESS primary mis-
sion (blue dots), TESS extended mission 2-min and 20 s (red and dark orange dots),
Kepler (purple crosses), K2 (black triangles), and CHEOPS (green stars) from Van
Grootel et al. (2021).

served during the current extended mission. Recently we published our analyses corresponding
to the exploration of the 792 sdBs observed during the TESS cycle 1 (Thuillier et al., 2022),
where we found some tentative planetary signals, which we are following up using ground-
based telescopes to confirm or refute them. For the first time, this study allowed us to set upper
limits to the planet occurrence rates orbiting these stars as a function of the planetary radius and
orbital period.

In addition, we have a filler program in CHEOPS, which is observing a selected sample
of 60 bright sdBs. The high-precision photometry provided by CHEOPS allows us to search
for extremely small planets or remnants whose sizes might be down to Mars’s size. In this
context, our filler program aims to reach for each star in our sample a phase coverage ∼80% for
a hypothetical planet with five days orbital period (see Figure 2).

2.2. Searching for planets using the SHERLOCK pipeline

SHERLOCK (Searching for Hints of Exoplanets fRom Lightcurves Of spaCe-based
seeKers) code is an end-to-end pipeline that allows the users to explore the data from space-
based missions (Kepler/K2 and TESS) to search for planetary candidates (Pozuelos et al., 2020).
It can be used to recover alerted candidates by the automatic pipelines such as the Science Pro-
cessing Operations Center (SPOC) and the Quick Look Pipeline (QLP), the so-called Kepler
objects of interest (KOIs), and TESS objects of interest (TOIs), and to search for candidates
that remain unnoticed due to detection thresholds, lack of data exploration or poor photometric
quality. To this end, SHERLOCK has six different modules to (1) acquire and prepare the light
curves from their online repositories, (2) search for planetary candidates, (3) vet the interesting
signals, (4) perform a statistical validation, (5) model the signals to refine their ephemeris, and
(6) compute the observational windows from ground-based observatories to trigger a follow-up
campaign. To execute all these modules, the user only needs to fill in an initial yaml file with
some basic information such as the star ID, the cadence to be used, etc., and use sequentially a
few lines of code to pass from one step to the next.
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Figure 2: Top: CHEOPS’ phase coverage (in %) as a function of orbital period
reached for our candidate HD 149382 after 18x2 orbits. The blue line represents
the full range of 5000 periods explored, and the orange line is the binning of each
∼1.7 hr. The orbital period for which the phase coverage is ∼80% is marked with
the dotted vertical red line. Bottom: graphical visualization of the phase coverage
for a hypothetical planet with orbital periods of 0.45 days (green circle) and 1 day
(blue circle) with phase coverages of ∼100% and ∼85%, respectively.

To optimize the transit search and remove any undesired trend, SHERLOCK uses a multi-
detrend approach, implemented via the wotan package (Hippke et al., 2019), whereby the
nominal PDCSAP light curve, which is obtained from the Mikulski Archive for Space Tele-
scopes (MAST), is detrended several times using a biweight filter by varying the window size.
Each new detrended light curve, jointly with the nominal PDCSAP flux, is processed by the
Transit Least Squares package (tls; Hippke and Heller, 2019), which is optimized for de-
tecting shallow periodic transits using an analytical transit model based on stellar parameters.
Then, tls is more efficient for bluer stars where transit shapes diverge from the typical box
shape. The multi-detrend approach is motivated by the risk of removing transit signals when
we detrend the light curves, particularly short and shallow ones. Hence, with this strategy, we
converged on the most efficient detrend, which allowed us to find signals with the best signal-
to-noise ratio (S/N) and signal-detection-efficiency (SDE).

2.3. Establishing detection limits with MATRIX

To study the detection limits of a given data set, we perform injection-and-recovery ex-
periments using our MATRIX (Multi-phAse Transits Recovery from Injected eXoplanets) code
(Dévora-Pajares and Pozuelos, 2022). MATRIX injects synthetic planets into a given light curve.
The injected planets are generated in a Radius–Period–Phase parameter space, whose limits and
steps are defined by the user according to the particular goal of each study. For example, in our
feasibility study presented in (Van Grootel et al., 2021), for the TESS data, we focus on radii
ranging from 0.5 to 3.0 R⊕ with steps of 0.05 R⊕, and periods from 1.0 to 6.0 d with steps of
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Figure 3: Injection-and-recovery experiment performed using MATRIX to test the
detectability of transiting planets orbiting TIC 96949372 using two TESS sectors
(Van Grootel et al., 2021). Larger recovery rates are presented in yellow and green
colors, while lower recovery rates are shown in blue and darker hues. Planets
smaller than 1.0 R⊕ would remain undetected for the explored periods, while tran-
siting planets larger than 2.0 R⊕ have recovery rates of 100%, since we did not find
any, we can rule out the presence of such transiting planets.

0.1 d. Then, the light curves containing synthetic planets are processed in the search for planets
using the tls algorithm. For each detection, MATRIX stores the period and epoch, and they
are compared with the injected ones. A synthetic planet is recovered when its epoch matches
the injected epoch with 1 hour accuracy, and its period is within 5% of the injected period. In
addition, for each period found that did not match the injected period, MATRIX checked if it
could correspond to the first harmonic (2×Pinjected) or sub-harmonic (Pinjected/2). If this is the
case, the signal is also considered recovered. For simplicity, the synthetic planets are injected
assuming their impact parameters and eccentricities equal zero. Moreover, MATRIX allows the
user to detrend the light curves using a bi-weight filter to remove any flux variability that might
hinder the planetary search. An example of these experiments is shown in Figure 3 for the
particular case of TIC 96949372, using two TESS sectors.

3. Conclusions
In this summary, we presented the current status of our project, in which the main goal is to

find the first evidence of a transiting planet orbiting an sdB star. Moreover, we introduced our
dedicated CHEOPS survey and our tools SHERLOCK and MATRIX, which are used to easily
search for planets in Kepler/K2 & TESS data, and establish robust detection limits, respectively.
Our recent results allowed us to set for the first time upper limits to the planet occurrence rates
orbiting these stars as a function of planetary radius and orbital period based on TESS cycle
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1. This result will be updated and better constrained by adding the results coming from our
exploration of TESS cycle 2 and Kepler/K2 data, which is currently ongoing. These results
will provide unique insights into the fate of known planetary systems with close-in exoplanets
that orbit main-sequence stars, allowing us to build a robust planetary formation and evolution
model, taking into account the stellar evolution beyond the main sequence.
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