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Abstract

Since the first detection of an exoplanet around a main sequence star in 1995, the race for
detection and characterisation grows exponentially, with numerous dedicated techniques and
instruments developed. The search for objects around other stars helps us to understand
better the life and death of planetary systems. In that context, when a star enters the red-
giant branch phase (RGB) it expands and can engulf close-in planets. The state and the
evolution of the exoplanetary systems directly after this phase are still poorly understood.
Hot subdwarfs are hot and small He-burning objects which experienced strong mass loss on
the RGB. Therefore, these stars constitute excellent opportunities for addressing the question
of the evolution of exoplanetary systems directly after the RGB phase.

In this work, I aim to evaluate the capacities of K2 data to detect exoplanets around hot
subdwarfs by performing injection-and-recovery tests on the K2 light curves corrected by
K2sff and EVEREST detrending pipelines. Then, I apply the lesson learnt from those tests
by performing an exoplanetary search on 48 K2 targets thanks to the SHERLOCK pipeline.

In this master’s thesis, we will first introduce important scientific backgrounds on hot
subdwarfs and on the search for exoplanets around those stars. Then, the tools and methods
used during this project will be presented. Finally, the results of the injection-and-recovery
tests will be exposed and the best candidates found in the exoplanetary search will be
depicted.
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Chapter 1

Context and Scientific objectives

The primary goal of this chapter is to establish a scientific context and provide background
information for this master thesis. It serves to outline the objectives of the thesis and review
the existing state-of-the-art related to these objectives. The chapter will be divided into two
main parts: the first part will present crucial insights into hot subdwarfs, and the second
part will focus on the exploration of exoplanets around these particular stars.

1.1 Hot Subdwarfs

1.1.1 Main Characteristics and Classification

| [
@
¢ - Supergial
a -
L -
.
post-AGB MAIN
sdo @ J

Lumin osity (compared to the sun)

30,000 10,000 6000 3000

Surface temperature [°)

Figure 1.1: Hertzsprung-Russell diagram highlighting the position of hot subdwarfs |1].

Hot subdwarfs of B or O type are stars located in the Hertzsprung-Russell diagram be-
tween the main sequence and the white dwarfs. They traduce different stages in the late

1



2 CONTEXT AND SCIENTIFIC OBJECTIVES

evolution of low-mass stars [1] [2].

Subdwarfs of B-type (sdBs) have a helium-burning core and are at the blue end of the
horizontal branch (HB) which corresponds to core-He burning objects. O-types (sdOs) corre-
spond to a wide range of objects of the post-red-giant branch, post-HB, and post-asymptotic
giant branch (post-AGB) [1] [2].

SdBs have an T = 20 000 - 40 000 K whereas sdOs have an effective temperature
between 40 000-80 000K. Both star types have a log(g) = 5.2 — 6.2 |3]. SdB stars form a
rather homogeneous spectral type, with an under solar He abundance in their atmospheres
for most of them. On the contrary O-type subdwarfs present a larger variety of spectra,
from He-poor (for about 1/3 of them) to He-rich in their majority [1].

The atmospheric parameters of sdB stars place them on the EHB. However, in comparison
to the other horizontal-branch stars, they have an extremely thin hydrogen envelope, and,
thus, can not sustain H-burning. Therefore, their evolution is also very different because
they avoid the AGB and go directly toward the white dwarf cooling sequence [1].

1.1.2 The Question of the Origins of Hot Subdwarfs

The origins of stars in the EHB are still not fully understood. To be formed, they have to
undergo mass loss processes to go from a large to a very thin hydrogen-rich envelope around
the same moment the He-core reaches the mass required for the helium flash (~ 0.47 M)
[1]. Afterwards, they still have to sustain a helium-burning core [3].

To explain their origin, multiple scenarios have been proposed. Since 2001, it is known
that about 60% of the subdwarfs are in a binary system, with half of them in a close binary
system with periods from 0.07 to 30d and the other half with periods up to several years [3|.
Close binaries sdBs are generally paired with a white dwarf of M-dwarf nature. In contrast,
wider binary systems featuring subdwarf B stars tend to have companions of FGK types.
Therefore, the principal mechanism of formation consists of the evolution of binaries |4][5].
In this case, two main sequence stars of different masses evolve in a binary system. The most
massive one will be the first to reach the red-giant branch and thus its radius will increase
first until reaching its Roche lobe. From here, two dynamic cases have to be analysed, a
stable and an unstable one [4][5]:

- If the mass transfer is dynamically unstable, a common envelope is created. The orbital
energy of the two stellar cores is transferred to the envelope, therefore the orbital period
decreases. Finally, the common envelope is ejected and a close binary system with an
sdB and a main sequence star is formed. If the companion reaches the red giant branch,
another mass transfer could happen and can lead to a close binary system with an sdB
and a white dwarf. This scenario is commonly known as the common envelope (CE)
ejection [4][5].

- If the mass transfer is dynamically stable, once the companion reaches its Roche lobe,
the primary slowly accretes matters from the secondary. In this case, the companion
loses mass and becomes an sdB. Therefore, it results in a binary system with a sdB and
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a main sequence star companion with larger orbital periods. This scenario is commonly

known as the Roche Lobe OverFlow (RLOF) [4][5].

The RLOF and CE ejection scenarios can also be mixed with a first RLOF phase produc-
ing a white dwarf and a main sequence star and then a CE ejection phase when an sdB+WD
binary is produced [4][5].

Nonetheless, about 40% of the hot subdwarfs are not known to be in a binary system.
In a single-star system, the mechanisms explaining the mass loss during the helium flash
are not well understood. In 1984, Webbink explained that a merger of two He-white dwarfs
could form an EHB star |6]. However, several observations questioned this hypothesis. First,
WD binaries that can produce sdBs are quite rare, but few candidates have been identified.
Second, mass distributions of both single and binaries have a narrow peak at 0.47 My.
However, the merger mechanism should give a broader range (0.4-0.7My). Finally, such
merger scenarios should produce high rotator sdBs however, observations show that almost
all single sdBs have a slow rotation |7][8]. Other scenarios have been proposed: stellar wind
mass loss, helium mixing by internal rotation, etc. However, the conditions required for
those scenarios to happen are unlikely to be met [4][5]. Nonetheless, the most interesting
scenario for this master’s thesis is the possibility of the ejection of the star’s envelope by the
engulfment of a substellar companion. It will be described more precisely in the next part.

1.2 Search for Exoplanets around Hot Subdwarfs

1.2.1 Planet-Red Giants Interactions

It is known, long before the discovery of exoplanets, that during the post-main-sequence
evolutionary stage, stars undergo an expansion of 100 to 1000 times their initial radius
and that this expansion will engulf nearby planets. The first studies of possible planets’
engulfment were made in the solar system. For example, in 1987, Goldstein [9] described
the fate of the Earth around the Sun. Employing stellar models and incorporating Earth’s
density profile to consider ablation effects, he determined that the timescale for Earth’s
orbital decay within the Sun’s envelope is merely 210 years.

More generally, interactions between planets and red giant envelopes are complex due to
the number of parameters and phenomena to consider. In their 2010 paper, Bear and Soker
[10] conducted a study exploring the potential role of substellar companions in the formation
of sdB stars. They investigated various phenomena that contribute to an increased mass loss
rate resulting from the presence of a substellar companion. The researchers highlighted that
this increase is not solely due to the deposition of gravitational energy. While the deposition
of gravitational energy is effective for brown dwarfs and very massive planets, smaller planets
need additional processes. Firstly, exoplanets can accelerate the rotation velocity of the
star, leading to an amplification of the magnetic field, which in turn increases the mass loss.
Secondly, during the common envelope phase, planets can excite non-radial p-waves, causing
an increased mass loss within the equatorial plane. Additionally, if the temperature of the
envelope exceeds the virial temperature of the planet, the planet may be destroyed. This
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destruction process can temporarily reduce the stellar luminosity by introducing low entropy
material. If the material reaches the core, it triggers the release of gravitational and nuclear
energy by replenishing it with new hydrogen-rich materials, resulting in stellar expansion
and a further increase in mass loss. Moreover, the interaction between the core and the
accreted material may give rise to the formation of an accretion disk, which can generate a
jet of ejecta.

More recently, in the paper by O’Connor et al. 2023 |11], the response of the stellar
envelope to the dissipated energy caused by an engulfed planet was simulated. Using a
stellar model, they analysed the effects of drag force, orbital decay, and deposition of angular
momentum from the planet. They provided an explanation indicating that planets are
typically destroyed within the core of a star. As a planet approaches a stage where the local
sound speed exceeds the escape velocity at its surface, it undergoes a thermal disturbance.
However, it is crucial to compare the time it takes for the planet to spiral inward with the
timescale of heating in its interior. In the case of an irradiated giant planet, the increasing
entropy in its outer layer hampers convection, resulting in a much longer heating timescale
than the inspiral time. When studying disrupted envelopes, it was discovered that even
during significant expansion, no material attains a velocity surpassing the escape velocity,
preventing any ejection beyond this point. However, the researchers did not account for
factors such as dust grain formation within the envelope as the star evolves, stellar rotation,
and magnetic activity, which could potentially affect the rate of mass loss. Nonetheless,
they established a critical planet mass beyond which the outer layers of the envelope expand
supersonically and encounter shocks. Additionally, they explored the possibility of planet
survival if the Roche lobe overflow of a giant planet leads to stable mass transfer, effectively
halting or even reversing its orbital decay.

1.2.2 Search for Survivor Exoplanets
1.2.2.1 Importance of Hot Subdwarfs

Therefore, based on the insights provided in the previous section, exploring exoplanets
around hot subdwarfs could greatly enhance our understanding of their formation processes
and shed light on the survival potential of such planets.

It should be noted that normal HB stars, including Red Clump (RC) stars, typically
exhibit substantial size, ranging from ~ 10 to 1000 R, and possess typically a mass of
about 1.5 M. Consequently, employing transit and radial velocity (RV) methods to detect
exoplanets around these types of stars presents significant challenges due to factors such
as the dilution of transit depth and other sources of noise. The hot subdwarfs, on the
contrary, have a radius between 0.1 and 0.3 R; making far easier the detection of small
transiting bodies. As we will develop in section the efficiency of the transit method
will be dependent on the ratio between the radius of the planet and the radius of the star.
Therefore, Earth-size planets and slightly below around hot subdwarfs are detectable [2],
this will be confirmed in Chapter [3] of this work.

Spectroscopically distinguishing between RGB and RC stars can sometimes be arduous,
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primarily because stars tend to expel little envelope during the RGB phase and have very
similar atmospheric parameters [12|. As a result, only large or massive planets are typically
detected around classical evolved stars, and there have been relatively few instances of close-
in giant planets identified around such stars when compared to solar-type main sequence
stars. This scarcity of detections may be attributed to the potential engulfment of planets
by the host stars. Currently, it remains challenging to ascertain whether small planets
or remnants, such as dense cores of former giant planets, exist in these systems. Another
explanation is that this discrepancy may indicate different formation mechanisms for planets
in the vicinity of these stars |13].

The presence of a survivor planet may be directly associated with the ejection of the
envelope which creates hot subdwarfs. In the case of classical evolved stars, however, the
planet would gradually spiral inward within the envelope until it is completely destroyed.
In addition, the duration of the sdB phase is approximately 100 million years, while the
sdO phase lasts between 10 to 20 million years. Consequently, the chances of discovering
second-generation planets or planets that have not been engulfed and migrated from distant
orbits are quite low [2].

While a majority of studies concerning planetary systems around evolved stars have fo-
cused on white dwarfs, it is important to notice that most of these stars undergo two distinct
giant phases during their evolution: the RGB and the Asymptotic Giant Branch (AGB). The
AGB phase, characterised by stellar expansion and strong mass loss, followed by the forma-
tion of a planetary nebula, significantly affects the stability of the orbits of surrounding
objects. As a result, the dynamics of planetary systems around AGB stars are strongly
influenced and can differ from those around other types of stars. In conclusion, the effect
of the RGB expansion on planetary systems cannot directly be concluded with the study
from white dwarfs. On the contrary, hot subdwarfs are good candidates to try to answer
this question [2].

1.2.2.2 State-of-the-Art of the Search of Planets Around Hot Subdwarfs

To this day, no planets orbiting hot subdwarfs have been confirmed. However, there have
been some reported detections. For instance, in 2007, Silvotti et al. [14] observed a signal
around V391 Peg using the pulsation-timing method, indicating the presence of a planet
with a few Jupiter masses at approximately 1.7 AU from the star. In 2017, Silvotti et al.
[15] criticised this candidate based on changes in its amplitude and period, utilising a more
extensive dataset.

Another claim was made by Lutz et al. in 2012 [16], who employed the same method and
stated the existence of a 5.58 Jupiter mass planet around DW Lyn at a distance of 1.18 AU.
However, this finding was not successfully confirmed by Mackebrandt et al. in 2020 [17].

Furthermore, Charpinet et al. in 2011 [18] and Silvotti et al. in 2014 [19] reported the
detection of respectively 2 and 3 Earth-sized planets with orbital periods of a few hours
around KIC 05807616 and KIC 10001893, respectively. These claims were disputed by
Krzesinski in 2015 [20] and Blokesz et al. in 2019 [21] who explained the signals are more
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probably combination frequencies of stellar pulsating modes. This interpretation remains
disputed nowadays.

In 2009, Geier et al. [22] claimed the discovery of a giant hot Jupiter with a period of
2.4 days around HD 149382 with the RV method. But it was discarded by Norris et al. in
2011 [23] because high precision radial velocity measurement of the Hobby-Eberly telescope
spectrograph excluded the presence of any substellar companion with a period inferior to 28
days.

Frequent discoveries of red dwarf or brown dwarf companions to hot subdwarfs have been
made through ground-based observations using photometric or RV techniques [24][25](26][27].
However, no Jupiter-like planet has been identified so far. On the other hand, by using the
concept of eclipse-timing variations, which rely on the gravitational influence a planet will
have on the binaries and thus on the event time of the eclipse, several massive planets have
been claimed in sdB+dM eclipsing binaries |28][29]. These findings potentially correspond
to first or second-generation planets, or hybrid planets formed from the accretion of ejected
stellar material onto remnants of first-generation planets [30][31]. However, these claimed
planets often face scepticism, as their properties frequently change with new measurements,
their orbits are predicted dynamically unstable, and they are often discarded after new
measurements |32]. Furthermore, none of these detections has been independently confirmed
using alternative methods [2].

1.2.3 Objectives of the Thesis

The main objectives of this thesis are twofold. Firstly, it aims to enhance our understand-
ing of the K2 data and explore its capability of effectively detecting transiting planets around
hot subdwarfs. The study will involve a comparative analysis of the efficiency between the
EVEREST and K2sff correction pipelines to determine the optimal pipeline to use for the
search of planetary transits in hot subdwarf light curves and understand their characteristics.

Secondly, using the SHERLOCK pipeline, the thesis will present the findings from the
search of transits in 48 hot subdwarfs from the EVEREST dataset, including a vetting done
on the most promising candidates.

By accomplishing these objectives, the research endeavours to contribute valuable insights
into 1) the evolution of planetary systems directly after the RGB phase and 2) the surviving
capability of a planet around a red giant.



Chapter 2

K2 data and Methods

Having set the scientific context and objectives, this chapter will delve into a compre-
hensive account of the various methods, data, and programs employed in this thesis. A
theoretical overview of the transit method for detecting exoplanets will be presented. Ad-
ditionally, detailed information about the Kepler Telescope and the K2 mission, along with
the characteristics of its data, will be provided. The chapter will conclude by introducing
the SHERLOCK and MATRIX pipelines.

2.1 Transit Method for Exoplanets Detection

The presence of exoplanets around a star influences in various ways the received signal,
and numerous techniques are available to detect these exoplanets, such as radial velocity,
gravitational microlensing, and direct imaging. However, in this thesis, we will work with
the most used and extended one, the transit method.

An eclipse occurs during the obstruction of a celestial object with another. When the size
difference between the two objects is significant, it is referred to as transit or occultation.
A transit occurs when the planet crosses the line of sight between the observer and the star
while an occultation appears when the star crosses the line of sight between the observer
and the planet. Both phenomena will induce a periodic decrease in the star’s luminosity.
In cases of a circular orbit, transits and occultations always appear, but in elliptical orbits,
only one may be observed. In general, for a small dark occulted object by another big bright
object (e.g. exoplanet and star), occultations are more challenging to observe compared to
transits because its depth is directly proportional to the ratio of the exoplanet’s flux to the
star’s flux.

As depicted in Figure [2.1] a transit event is marked by four contact points. The periods
from t; to ty, and t;; to t;y, represent the ingress and egress durations. The interval between
ty and ty; corresponds to the full duration, signifying the time when the entire disk of the
celestial object is crossing in front of another. The total duration of the transit is given by
the difference between t;, and t,.
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A transit can be characterised by four parameters. First, the "P" parameter represents
the period of occurrence, which is the time interval between two consecutive transits. It
directly corresponds to the orbital period of the planet and provides the ratio between the
semi-major axes of the planetary orbit and the stellar radius.

Ay

Time _
L Iy Im Ty

Figure 2.1: Shape of transit with its parameters [33]

Second, the "depth" of the transit, denoted as ¢, signifies the difference between the
average stellar flux and the minimum flux observed during the transit. This depth is directly
proportional to the square of the ratio between the radii of the planet and the star.

Third, the impact parameter, denoted as "b", is the angular distance between the centre
of the star and the centre of the planet at conjunction. This parameter ranges from 0 to 1
and determines whether the eclipse is full or grazing. Therefore, the total transit duration
will depend on the impact parameter with a maximum duration when b=0 and minimum
when b=1.
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Celestial

Shadow band

Figure 2.2: Shadow band of a transit [33]

An important point to take into account is that transits only appear in a specific con-
figuration. One can determine the probability of an eclipse with its geometric configuration
(i.e. Figure . When an object is in front of another one, the shadow will create a cone
and as this object moves the shadow will sweep out a band on the celestial sphere. The
observer can only observe this transit if they are located inside this band. Defining "a" as
the semi-major axis, "e" as the eccentricity, w the argument of the periapsis, R, the stellar

radius and R, the planetary radius, the probability of transit can be expressed as :

R. £ R, 1+ esinw
ra — 2.1
= (B57) (555) 2

Therefore, assuming the usual case for a planetary transit, R, << R, and a circular orbit,
Ptra = R*/ a.

The transit depth increases with the exoplanetary radius and the probability of observing
it increases with a decrease in the exoplanet’s semi-major axis. As a result, the transit
method proves to be highly suitable for detecting planets that are either large or orbiting
close to their host stars or both. Moreover, thanks to the numerous space missions equipped
with photometric instruments, the transit method benefits from abundant data availability,
making it more accessible compared to other methods.

The transit method is the most successful technique with 4103 confirmed planets over the
5483 with all techniques combined. It is the principal method to detect earth-size planets
with 191 confirmations, and notably the famous Trappist-1 system with 7 planets [34] [35].
The difference between detection techniques can be observed in Figure While transit is
more focused on short-period planets, radial velocities for example are more directed toward
big and farther-from-their-star planets.
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Figure 2.3: Mass-period distribution of confirmed exoplanet with respect to their detection

method.

The planets on which this master’s thesis focuses have been engulfed by their star therefore
we expect periods on the scale of days if they have survived. As such, the transit method is
particularly well-suited to align with our research objectives.

2.2 Kepler and K2 Mission

In this master thesis, I will make use of the data from the K2 mission. To understand
their specificity, it is important to first present the mission itself.

2.2.1 Scientific Context and Requirements

The Kepler mission principally aimed to study the structure and population of planetary
systems with special importance on the detection of Earth-size rocky planets in the habitable
zone (HZ) of its system. High photometric precision is therefore required .

In more detail, the mission aimed to analyse over 170,000 stars in order to establish the
occurrence rate of planets larger than 0.8 times the size of Earth, either within or in close
proximity to the habitable zone. It sought to examine various properties of exoplanets, such
as their orbital parameters, albedo, size, mass, and density, in relation to the characteristics
of their host stars. Additionally, the mission aimed to validate potential planet candidates
discovered using other detection methods, as well as to identify new candidates within the
same planetary systems. Another objective was to determine the stellar properties associated
with these planetary systems through asteroseismology.
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In its paper of 2018, Borucki summarised in a table the science requirements [38|.

Requirement Required values

Target Stars Monitor 170,000 stars at a 30-min cadence in a single FOV.
Monitor 512 stars at 1-min cadence in a single FOV.

The subset can be changed every 3 months.

System photometric precision | 1.9 x 107 (19 ppm) 6.5-h integration for 12th-mag G2 dwarf

Continuous Observing Single, inertial FOV for targets. No obscuration by Sun, Earth,
Moon, and planets
Mission lifetime 4 years to observe four transits of planets in 1-year orbits

Table 2.1: Science Requirements of Kepler, from [38|

2.2.2 Kepler Instrument

The Kepler mission used a total of 42 CCD (Charge-Coupled Device) photodetectors,
with each detector having a resolution of 2.2 million pixels arranged in a grid format of
2200 columns by 1024 rows. The size of each pixel was measured to be 27 x 27um, which
corresponds to an angular size of 3.98 arcseconds in the sky [39).

The Kepler telescope is a 1m class Schmidt telescope with a FOV of 16° in diameter. The
high FOV is justified by the number of stars to observe simultaneously. In order to minimise
the impact of dark current and radiation, the CCDs were cooled to a temperature of -85°C.

2.2.3 K2 Mission

The Kepler spacecraft had four reaction wheels which have for objective to control the
attitude of the spacecraft. A spacecraft needs three reaction wheels in order to assure the
rotation around its three attitude angles. Nonetheless, given that reaction wheels frequently
constitute the initial critical component to experience failure on a spacecraft, it’s not uncom-
mon to include an additional one as a redundancy measure. After four years of operation,
on 14 May 2013, a second reaction wheel failed following the failure of the first one earlier
in the mission. This event should mean the end of the Kepler mission. However, as all the
systems were perfectly operational, engineers thought about a method to extend it [38].

Without a third reaction wheel, the pointing stability and accuracy are supported by
the 2 remaining wheels on the Y and Z axes and by thrusters around the X axis. The
disturbance created by solar pressure has to be minimised on the roll axis (X-axis) for the
time of observation. Therefore, the telescope was pointing in the orbital plane and thus
toward the ecliptic. It provides a balance of pressure because the sun follows the line of
symmetry of the spacecraft in the XY plane [40].

The spacecraft’s stability around the roll axis during observation is assured by a careful
selection of the initial rolling and correcting drifts every 12 hours. The reaction wheels
stabilise the spacecraft on its Y and X axis by countering the solar pressure. The thrusters
are used to evacuate the momentum accumulated during the observations every 2 days [40].
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Contrary to Kepler which had one stellar field, K2 observed multiple independent target
fields called campaigns. Each campaign has a duration limited by the solar flux constraints.
The campaign organisation is presented in Figure|2.4, The observations lasted about 75 days
and were followed by a data transfer period, then an inactivity period if needed and finally
a checkout period [40]. Such as Kepler, K2 will observe with 2 exposure times: 30 minutes
for the long cadence (LC) and 1 minute for the short cadence (SC).
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Figure 2.4: K2 mission phases and observation campaign|[40]

This new configuration of the mission influenced the scientific objectives of the Kepler
Telescope, its data quality and its data transfer time. In terms of scientific objectives, the
basic objectives of the Kepler mission remain, the detection of exoplanets and asteroseismol-
ogy. However, K2 opens new regions of the sky to the telescope. Thus, new populations of
planets and stars can be studied. Moreover, new objectives have been proposed: observations
of open clusters, star-forming regions, variable extragalactic sources and microlensing [40)].
The attitude motion around the roll axis of the Kepler spacecraft induces a sawtooth photo-
metric signature, and the attitude error is way higher than in the Kepler mission [41]. Those
features were clearly observed during this master thesis when analysing the light curves and
were the major source of difficulties.

2.2.4 Results and Impact

Kepler and K2 missions provided a massive amount of data that are still analysed today.
After 9.6 years in space, 530506 stars have been observed with 3326 confirmed planet detec-
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Figure 2.5: Distribution of detected exoplanets from different detection methods, Kepler is

in blue [42].

tions and 3136 scientific papers published . The exoplanets range in size from slightly
larger than the moon to planets over three times the size of Jupiter and have orbital periods
ranging from hours to years. As of 2023, 183 Earth-size planets and 1444 super-Earths [34]
has been detected. In Figure 2.5 one can see the distribution of the exoplanets discovered
by Kepler with respect to the exoplanets detected by other methods.

In terms of exoplanets population statistics, Kepler shows that the radius distribution
of the planets depends on their orbital period. Kepler’s planets reside principally in multi-
planetary systems. However, Kepler data are not sufficient to make statistics on Earth and
super-Earth population in the habitable zones [42].

The impacts of the result of the Kepler telescope go beyond the scientific results. Kepler
was one of the first missions with CoRoT to be dedicated to the search for exoplanets via
a space telescope. The success of Kepler proved the efficiency of the technology and the
possibility of a large space telescope for transit surveys. It has inspired other telescopes such
as TESS, CHEOPS and JWST in the search for other worlds and had an important cultural
impact.

2.3 K2 Correction Pipelines

Now the K2 mission has been introduced, in this part, the specificities of the K2 data will
be detailed and the K2sff and EVEREST detrending pipelines will be introduced.
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2.3.1 Specificities of K2 data

As explained in section [2.2], K2 such as Kepler could observe the sky with 2 exposure
times: one of 60 seconds called the short cadence (SC) and one of 30 minutes called the long
cadence (LC). K2 mission observation was divided into campaigns that corresponded to an
observation period of about 75 days. However, due to the reduced pointing accuracy, K2’s
raw aperture photometry is about 3 to 4 time less precise than the Kepler mission and present
strong instrumental features, notably a ~ 6 hours trend due to the spacecraft roll-cycles.
They are characterised by triangular patterns in the light curves [44]. An example is given
in Figure 2.6] Using directly raw K2 data for the search for exoplanets is thus impossible.
We have to rely on pipelines with specific objectives to correct those errors.
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Figure 2.6: Top: Raw long cadence K2 light curve (with low-frequency variations removed).

Middle: Horizontal centroid position versus time. Bottom: Vertical centroid position versus
time [44].

2.3.2 K2sff Pipeline

K2sff is the first of the two pipelines that aim to correct the K2 pointing errors. It was
first proposed by Vanderburg and Johnson in 2014 [44]. Prior to the K2 mission, techniques
to reduce data from the Spitzer mission, which also encountered data artefacts caused by
the motion of the spacecraft, were developed. However, Vanderburg and Johnson adapted
and fine-tuned these methods to better suit the specificities of the K2 mission.

Therefore, thanks to the aperture photometry and image centroid position data extracted
from K2 pixel-level data, the objective is to correct the photometry using the spacecraft’s
pointing information. The principle is relatively straightforward: after defining the mask
and aperture of the target, the star’s position as a function of time is estimated using a
centre of flux calculation and a Gaussian centroid method. When the location of the star is
too far away from its origin, Kepler thrusters fire back to correct it which is the reason for
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artefacts. Then, the points with poor photometric performance are excluded. They then use
a self-flat-fielding (SFF) approach to remove photometric variability. As the pointing jitter
has a time scale of about 6 hours, they only isolate short-period variabilities with periods less
than 24 hours. They separate the astrophysical variability components from the pointing
jitter to avoid removing them. Then, data points are divided into bins. A linear interpolation
is performed between the mean of each bin. The correction is applied by dividing the raw
aperture photometry time series by the linear fit.

Figure shows the comparison of raw and corrected data. For this specific target, the
SFF correction reduces the scatter observed on 6-hour timescales by a factor of 5. In general,
in the best-case scenarios, compared to Kepler, K2sff photometric precision is worse by a
factor of about 1.3 to 2 instead of about 3 to 4 for raw data [44].
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Figure 2.7: Comparison between the raw K2 data and SFF correction. Blue points corre-
spond to raw K2 data vertically offset for clarity. The dark line between blue points is the
SFF model. Orange points correspond to corrected data [44].

It should be noted that, in the case of exoplanet detection, if a transiting object has
an orbital period on the time scale of the Kepler thruster fires, the SFF correction could
suppress the signal. Detection of planets with a period of about an integer multiple of the
time between thruster fires could also be difficult especially if the transit is during the thrust
[44].

2.3.2.1 EVEREST Pipeline

In 2016, Luger et al. [45] proposed a new detrending pipeline for the K2 mission named
EVEREST. In contrast to other pipelines like K2sff, which use numerical methods to iden-
tify and remove correlations between stellar position and intensity fluctuations, EVEREST
adopts a different approach known as the Pixel Level Decorrelation (PLD) method. The ad-
vantage of PLD lies in its ability to correct noise induced by image motion without requiring
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precise measurements of the star’s location, thereby avoiding measurement uncertainties.
Instead of performing fitting of the stellar position and correlation-solving steps done by
K2sft, PLD directly operates on the intensities of each detector pixel. These intensities are
normalised by the total flux within the chosen aperture and serve as the basis vectors for
a linear least-square (LLS) fit to the aperture-summed flux. This normalisation is essential
to remove astrophysical signals from the basis set. Moreover, PLD is an agnostic method
for robust flat-fielding corrections, as it does not require information regarding the nature of
intra-pixels variability or spacecraft jitter [45].

In their paper of 2016, Luger et al. estimated a better precision for EVEREST as com-
pared to K2sff as the EVEREST light curves have ~ 20% less scatter on average. However,
limitations remained, notably in the cases of saturated stars or crowded aperture (a lot of
stars in the same aperture) where the PLD can fail [45]. However, in their paper of 2018,
[46], an updated version of EVEREST was presented where they corrected those issues and
improved the model of faint and extremely variable stars. Globally, on average, their new
version is 10 to 20 % more precise than the previous one. They claimed to obtain the most
precise light curves at all magnitudes in the publicly available catalogues.

2.3.3 Data Availability

An important point in this thesis is to know which hot subdwarf stars have been observed
during the K2 mission. In Van Grootel et al. 2021 [2|, a list was made. It is presented in
Appendix . K2 observed 39 sdB/sdOB pulsators in both SC and LC and 2 in LC only and
78 non-pulsators sdB/sdOB and 10 non-pulsators sdO in SC and LC. 44 more hot subdwarfs
were observed only in LC. We aim to look for planets which had been engulfed during the
RGB phase. They should have short-period orbits around their hot subdwarfs. Hence, we
are looking for planets with periods typically < 10 days. The duration of the transit will be
short, between 20 minutes and 1 hour, and often of the order of the exposure time of the
long cadence. Long cadence data will often only provide one or two points per transit and
therefore its utility for our scientific objectives is not obvious. It may be eventually used as
an additional test when a transit signal is found in SC.

Moreover, detrending pipelines often give a catalogue of already detrended lightcurves.
In the K2sff catalogue, only LC-detrended data are provided. However, the transit search
program SHERLOCK used in this thesis can perform directly a K2sff correction on the
short cadence light curve making K2sff available in all cadences. The case of EVEREST is
different. Some short cadence light curves are already provided in the EVEREST catalogue.
From Appendix [A] we account for 17 pulsators and 31 non-pulsators available, hence a total
of 48 hot subdwarfs having light curves corrected by EVEREST. We tried to complete the
catalogue but we had difficulties making EVEREST detrending work. For the injection-and-
recovery tests and for the search of exoplanets, we will therefore focus on the available light
curve in the EVEREST catalogue.
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2.4 SHERLOCK Pipeline

2.4.1 General Presentation

The SHERLOCK pipeline (Searching for Hints of Exoplanets fRom Lightcurves Of spaCe-
Based seeKers) [47][48] is an open-access tool recently developed by F.J. Pozuelos and M.
Dévora-Pajares to detect transit from space-based observatories. SHERLOCK is made of
six modules which allow to :

- Download and prepare the light curve using the LightKurve pipeline for K2, Kepler
and Tess or the EVEREST pipeline for EVEREST K2 corrected.

- Search for exoplanetary candidates

- Perform the vetting of promising signals

- Statistically validate the signal

- Fit the signal to refine the ephemerides

- Obtain observational windows for ground-based observations.

In the next part of this section, I will detail each of these modules and how to use them.

2.4.2 Preparation

In the preparation stage of the analysis, SHERLOCK needs to understand the sources
the user asked for to find the proper data. Those data correspond to the information on the
targeted star and the photometric data in time series format. Using the LightKurve Eleanor
and EVEREST packages, thanks to the identification numbers of the stars (EPIC for the
K2 mission), the cadence and the campaign, data are downloaded from the MAST which
is a database that allows to easily find astronomical data, publications and images [49]. In
general, there are two different types of flux that can be used: the SAP and the PDCSAP.
The SAP flux for Simple Aperture Photometry is computed by the sum of all the pixels
that fall in a pre-defined aperture. By choosing this aperture well, nearby contaminants
can be avoided and increase the signal-to-noise ratio. The PDCSAP for Pre-search Data
Conditioning Simple APerture is subject to more treatment and is specially created for
exoplanet search. Hence, by default, SHERLOCK uses the PDCSAP [50].

Furthermore, SHERLOCK can also treat some trends and systematics. It can mask
automatically noisy regions, thus regions with higher root-mean-square (RMS) values of the
flux. It can correct strong variabilities due to fast rotators or pulsations and short-trend due
to instrumental drift. It is also possible to manually hide a part of the curve where the data
are too scattered [50].

Alternatively, one can give SHERLCOK a .csv file containing the time series data flux
to analyse. In the case of EVEREST, it can be useful. Indeed, even though EVEREST
light curves can be accessed directly with SHERLOCK, we will want, before the analysis,
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to apply a specific flag filter to the data. In our study, the "standard" filter is used. This
configuration has been tested against other possibilities and was found to be more efficient
for the search for exoplanets. Table lists the flags that will be removed, the complete list
of flags is presented in Appendix [B]

0x00000001 Attitude tweak
0x00000002 Safe mode
0x00000004 Coarse point
0x00000008 Earth point
0x00000020 RW Desaturation event
0x00000040 Argabrightening
0x00000100 Manual exclude
0x00000800 Impulsive outlier
0x00001000 Argabrightening
0x00004000 Detector anomaly
0x00008000 No fine point
0x00010000 No data
0x00080000 Possible thruster firing
0x00100000 Thruster firing

0x00800000 Data point is a NaN
0x01000000 Determined to be an outlier

Table 2.2: K2 flag list to remove

2.4.3 Search for Candidates
2.4.3.1 Theoretical Functions

The search for candidate modules is divided into two parts: the detrending of the light
curve and the detection of transits.

Even though, in the preparation phase, the light curve has been cleaned of some specific
trends, as explained in section [2.4.2] this cleaning is not perfect. To remove as many un-
wanted signals as possible, SHERLOCK will perform a certain number of detrending chosen
by the user, often 12, each having a different window size. To do so, SHERLOCK will use
the Wotan package [51]. If the size of the detrending windows is too short, it would remove,
in addition to noises, transit signals themselves. As transit durations are unknown, using
different window sizes allows a maximal coverage of all transit durations. A lot of detrending
method exists. The tests made by Hippke et al. 2019 |51], show that the bi-weight method
is the most optimal choice in the majority of cases, hence this is the one I will use in this
work.

After performing detrending, SHERLOCK will be looking for transit using the Transit
Least Square (TLS) package [52] in all the detrended light curves jointly with the original
one. Over the years, various techniques for searching for transits have been created. The
most standard approach is the Box Least Squares (BLS) method. This method operates on
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the assumption that the transit light curve can be approximated as a boxcar function, with
a normalised average flux outside the transit region of zero and a constant depth throughout
the transit. However, when dealing with Earth-size planets, this method’s effectiveness can,
in some cases, diminish because the transit depths are comparable to both instrumental and
stellar noises. Moreover, the use of the boxcar function simplification introduces systematic
noise, further affecting its performance. On the other hand, the TLS method employs a
transit-like function instead of a boxcar, enabling a more realistic consideration of the ingress
and egress shapes of the transit, as well as the impact of stellar limb darkening. One of the
significant advantages of TLS is that its template is optimised for detecting small planets.
This approach is well-justified because adapting the model for large planets would likely
result in a higher risk of missing small planets than the opposite. The algorithm employed
by TLS involves phase-folding the data over a range of trial periods, transit epochs, and
transit durations. It then computes the x? statistic, which quantifies the differences between
the phase-folded curve based on the respective transit model and the observed data points,
aiming to identify the minimum x? as the best-fitting solution. By using these techniques,
TLS provides a more accurate and effective way to detect transits, particularly for small
planets [52].

When the analysis is completed on all the detrend curves, SHERLOCK chooses the best
signal in terms of SNR and SDE in all the curves. The SNR corresponds to the signal-to-
noise ratio and so measures how much the signal is bigger than the surrounding noise. The
SDE stands for Signal Detection Efficiency and is computed as 2= (<5‘7?R( ) for a given tested
period P with SR defined as the signal residue and o the standard (fewatlon. The SDE
measures the statistical significance of this period P as compared to the mean significance of
all other periods. The transit signal found is then hidden in the light curves and a new run
of analysis begins. SHERLOCK is an iterative process and will stop either when no more

good signal is found or when the maximal number of runs established by the user is reached.

2.4.3.2 Practical Use

Now that the theoretical functions of SHERLOCK transit search have been established,
let us explain how to use this SHERLOCK module.

The SHERLOCK pipeline can directly be launched on Python by calling the package.
However, the most practical and simple way to call SHERLOCK is through yaml file. This

file contains all the parameters to be injected into the analysis and will simply be given to
SHERLOCK by the command :

python3 -m sherlockpipe --properties properties.yaml
The main parameters in the properties.yaml files are:

e The star identification: In the case of K2, it would be the EPIC number. It will allow
SHERLOCK to identify the mission and the star to extract the star information and
the lightcurve

e SECTORS: In the case of K2, correspond to an array which defines from which cam-
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paigns the curves will be extracted. In the case that all sector has to be considered,
one can only write ’all’.

EXPOSURE _TIME: Exposure time of the curve we want to extract. For K2, for the
short cadence, one writes 60 and for the long cadence 1800.

AUTHOR: Source of the light curve, for K2 it can be either K2 or EVEREST. By
default, SHERLOCK will search for the K2 light curve and apply the K2sff correction
to it.

FILE: Name of a .csv file containing a light curve to use instead of the one from the
MAST

DETREND METHOD: The detrend method to be applied on the curve. As explained
in section [2.4.3.1] the biweight method is the best in the majority of cases and will be
selected by default. However, others are available, like the cosine.

DETRENDS NUMBER: Number of detrend to execute. In general, we select 12.

DETREND CORES: Number of computer CPU cores working on detrending. The
more cores used, the faster the detrending phase.

MAX RUNS: The maximal number of loop SHERLOCK will run to search for a signal.
Once, this number is reached, even though more good signals may appear, the program
stops. In general, we select 4 because it is the best trade-off between the quality of the
signal detected and the simulation time.

SNR_MIN: The minimal SNR a signal must have to be considered as good.
SDE_MIN: The minimal SDE a signal must have to be considered as good.
CPU _CORES: Number of cores working on the search of transit.

FIT METHOD: By default, the method for the fit is the TLS. However in some cases,
notably grazing transit or disintegrated objects, it is no longer adapted and others have
to be selected.

INITIAL SMOOTH_ ENABLED: If true, a Savitzky-Golay (Sav Gol) filter will be
applied to the data. The Sav Gol allow smoothening of the data set, therefore, increas-
ing the data accuracy without distorting the signal tendency. In the case of search of
transit, it will increase the SNR of low-depth signals. However, this filter alters the
transit shape, thus it can not be used when the intention is to conduct a proper transit
fitting to derive planet parameters.

INITTAL HIGH RMS MASK: If true, part of a curve presenting high scatter fea-
tures, and therefore high RMS value, will be hidden.

INITIAL HIGH RMS THRESHOLD: Multiplier factor so that a region is selected
in the high RMS mask.
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INITIAL HIGH RMS_ BIN_ HOUR: Duration in hours in which the RMS will be

computed.

INITTAL MASK: Time intervals for which part of the curve will be hidden. It works
in conflict with the high RMS mask. If an initial mask is selected, the high RMS mask
will not be considered.

AUTO_DETREND ENABLED: If true, an initial detrend on the original light curve
will be applied in order to remove strong periodic features which might influence the
quality of SHERLOCK analysis.

SIMPLE OSCILLATIONS REDUCTION: Remove oscillation via a pre-whitening
method. It is useful for fast rotators and pulsating stars. It works well alongside the
auto-detrend.

PERIOD MIN/PERIOD MAX: Both commands define the limit on the period of
transit search. All transit periods outside the defined interval will not be considered.

BEST SIGNAL ALGORITHM: Specifies the algorithm to elect which signal is the
best in each run. As explained in section [2.4.3.1, SHERLOCK choose the best signal
in terms of SNR and SDE. By default, SHERLOCK will use the quorum algorithm
which will also take into account the number of detrended curves which detect the
same signal.

QUORUM _STRENGTH: It corresponds to the scale factor for the quorum vote.

However, before running the full search, it can be useful to launch only the preparation
stage with the command python3 -m sherlockpipe —properties properties.yaml —
explore in order to verify the adequacy of the parameters.

2.4.3.3 Interpretations of the Results

Before the search, the preparation would have generated a directory that contains :

A directory containing the plot of the detrended light curves

A directory with the field of view to inspect the objects around the targets. It is not
applicable for K2 because this information is absent.

A directory with the RMS mask plots, if this option has been activated
Autocorrelation plots of before and after light curve corrections
Periodogram plots of before and after light curve corrections

.csv files of all light curves, detrended or not.

A .csv file containing the star information

A copy of the properties.yaml file
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Once the stage of the transit search is over, SHERLOCK will add to this directory :

Directories for each run containing the plot of the different signals found in their
respective detrended lightcurve.

Autocorrelation plots of before and after light curve corrections.

A . csv file containing information about the found signals.

A .log file containing information about the found signals.

A report file containing all the information and steps of the search.

A file containing the transit statistics.

To better understand how the result should be analysed, an example will be presented
with the target EPIC 210490365 which is an M-type star. From the NASA exoplanet archive,
we know this star has an exoplanet with these characteristics :

Period (days) 3.48456408
Depth (%) 1.155
Duration (hours) 0.7637

Table 2.3: K2-25b main parameters .

TARGETS:

EFIL 2104403635
INITIAL SMOOTH ENABLED: True
EXPOSURE_TIME: 1800
AUTHOR: EVERES
DETREND_METHOD: 'biweight
DETRENDS_NUMBER: 17
DETREND_CORES: &
MAX_RUNS: 4
SNR_MIN: ©
SDE_MIN:
CPU_CORES: -
OVERSAMPLING: 3

FILE: 'data 210490365 lc None norm stand:

BEST_SIGNAL_ALGORITHM: "quos
QUORUM_STRENGTH: 1.Z

Figure 2.8: yaml file for the example of EPIC 210490365.

The .yaml file to analyse this target is provided in Figure [2.8] The analysis will be made



SHERLOCK PIPELINE 23

in the long cadence as no data exists in the short cadence for this target. In general, no
confirmed planets with a star which was observed in short cadence by K2 were found.

Run 1# curve: SELECTED # P=3.48d # T0=2229.58 # Depth=5.5991ppt # Dur=65m # SNR:25.57 # SDE:51.84 # BS:1.00
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Figure 2.9: Selected best transit signal for EPIC 210490365. Above: the flux in all selected
campaigns as a function of time and in red lines the suggested transits. Middle: the phase
folded curves of the transit. Bottom: the SDE as a function of the Period with the associated
harmonics in blue.

Once all the runs are completed, one must look in the candidate and the report files. In
the candidate file, all the candidates for transit signal characteristics are shown. One must
look if the signal is good enough in terms of SNR and SDE. Generally, good values of SNR
and SDE are respectively above 7 and 9. In our case, a signal with a period of 3.4843 days,
a duration of 1.078 hours and very high SNR and SDE of respectively 25.57 and 51.84 has
been found. In the report files, the details of the results in all the detrended curves are
displayed. The more the number of detrended curves that detect the signal, the more the
signal has probabilities to be an actual transit. In our case, over the 12 performed detrends,
9 detected the signal, which correspond to an interesting signal. The next step consists
of looking at the transit plots. They are provided in Figure 2.9 The phase transit curve
allows us to look at the shape of the transit and see if irregularities are present. Here we see
a clear transit shape. Two outliers points are present at a phase of about 0.47 but are far
enough from the transit. The transit model does not correspond totally to the light curve. It
could correspond to a grazing transit and a grazing model could refine the results. The light
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curves plot with all the suggested transits can provide information about the consistency of
the transit shape and depth, if the transits are too different with respect to each other it
can be a false signal. Here the depth is very consistent across the light curve. The SDE
plot shows us the harmonics on the transits period. A good signal would display visible
harmonics, which is the case here.

The signal seems very promising and now we can go to the next step of the analysis, the
vetting.

2.4.4 Vetting

Vetting is a comprehensive approach designed to examine in more depth a signal and deter-
mine whether the event in question might have resulted from alternative factors. Throughout
this process, SHERLOCK conducts an analysis of various aspects, including the peculiarities
in odd-even transit shapes, the signal-to-noise ratio (SNR) during different cadences, SNRs
related to signal harmonics and subharmonics, the offset of the transit source from the tran-
sit pixel files (TPF) (using both differential imaging and a Sherlock algorithm based on BLS
phase folding of per-pixel TPF data), shifts in centroids and motion data and an assessment
of single transits [53].

To perform the vetting, the command python3 -m sherlockpipe.vet --candidate N
with N the candidate number has to be used.

At the end of the analysis, SHERLOCK will create a validation report containing a
recapitulative table and different graphs. The important features will be explained using the

example presented in section [2.4.3.3]

First, let us explain the table on the first page of the report in Figure [53]:

e long SNR: SNR of the transit model in the folded original long-cadence curve. Passes
if > 3. If this star were observed in short-cadence, an equivalent line would be added
for short-cadence data.

e snr p t0: SNR of the transit model in the Period folded SHERLOCK selected pro-
cessed curve. Represents the main transit events. Passes if > 3.

e snr_p_2t0: SNR of the transit model in the Period folded SHERLOCK selected pro-
cessed curve centred on TO + Period / 2. Represents the occultation transit events.
Passes if < 3.

e snr_2p t0: SNR of the transit model in the 2 * Period folded SHERLOCK selected
processed curve centered on T0. Represents the odd transits. Passes if > 3.

e snr_2p 2t0: SNR of the transit model in the 2 * Period folded SHERLOCK selected
processed curve centered on TO + Period. Represents the even transits. Passes if > 3.

e sur_p2 t0: SNR of the transit model in the Period / 2 folded SHERLOCK selected
processed curve centred on TO, and the original signal is masked. Represents the
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occultation transit events and reports the same values as snr_p_2t0. Passes if < 3.

e snr_p2 t02: SNR of the transit model in the Period / 2 folded SHERLOCK selected
processed curve centred on TO + Period / 2, and the original signal being masked.
Passes if < 3.

Here every test has been passed which makes this signal very interesting. A good signal
does not always fully pass this test, especially for shallow transit that can be hidden in the
original curve for example. On the contrary, a signal that passes all the tests is not always
good, the vetting must be seen as an additional clue on the quality of a signal.

Metric Value Passed
lang_snr 21.038 True
snr_p t0 9.144 True
snr_p 2t 0.001 True
snr_2p t0 2531 True

snr_2p 2t0 3.266 True
snor_p2 t0 0.001 True
snr_p2 o2 0.001 True
SNr_p_score 0.0 True
sSNr_2p_score 32.045 True
sNr_p2_score 0.0 True

Figure 2.10: Screenshot of the table presented on the first page of the validation report of
SHERLOCK for EPIC 210490365.

EPIC 210490365 Transits depth analysis T0=2229.58 P=3.48d

Depth Mean
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Figure 2.11: EPIC 210490365 transit depth analysis.

One should also note that the vetting for the K2 mission is less precise and conclusive
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than its Kepler and TESS counterparts. For TESS and Kepler, additional tests consist of
the analysis of the aperture and the location of the star, the signal and the other sources
and therefore adding additional refining information in the vetting.

Additionally to the table, figures are plotted in the vetting report. The first figures are the
phase-folded original light curves in short- and long-cadence which provide information on
the visibility of the transit in the original light curves. The next figure, represented in Figure
2.11], shows the depth values of each even and odd transit. The depth must be constant for all
individual transit. For instance, when a small number of transits exhibit significant depth
variations, the resulting detected transit signal could be inaccurately influenced by these
variations, potentially leading to misinterpretations of the signal’s origins. When the transit
depth alternates between even and odd transits, it might indicate the presence of an eclipsing
binary system, with half of the transits corresponding to the eclipse and the remaining half
to the occultation.
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Figure 2.12: Above, the candidate folded at its found period for the found epoch and epoch
+ P/2. Middle, the candidate folded at its harmonic for the found epoch and epoch + P.
Bottom, the candidate folded at its subharmonic for the found epoch and epoch + P/2,
where the candidate has been masked.
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In the case of our example, all the transits seem to have depth inside the 1 sigma confidence
and not much difference between the even and odd transit is visible which is another clue of
the quality of this signal.

The third series of figures are shown in Figure 2.12] If a transit at a subharmonic or the
epoch + P /2 is visible, it would maybe be because SHERLOCK detected an upper harmonic
to the signal.

2.4.5 Validation

After a promising vetting is completed, SHERLOCK can perform a statistical validation
using the TRICERATOPS (Tool for Rating Interesting Candidate Exoplanets and Reliability
Analysis of Transits Originating from Proximate Stars) [54]. The main concept behind this
module is to simulate various astrophysical scenarios that may create transits-like signals
and compute the probability of each scenario using the primary transit of the candidate,
the available information about the host star and its surrounding neighbours, as well as our
current knowledge of planet occurrence rates and star multiplicity. The final product will
be the location of the given signal in the FPP - NFPP (Nearby False-Positive Probability)
plane with validation if FPP<0.015 and NFPP<0.001 [54].

TRICERATOPS uses a specific approach to calculate these probabilities. It initiates by
generating a circle with a radius of 10 pixels and extracts the parameters of all stars lo-
cated within this circle. This aperture file is extracted from SHERLOCK and employed
in TRICERATOPS for further analysis. Then, TRICERATOPS determines the contribu-
tion of each neighbouring star’s flux to the aperture. The algorithm identifies stars bright
enough to produce a transit-like signal, taking into account the depth of the candidate tran-
sit. TRICERATOPS estimates the likelihood of each transit-producing scenario thanks to
the candidate’s primary transit and light curve models of transiting planets and eclipsing
binaries. Subsequently, it computes the scenarios’ probabilities and uses them to calculate

the False-Positive Probability (FPP) and Nearby False-Positive Probability (NFPP).

This validation process is launched by the command python3 -m sherlockpipe.validate
--candidate N with N as the candidate number.

Unfortunately, for the K2 data used in this master’s thesis, the module discussed earlier
is not accessible for now. TRICERATOPS was exclusively designed for use with TESS and
Kepler data and cannot be applied to K2 data for the moment.

2.4.6 Fitting

After having completed the validation phase, SHERLOCK can refine the planet parame-
ters and ephemerides using the Allesfitter package [55]. The results from the search module
are directly injected as priors into Allesfitter which then performs a Bayesian model using the
Nested Sampling which is an inference algorithm to directly estimate the Bayesian evidence
by sampling from the prior subject to evolving constraints on the likelihood. In other words,
it tries to find the degree of belief in the transit with respect to models. The parameters
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used during the fitting are :
e The ratio of the planet to host star radius (R,/R).
e The sum of the stellar and companion radii divided by the semimajor axis, (R.+R,)/a.
e The cosine of the orbital inclination (cos(i,)).
e The epoch or transit midtime in days (Tp).
e The orbital period of the planet in days (P,).
e The transformed limb darkening coefficients following a quadratic law (g; and g).
e The natural logarithm of the white noise (log(o,)).

This aspect of the analysis is essential. Firstly, it enables the verification of whether the
planetary parameters obtained from the fitting process are realistic. Secondly, and most
importantly, it provides an accurate computation of the ephemeris, which is essential for
planning future observations.

Given that the K2 mission commenced in 2013, there can be a time gap of 10 years
between the measurements and the date of the analysis. During this interval, the errors
associated with the measurements increase with time as AT = \/ATZ + (nP)? with AT,
the error on the epoch, n the number of events since the epoch and P the orbital period.
Consequently, even a small error in their estimation can grow to a significant extent, which
poses challenges in creating ground-based observation plans and, in some cases, might render
the observations impossible to perform.

2.4.7 Observation Planning

After a successful vetting and statistical validation, one would like to trigger a follow-up
campaign to firmly confirm the event in the target star. This can be done by employing
the observation module of SHERLOCK, which computes the observational windows for a se-
lected sample of observatories the user provides. To do so, one must go to the fit result folder,
and create a .csv file with all the information on our observatories: names, time zones, lat-
itudes, longitudes, and altitudes. Then, the observation planning can be launched using the
command python3 -m sherlockpipe.plan --observatories Observatories.csv. SHER-
LOCK will create a plan folder in which two files can be found. The first one is a .csv
containing the different important information for the observation: the time of the start and
the end of the observation, the ingress and egress time, the middle time of the transit and its
potential time deviations, the twilight and the dawn time, the moon phase and its angular
distance to the targets. The second file is a .pdf containing all the elements required to
schedule an observation for each observatory. It displays a table representing the different
event times, their respective error, and the Moon illumination and angular distance from
our candidate|53].

In the case of K2 data, the fitting and the observation modules still have to be well
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implemented.

2.5 MATRIX ToolKit

The MATRIX ToolKit (ToolKit for Multi-phAse Transits Recovery from Injected eXo-
planets) is a pipeline for exoplanet transits injection-and-recovery tests on any light curve
of a space-based mission. It provides detection limits, enabling users to understand the con-
straints of the data set used in the planetary search. It provides valuable information about
the detectable range of planets concerning their periods and radii. Additionally, MATRIX
informs users about the specific planets that SHERLOCK would be unable to detect due to
limitations posed by the photometric quality of the data [56]. The user defines a range of
planetary radii and periods which are analysed for specific phase values, meaning different
Ty values. For simplicity, all the orbits are supposed circular and the impact parameter of
the transit is null. For each Period-Radius- Ty value, a light curve will be generated and then
will be detrended using a bi-weight method with a defined window-size. Then, using the
TLS method, the transit search is performed. A synthetic transit is considered successfully
recovered when its epoch matches the injected epoch with an accuracy of 1 hour, and its
period falls within a range of 5% of the injected period. Such as SHERLOCK, multiple runs
are performed and the search is over either when the transit is detected, another signal with
the same period but a different epoch is detected or the limit number of runs is reached.
It should be noted that since the planets are injected into the PDC-SAP light curve, the
transits are not affected by the PDC-SAP correction, therefore the MATRIX results are an
optimistic estimation of the detection limits [57].

MATRIX has been developed as a supplement to SHERLOCK and their operation is
approximately the same. Therefore, the program also uses a yaml file to define its parameters.
Most parameters are called like in SHERLOCK’s yaml file. The specificities reside on the
test parameters:

e PERIOD GRID: Defines the array of periods to test.

e MIN PERIOD: If PERIOD GRID is not set, the minimum period to be used to
generate the grid.

e MAX PERIOD: If PERIOD GRID is not set, the maximum period to be used to
generate the grid.

e STEPS PERIOD: If PERIOD GRID is not set, the number of items to be contained
in the period grid.

e RADIUS GRID: Defines the array of radius to test.

e MIN RADIUS: If RADIUS GRID is not set, the minimum period to be used to
generate the grid.

e MAX RADIUS: If RADIUS GRID is not set, the maximum period to be used to
generate the grid.
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e STEPS RADIUS: If RADIUS GRID is not set, the number of items to be contained
in the radius grid.

e PHASES: The number of phases (epochs) to be tested for each period and radius in
your scenarios. It should be noted increasing this value will increase the computational
cost significantly because every scenario will run the number of phases entered times.

e DETREND WS: Define the windows-size of the detrending.

The results of the analysis will be a colour map with the abscissa axis corresponding
to the period grid and the ordinate to the radius grid and the colour corresponding to the
recovery rate in the period-radius pixel.
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Figure 2.13: Injection-and-recovery tests for EPIC 206535752 (Kp=13.99, G=14.10), ob-
served during Campaign 3 of K2 (81 days). Injected transits of planets have 0.3-1.0 Rg
(steps of 0.1 Rg) with 0.5-4.1 d (steps of 0.2 d) orbital periods .



Chapter 3

Injection-and-Recovery Tests on K2
Correction Pipelines

In this chapter, I will present the injection-and-recovery tests performed during this master
thesis with the MATRIX ToolKit pipeline. Firstly, the objectives of the tests and the method
applied to conduct them will be described. Secondly, the results will be presented. And
finally, we will present the conclusions and the lessons learnt for the search of transiting
planets in K2 data.

3.1 Objectives and Testing Method

3.1.1 Objectives of the Tests

At the beginning of this master’s thesis, we directly wanted to start the search for exo-
planets around hot subdwarfs. However, we quickly encounter difficulties.

The first one was on data availability. As explained in section EVEREST is often
considered the best pipeline in terms of K2 light curves correction quality. Nevertheless, we
remarked that not all of our targets were available in the catalogue. We tried to use the
EVEREST pipeline in order to correct the remaining targets’ light curves but we did not
succeed. On the other hand, we also did not know how much transit signal detection quality
we would lose if we used the K2sff correction directly integrated into SHERLOCK.

The second one was directly on the transit signal detection quality. The transit search
runs on EVEREST light curves provided unsatisfactory results. On one hand, high SNR and
SDE signals were found but on the other hand, they were too many and did not have the
expected transit shapes and properties (duration, constant depth over the several transits
spotted, etc.). Hence, the basic metrics to evaluate a signal in SHERLOCK gave positive
evaluations to bad signals. For example, in Table [3.1] the signals found for EPIC 201531672
are shown and in Figure the shape is displayed.
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Therefore, injection-and-recovery tests were conducted to provide an assessment of the
quality of EVEREST and K2sff to search for planetary transits around hot subdwarfs

It may be important to note that injection-and-recovery tests have already been performed
on K2 data by Van Grootel et al. 2021 . The results of those tests are presented in Figure
2.13] However, those tests have been made in a smaller period-radius region, for one single
target and using only K2sff. They are, therefore, not enough to answer our questions.
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Figure 3.1: First signal found for EPIC 201531672. Above: the flux as a function of time
with in red the fitted transit. Middle: the phase folded curves of the transit. Bottom: the
SDE as a function of the Period with the associated harmonics in blue. Here, the detection
of the transit seems to be due to systematics and residuals.
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Period (days) Duration (mn) Depth SNR SDE Nbr of detection

4.41 36.75 4.68  21.81 19.08 12
0.74 21.72 2.05 19.09 12.41 8
9.81 48.87 6.49 19.92  12.26 9
6.13 46.36 4.3 21.79 15.52 10

Table 3.1: Example of results yielded by SHERLOCK using the SC light curve generated by
EVEREST for EPIC 201531672.

3.1.2 Test Procedure

We performed tests that aimed to conduct a comparative analysis between EVEREST
and K2sff. We selected four targets with different magnitudes, as outlined in Table [3.2]
Before the tests, we examined the quality of the light curves.

EPIC 206535752 211727748 206240954 201531672
Kp 14 15 16.3 16.9
Visual Quality Bad Average Average Good

Table 3.2: Targets chosen for the injection-and-recovery tests.

For each of these targets, in each pipeline, we will perform an initial test by testing period
between 0.5 and 7 days with a step of 0.5 days and using a radius grid of [0.3, 0.5, .7, 0.9,
1.1, 1.3, 1.5, 1.9, 2.1, 2.4, 2.7, 3] Rg. To enhance the accuracy of the detection efficiency
estimation, each combination of radius and period will be executed with ten different phases,
which makes a total of 1950 scenarios. Therefore, we will employ various epoch values for
the transit, which will probe several regions of the light curve and help avoid biases if the
transits happen to land in noisy areas. It should be noted that for a very small period and
very large radius, the planet will reach its Roche limit and therefore the orbit will not be
possible. However, even though MATRIX take this into account, it will mark it as detected
in the injection-and-recovery figure.

The results are analysed and the radius interval corresponding to the moment when the
efficiency gradually changes from "no transits are detected" to "all transits are detected" is
defined. Another test is then performed to refine the result in this region. It will be executed
with a period step of 0.2d between 0.6 and 7 days and a radius step of 0.1Rg in the radius
interval for 10 different phases.

The parameters to inject in MATRIX are straightforward. The selected targets are single
non-pulsators and therefore do not require an oscillation reduction method. Preliminary
tests concluded that using the high RMS mask is not recommended since it will surely mask
the high-depth transit. A detrend-window size of 0.5 is chosen. To increase the detection
efficiency and to reduce the computing time, an initial mask is applied to only select the
best-looking 30 to 40 days of the light curve.
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3.2 Results

3.2.1 Results for EPIC 206535752, K, = 14
3.2.1.1 EVEREST Pipeline Results

From the first series of test results of EPIC 206535752 presented in Figure [3.2] one can
easily conclude a good transit detection capability. We can detect all injected transit with
a radius superior to 0.5Rg. In Figure the second test results are presented. A more
continuous and precise limitation can be appreciated. Transits with shorter periods (< 1.4
days) can be fully detected when the planetary radius is larger than 0.4Rg. However, the
transition is not strict and detection of transit with a planetary radius less than 0.4Rg is
feasible for small orbital periods with sometimes recovery rates better than 50%. For transits
with P 2 1.4 days, the recovery rate of planets with R < 0.5Rg decreases gradually with
the period. When the period reaches values above 6 days, the recovery rate of planets with
R=0.5R4 is no more than 100% but still above 80%. Those results gave minimum values of
SNR and SDE for detection of respectively 5.01 (at P = 0.5d and R = 0.3Rg) and 7.78 (at
P = 4d and R = 0.4Rg). Those values increase quickly and can reach respectively 487 and
69, both at P = 1.5d and R = 3Rg. Small planets are not often detected in the first run and
need several search loops. Globally, we can conclude here that the EVEREST light curve of
EPIC 206535752 is very qualitative. This could be due to the relatively low magnitude of
the star allowing to have good SNR and SDE for shallow transits.
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Figure 3.2: Injection-and-recovery test for EPIC 206535752’s light curve corrected by EVER-
EST. The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius
dimension is 0.2Rg between 0.3 and 0.9Rg4 and 0.3Rg between 0.9 and 3Rg. Each period-
radius combination is tested for 10 phases.
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Figure 3.3: Injection-and-recovery test for EPIC 206535752’s light curve corrected by EVER-
EST. The pixel size in the period dimension is 0.2 days between 0.6 and 7 days in the radius
dimension is 0.1Rgs between 0.3 and 1.3Rg. Each period-radius combination is tested for 10
phases.

3.2.1.2 K2sff Pipeline Results

The first results with K2sff correction presented in Figure are interesting. Full de-
tection of transits is limited to planetary radii of approximately 1.2Rs, whereas with the
EVEREST method, this level of detection was achievable at a smaller radius of 0.5R®. We
observe, therefore, a drop in the transit detection capability as compared to EVEREST.
Between 0.9 and 1.2Rg, the recovery rate decreases gradually when the period increases,
ranging from 20 to 60%. Nevertheless, in cases where detection occurs, both the SNR and
SDE remain high, and almost no detected signal exhibits an SNR or SDE value below 10.
This decrease in detectability could be due to the higher scatter in the K2sff’s light curve as
observed in Appendix [C.I] In Figure [3.5] we refine the injection-and-recovery tests between
0.6Rg and 1.6Rg with steps of 0.1Rg and between 0.6 and 7 days with steps of 0.2days.
The synthetic planets are difficult to detect below 1.1Rg except in a period region between
0.6 and 2 days where planets with radii between 1 and 1.1Rg can have a recovery rate up
to 90%. Nevertheless, for periods higher than 3.8 days, the recovery rates of radii between
1.1R¢ and 1.2R4 drop. At periods around 3.8 days, we observe a better recovery rate of the
synthetic planets with 70% for radii between 0.9 and 1Rg and it seems possible to detect
planets down to 0.6 Rg in some conditions. This feature is also present at periods around 1d
but weaker. This may correspond to periods with less systematics and correction artefacts
allowing better detection during the search. Those results gave a minimum value of SNR
and SDE for detection of respectively 5.86 (at P = 3.8d and R = 0.8Rg) and 10.68 (at P =
4d and R = 1.5Rg). Those values can reach 142 and 48, both at P = 2.5d and R = 3Rg.
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Figure 3.4: Injection-and-recovery test for EPIC 206535752’s light curve corrected by K2sff.
The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius

dimension is 0.2R4 between 0.3 and 0.9Rg and 0.3Rg between 0.9 and 3R,. Each period-
radius combination is tested for 10 phases.
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Figure 3.5: Injection-and-recovery test for EPIC 206535752’s light curve corrected by K2sff.
The pixel size in the period dimension is 0.2 days between 0.6 and 7 days in the radius

dimension is 0.1Rg between 0.6 and 1.6R4. Each period-radius combination is tested for 10
phases.

An additional way to evaluate K2sff and EVEREST is to compare the SNR and the SDE
of both. To better visualise this, I created a colour map where the abscissa corresponds to
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the period grid and the ordinate to the radius grid. The colours within the map portray
the difference between EVEREST’s and K2sff’s average SNR (or SDE) of synthetic planets
detected within the specific period-radius range. In Figure[3.6, one can clearly see a globally
averaged superiority in SNR and SDE for EPIC 206535752’s EVEREST light curve. It
seems that in a region corresponding to 0.5d < P < 1.5d and 0.3Rg < R < 1.5Rg, the
SNR with K2sff is better. However, it should be noted that it corresponds to an area with
a low recovery rate for K2sff and a high recovery rate for EVEREST. Therefore, it should
not mean that the K2sff light curve is better in that case. In general, we can estimate, on
average, how much the SNR and the SDE are better with EVEREST by computing the total
average of the ratios of EVEREST’s and K2sff’s mean SNR and SDE in each pixel region.
For EPIC 206535752, the SNR is on average 2.56 times better for EVEREST and the SDE
1.93 times better.
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Figure 3.6: Comparison between the EVEREST and K2sff light curve of EPIC 206535752 in
terms of the SNR (right) and the SDE (left). The colours in the representation indicate the
difference between the average SNR or SDE of detected injected transits in the defined period-
radius region, comparing EVEREST and K2sff data. In areas where the representation
appears redder, the SNR or SDE is higher in EVEREST. White areas correspond to regions
where there’s no detection in both EVEREST and K2sff or where the injected planets are
beyond their Roche limit.

3.2.2 Results for EPIC 211727748, K, = 15
3.2.2.1 EVEREST Pipeline Results

The first test series for EPIC 211727748 are presented in Figure It seems a recovery
rate of 100% is achievable for R 2 0.5Rg and P < 2d and for R 2 0.7Rg and P 2 2d.
Synthetic planets with radii inferior to 0.5Rs appear challenging to detect with these first
tests. Figure refine the results for a smaller radii planet. For small periods, < 2.5 days,
we could in general detect planets with radii between 0.4 and 0.5Rg with recovery rates
above 70%. The recovery rate, then, diminishes with the increase in periods. Above 1.1 days
and 0.6Rg, all injected planets are found. SNR values range from 5.0 (at P = 1.6d and R

ASDE
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= 0.4Rg) to 424.8 (at P = 1.5d and R = 3Rg) and SDE from 4.96 (at P = 1.2d and R =
0.3Rs) to 65.9 (at P = 1.5d and R = 3Ry).
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Figure 3.7: Injection-and-recovery test for EPIC 211727748’s light curve corrected by EVER-
EST. The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius

dimension is 0.2Rg between 0.3 and 0.9Rg and 0.3R4 between 0.9 and 3Rg. Each period-
radius combination is tested for 10 phases.
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Figure 3.8: Injection-and-recovery test for EPIC 211727748’s light curve corrected by EVER-
EST. The pixel size in the period dimension is 0.2 days between 0.5 and 7 days in the radius

dimension is 0.1Rg between 0.3 and 1.3Rg. Each period-radius combination is tested for 10
phases.
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3.2.2.2 K2sff Pipeline Results

From the first tests presented in Figure [3.9] the difference between EVEREST and K2ff
for EPIC 211727748 is less evident than for EPIC 206835752. Recovery rates are lower
for injected planets below 0.7Rg. The difference is more visible in Figure While it
was possible to detect synthetic planets with radii between 0.4 and 0.5Rg with EVEREST,
here it is impossible when P > 1.5d. SNR values range from 5.0 (at P = 2d and R =
0.5Rg) to 244 (at P = 1.5d and R = 3Rg) and SDE from 6.1 (at P = 6d and R = 0.5Rg)
to 50.7 (at P = 1.5d and R = 3Rg). Using K2sff correction, EPIC 211727748 exhibits a
higher detection efficiency compared to EPIC 206535752, despite the latter being brighter.
If we examine the K2sff light curves (i.e. Appendix , we observe that EPIC 206535752,
despite its higher magnitude, displays more scattering than EPIC 211727748. Consequently,
the curve’s quality, such as the brightness, should be considered as a significant parameter
affecting detection efficiency.

In Figure |3.11], we represent the difference between EVEREST and K2sff light curves in
terms of SNR and SDE. In all period-radius regions, EVEREST has a better SNR and the
same conclusion applies for the SDE, except for 2 small regions at 1.3Rg and 0.5 days and
1.5Rg and 1 day. We observe that the improvement in SNR and SDE using EVEREST
is less significant in this case, with ratios of 1.85 and 1.45, respectively, compared to the
previous star. This difference can be attributed to the fact that the K2sff light curve for
this star demonstrates better efficiency, as opposed to the previous case. Additionally, there
is a slight reduction in efficiency for EVEREST due to the lower magnitude. Nevertheless,
EVEREST still outperforms K2sff.
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Figure 3.9: Injection-and-recovery test for EPIC 211727748’s light curve corrected by K2sff.
The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius
dimension is 0.2Rg between 0.3 and 0.9Rg and 0.3Rg between 0.9 and 3Rg. Each period-
radius combination is tested for 10 phases. Each period-radius combination is tested for 10
phases.



40 INJECTION-AND-RECOVERY TESTS ON K2 CORRECTION PIPELINES

1.1

o
D

Injected radius (Rg)
o o
R

0.3

1.0 20 3.0 40 5.0
Injected period (days)

100
80 3
0}
60 ©
-
40 ¢
o
O
0}
20 o
0

6.0
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3.2.3 Results for EPIC 206240954, K, = 16.3
3.2.3.1 EVEREST Pipeline Results

From the results presented in Figure [3.12] a full recovery is only feasible for radii higher
than 0.7 Rg when P < 2 days and for radii higher 0.9 when P 2 2 days. However, recovery
for radii between 0.7Rg and 0.9Rg is still very high (more than 60%) for high periods. In
Figure [3.13] the limit between a null recovery rate and a 100% recovery rate is less clear.
Detection of 0.6Rq synthetic planets is feasible for small periods (<1.5 days). Recovery of
injected transits with radii above 0.7Rg seems in majority very efficient, with recovery rate
often above 60%. SNR values range from 5 (at P = 6.6d and R = 0.7Rg) to 159 (at P = 1.5d
and R = 3Rg) and SDE values range from 7 (at P = 7d and R = 0.6Rg) to 47 (at P = 1d
and R = 2.4Rg). In general, compared with EPIC 206535752 and 211727748’s EVEREST
tests, the range of synthetic planets recovered and the maximal SNR value is smaller for
EPIC 206240954. It can be explained by the brightness of the star. As a matter of fact,
EPIC 206240954 is 1 magnitude higher than EPIC 211727748 and 2 magnitude higher than
EPIC 206535752. Hence, as the detector receives fewer photons, the signal strength relative
to the noise decreases, leading to a reduction in SNR. Consequently, the SNR is reduced
causing synthetic planetary transits to fall below the detection threshold. Globally, even
with a higher magnitude than the targets previously presented, with the EVEREST light
curve of EPIC 206240954, it is possible to detect planets slightly below 1 Earth radius, or
< 1Ry planets in periods below ~ 2 days.
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Figure 3.12: Injection-and-recovery test for EPIC 206240954’s light curve corrected by
EVEREST. The pixel size in the period dimension is 0.5 days between 0.5 and 7 days
in the radius dimension is 0.2Rg between 0.3 and 0.9Rg and 0.3Rg between 0.9 and 3Rg.
Each period-radius combination is tested for 10 phases. Each period-radius combination is
tested for 10 phases..
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Figure 3.13: Injection-and-recovery test for EPIC 206240954’s light curve corrected by
EVEREST. The pixel size in the period dimension is 0.2 days between 0.5 and 7 days

in the radius dimension is 0.1Rg between 0.4 and 1.4Rg4. Each period-radius combination is
tested for 10 phases.

3.2.3.2 K2sff Pipeline Results
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Figure 3.14: Injection-and-recovery test for EPIC 206240954’s light curve corrected by K2sff.
The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius

dimension is 0.2Rg between 0.3 and 0.9Rg and 0.3Rg between 0.9 and 3Rg. Each period-
radius combination is tested for 10 phases.
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The results for K2sff presented in Figure are disturbing. Almost no injected planet
has been recovered except for 2 small bands at periods between 5 and 5.5 days and between
6.5 and 7 days and R 2 1.8Rg. When we looked at the injection-and-recovery report, instead
of detecting the synthetic transits, MATRIX found other several events with high SNR and
SDE. By observing them carefully in the light curves, for example in Figure [3.15] we noticed
that they do not correspond to any transit-like signal but instead are linked to short increase
and decrease in luminosity and small holes in the light curves. Those features do not allow
us to recover injected planets, therefore we do not recommend using the EPIC 206240954 s
K2sff light curve for the search of exoplanets. In view of the results for this target, we did
not judge necessary to extend the analysis.
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Figure 3.15: Light curve of EPIC 206240954 under K2sff correction. Above: Centered on a
signal-generating event at 2151.7619 days. Below: Centered on a signal-generating event at
2168.1995 days.
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3.2.4 Results for EPIC 201531672, K, = 16.9
3.2.4.1 EVEREST Pipeline Results

The recovery of injected planets with EPIC 201531672 is more challenging. As we can see
in Figure no 100% recovery seems possible below 0.9R4 and it seems only possible, for
radii between 0.9 and 1.2Rg, to have a recovery rate above 60% when the period is below 3.5
days. From our second series of tests whose results are presented in Figure we observe
that recovery rate values above 60% are possible below 2.4 days for radii between 0.9 and
1R, below 4.6 days for radii between 0.9 and 1R and above 1.1Rg it is almost possible to
reach 90% recovery rate on all the period grid. The maximal SNR value is 91.3 and appears
when R = 3Rg and P = 1.5 days. The maximal SDE value is 42.4 when R = 3Rg and P =
2.5 days. The minimal SNR value is 5.02 and happened when P = 1d and R = 0.8Rg and
the minimal SDE value is 6.92 when P = 4.5d and R = 1.1R4.
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Figure 3.16: Injection-and-recovery test for EPIC 201531672’s light curve corrected by
EVEREST. The pixel size in the period dimension is 0.5 days between 0.5 and 7 days
in the radius dimension is 0.2Rg between 0.3 and 0.9Rg and 0.3Rg between 0.9 and 3Rg.
Each period-radius combination is tested for 10 phases. Each period-radius combination is
tested for 10 phases.
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Figure 3.17: Injection-and-recovery test for EPIC 201531672’s light curve corrected by
EVEREST. The pixel size in the period dimension is 0.2 days between 0.5 and 7 days
in the radius dimension is 0.1Rg4 between 0.6 and 1.6Rg. Each period-radius combination is
tested for 10 phases.

3.2.4.2 K2sff Pipeline Results

In Figure [3.18] the first test series results are displayed. The recovery of injected planets
is more difficult with the K2sff light curve. From these tests, the detection of synthetic
transit between 0.9 and 1.2Rg is still possible but with far less recovery rate (about 20 to
60%) than in EVEREST. Planets above 1.2Rg, are easily recovered with rates in the majority
above 70%. The second series of tests, presented in Figure [3.19, shows that it is a bit more
complex. Recovery rates vary more with the radius than the previous targets and the limit
between full recovery and no recovery is not as strict. Recovery rates for radius above 1.2Rg
stay in majority 50% and can reach values above 90%. Detecting planets below this radius
is possible but the recovery rate becomes small, especially for high periods. The maximal
SNR is a little less than with EVEREST and its value is 84.3 when R = 3Rg and P = 1.5
days. On the contrary, the maximal SDE value is better than in EVEREST and is about
45.6 when R = 2.4R4 and P = 1 days. The minimal SNR and SDE are respectively 5.1 (R
= 1.1Rg, P = 3 days), and 7.5 ( 1Ry, 2 days).

From Figure [3.20] we see that the difference between EVEREST and K2sft is less impor-
tant. For the SNR, EVEREST still clearly dominates K2sff in almost all regions but it is
less evident for the SDE. However, we estimate that the SNR and the SDE are respectively
1.11 and 1.14 better using EVEREST.
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Figure 3.18: Injection-and-recovery test for EPIC 201531672’s light curve corrected by K2sff.
The pixel size in the period dimension is 0.5 days between 0.5 and 7 days in the radius
dimension is 0.2R4 between 0.3 and 0.9R4 and 0.3R4 between 0.9 and 3Rg. Each period-

radius combination is tested for 10 phases. Each period-radius combination is tested for 10
phases.
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Figure 3.19: Injection-and-recovery test for EPIC 201531672’s light curve corrected by
EVEREST. The pixel size in the period dimension is 0.2 days between 0.5 and 7 days

in the radius dimension is 0.1R4 between 0.6 and 1.6Rg. Each period-radius combination is
tested for 10 phases.
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Figure 3.20: Comparison between the EVEREST and K2sff light curve of EPIC 201531672 in
terms of the SNR (right) and the SDE (left). The colours in the representation indicate the
difference between the average SNR or SDE of detected injected transits in the defined period-
radius region, comparing EVEREST and K2sff data. In areas where the representation
appears redder, the SNR or SDE is higher in EVEREST. White areas correspond to regions
where there’s no detection in both EVEREST and K2sff or where the injected planets are
beyond their Roche limit.

3.3 Discussion

A summary of the results of the injection-and-recovery tests is presented in Table [3.3]
The results clearly demonstrate the superiority of the EVEREST correction pipeline to
find planets around hot subdwarfs. In all the tested targets, the recovery rates are higher
in EVEREST than in K2sff and EVEREST provides a better radius range. In general,
with EVEREST, we can easily recover planets above 0.4Rgs for bright hot subdwarfs and
above 0.7Rg for faint hot subdwarfs. On the contrary, K2sff light curves may present noise
features which may be assimilated to systematics or correction artefacts. Those features
can reduce significantly the lower limit of planetary radii detectable and even make the
recovery impossible as we saw for EPIC 206240954. Generally, planets above 1Rg could be
recovered. If the quality of the raw light curve is good enough and the star is relatively
bright, the recovery rate of small planets (>0.5) can be close to EVEREST’s case as we saw
for EPIC 211727748. The SNR and SDE values are clearly better with EVEREST. However,
EVEREST tends to be closer to K2sff when the magnitude of the star increases. This effect
was already observed by Luger et al. [45]]46].

Therefore, 1 suggest the use of the EVEREST correction pipeline for the search of exo-
planets around hot subdwarf as it allows for probing a bigger range of radius and period.
K2sff is not totally excluded as it still gives good results in the injection-and-recovery tests
but it will be more useful as a way to test the promising candidates found with EVEREST.
For the search for exoplanets in SHERLOCK, I would advise cutting down the light curves
to the best-looking 30 to 40 days. The other parts could be used as a test on promising

ASDE



48 INJECTION-AND-RECOVERY TESTS ON K2 CORRECTION PIPELINES

candidates. We make use of the Sav-Gol filter in the injection-and-recovery and this option
must also be selected in SHERLOCK, as we are looking for shallow transit. We can select a
minimum SNR of 8 and a minimum SDE of 7 in yaml file in SHERLOCK.

Even if these results provide good insights into the K2 data, some criticism should be
given. First, the planets are injected in light curves already corrected by EVEREST and
K2sff and their transits are, thus, not influenced by them. Therefore, the results should be
considered very optimistic. Furthermore, some targets may not agree with the results found.
Due to the computing time (~ 3 weeks for K2sff and 2 weeks for EVEREST per target), it
is not feasible to perform these injection-and-recovery tests for every target.

EPIC 206535752 211727748 206240954 201531672

Kp 14 15 16.3 16.9

Recovery rate (%) 88.53 86.27 77.45 65

Max SNR 487 4248 159 91

EVEREST Min SNR 5.01 ) ) D
Max SDE 69 65.9 47 42.4
Min SDE 7.78 4.96 7 6.92
Recovery rate (%) 55.87 76.86 12.6 50.1

Max SNR 142 244 63 84

K2sff Min SNR 5.86 5 21 5
Max SDE 48 ol 34 45.6

Min SDE 10.68 6.1 13 7.5
Average SNR ratio 2.56 1.85 1.55 1.11
Average SDE ratio 1.93 1.45 2.08 1.14

Table 3.3: Summary of the results of the injection-and-recovery tests. Here, the recovery
rate corresponds to the percentage of recovered injected transit for all the tests. The average
SNR and SDE ratios correspond to the total average of the ratios of EVEREST’s and K2sft’s
mean SNR and SDE in each period-radius region of the injection-and-recovery tests.



Chapter 4

Search for Transiting Exoplanets Around
Hot Subdwarfs

During this master thesis, I analysed the 48 targets that are available in the EVEREST
dataset by applying the lesson learnt from the injection-and-recovery tests[3.3] Out of those
48 targets, a lot of signals were found however only nine targets contained signals worth
performing a vetting. In this chapter, I will present five of them.

4.1 EPIC 212465180

The first target is EPIC 212465180, which is a non-pulsating apparently single sdB star
with K, = 15.56. It was observed during the sixth K2 campaign. During the search,
SHERLOCK found four signals which are presented in Table The second transit was
excluded from consideration due to its lower detection count in the detrended and original
light curves. Additionally, the distinct shapes and depths of each individual transit did not
exhibit consistency. The third signal did not possess clearly visible harmonics. Furthermore,
Figure representing the results of the search for this candidate, displays variability in
the light curve with amplitudes approaching the transit depth, the shape is therefore not
satisfactory. The final run similarly lacked noticeable harmonics, and during the vetting
process, inconsistencies in the depths of individual transits were noticed. This can be clearly
seen in Figure [£.2] Therefore only the first candidate is truly interesting to present here.

49
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Run P (days) Dur (min) Ty Depth (ppt) SNR SDE BS Ny

1 3.01 32.25 2427.114 0.64 14.03 9.67 1 12
2 2.23 21.14 2426.976 0.78 15.17  8.95 1 4
3 5.34 52.42 2429.424 0.76 14.97 9.74 1 9
4 1.23 38.70 2426.663 0.37 11.08  9.83 1 12

Table 4.1: SHERLOCK results of the four runs search for EPIC 212465180. P is the period
in days, T the epoch, Dur is the duration in minutes, BS is the border score of the signal
and Nge: represents the number of detrended light curves in which the signal is detected.

Run 3# curve: SELECTED # P=5.34d # T0=2429.42 # Depth=0.7618ppt # Dur=52m # SNR:14.97 # SDE:9.74 # BS:1.00
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Figure 4.1: EPIC 212465180, SHERLOCK results for the third candidate with a TLS search
model. Above: the flux as a function of time and in red lines the suggested transits. Middle:
the phase folded curves of the transit. Bottom: the SDE as a function of the Period with
the associated harmonics in blue.
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Figure 4.2: EPIC 212465180, vetting of the fourth run, candidate single-transits depths plot.

4.1.1 TLS model

Run 1# curve: SELECTED # P=3.01d # T0=2427.11 # Depth=0.6586ppt # Dur=32m # SNR:14.09 # SDE:9.90 # BS:1.00
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Figure 4.3: EPIC 212465180, SHERLOCK results for the first candidate with a TLS search
model. Above: the flux as a function of time and in red lines the suggested transits. Middle:
the phase folded curves of the transit. Bottom: the SDE as a function of the Period with
the associated harmonics in blue.
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The search result plots for the first run are presented in Figure[£.3] The shape of the light
curve does not correspond to the model in the phase-folded curves and the harmonics are not
visible. However, the shape of the detected transit seems to correspond to a disintegrating
object, which is characterised by a tailed shape [58][59]. As explained in section in
SHERLOCK, the transit model can be changed. By default, as used here, it is the TLS
model but SHERLOCK provides also a tailed transit model [58]. Another try on this target
has thus been made using this model. Nevertheless, it should be noted that it has not
undergone extensive testing.

4.1.2 Tailed model

The SHERLOCK results of the search run with a tailed transit model are presented in
Table Our signal is directly found in the first run and in eleven detrends. Its SDE has
increased. It is justified by the fact that the tailed transit model has been optimised with
SDE. However, its SNR and depth are shorter than with the TLS model. The result of the
fourth run with the TLS model is found back here but with shorter SNR and SDE and in
fewer detrends, certainly because the TLS model is better suited for this signal. It should
be important to notice that the second run is in fact an upper harmonic of the third run.

The result for the first candidate is presented in Figure [£.4] The model succeeded in
reproducing the transit shape and the harmonics are clearly visible. This is very promising
and we performed the vetting for this candidate. In this case, a tailed-like event is observed.
Consequently, the vetting and its metrics are not adapted and can not properly be done.
However, we can still look at the depths of every single transit which are plotted in Figure
[4.5] One can see that some individual transits are not in the 1-sigma confidence interval and
require careful inspection. In alternative to the vetting, a search in the long cadence EVER-
EST light curve and on the K2sff light curves has been performed to test this candidate.
Unfortunately, they were inconclusive. Those additional tests do not discard this target as
they can only aim to increase our confidence about it. It is possible that we do not find the
target in the long cadence due to the lack of transit points in these LC data (Duration =
57 min so two points per transit) and with K2sff due to the worse quality of its light curve.
In conclusion, this candidate seems very promising and I encourage the continuation of its
analysis when the vetting for tailed-like events is included in SHERLOCK and the validation
and fitting will be available for K2.

Run P (days) Dur (min) TO Depth (ppt) SNR SDE BS Ny

1 3.01 57.16 2427.113 0.32 9.22 11.77 1 11
2 4.96 40.88 2425.994 0.44 8.21 10.22 0.86 11
3 1.23 96.75 2426.669 0.23 9.25 871 1 9
4 1.24 2.51 2426.546 0.81 9.60 7.67 1 10

Table 4.2: SHERLOCK results of the four runs search for EPIC 21246180 with a tailed
model. P is the period in days, Ty the epoch, Dur is the duration in minutes, BS for the
border score of the signal and Ny represents the number of detrended light curves that
detected the signal.
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Run 1# curve: SELECTED # P=3.01d # T0=2427.11 # Depth=0.3208ppt # Dur=57m # SNR:9.22 # SDE:11.77 # BS:1.00
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Figure 4.4: EPIC 212465180, SHERLOCK results for the first candidate with a "tailed"
search model. Above: the flux as a function of time and in red lines the suggested transits.
Middle: the phase folded curves of the transit. Bottom: the SDE as a function of the Period
with the associated harmonics in blue.
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Figure 4.5: EPIC 212465180, first run, candidate single-transits depths plot.

4.2 EPIC 201206621

EPIC 201206621 is a sdB+WD pulsating binary of 0.54 days period with a magnitude
of K, = 15.99. It was observed during the first campaign of K2. The pulsations were
cleared beforehand with FELIX by V. Van Grootel, a tool designed to extract interactively
or automatically periodic variations in a light curve [60]. The SHERLOCK found four
potential candidates. The third candidate is rejected due to its presence in a limited number
of detrends. The last candidate is discarded because of its low SNR and SDE, its low number
of detection in the detrended and original light curves and its unclear shape. The two first
signals have low SDE but, because of their high SNR, we will examine them more in detail.

Run P (days) Dur (min) Ty Depth (ppt) SNR SDE BS Ny

1 1.82 28.30 1979.047 0.79 14.55 6.41 1 7
2 4.84 40.56 1980.501 1.16 1470 6.99 1 10
3 1.68 29.01 1978.324 0.61 12.19 7.76 1 4
4 12.13 181.51 1981.933 0.50 8.63 7.74 1 )

Table 4.3: SHERLOCK results of the three runs search for EPIC 201206621. P is the period
in days, T the epoch, Dur is the duration in minutes, BS is the border score of the signal
and Nge: represents the number of detrended light curves in which the signal is detected.
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4.2.1 First Run

4.2.1.1 Search module results

The search result plot for the first run of EPIC 201206621 is presented in Figure [£.6, The
shape of the transit is satisfactory but only one harmonic is clearly visible. The variability
out-of-transit is certainly an artefact due to the Sav-Gol filter. The candidate is not very
convincing due to the lack of clear harmonics, so we still decided to have a look at the vetting
analyses to firmly refute or confirm the signal

Run 1# curve: SELECTED # P=1.82d # T0=1979.05 # Depth=0.7895ppt # Dur=28m # SNR:14.55 # SDE:6.41 # BS:1.00
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Figure 4.6: EPIC 201206621, SHERLOCK results for the first run. Above: the flux as a
function of time and in red lines the suggested transits. Middle: the phase folded curves of
the transit. Bottom: the SDE as a function of the Period with the associated harmonics in
blue.

4.2.1.2 Vetting results

The recapitulative table of the numerical tests for the vetting of the first candidate of
EPIC 201206621 is introduced in Table [£.4. The two first tests are not passed. The depth
plot, displayed in Figure [£.7, shows that most of the transits seem to agree with the average
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value but some visible outliers are visible with depths superior to ~3 times the mean value
and with negative depths. Due to this large variability, the signal is discarded.

EPIC 201206621 Transits depth analysis T0=1979.05 P=1.82d
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Figure 4.7: EPIC 201206621, first, candidate single-transits depths plot.

Metric Passed
short snr FALSE
long snr FALSE
snr_p t0 TRUE
snr_p 2t0 TRUE
snr 2p t0 TRUE
snr_2p 2t0 TRUE
snr_p2 t0 TRUE
snr _p2_ t02 TRUE
snr _p_ score | TRUE
snr 2p score | TRUE
snr p2 score | TRUE

Table 4.4: Summary table of the vetting results for the first candidate of EPIC 201206621.

4.2.2 Second Run

4.2.2.1 Search module results

The search result plot for the second run of EPIC 201206621 is presented in Figure 4.8|
The transit’s shape is accurate, and both the first upper and lower harmonics are distinctly
observable. Furthermore, within this run, one of the twelve detrends identified a p/2 sub-
harmonic of the signal. It could be possible that the candidate selected by Sherlock is, in

fact, an upper harmonic of the signal.
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Run 2# curve: SELECTED # P=4.84d # T0=1980.50 # Depth=1.1635ppt # Dur=41m # SNR:14.70 # SDE:6.99 # BS:1.00
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Figure 4.8: EPIC 201206621, SHERLOCK results for the second run. Above: the flux as a
function of time and in red lines the suggested transits. Middle: the phase folded curves of
the transit. Bottom: the SDE as a function of the Period with the associated harmonics in

blue.

4.2.2.2 Vetting results

The summary of the vetting test results is presented in Table [4.5l The target does not
satisfy the snr_p 2t0 and thus the snr p2 t0 test, because a signal with a SNR higher
than three is identified when the curve is phase-folded at an epoch Ty + p/2 with a period
p. Similarly, it does not meet the criteria for the snr_p2 t02 metric, and consequently, the
snr_p2 score is not achieved. This implies that a signal is detected when the light curve
is folded at half the signal period, with an epoch of TO+p/2. However, when we look at
the curves related to these metrics, they are not clear on the presence of a signal with a
period of p/2. Consequently, it is not certain that we have detected an upper-harmonics.
Furthermore, as visible in Figure [4.10] the transit is not consistent across the light curve and
hence it is not necessary to analyse further this candidate.
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Metric Passed
short snr FALSE
long snr FALSE
snr_p t0 TRUE
snr _p 2t0 FALSE
snr_ 2p t0 TRUE
snr_2p 2t0 TRUE
snr _p2 to0 FALSE
snr p2 t02 TRUE
snr _p score | FALSE
snr_2p score | TRUE
snr_p2 score | FALSE

Table 4.5: Summary table of the vetting results for the second candidate of EPIC 201206621.

EPIC 201206621 Folded Curve with P=4.84d and T0=1980.50. SNR=16.05 EPIC 201206621 Folded Curve with P=4.84d and T0=1982.92. SNR=3.77
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Figure 4.9: EPIC 201206621. Above, the candidate folded at its found period for the found
epoch and epoch + P/2. Middle, the candidate folded at its harmonic for the found epoch
and epoch + P. Bottom, the candidate folded at its subharmonic for the found epoch and
epoch + P/2, where the candidate has been masked.
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Figure 4.10: EPIC 201206621, second run, candidate single-transits depths plot.

4.3 EPIC 206073023

EPIC 206073023 is a non-pulsating apparently single sdB with a magnitude of K, = 15.
It has been observed during the third campaign of K2. In the SHERLOCK run, two signals
were found. Only the first one is truly interesting as the second has been detected in only
three detrends and its shape is not satisfactory.

Run P (days) Dur (min) TO Depth (ppt) SNR SDE BS Ny

1 4.01 36.34 2151.932 0.51 1499 810 1 9
2 23.17 196.13 2155.730 0.59 18.07 8.6 1 3

Table 4.6: SHERLOCK results of the four runs search for EPIC 206073023. P is the period
in days, T the epoch, Dur is the duration in minutes, BS is the border score of the signal
and "Nge" represents the number of detrended light curves that detected the signal.

4.3.1 Search module results

The results of the search run of the first candidate are plotted in Figure 4.1} We can see
that two transits have a higher depth relative to the others. However some harmonics are
visible and the SNR is high, we will perform the vetting.
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Run 1# curve: SELECTED # P=4.01d # T0=2151.93 # Depth=0.5132ppt # Dur=36m # SNR:14.99 # SDE:8.10 # BS:1.00
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Figure 4.11: EPIC 206073023, SHERLOCK results for the first run. Above: the flux as a
function of time and in red lines the suggested transits. Middle: the phase folded curves of
the transit. Bottom: the SDE as a function of the Period with the associated harmonics in
blue.

4.3.2 Vetting results

The vetting results are summarised in Table The candidate does not pass the two
first tests and the metric snr_p2 t02. Furthermore, the depth plot in Figure [4.12] shows
that we have two deeper transits (~0.9-1ppt) and one null depth out of the nine transits.
Those can have a high impact on the mean depth. There is a possibility that the two outliers
are connected, a more complete inspection should be needed. Furthermore, the full set of
transits is inconsistent, thus the viability of this candidate is not satisfactory and we will
not continue its analysis.
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Metric Passed
short snr FALSE
long snr FALSE
snr p t0 TRUE
snr _p 2t0 TRUE
snr_2p t0 TRUE
snr_2p 2t0 TRUE
snr _p2_ t0 TRUE
snr_p2 t02 | FALSE
snr p score | TRUE
snr_2p score | TRUE
snr_p2 score | FALSE

Table 4.7: Summary table of the vetting results for the first candidate of EPIC 206073023.
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Figure 4.12: EPIC 206073023, first, candidate single-transits depths plot.

4.4 EPIC 214515136

EPIC 214515136 is a non-pulsating apparently single sdB of high magnitude (K, = 16.30).
It was observed during the seventh K2 campaign. The SHERLOCK search found four signals
but only the first is truly interesting. The second candidate is discarded due to the absence
of visible harmonics and a single transit displaying significantly greater depth in comparison
to the others. The third one is rejected due to the lack of harmonics and its low SDE. The
last candidate is not considered as it is found in only two detrends.
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Run P (days) Dur (min) TO Depth (ppt) SNR SDE BS Ny

1 11.01 154.00 2469.938 1.11 25,55 1236 1 8
2 8.75 44.31 2469.221 1.08 15.21 8.14 1 6
3 9.77 48.18 2472.270 1.09 14.24  6.86 1 6
4 8.32 114.50 2472.423 0.62 17.12  8.22 1 2

Table 4.8: SHERLOCK results of the 4 runs search for EPIC 214515136. P is the period in
days, Ty the epoch, Dur is the duration in minutes, BS is the border score of the signal and
"Nge:" represents the number of detrended light curves that detected the signal.

4.4.1 Search results

Run 1# curve: SELECTED # P=11.01d # T0=2469.94 # Depth=1.1096ppt # Dur=154m # SNR:25.55 # SDE:12.36 # BS:1.00
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Figure 4.13: EPIC 214515136, SHERLOCK results for the first run. Above: the flux as a
function of time and in red lines the suggested transits. Middle: the phase folded curves of
the transit. Bottom: the SDE as a function of the Period with the associated harmonics in
blue.
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The search results plots are presented in Figure [£.13] It has a very high SNR and SDE
and is found in eight detrends. Upper and sub-harmonics are visible and the depth does not
seem to vary a lot. Weak variations are visible in the phase-folded curve and the right side
seems to be higher than the left side. Its duration is longer than we expect for this kind of
transit. A fitting of this candidate, if the vetting is favourable, is needed to estimate better
planetary properties and yield a more robust conclusion. As the properties of this candidate
are promising, we perform its vetting.

4.4.2 Vetting results

The vetting results are summarised in Table [4.9] It passed almost every test except the
first and second one as all the presented candidates. As we can see in Figure [.14] the
first transit has a depth that corresponds to half the average depth and the fourth transit
is a little bit above the 1-sigma confidence. Given its long duration, we tried to test this
transit in a long cadence but nothing was found during the search. The K2sff light curves
are unfortunately too noisy for this target and hence cannot be used as a test. Despite the
dispersion in the transit-depth plot, this candidate is very promising and I encourage its
further analysis especially when the validation and fitting will be available in SHERLOCK.

Metric Passed
short snr FALSE
long snr FALSE
snr p t0 TRUE
snr _p_ 2t0 TRUE
snr_2p t0 TRUE
snr_2p 2t0 TRUE
snr _p2_ t0 TRUE
snr p2_ t02 TRUE
snr p score | TRUE
snr _2p score | TRUE
snr _p2 score | TRUE

Table 4.9: Summary table of the vetting results for the first candidate of EPIC 214515136.
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EPIC 214515136 Transits depth analysis T0=2469.94 P=11.01d
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Figure 4.14: EPIC 214515136, first, candidate single-transits depths plot.

4.5 EPIC 211517387

EPIC 211517387 is a high magnitude (K, =17.32) non-pulsating apparently single sdO.
It was observed during the fifth campaign of K2. During the search, SHERLOCK found
four potential candidates. Their characteristics are presented in Table [4.10] Only the first
candidate cannot be obviously discarded. The second candidate was rejected due to the
absence of visible harmonics and an unsatisfactory transit shape in the light curve. The
third one was discarded because the transit was mainly influenced by two transits with high
depth with respect to the three others. Similar conclusions apply to the last candidate,
the transit shape was not acceptable and substantial variability in the depths of individual
transits was noted.

Run P (days) Dur (min) Ty Depth (ppt) SNR SDE BS Ny

1 8.60 50.81 2350.351 2.61 13.60 8.62 1 8
2 0.50 34.26 2344.710 0.88 15.14 808 0.99 10
3 6.25 62.91 2348.639 2.54 16.22  8.25 1 7
4 10.11 77.40 2348.574 2.31 14.49 9.01 1 6

Table 4.10: SHERLOCK results of the four runs search for EPIC 211517387. P is the period
in days, Ty the epoch, Dur is the duration in minutes, BS is the border score of the signal
and "Nge:" represents the number of detrended light curves in which the signal is detected.
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4.5.1 Search results

Run 1# curve: SELECTED # P=8.60d # T0=2350.35 # Depth=2.6144ppt # Dur=51m # SNR:13.60 # SDE:8.62 # BS:1.00
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Figure 4.15: EPIC 211517387, SHERLOCK results for the first run. Above: the flux as a
function of time and in red lines the suggested transits. Middle: the phase folded curves of
the transit. Bottom: the SDE as a function of the Period with the associated harmonics in

blue.

The result plots for the first candidates are shown in Figure [£.15] As we can see, SHER-
LOCK detects a deep drop of luminosity with a period of 8.60 days. However, the harmonics
are not very visible. Moreover, when we look around the phase-folded curve, we can see that
the curve is subject to many variations out-of-transit. However, we continue with the vetting
to firmly confirm or refute this candidate.

4.5.2 Vetting results

Table [1.11] represents the recapitulative table of the numerical tests for the vetting of the
first candidate of EPIC 211517387. We can see that this signal passed almost every test,
except the short snr and short snr such as for the first candidate of EPIC 212465180. The
transit depths seem consistent as we can observe in Figure However, when we look
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at the light curve at the time of the second and third transit in Figure [£.17] variability
due to the use of the Sav-Gol filter is present in each transit. The transit’s shape, absence
of harmonics, and variability outside of the transit collectively suggest that this candidate
is not very convincing. However, a more detailed analysis should be made to completely

discard this candidate.

Metric Value | Passed
short snr 1.306 | FALSE
long snr 1.283 | FALSE
snr_p tO 13.951 | TRUE
snr p 2t0 2.793 | TRUE
snr 2p t0 8.173 | TRUE
snr_2p 2t0 | 12.703 | TRUE
snr_p2 t0 2.793 | TRUE
snr _p2 t02 0.001 | TRUE
snr_p _score 0.2 TRUE
snr 2p score | 4.53 TRUE
snr_p2 score 0.2 TRUE

Table 4.11: Summary table of the vetting results for the first candidate of EPIC 211517387.
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Figure 4.16: EPIC 211517387, first run, candidate single-transits depths plot.
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Conclusion

In this work, we aimed to understand better the K2 data in order to use them for the
search for exoplanets around hot subdwarfs. This goal was successfully achieved by selecting
four K2 targets with different magnitudes and light curve quality and corrected by the K2sff
and EVEREST pipelines. I performed injection-and-recovery tests on them and compared
the two pipelines. I extracted the parameters influencing the quality of the detection.

I found that the detection of short-period Earth-size planets was possible both with
EVEREST and K2sff. However, the injection-and-recovery tests gave better results with
EVEREST, with sub-Earth-size planets (2 0.4Rq) recovered. We found, for all the targets
tested, that EVEREST is better than K2sff in all aspects: range of planet detectable, global
recovery rates and SNR and SDE of the signal. For relatively bright hot subdwarfs (K, <15)
the EVEREST’s SNR and SDE values can be respectively up to ~2.6 and ~1.9 times the
K2sff values. This value depends on the quality of the light curves because K2sff correction
is really sensitive to the presence of systematics. However, these differences in SNR and SDE
diminish when the magnitude increases and EVEREST become only ~11% better for the
SNR and ~14% for the SDE for a K, = 16.9 star.

The second part of this work was to apply the lesson learnt from the injection-and-recover
tests. We performed a search of candidates with SHERLOCK over the 48 hot subdwarf
targets available in the EVEREST data. Out of these targets, only nine had signals worth
performing a vetting and out of them five were interesting. In these five, I found two
particularly promising candidates around EPIC 212465180, which seems to correspond to
a disintegrating object transit model with a period of about 3.01 days, and around EPIC
2145515136 with a transit period of 11.01 days.

In conclusion, this thesis defends the K2 mission had provided qualitative data and should
be used for the search for exoplanets around hot subdwarfs. The EVEREST pipeline should
be used as a priority as it provides better results for the search of Earth- and sub-Earth-
planets. This work urges the continuation of the analysis of the targets observed by K2 and
of EPIC 212465180 and EPIC 214515136 once the validation and fitting are integrated into
SHERLOCK for this mission.
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Appendix A

List of Hot Sudwarfs Observed by K2

and Available in EVEREST

A.1 Hot Subdwarf observed by K2

EPIC Class Other Name Kp RA DEC
sdB pulsators
220641886 sdB HD 4539 10.40 11.8717 9.9821
228755638 sdB+dM HW Vir 10.76 191.0840 -8.6713
211623711 He-sdB UVO 0825+15 11.89 127.1369 14.8673
220376019  sdB+WD PG 01014039 12.11  16.0903 4.2270
220422705 sdB+G PG 0039+049 12.87 10.5255 5.1565
249942493 sdB EC 15103-1557 12.89 228.2930 -16.1391
211779126 sdB 2M0856+1701 12.92 134.2053 17.0208
246387816 sdB+dM EQ Psc 12.92  353.6440 -1.3269
246023959 sdB+dM PHL 457 13.04 349.8520 -8.8772
211881419 iHe-sdB PG 0848-+186 13.30 132.9353 18.4563
201203416 sdB PG 1156-037 13.46 179.8420 -4.0241
248411044 sdB UY Sex 13.56 162.5118 -0.0102
246141920 sdB PHL 531 13.99 351.9700 -6.2321
211433013  sdB+WD LT Cnc 14.02 137.6060 12.1409
2117656471  sdB+WD  HZ Cnc 14.04 133.3486 16.8265
220614972 sdB+F PG 0048+091 14.29 12.8622 9.3591
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211392098 sdB+MS SDSS J082517.99+113106.3 14.34 126.3250 11.5184
211437457 sdB PG 0902+124 14.73  136.4200 12.2078
246683636 sdB+dM V1405 Ori 15.07 71.2371  14.3639
248368659  sdB+WD  VPHAS J181343.0-213843.9 15.10 273.4290 -21.6455
212508753 sdB+F7 PG 1315-123 15.13 199.4134 -12.5479
211823779 sdB-+F'1 SDSS J082003.35+173914.2  15.22 125.0140 17.6540
212475716 sdB+MS EC 13356-1300 15.24 204.5730 -13.2569
211696659  sdB+WD  SDSS J083603.98+155216.4  15.50 129.0166 15.8712
212707862 sdB SDSS J135544.71-080354.3 15.55 208.9363 -8.0651
212204284 sdB PG 0843+246 15.64 131.5500 24.4196
246283223 sdB HE 2307-0340 15.66 347.6000 -3.4003
248368658 sdB 15.70 268.7680 -24.8137
218717602 sdB 15.76 293.4455 -18.2871
211938328 sdB-+F6 LB 378 15.78 129.0501  19.2989
218366972  sdB+WD 15.94 293.7241 -18.9313
201206621  sdB+WD PG 1142-037 15.99 176.2385 -3.9481
212487276 sdB EC 13359-1245 16.23  204.6540 -13.0086
217280630 sdB 16.33 288.8940 -20.8521
215776487 sdB 16.35 295.4100 -23.5619
203948264 sdB 16.70  252.4843 -24.2929
246373305 iHe-sdB PHL 417 16.88 347.7710 -1.6183
251668197 sdB EC 15094-1725 17.00 228.0600 -17.6116
229002689 sdB SDSS J122057.48-012642.3 18.65 185.2400 -1.4451
Pulsators in LC only
220188903 sdBV+WD  PB 6373 14.91 19.7383  -0.4296
230195595 sdB 15.59 256.1310 -17.9435
Non-pulsators in Binaries
220468352 sdB+F PB 6355 13.01 19.1137 6.0532
251377113 sdB+F/G  SDSS J090827.24+231417.9  13.53 137.1130 23.2383
211499370 sdB+F/G/K SDSS J082556.80+130753.5 14.60 126.4867 13.1316
218637228  sdB+F/G 14.79 293.1550 -18.4384
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227441033  sdB+F/G 15.10 262.9540 -18.1450
216924452  sdB+F/G 15.53 290.8680 -21.4814
250121838 sdB+F/G/K EC 15365-1350 15.74  234.8290 -14.0015
246151922 sdB+G9 HE 2322-0617 15.74 351.3830 -6.0199
212630158  sdB+F/G 15.75 198.4050 -9.9040
246868556  sdB+F/G  GALEX J050252.2+162647  15.78 75.7179  16.4467
246864591 sdB+F/G/K KUV 0457141620 15.98 74.9971  16.4060
211910684  sdB+F/G PG 0906191 15.99 137.2220 18.8861
212108396  sdB+F/G  SDSS J082447.30+221112.9 16.02 126.1971 22.1869
211400847  sdB+F/G  SDSS J084447.00+113910.0 16.43 131.1959 11.6528
212003762  sdB+F/G  SDSS J081406.79+201901.7 16.51 123.5280 20.3171
212137838  sdB+F/G  Ton 920 16.54 127.2610 22.7769
250152590 sdB+F/G/K LB 889 17.13 235.8930 -13.5722
248467942  sdB+F/G  SDSS J103022.07+020524.3  17.24 157.5920  2.0901
211732575  sdB+F/G  SDSS J082426.51+162145.1  17.68 126.1100 16.3626
251583165  sdB+F/G  SDSS J131932.19-014131.2 18.24 199.8840 -1.6920
212866280  sdB+F/G  SDSS J133701.51-031732.2 18.27 204.2560 -3.2923
212410755  sdB+WD  EC 13332-1424 13.46 203.9729 -14.6703
211437457  sdB+WD PG 09024124 14.73 136.4200 12.2078
201535046 sdB+7? PG 1049+013 14.44 163.1180  1.0627
251372905 sdOB+F/G  SDSS J091216.06+225452.7  15.30 138.0670 22.9147
211904152  sdOB+F/G PG 0912+189 15.93 138.7800 18.7879
248767552 sdOB+WD? SDSS J101833.11+095336.1  14.97 154.6380  9.8934
246877984 sdOB+WD KUV 05053+1628 16.11 77.0537  16.5379

Non-pulsators apparently single
234319842 sdB - 12.97  260.6050 -19.9098
260017832 sdB PG 23494002 13.27 357.9720 0.4716
211708181 sdB GALEX J081233.6+160121  13.77 123.1403 16.0233
227389858 sdB - 13.79 262.3680 -18.2718
246230928 sdB PHL 529 13.93 351.7870 -4.4103
206535752 sdB PHL 358 13.99 339.6820 -4.1248
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201648341 sdB PG 1214+031 14.04 184.2040  2.7905

217204898 sdB - 14.26 288.8780 -20.9864
246643895 sdB HS 0446+1344 14.50 72.2846  13.8335
212722777 sdB PG 1330-074 14.93 203.3190 -7.6939
211727748 sdB PG 0838-+165 14.99 130.3450 16.2929
206073023 sdB BPS CS 29512-38 15.00 334.1720 -12.8063
210837690 sdB 15.11 57.7850  20.4437
212498842 sdB EC 13162-1229 15.26 199.7180 -12.7583
212465180 sdB EC 13265-1313 15.56 202.3010 -13.4788
212160066 sdB SDSS J082445.684-231520.3  15.57 126.1900 23.2557
246901153 sdB KUV 04369-+1640 15.70 69.9429  16.7644
249601610 sdB EC 15050-2017 15.71  226.9690 -20.4839
246980092 sdB KUV 04482+1727 15.74 7277737 17.5303
218148570 sdB - 15.74 292.1370 -19.3246
228914323 sdB PG 1249-028 15.76 193.1230 -3.0249
228682488 sdB SDSS J085217.704+-211637.4  16.00 133.0730 21.2769
212818294 sdB PG 1356-047 16.15 209.7058 -4.9634
248422838 sdB PG 1032+007 16.27 158.8030  0.4581

214515136 sdB - 16.30  289.0660 -26.3030
251603936 sdB SDSS J131916.15-011405.0 16.69 199.8170 -1.2348
201531672 sdB SDSS J112757.48+010044.2  16.89 171.9900 1.0123

251457058 sdB SDSS J105428.854+-010514.7  17.10 163.6200 1.0874

246371369 sdB PB 5212 17.11 345.2060 -1.6566
211552072 sdB SDSS J084556.85+135211.3  17.50 131.4870 13.8698
212567176 sdB HE 1309-1102 17.65 198.0100 -11.3042
249585191 sdB EC 15064-2029 17.95 227.3340 -20.6851
248840987 sdB SDSS J102050.99+114024.3  18.15 155.2120 11.6734
248810568 sdOB SDSS J110055.94+105542.3  14.22 165.2330 10.9284
246997679 sdOB KUV 05109-+1739 14.58 78.4575  17.7007
211421561 sdOB SDSS J090042.684+-115749.9  14.90 135.1780 11.9639
220265912 sdOB PG 0055+016 15.19 14.6029 1.9098
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249700050 sdOB EC 15059-1902 15.65 227.1900 -19.2293
206240954 sdOB SDSS J220337.88-090733.5 16.31 330.9080 -9.1260
210731139 sdOB SDSS J032427.24+184918.2  16.37 51.1133  18.8218
246087406 sdOB PB 7470 16.46 345.4930 -7.4136
206186190 sdOB BPS CS 22886-65 16.49 336.4680 -9.9993
251605347 sdOB SDSS J133611.02-011156.0 18.69 204.0460 -1.1989
246745570 He-sdB KUV 04456-+1502 15.68 72.1242  15.1277
211920209 He-sdB PG 08504192 16.39 133.4220 19.0283
249770424 He-sdOB GALEX J152332.2-181726 14.00 230.8850 -18.2906
211495446 He-sdOB PG 0838+133 14.03 130.4327 13.0750
248748173 He-sdOB PG 1033+097 16.38 158.9570  9.4311
248761152 He-sdOB PG 1045+100 17.09 161.9130 9.7401
248915544 He-sdOB SDSS J103806.64+134412.1  17.21 159.5270 13.7367
212762631 sdO PG 1355-064 13.76 209.4761 -6.6255
220179214 sdO GD 934 14.93 18.5775  -0.8204
248520995 sdO SDSS J110053.55+034622.8  17.25 165.2230  3.7730
211517387 sdO SDSS J082944.74+132302.5  17.32 127.4370 13.3841
249862817 sdO EC 15447-1656 18.05 236.8930 -17.0947
228821386 He-sdO PG 1220-056 14.86 185.7460 -5.8847
249867379 He-sdO EC 15348-1652 15.35 234.4180 -17.0376
205247324 He-sdO - 16.01 251.7740 -18.6511
201640895 He-sdO SDSS J110215.45+024034.2 17.60 165.5650  2.6762
228960704 He-sdO SDSS J123821.48-021211.4 18.49 189.5900 -2.2032

NOV in LC only
211602914 sd SDSS J082959.28+143441.8  15.64 127.4970 14.5783
201150341 sdB HE 1140-0500 14.50 175.7410 -5.2872
214958569 sdB 15.70 289.5300 -25.2509
216775790 sdB 16.50 290.4090 -21.7461
201236182 sdB PG 1154-031 16.59 179.2250 -3.4195
211720816 sdB SDSS J083901.50-+161148.0  16.71 129.7560 16.1967
211594465 sdB SDSS J081931.22+4-142756.1  17.19 124.8800 14.4656
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248912731 sdB SDSS J103832.414-133848.3  17.44 159.6350 13.6468
201201339 sdB SDSS J112757.48+010044.2  17.50 172.7900 -4.0722
201590024 sdB SDSS J113418.004-015322.1  17.65 173.5750  1.8895
201698091 sdB SDSS J114821.29+033625.7  17.70 177.0890  3.6072
229021782 sdB SDSS J125410.86-010408.3 17.72  193.5450 -1.0690
228682339 sdB SDSS J082824.20+-212556.7  17.73 127.1010 21.4324
251457060 sdB SDSS J104725.10+010847.2  17.80 161.8550  1.1464
248783069 sdB SDSS J104620.14+101629.7  18.65 161.5840 10.2749
251410019 sdB SDSS J085809.09+-252134.6  18.87 134.5380 25.3596
201424163  sdB+WD PG 1136-003 15.96 174.6700 -0.5922
228682347  sdB+WD  SDSS J083139.68+162316.4 17.91 127.9150 16.3879
248783744  sdB+WD  SDSS J103218.40+101725.8 18.82 158.0770 10.2905
211460944 sdB+WD 7 SDSS J084556.85+135211.3  15.36 134.6160 12.5664
228796212 sdBO SDSS J124446.64-065625.8 18.83 191.1940 -6.9405
211991114 sdBO+F/G  Ton 914 15.10 126.2800 20.1104
211930840 He-sdB SDSS J091512.06+191114.6  19.13 138.8000 19.1874
201734164 sdOA PG 1110+045 14.84 168.3222  4.2207
213545287 sdOB GALEX J191509.0-290311 15.00 288.7880 -29.0527
201924421 sdOB SDSS J113218.414+-075103.0  17.20 173.0770  7.8509
228682323 sdOB SDSS J082110.89+183924.1  17.84 125.2950 18.6567
212034957 sdOB SDSS J090302.39+205008.9  18.62 135.7600 20.8358
215669184 He-sdOB GALEX J193323.6-234553 15.00 293.3490 -23.7647
201802867 He-sdOB SDSS J111633.29+052507.9  17.80 169.1390  5.4189
251383153 He-sdOB SDSS J091044.904-234044.6  18.27 137.6870 23.6791
229155531 He-sdOB SDSS J121643.72+020835.9  18.73 184.1820  2.1433
251357585 He-sdOB SDSS J092245.79+4-214238.9  19.01 140.6910 21.7108
213716821 sdO GALEX J192041.4-282939 13.40 290.1720 -28.4945
214453765 sdO GALEX J191158.1-262712 15.30 287.9920 -26.4534
231422890 sdO 17.07 257.1200 -22.2940
201418759 sdO SDSS J111438.57-004024.3 18.10 168.6610 -0.6734
201843731 sdO SDSS J115009.484-061042.1  18.10 177.5400 6.1784
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211559083 sdO SDSS J084421.104+-135807.6  18.18 131.0880 13.9688
216747137 sdO+dM 2MASS J18521800-2147506  13.87 283.0750 -21.7974
217750936  sdO-+dM? 16.70 290.2270 -20.0265
246735349 He-sdO KUV 04402-+1455 13.97 70.7638  15.0067
216452306 He-sdO 16.40 289.8920 -22.3225
228682365 He-sdO SDSS J083747.234+194955.9  18.60 129.4470 19.8322

A.2 Hot Subdwarfs Light Curves availability in EVER-

EST
EPIC Class Campaign (SC) Campaign (LC) SC Everest LC Everest

sdB pulsators 17 37
220641886 sdB 8 8 1 1
228755638 sdB+dM 10 (101-102) 10 (101-102) 0 1
211623711 He-sdB 2;18 5;18 1 1
220376019  sdB+WD 8 8 1 1
220422705 sdB+G 8 8 1 1
249942493 sdB 15 15 0 1
211779126 sdB 9;18 5;18 1 1
246387816 sdB+dM 12 12 0 1
246023959 sdB+dM 12 12 0 1
211881419 iHe-sdB 16;18 9;16;18 0 1
201203416 sdB 10 (101-102) 10 (101-102) 0 1
248411044 sdB 14 14 0 1
246141920 sdB 12 12 0 1
211433013 sdB+WD 16 16 0 1
211765471 sdB+WD 9;16;18 5;16;18 1 1
220614972 sdB+F 8 8 1 1
211392098  sdB+MS 18 5, 18 0 1
211437457 sdB 16 16 0 1
246683636 sdB+dM 13 13 0 1
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248368659  sdB+WD 9 (91-92) 9 (91-92) 0 0
212508753 sdB+F7 6;17 6;17 1 1
211823779 sdB+F1 5;18 5:18 1 1
212475716 sdB+MS 17 17 0 1
211696659  sdB+WD 5;18 5:18 1 1
212707862 sdB 6;17 6;17 1 1
212204284 sdB 16 16 0 1
246283223 sdB 12 12 0 1
248368658 sdB 9 (91-92) 9 (91-92) 0 0
218717602 sdB 7 7 0 1
211938328 sdB+F6 5;18 5;18 1 1
218366972  sdB+WD 7 7 1 1
201206621  sdB+WD 1 1 1 1
212487276 sdB 17 17 0 1
217280630 sdB 7 7 1 1
215776487 sdB 7 7 1 1
203948264 sdB 2 2 1 1
246373305 iHe-sdB 12 12 0 1
251668197 sdB 15 15 0 1
229002689 sdB 10 (101-102) 10 (101-102) 0 1

Pulsators in LC only 0 2

220188903 sdBV+WD no data 8 1
230195595 sdB no data 11 1
Non-pulsators in Binaries 9 28

220468352 sdB+F 8 8 1 1
251377113 sdB+F/G 16 16 0 1
211499370 sdB+F/G/K 5 5;18 1 1
218637228  sdB+F/G 7 7 1 1
227441033  sdB+F/G 11 (111-112) 11 (111-112) 0 1
216924452  sdB+F/G 7 7 1 1
250121838 sdB+F/G/K 15 15 0 1
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246151922 sdB+G9 12 12 0 1
212630158  sdB+F/G 6 6 1 1
246868556  sdB+F/G 13 13 0 1
246864591 sdB+F/G/K 13 13 0 1
211910684  sdB+F/G 16 16 0 1
212108396  sdB+F/G ) 5;18 1 1
211400847  sdB+F/G ) 5;18 1 1
212003762  sdB+F/G 18 18 0 1
212137838  sdB+F/G ) 5 1 1
250152590 sdB+F/G/K 15 15 0 1
248467942  sdB+F/G 14 14 0 1
211732575  sdB+F/G 18 18 0 1
251583165  sdB+F/G 17 17 0 1
212866280  sdB+F/G 17 17 0 1
212410755  sdB+WD 6 6 1 1
211437457  sdB+WD 16 16 0 1
201535046 sdB+7? 14 14 0 1
251372905 sdOB+F/G 16 16 0 1
211904152  sdOB+F/G 16 16 0 1
248767552 sdOB+WD? 14 14 0 1
246877984 sdOB+WD 13 13 0 1

Non-pulsators apparently single 22 59
234319842 sdB 11 (111-112) 11 (111-112) 0 1
260017832 sdB T Not found 0
211708181 sdB 5 5 1 1
227389858 sdB 11 (111-112) 11 (111-112) 0 1
246230928 sdB 12 12 0 1
206535752 sdB 3 3 1 1
201648341 sdB 10 (101-102) 10 (101-102) 0 1
217204898 sdB 7 7 1 1
246643895 sdB 13 13 0 1
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212722777 sdB 17 17 0 1
211727748 sdB 9;16 9;16 1 1
206073023 sdB 3 3 1 1
210837690 sdB 4 4 1 1
212498842 sdB 6 6 1 1
212465180 sdB 6 6 1 1
212160066 sdB 18 5;18 0 1
246901153 sdB 13 13 0 1
249601610 sdB 15 15 0 1
246980092 sdB 13 13 0 1
218148570 sdB 7 7 1 1
228914323 sdB 10 (101-102) 10 (101-102) 0 1
228682488 sdB 16 16 0 1
212818294 sdB 6;17 6;17 1 1
248422838 sdB 14 14 0 1
214515136 sdB 7 7 1 1
251603936 sdB 17 17 0 1
201531672 sdB 1 1 1 1
251457058 sdB 14 14 0 1
246371369 sdB 12 12 0 1
211552072 sdB 16 16 0 1
212567176 sdB 6 6 1 1
249585191 sdB 15 15 0 1
248840987 sdB 14 14 0 1
248810568 sdOB 14 14 0 1
246997679 sdOB 13 13 0 1
211421561 sdOB 16 16 0 1
220265912 sdOB 8 8 1 1
249700050 sdOB 15 15 0 1
206240954 sdOB 3 3 1 1
210731139 sdOB 4 4 1 1
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246087406 sdOB 12 12 0 1
206186190 sdOB 3 3 1 1
251605347 sdOB 17 17 0 1
246745570 He-sdB 13 13 0 1
211920209 He-sdB 18 5; 165 18 0 1
249770424 He-sdOB 15 15 0 1
211495446 He-sdOB 5;16 5;16 1 1
248748173 He-sdOB 14 14 0 1
248761152 He-sdOB 14 14 0 1
248915544 He-sdOB 14 14 0 1
212762631 sdO 6 6,17 1 1
220179214 sdO 8 8 1 1
248520995 sdO 14 14 0 1
211517387 sdO 5 5 1 1
249862817 sdO 15 15 0 1
228821386 He-sdO 10 (101-102) 10 (101-102) 0 1
249867379 He-sdO 15 15 0 1
205247324 He-sdO 2 2 1 1
201640895 He-sdO 14 14 0 1
228960704 He-sdO 10 (101-102) 10 (101-102) 0 1

NOV in LC only 0 44
211602914 sd no data 5; 18 1
201150341 sdB no data 1 1
214958569 sdB no data 7 1
216775790 sdB no data 7 1
201236182 sdB no data 1 1
211720816 sdB no data 5; 16; 18 1
211594465 sdB no data 5; 18 1
248912731 sdB no data 14 1
201201339 sdB no data 1 1
201590024 sdB no data 1 1
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201698091 sdB no data 1 1
229021782 sdB no data 10 1
228682339 sdB no data 5; 16; 18 1
251457060 sdB no data 14 1
248783069 sdB no data 14 1
251410019 sdB no data 16 1
201424163  sdB+WD no data 1 1
228682347  sdB+WD no data 5 1
248783744  sdB+WD no data 14 1
211460944 sdB+WD ? no data 16 1
228796212 sdBO no data 10 1
211991114 sdBO+F/G no data 5; 18 1
211930840 He-sdB no data 16 1
201734164 sdOA no data 1 1
213545287 sdOB no data 7 1
201924421 sdOB no data 1 1
228682323 sdOB no data 5 1
212034957 sdOB no data 16 1
215669184 He-sdOB no data 7 1
201802867 He-sdOB no data 1 1
251383153 He-sdOB no data 16 1
229155531 He-sdOB no data 10 1
251357585 He-sdOB no data 16 1
213716821 sdO no data 7 1
214453765 sdO no data 7 1
231422890 sdO no data 11 1
201418759 sdO no data 1 1
201843731 sdO no data 1 1
211559083 sdO no data 16 1
216747137 sdO+dM no data 7 1
217750936  sdO+dM? no data 7 1
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246735349 He-sdO no data 13 1

216452306 He-sdO no data 7 1

228682365 He-sdO no data 5 1



Appendix B

List of K2 flags

0x00000001 Attitude tweak MUST BE REMOVED
0x00000002 Safe mode MUST BE REMOVED
0x00000004 Coarse point MUST BE REMOVED
0x00000008 Earth point MUST BE REMOVED
0x00000010 RW Zero crossing

0x00000020 RW Desaturation event MUST BE REMOVED
0x00000040 Argabrightening MUST BE REMOVED
0x00000080 Cosmic ray in aperture REMOVE IF CONSERVATIVE
0x00000100 Manual exclude MUST BE REMOVED
0x00000200 Unused

0x00000400 Sudden sensitivity dropout REMOVE IF CONSERVATIVE
0x00000800 Impulsive outlier DECIDED TO REMOVE IT
0x00001000 Argabrightening MUST BE REMOVED
0x00002000 Colateral cosmic ray REMOVE IF CONSERVATIVE
0x00004000 Detector anomaly MUST BE REMOVED
0x00008000 No fine point MUST BE REMOVED
0x00010000 No data MUST BE REMOVED
0x00020000 Rolling band in aperture

0x00040000 Rolling band in full mask

0x00080000 Possible thruster firing MUST BE REMOVED
0x00100000 Thruster firing MUST BE REMOVED
0x00200000 Unknown

0x00400000 Flagged in the raw K2 TPF

0x00800000 Data point is a NaN MUST BE REMOVED

0x01000000 Determined to be an outlier MUST BE REMOVED
0x02000000 Unused
0x04000000 Data point is during transit/eclipse
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EVEREST LIGHT CURVES

Appendix C

Lightcurves of the Tested Targets in
MATRIX

C.1 EVEREST light curves
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(a) EPIC 206535752’s light curve corrected by EVEREST

1.020

10154 !
1.010 -
1.0051

1.000

Neormalised Flux

0.995 4

0.990 4

0.985 4

0.980 T T T T T T T
2310 2315 2320 2325 2330 2335 2340

Time (days)

(b) EPIC 211727748’s light curve corrected by EVEREST

89



90

LIGHTCURVES OF THE TESTED TARGETS IN MATRIX
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K2SFF LIGHT CURVES
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(b) EPIC 211727748’s light curve corrected by K2sff
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(d) EPIC 201531672’s light curve corrected by K2sff
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