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Stellar activity characterisation of Ariel targets

Isabella Wizani, BSc

Abstract

The chromospheric activity of a star is triggered by its magnetic field. Stel-
lar activity is an important parameter in the observation of exoplanets. Strong
activity of the star can impact the habitability of the planet and the characteri-
sation of the planetary atmosphere (Danielski et al., 2022; Bellotti et al., 2024).
The determination of stellar activity is therefore important for the ARIEL mis-
sion, that will observe over a thousand exoplanets (Tinetti et al., 2018). In this
work, the activity of 127 F-G-K-M stars from the ARIEL target catalogue was
determined. For this purpose, the Mount-Wilson S-index and based on this, the
log Ri; values of the stars were calculated. The Mount-Wilson S-index uses a
ratio of the line fluxes in the Calcium II H and K lines over the fluxes of two
nearby continuum bands. The Calcium II H and K lines can show emission in
the cores of broad absorption wings. The strength of the emission is considered
an indicator of the activity of a star. The hotter stars in this work show higher
log Rjyi values than the cooler stars. However, the cooler stars also have a greater
scatter of log Ry values. The spectra were also manually sorted into two groups
based on an existence of an emission feature. Even though the analysed F-stars
have high log Ry values, they do not show any emission in the Calcium IT H
and K lines. In conclusion the high values are most likely caused by rotational
line broadening due to their fast rotations.






Zusammenfassung

Die chromosphérische Aktivitat eines Sternes wird durch dessen Magnetfeld
ausgelost. Sternaktivitit ist ein wichtiger Parameter bei der Beobachtung von
Exoplaneten. Starke Aktivitdt des Sterns kann die Habitabilitdt des Planeten
und die Charakterisierung der planetaren Atmosphére beeinflussen (Danielski
et al., 2022; Bellotti et al., 2024). Die Bestimmung der stellaren Aktivitét ist
dadurch fiir die ARIEL Mission, die iiber tausend Exoplaneten beobachten wird,
von Bedeutung (Tinetti et al., 2018). In dieser Arbeit wurde die Aktivitidt von
127 F-G-K-M Sternen des Input-Kataloges der ARIEL Mission bestimmt. Dazu
wurde der Mount-Wilson S-index und der darauf basierende log Ry Wert der
Sterne berechnet. Fiir den Mount-Wilson S-index wird ein Verhaltnis der Fliisse
der Calcium II H und K Linien zu den Fliissen zweier naheliegender Kontinu-
umsbander bestimmt. Die Calcium II H und K Linien kénnen eine Emission-
slinie in den Kernen der breiten Absorptionslinien aufweisen. Die Stérke der
Emission gilt dabei als Indikator fiir die Aktivitdt eines Sterns. Die heifleren
Sterne in dieser Arbeit weisen dabei hohere log Rj;x Werte auf, als die kithleren
Sterne. Allerdings weisen die kiihleren Sterne auch eine groflere Streuung der
log Rjyx Werte auf. Die Spektren wurden manuell in zwei Gruppen eingeteilt,
basierend auf der Existenz einer Emission. Obwohl die analysierten F-Sterne
hohere log Rpyc Werte aufweisen, zeigen sie in ihren Spektren keine sichtbare
Emission in den Calcium IT H und K Linien. Die hohen Werte werden wahrschein-
lich durch eine Rotationsverbreiterung der Linien erzeugt, die durch deren schnelle
Rotation ausgelost wird.
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Chapter 1

Stellar activity

1.1 Introduction

Since the first detection of an exoplanet by Mayor and Queloz (1995) over 5800! exoplanets
are confirmed today. Knowing the parameters of the host stars is crucial for the characteri-
sation of exoplanets (Brucalassi et al., 2022). Especially the activity of the star can affect the
characterisation of the planets atmosphere (Danielski et al., 2022). Strong magnetic activity
can put the planets habitability at risk, since it is connected to phenomena which can change
the chemical composition of the atmosphere (Bellotti et al., 2024). Magnetized stellar winds
are also responsible for an exoplanets atmospheric loss (Boro Saikia et al., 2023). Therefore,
knowledge about the activity of host stars is important so the effects caused by it can be
corrected (Tinetti et al., 2018). The term stellar activity is very general and covers a wide
range of phenomena that occur in the individual layers of the stellar atmosphere. This work
focuses on the chromospheric activity triggered by the magnetic field of the star.

1.2 Solar magnetic field and activity

The suns atmosphere is commonly divided into four layers. Starting from the outermost
layer, the layers are referred to as the corona, the transition region, the chromosphere and the
photosphere (Mariska, 1992). This work focuses on the magnetic field of the chromosphere.
As discussed in Carlsson et al. (2019) and Pietrow (2022), in the chromosphere the density
decreases exponentially with height. In the underlying photosphere the gas pressure usually
dominates over the magnetic pressure, at least outside of strong magnetic concentrations.
But due to the much lower density in the upper chromosphere, the gas pressure is no longer
dominant. Here the magnetic field defines the dynamics. Due to the decreasing gas pressure,
the magnetic field is able to spread horizontally, which means that at some height the entire
chromosphere is covered by the magnetic field, even at regions where the magnetic field in
the underlying photosphere is very weak (Carlsson et al., 2019).

The sun is the only star where the magnetic field can be studied with great spatial resolution

"https://exoplanetarchive.ipac.caltech.edu/
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Figure 1.1: Solar butterfly diagram. The sunspots appear approximately between a latitude
of 20° to 25° at the beginning of a cycle. Within the cycle they spread out more and they
also move closer to the equator (Hathaway, 2015). Image taken from Hathaway (2015) under
CC BY 4.0.

and nearly constant time coverage (Basri, 2021). To create a magnetic field, the star must
rotate, needs convection and a conducting fluid (Basri, 2021). The generation of the solar
magnetic field can be described by a a2 dynamo (Brun and Browning, 2017). The “a”-
effect, which describes a rising and twisting motion of the magnetic field lines (Engvold
et al., 2019). The “Q” effect causes a stretching of the magnetic field lines by differential
rotation (Brun and Browning, 2017). In general, the mean large-scale solar magnetic field
can be split into two components, the toroidal and the poloidal component (Schrijver and
Zwaan, 2000). The toroidal field is an east-west oriented field, whereas the poloidal field
lines emerge from one polar cap to the other (Babcock, 1961; Fan, 2009). The problem
within the dynamo theory is the change in polarity, or more precisely how a toroidal field is
generated from a pre-existing poloidal field, and vice versa (Charbonneau, 2010). The af2
dynamo uses the “a” effect to create a poloidal field and the “Q2” effect to create the toroidal
field (Engvold et al., 2019). Certainly, the sun was the first star for which a magnetic field
could be observed, but it surely isn’t an exception.

The dynamo process leads to the magnetic solar cycle. In 1908, George Hale first detected
the solar magnetic field when he observed Zeeman splitting in spectral lines of sunspots
(Hale, 1908). A few years later, in 1919, he also discovered that sunspots in the northern
hemisphere have an opposite polarization to the ones on the southern hemisphere and that
the polarities change after a sunspot-minimum (Hale et al., 1919). This happens every 11
years and the so-called “Hale-cycle” consists of two sunspot cycles and is therefore 22 years
long (Gil and Mursula, 2017). Apart from that, the minimum and maximum of sunspots also
follow an average cycle of 11 years (Basri, 2021). By using a so-called “butterfly diagram”,
which can be seen in Figure 1.1, it becomes clear that the spots are not randomly distributed
over the solar surface, but rather appear at two mid-latitude bands, approximately 20° - 25°,
at the beginning of a cycle. As the cycle continues, the bands are getting wider and move
towards the solar equator. Additionally, the solar polar fields are linked to the sunspot cycle,
but are out of phase. The polar field’s strength reaches its maximum, when the number of
spots is at a minimum, and they reverse their polarity when the number of spots is at a
maximum (Hathaway, 2015).

On the sun, different phenomena caused by the magnetic field over a solar cycle can directly
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be seen. Regions where the average magnetic field is stronger than in the quiet sun are
called “active regions” (Carlsson et al., 2019). These active regions are for example sunspots,
faculae, plages or flares (Basri, 2021).

The continuous record of sunspots began around 1849, even though general observations
have been made earlier, and it is the oldest indicator of solar activity (Ferreira et al., 2024).
Sunspots appear as darker and cooler spots with the strongest magnetic fields. They are
surrounded by the so-called penumbra, a lighter radially extending structure, while the even
darker core is called the umbra (Pietrow, 2022). They are created when magnetic lines
intersect the photosphere and suppress the convective plasma, causing the energy transport
to be restrained (Johnson, 2024). An example of a sunspot in the photosphere can be seen
in the upper left panel of Figure 1.2 (Hall, 2008).

Active regions do not necessarily have to be darker than their surroundings. Faculae for
example are brighter regions and can usually be seen near the limb (Hall, 2008). They are
surrounding the sunspots and cause an even greater change in brightness, so that the sun
appears brightest when there is a maximum number of spots (Johnson, 2024).

The chromospheric counterparts of faculae are the so-called plages (Hall, 2008). As discussed
in Carlsson et al. (2019), they appear at the footpoints of most coronal loops and are the
brightest regions of the chromosphere. They are even relevant for the upper atmosphere of
Earth, since they are an important contribution to the UV emission of the star. Furthermore,
plages induce flux variations in the emission cores of the Calcium II H and K lines, that are of
interest in this work (Berdyugina, 2005). In the upper right panel of Figure 1.2 an example
of a plage can be seen. It shows the same area at the same time as the top left panel, but
now in the chromosphere instead of the photosphere (Hall, 2008).

If energy in the stellar atmosphere gets suddenly released it is called a “flare” (Engvold
et al., 2019). From time to time, magnetic field lines need to reconnect into a simpler
form in order to get rid of a stressed configuration and by doing so, energy gets released
(Basri, 2021). With accelerated particles the energy gets carried back to the chromosphere or
further into interplanetary space. Another phenomena, that sometimes occurs together with
flares are coronal mass ejections (CMEs) (Benz and Giidel, 2010). They are massive solar
plasma ejections due to disruptions of coronal loops. CMEs can cause losses of planetary
atmospheres and are responsible for the Earths aurorae. Flares and CMEs are both energetic
events (Basri, 2021). The magnetic energy in the corona is linked to the magnetic fields in
the photosphere, therefore flares occur above or near photospheric active regions (Benz and
Giidel, 2010). In the bottom panel of Figure 1.2 an example of a flare can be seen. The flare
took place two days after the images of the top panels were taken (Hall, 2008).

For other stars the observations of the magnetic field is not as easy due to the lack of spatial
and temporal resolution (Basri, 2021). Therefore, other techniques need to be used, for
example the study of chromospheric activity by observing the Calcium IT H and K lines,
which is discussed in this work.
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Figure 1.2: Top left: An example of a sunspot in the photosphere can be seen. They appear
as dark, cool spots. Top right: It shows the same are at the same time as the top left panel,
but the chromosphere instead of the photosphere. Here the plages which typically lie under
sunspots can be seen. Bottom panel: the image shows a flare, which took place two days
after the images of the upper panels were taken (Hall, 2008). This Figure was taken from
Hall (2008) under CC BY 4.0.

1.3 Stellar magnetic fields and activity

Studying the sun is important to understand different phenomena of stellar activity and
the sun is for sure the best studied star. However, it is a star with particular parameters
and only acts as one specific example. It is therefore important to study a variety of stars
with different parameters to understand stellar activity as a whole (Hall, 2008; Basri, 2021).
Stellar activity is also important for exoplanets, since the planets habitability can be at
risk due to strong stellar activity and the exoplanets atmosphere can experience mass loss
caused by magnetized stellar winds (Boro Saikia et al., 2023; Bellotti et al., 2024). For stars
other than the sun, high-resolution observation or direct images of phenomena caused by
activity are not available, so different approaches, like the formation of emission lines in the
chromosphere, can be used (Hall, 2008; Basri, 2021).

1.3.1 Spectral lines in the chromosphere

In general an absorption line is formed when an electron gets excited into a higher energy
level. This happens when the energy of a photon corresponds to the energy difference between
the current energy level of the electron and a higher one. The photon gets absorbed, which
results in less flux at the wavelength corresponding to the energy of the photon. This
localised lack of flux can be observed as an absorption line. If an electron is already at a
higher energy level and falls back to a lower energy level, then the corresponding energy gets
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released as a photon, resulting in an increase in flux at the corresponding wavelength, which
in turn creates an emission line (Weigert, 2009; Hanslmeier, 2020).

As discussed in Hall (2008) and Linsky (2017), there are different ways in which a spectral
line can be created, such as radiative or collisional processes. In sun-like chromospheres the
dominating process for ionized metals is the collisional one, since it is linked to the local
electron temperature. There are a few lines that arise as absorption lines in the photosphere,
but also have a emission feature in their line cores, which originates in the chromosphere
(Hall, 2008; Linsky, 2017). This is because the temperature drops in the photosphere,
but rises again when it crosses the chromosphere, resulting in an emission feature of high-
temperature ionized elements (Carlsson et al., 2019). This can for example be seen in the
Ca IT H and K lines or in the Mg h and k lines (Linsky, 2017).

1.3.2 Calcium lines

The Ca IT H and K lines lie at 3968 A and 3934 A respectively (Baliunas et al., 1995). These
lines show an emission feature in the cores of very broad absorption wings (Linsky, 2017).
This spectral feature was also observed in stars other than the sun first by Eberhard and
Schwarzschild (1913). At the center of the emission line is again an absorption feature,
which gives them their distinctive M-shape (Engvold et al., 2019). The name Ca II already
makes it clear that these lines occur from single ionized calcium atoms, which is the dominant
ionisation stage in the chromosphere up to about 13000 K (Hall, 2008; Carlsson et al., 2019).
The line core center is formed high in the chromosphere, whereas the emission peak arises
slightly below (Linsky, 2017). The strength of the emission features correlates with the
activity level of a star. For regions with only low activity the emission lines are weak. In
cases of a very quiet region, they may not even be observable. In contrast, in very active
regions the lines can even exceed the local continuum (Linsky, 2017; Loaiza-Tacuri et al.,
2024). They reflect the non-thermal heating of the chromosphere (Astudillo-Defru et al.,
2017).

Since the Ca IT H and K lines lie in the blue part of the optical wavelength range, it makes
them accessible for ground-based observations (Pietrow, 2022). Due to the relatively short
wavelength, a high diffraction-limited spatial resolution can be achieved. However, the low
number of photons emitted by late-type stars around this wavelength also leads to a rather
small signal-to-noise ratio (Carlsson et al., 2019). The Ca II H and K lines are also the
spectral lines that were used in this work, to determine the chromospheric activity of a
sample of stars (for further information see Section 1.4 and Chapter 3).

The Ca II IR triplet is also a popular indicator of chromospheric activity. Especially the
line at 8542 A is quite sensitive to the magnetic field (Carlsson et al., 2019). The opacity of
the line is more temperature-dependent than the Ca II H and K lines, therefore it is a good
indicator of the local temperature (Pietrow, 2022).

1.3.3 Magnesium lines

The Mg II h and k lines are also used as chromospheric diagnostic lines. They lie at 2803 A
and 2796 A respectively and are correspondingly in the ultraviolet, which makes them un-
suitable for ground-based observations (Carlsson et al., 2019; Pietrow, 2022). Like the Ca II
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H and K lines, they consist of an emission peak within an absorption feature. Their emission
would even be brighter since the background photosphere is weaker in the UV than in the
optical (Linsky, 2017). Magnesium is also 15 times more abundant, which makes the lines
more opaque compared to the Ca IT H and K lines (Hall, 2008).

1.3.4 Hydrogen lines

The Ho line at 6562.8 A is also often used as a diagnostic line for chromospheres (Linsky,
2017). Especially for late type stars, the position of this line is an advantage compared to the
Ca IT H and K lines, due to their black body energy distribution (Pasquini and Pallavicini,
1991). It is very temperature dependent and displays a very large thermal broadening, so
that the line width works as a temperature diagnostic (Carlsson et al., 2019). With an
increase in temperature the Ha line first shows deep absorption feature, but then fills to
a more shallow absorption line, which can even result in an emission feature. This makes
an interpretation of the absorption depth difficult (Linsky, 2017). Nevertheless, especially
for M dwarfs, the line has some advantages. For instance, the continuum is much stronger
compared to the Ca II H and K lines, and since there is no photospheric absorption it can
be used without the need to subtract a photospheric contribution (Johnson, 2024).

1.4 The Mount Wilson survey of stellar chromospheric
activity

As mentioned in Section 1.3.2, for this work the Calcium II H and K lines were used to
determine the chromospheric activity of stars. Those specific lines were chosen because
they form the foundation of the popular Mount Wilson survey. This survey is a commonly
used catalogue of chromospheric activity. It was started by O.C. Wilson in March 1966 and
contains measurements of numerous stars, which were observed over decades (Baliunas et al.,
1995). The original idea behind the survey conducted by Wilson (1968, 1978) was to uncover
potential chromospheric variability similar to the well-known solar cycle. The connection
between the solar cycle and the number of sunspots was already known at that time, but
since the change in luminosity between a minimum and a maximum of sunspots is rather
small, a pure observation of a change in brightness would have been quite difficult. Therefore
a different observing method needed to be carried out instead. Since the magnetic field is
reflected by the strength of the Calcium II H and K lines, as already mentioned in Section
1.3.2, O.C. Wilson decided to use those lines as a proxy for the magnetic field (Wilson,
1968). More precisely, the survey determined the flux ratio of the Ca II H and K lines to
two areas in the continuum on both sides of the lines. The observations were carried out at
the Mount Wilson Observatory, thus the calculated value is therefore called Mount Wilson
S-index (Sywo). The identical names of O.C. Wilson and the Mount Wilson Observatory
is pure coincidence (Wilson, 1968; Duncan et al., 1991; Baliunas et al., 1995).

As discussed by Vaughan et al. (1978) and Duncan et al. (1991), the survey was originally
carried out using the 2.5m telescope at the Mount Wilson Observatory in 1966. After 11
years, in April 1977, they got an improved instrument for the 1.5m telescope, which they
used from then on. The channels of the continuum bands were centered at 4001.07 A for the
so called R-band and at 3901.07 A for the so called V-band and are 20 A wide each. The
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1.09 A. The sketch compares the spectral line of a quiet sun without emission to the spectral
line of a more active star with an emission feature triggered by a plage. Also very clearly
to see is the photospheric contributions, which needs to be subtracted. Sketch taken from
Hartmann et al. (1984).
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channels for the Ca II H and K lines were centered at the line cores. The entrance and
the exit slit were 1 A wide, which lead to a triangular instrumental profile with a FWHM
of 1.09A. Figure 1.3 shows a sketch of the resulting triangular instrumental profile over
the Ca K line, as seen by Hartmann et al. (1984). It compares the spectral line of a quiet
sun with no emission at all to an active one with an emission feature triggered by a plage.
The typical core absorption can also be seen. The sketch also shows the problematic of
the photospheric contribution. The Mount-Wilson survey resulted in observations of over a

thousand stars.

Nevertheless, the Syiwo has one disadvantage. The fluxes of the continuum bands are not
the same for all spectral types, which means the Syrwo value is inherently colour dependent.
Therefore, stars of different spectral types are not comparable. This problem was later
solved by Noyes et al. (1984) and Hartmann et al. (1984). They established a value called
the Rjji. This is a continuation of the Syrwo, which contains a correction for the influence
of the colour-dependence of the S-index. By this, stars of different spectral classes are now
comparable with each other. They also subtracted the photospheric contribution, so that
indeed only the chromospheric activity remains (Noyes et al., 1984; Hartmann et al., 1984;
Marvin et al., 2023).

1.5 The Ariel space mission

The goal of this work is to analyse the stellar activity of a specific sample of stars. Those
stars are part of the target catalogue of the Atmospheric Remote-sensing Infrared Exoplanet



18 CHAPTER 1. STELLAR ACTIVITY

Large-survey (ARIEL), which will be the next medium-class science mission, M4, of the
European Space Agency. After the launch in 2029 Ariel will observe exoplanets and their host
stars from the Lagrange point L2 (Tinetti et al., 2018; Magrini et al., 2022). Its focus lies in
the observation of exoplanet atmospheres and determination of their chemical compositions.
By studying about 1000 exoplanets of all types, Ariel will answer fundamental questions in
the research area of exoplanets, e.g. what different planets are made of and how planets
and their systems form or how their atmospheres evolve over time (Danielski et al., 2022).
The main observing methods are transit, eclipse and phase-curved spectroscopy, while the
spectra of the host stars and planets will be analysed in and out of transits. The signal of the
planetary atmosphere can be as small as 10-100ppm relative to the star (Brucalassi et al.,
2022). To achieve this, Ariel has to have knowledge not only about planetary parameters, but
also about the stellar parameters. The spectrum of the host star needs to be as well known
as the wanted signal of the planet to avoid misinterpreted results regarding the exoplanet,
due to intrinsic stellar variations, e.g. triggered by the stellar magnetic field.

An exoplanet cannot be observed, without thinking about its star. Therefore obtaining
an exact understanding of the stars parameters even before the launch of Ariel is crucial
(Danielski et al., 2022; Brucalassi et al., 2022). Especially the activity level of the stars
is important, since it is one of the greatest noise source, when it comes to observations of
exoplanets and it can affect the planetary atmosphere characterisation. By knowing the
intensity of the activity of the star, the influence on the Ariel observations can be evaluated
(Danielski et al., 2022).

This work is organised as follows: in Chapter 2 the analysed archival data together with
their observing telescopes are described. In Chapter 3 the method used, to determine the
chromospheric activity is explained in detail. In Chapter 4 the results are presented as well
as discussed and compared to already existing literature. In Chapter 5 a short conclusion of
the work is presented.



Chapter 2

Data collection and analysis

This project used archival data collected by three high-resolution spectrographs, as discussed
below. The sample consists a total of 127 stars and it contains one star of spectral type A, 46
F-type stars, 42 G-type stars, 33 K-type stars and 5 M-type stars. The sample was provided

by the Ariel science consortium?.

2.1 Observation

2.1.1 HARPS

Sixty-three stars, were observed with the High-Accuracy Radial velocity Planetary Searcher
(HARPS). It is an echelle spectrograph operated by the European Southern Observatory
(ESO). It is located at the 3.6m telescope in La Silla, Chile and was established in 2003.
It covers a wavelength range of 3800 to 6900 A, with a spectral resolution of R = 115000,
producing extracted and wavelength calibrated high-resolution spectra of stars. HARPS is
designed to search for extrasolar planets and to estimate their radial velocity up to about
1m/s (Mayor et al., 2003).

2.1.2 HARPS-N

Forty-seven stars of the analysed sample were observed with the High-Accuracy Radial ve-
locity Planetary Searcher - North (HARPS-N), which is the northern equivalent to HARPS.
It is a collaboration of a few observatories with the Astronomical Observatory of the Geneva
University as the lead. HARPS-N is based at the 3.6 m Telescopio Nazionale Galileo (TNG)
at the Roque de los Muchachos Observatory at La Palma, Canary Islands. Like its predeces-
sor, HARPS-N is a fiber-fed, cross-dispersed echelle spectrograph, covering the same spectral

!Taken from ESO (with UVES during P105, P106) and at the TNG (with HARPS-N during A41, A42).
Based on observations collected at the European Southern Observatory under ESO programmes 105.20P2.001,
106.21QS.001; at the Italian Telescopio Nazionale Galileo (TNG) under programmes AOT41_TAC25 and
AOT42_TAC20. T acknowledge the use of the archival data from the following ESO programs: 093.C-0417,
094.C-0428, 095.C-0367, 096.C-0417, 097.C-0571, 098.C-0292, 099.C-0374, 0101.C-0407, 099.C-0491, 0100.C-
0487, 098.C-0820, 099.C-0303, 0100.C-0474, 0101.C-0497, 097.C-0948, 098.C-0860, 0100.C-0808, 0101.C-0829,
074.C-0364, 60.A-9700(G), 198.C-0169, 096.C-0657, 0102.C- 0618, 0102.C-0319, 191.C-0873.
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range from 3800 to 6900 A. Also achieving an average spectral resolution of R = 115000, it
is designed for the confirmation and characterisation of exoplanets, likewise focusing on the
search of terrestrial planets in the habitable zone (Cosentino et al., 2012).

2.1.3 UVES

The remaining 24 stars of the analysed sample were observed with the Ultraviolet and
Visual Echelle Spectrograph (UVES). It is installed at the Very Large Telescope (VLT) at
the Paranal Observatory from ESO in Chile. It is attached to the second 8.2m telescope
(UT2 or “Kueyen”?). UVES is a cross-dispersion, echelle-spectrograph containing a red and
a blue arm. The blue arm, which is needed for this work, covers a wavelength range of
3000 to 5000 A, with a maximum spectral resolution of approximately R = 80000. UVES
is not specifically designed for the search or characterisation of exoplanets like HARPS and
HARPS-N, but rather for spectroscopic observations in general considering different object
types (Dekker et al., 2000; D’Odorico et al., 2000).

2.1.4 The spectra

Some of the spectra were already co-added from multiple observations other consists of only
one single observation. As a result, the signal-to-noise ratios (SNR) varies highly from star
to star and some SNR values are not even known, since the value is not mentioned in the
header of the datafile. This has implications on the precision of any resulting calculations.
In Figure 2.1, two spectra with very different SNR values are shown. The upper panel has a
SNR. of approximately 1000, representing a very high value within the sample, whereas the
bottom panel has a value of around 30, where the Ca II H and K absorption features are
visible, but smaller lines disappear in the noise.

The important spectral feature for this work are the emission lines in the Ca II H and K
lines (see Chapter 3.1). The strength of these emissions correlates with the chromospheric
activity of its star (see Chapter 1.3.2). An example of a very strong emission feature and
therefore quite active star can be seen in the upper panel of Figure 2.2. This star is GJ143,
a K-type star observed with the HARPS instrument. In this case the emission line is even
slightly exceeding the continuum nearby. In comparison to this quite active star, a spectrum
with no emission can also be seen in the Figure 2.2, but in the bottom panel. It is the
spectrum of star HD39091, a G-type star also observed with the HARPS instrument. A
comparison between the two panels in Figure 2.2 clearly shows the difference between stars
with high and low activity levels.

To measure the emission and thus the activity, a total of four passbands are needed as
described in Chapter 1.4 and 3.1. Two of them are rectangular passbands on the left and
right side of the Ca II H and K lines, which measure the local continuum flux. The other
two are triangular shaped and lie directly on the calcium lines. An example of the four
passbands can be seen in Figure 2.3, where they are shown in red.

’https://www.eso.org/public/teles-instr/paranal-observatory/vlt/vlt-names/
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Figure 2.1: The upper panel shows a spectrum with a relatively high signal-to-noise ratio.
Individual absorption lines are clearly visible and can be easily identified. The spectrum of
the lower panel however, has a relatively low signal-to-noise ratio. The entire spectrum is
strongly influenced by noise. Individual spectral lines are quite difficult to distinguish.
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Figure 2.2: The upper panel shows the spectrum of GJ143, a very active K-type star. The
emission features of the Ca II H and K lines can be seen very prominently, which indicates
a strong chromospheric activity. For comparison, the lower panel shows a spectrum of the
G-type star HD39091 with a very low activity and no observable emission of the Ca II H
and K lines.
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Figure 2.3: The red “V” and “R” areas are the rectangular continuum passbands, which are
needed to measure the continuum flux in order to calculate the Mount-Wilson S-index (see
Chapter 1.4 and 3). The emission of the Ca II H and K lines are measured using a triangular
passband, also marked in red and labelled with the respective letter.

2.1.5 Luminosity classes

It is important to know if the analysed stars are main-sequence stars or if they belong to
a different luminosity class. Magnetic fields of giants are generated differently, therefore
they are not comparable to main-sequence stars (Basri, 2021). The luminosity class was
determined using the surface gravity. As listed in Gray (2008), dwarf stars with spectral
types between F to M cover a surface gravity (logg) range of about 4.22 to 4.81. The sun
lies right in the middle of this interval with a log g value of 4.438. In Figure 2.4 a comparison
between the surface gravity log g and effective temperature is shown. It is clearly noticeable
that most stars of the sample are dwarfs, with very few exceptions of (sub)giants with log g
of 3 to 3.75.

2.1.6 Orbital parameters

Additionally, the current positions of the stars in the Milky Way and their galactic orbital pa-
rameters were analysed. In the upper panel of Figure 2.5 the positions of the stars compared
to the Sun can be seen. The plot represents an edge-on view, where the x-axis represents
the distance from the galactic center and the y-axis the distance from the galactic plane.
The Sun is marked with a ® symbol. The colour of the dots represents the activity level
log R}y, where yellow indicates a higher activity and purple a lower activity level. The more
active stars tend to be closer to the sun. In the lower panel of Figure 2.5, a face-on view of
the same data can be seen in a polar plot centered on the galactic center. Again, the more
active stars are still closer to the Sun. This also confirms that all stars of the sample are
indeed part of the solar neighbourhood.
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Figure 2.4: Effective temperature (x-axis) vs. surface gravity (logg) (y-axis). The majority
of the stars in the sample are on the main sequence, the few ones in the lower half of the
plot are (sub)giants.

Furthermore, the galactic orbits of the stars were estimated from their current positions.
The required proper motion data was taken from the Gaia DR3 (Gaia Collaboration et al.,
2016a, 2023a; Babusiaux et al., 2023a) and the distances from Bailer-Jones et al. (2021). The
computation itself was performed using the Python package “Gala”(Price-Whelan, 2017;
Price-Whelan et al., 2020). For the gravitational potential of the Milky Way the default one
from Bovy (2015), was used. The orbits were integrated for a period of 2 Gyr using a 1 Myr
step size. For each star, a random sample of 128 variations was drawn from the initial set
of parameters, assuming a normal distribution of each parameter with a standard deviation
corresponding to its uncertainty (1o interval). The final orbital parameters obtained from
those samples were then again assumed to be normally distributed and a simple skewnormal
fit was used to estimate the best-fit value and lo-uncertainty for each parameter. For a
handful of the stars, determination of the orbits were not possible.

All stars have quite circular and pretty flat orbits. An example can be seen in Figure 2.6.
The left panel shows the orbit face-on and the right panel shows an edge-on view. All of the
stars can be considered disk stars, since their distances from the galactic plane don’t even
exceed 2.5kpc (Jurié et al., 2008).

In the left panel of Figure 2.7, a histogram of the maximum vertical distances from the
galactic plane can be seen. It clearly shows that most stars of the sample reach a maximum
height of 0.5kpc. The middle panel of Figure 2.7 shows two histograms in one: The blue
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Figure 2.5: Both panels show the positions of the stars in the Milky Way with galactocentric
coordinates. The upper panel gives an edge-on view and the lower panel a face-on view. All
stars can be considered to be in the solar neighbourhood.
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Figure 2.6: The figure shows an example of a computed orbit of one of the stars.

one describes the apocenter of the orbits and it can be seen that most of the stars do not
go further out than 10kpc and only very few stars reach a greater distance to the galactic
center than 15kpc. The orange histogram shows the pericenter of the orbits. Only a few
stars are actually closer than 5 kpc to the center and the majority lies at a similar distance as
the Sun. This means that together with the apocenter, the orbits are not only circular, but
also have minimal radial variation. The right panel in Figure 2.7 shows another histogram,
with the eccentricities of the orbits. Unsurprisingly, almost all stars have a low eccentricity
of smaller than 0.2, corresponding to a very circular orbit. The exact values of all orbital
parameters are listed in Table A.1.

2.1.7 Solar analogues

A second sample of stars was analysed separately. The sample consists of 18 solar-analogue
stars, which are very similar in most parameters, for example their effective temperatures
lie between the range of 5710 K and 6030 K (for more details see Beck et al. (2017)). The
stars were observed using the Hermes spectrograph located at the 1.2 m Mercator telescope
from the Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrofisica de
Canarias (Raskin et al., 2011). The data was taken from an observing program by Beck et al.
(2016, 2017) and Salabert et al. (2016a,b), which was later continued for a larger sample,
where these stars were continued to be observed to obtain a higher signal-to-noise. The data
was provided via private communication.

2.2 Calibration

In order to calculate the Mount Wilson S-index (see Section 1.4 and Chapter3 for further
information) with telescopes other than the Mount Wilson Observatory, a calibration should
be applied. To calibrate the different instruments I used standard stars that are common
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Figure 2.7: The left panel shows a histogram with the maximum vertical distances from the
galactic plane. All stars are part of the galactic disc. The middle panel shows two histograms,
the blue one indicates the apocenter of the orbits and the orange one the pericenter. The
right panel shows a histogram of the orbital eccentricities, which clearly shows that most
stars have a very circular orbit.

between the different instruments. Table 2.1 shows the standard stars used for the calibra-
tion.

For the HARPS? and HARPS-N* instruments, 7 stars each were used for the calibration.
They were downloaded directly from the respective archives. However, UVES did not have
enough stars with publicly available observation data to create a reliable calibration. This is
probably also due to the fact that the VLT, where UVES is based, is located in the southern
hemisphere, unlike the Mount-Wilson Observatory. An overlap of stars observed with both
telescopes is therefore rather small, only two stars were found after an extensive matching
of the public data archives, which is too little for a calibration. To solve this problem, the
HARPS calibration was used to calculate the Mount-Wilson-values for 6 individual stars,
which were observed with both HARPS and UVES. The values obtained with the HARPS
calibration were then used to calibrate UVES. The spectra of these stars were downloaded
from the HARPS and UVES archives®. These 6 stars and their spectral types can also
be found in Table 2.1. The results of the calibration and the calculated values for each
individual star are discussed in Chapter 4.

For the data of the solar analogues (see Section 2.1.7) no calibration was needed and therefore
no Suywovalues were determined, since these stars were only compared within their sample.
This is only possible because they were all observed with the same instrument on the same

SHARPS archive: http://archive.eso.org/eso/eso_archive_main.html
AHARPS-N archive: http://archives.ia2.inaf.it/tng/
SUVES archive: http://archive.eso.org/eso/eso_archive_main.html
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Table 2.1: The stars and their spectral type, that were used for the calibrations, separated

by instrument.

HARPS-N  Spectral type | HARPS  Spectral type UVES Spectral type
HD10700 G8V! HD10700 G8V! HD39194 Kov+4
HD16160 K3V! HD16160 K3v! HD46375 G9V*
HD115404 K2Vv? HD23249 KoIv?! HD73256 G8IV-V4
HD120136 F7IV-V3 HD152391 G8.5V4 HD75289 Fov+4
HD14100 Gov! HD160346 K3V! HD140538 G2.5V!
HD182572 G7IV! HD216385 F6V° HD193901 F7V7
HD217014 G21V! HD219834 G8.5IV4

References for spectral types:
Keenan and McNeil (1989)
White et al. (2007)

Gray et al. (2001)

Gray et al. (2006)

Gray et al. (2003)

Grieves et al. (2018)

Houk and Smith-Moore (1988)

NSOtk W

telescope. Without a calibration this sample cannot be compared to a different sample of
stars. Since their parameters are very similar, a temperature dependence does not lead to a

misinterpretation of the compared values.
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Chapter 3

Methods

In this chapter, the method used to determine the chromospheric activity of the stars is
explained in more detail.

3.1 The Mount Wilson S-index

The Syvwo, as already mentioned in Chapter 1, is a spectroscopic parameter derived from
the Calcium H and K lines, which are located at wavelengths of 3968.47 A and 3933.664 A
respectively (Baliunas et al., 1995). The fluxes of these lines are put into relation with two
nearby continuum bands, one at the red side and one at the blue side of the spectrum. This
leads to the following formula, described by Vaughan et al. (1978) and later by Duncan et al.
(1991):

Ny + Nk

S=o-
NRr + Ny

(3.1)

Ny, Nk, Nr and Ny are the respective number of counts in the H- and K-bands and
the continuum bands in the redder and more violet region of the spectrum. The corre-
sponding areas of those continuum bands are each 20 A wide and cover wavelengths from
3991.07 to 4011.07 A on the red side and from 3891.07 to 3911.07 A on the violet side of the
spectrum (Duncan et al., 1991). « is a proportionality constant, which was originally mea-
sured individually for every night from the standard stars used by (Vaughan et al., 1978).
Later, a fixed value of a = 2.4 was determined from many observations. Its purpose was to
get a consistent conversion from the first to the second detector used on the Mount Wilson
Observatory (Duncan et al., 1991). O. C. Wilson used a photomultiplier for his original
observations, which had an 8-times longer exposure time in the H and K bands compared to
the nearby continuum bands. Since modern observations are based on spectrographs which
have an equal exposure time throughout the whole spectrum, this factor 8 now needs to be
taken into account separately, which changes the formula 3.1 to the following (Duncan et al.,
1991; Astudillo-Defru et al., 2017):
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Ny + Nk

§—8.q. HTK
@ Nr + Ny

(3.2)

It is important to note, that the equations 3.1 or 3.2 do not provide the wanted Mount-
Wilson S-index, but just an S-index. If the observation was not taken with the Mount
Wilson observatory, but with a different telescope, the values need to be calibrated to get
a comparable Sywo value. This calibration is a simple linear fit, as seen for example in
Lovis et al. (2011). As already mentioned in Chapter 2, observations from three different
instruments on different telescopes are used in this work, therefore an individual calibration
is necessary for each instrument. The calibrations can be found in Chapter 4.

The Smwo however, has one great disadvantage when it comes to comparing different types
of stars. Since the calculation uses two continuum bands of the spectra, the values depend on
the spectral types of the stars. This is because the fluxes in the continuum bands are not the
same for different spectral classes. For later-type stars, the maximum flux shifts more towards
the longer wavelengths, while the flux in the R and V bands decreases correspondingly. This
leads to a smaller Sywo value for a typical F or G star compared to a typical K star.
Furthermore, a K-type star might in general be more active than a younger-type star, which
makes a comparison of different spectral types even more difficult (Marvin et al., 2023; Boro
Saikia et al., 2018).

3.2 Colour-independence

To account for the colour-dependence, a new quantity, Rf, was introduced by Middelkoop
(1982a) and Noyes et al. (1984). Instead of using the number of counts in the H- and K-
bands, Middelkoop (1982a) uses the total fluxes, by neglecting wavelength dependent factors
within the conversion, thus writing:

S(Fr + Fv)
a

FH + Fk = (3.3)

Here, %y, %k, #r and vy are the total fluxes per unit area of the stellar surface, of the
continuum band and the H and K bands, respectively. For the total fluxes in the continuum
bands the following applies:

B(Nr + Ny)FroL
fBoOL

TR+ Fyv = (3.4)

Since no instrumental variation and a constant extinction is assumed, § is an unspecified
constant (Rutten, 1984). Fpor, and fpor, indicate the absolute and apparent bolometric flux
respectively. They are also known as:

FgoL = 0Tk (3.5)
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fBOL _ ,}/10—0.4(mv+BC) (36)

Where equation 3.5 resembles the Stefan-Boltzmann-law (Weigert, 2009) and fgor, was taken
from Middelkoop (1982b). The constant ¢ is the Stefan-Boltzmann-constant (Weigert, 2009)
and 7 is the irradiance corresponding to the zero point of the apparent bolometric magnitude,
given by Mamajek et al. (2015) as 2.518-1078 W/m?2. The value my is the apparent magni-
tude in the visual and BC' is the bolometric correction. T, labels the effective temperature
of the star. Inserting equation 3.5 and 3.6 into equation 3.4 results in:

B(Ng + Nv)oTi
IR+ Fv = - 10~ 040y +BC) (3.7)

By now combining equation 3.7 with equation 3.3 it leads to:

B(Nr + Nv)o T
Iu+Fx=S5 71070‘4(mv+35 (3.8)
Defining a conversion factor Ces as:
Ccf — (NR + NV)1004(mv+BC) (39)
and rearranging equation 3.8, the final equation by Middelkoop (1982a) reads as follows:
(Fu + Fx)ay (Nr + Nv) 4 4 1014
Fyk = Fg + Fx = 3o = 510—0.4(mv+BC) Tg = SCCfTeHIO (3.10)

The factor 107 does not appear in the publication by Middelkoop (1982a), but he intro-
duced it in his PhD thesis as “arbitrarily chosen to provide nice numbers”! Middelkoop
(1982D).

The empirical colour-dependent conversion factor C¢r was determined by Middelkoop (1982a)
using the following fit:

log Cer = 1.13(B — V)? = 3.91(B — V)? + 2.84(B — V) — 0.47 (3.11)

which is suitable for stars in the range of 0.45 < (B — V) < 1.5.

(Middelkoop, 1982a) and Noyes et al. (1984) later introduced a value called Rpx. It is a
physical quantity and it describes the emission of the H and K lines (Hartmann et al., 1984).
It is defined as:

IThis was directly quoted from Middelkoop (1982b), who does not provide any further explanation why
this number was chosen.
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Figure 3.1: Peaks of the blackbody radiation of a G type star and a M type star differ in
wavelength. This is especially crucial for the S-index calibration of M-stars since their stellar
flux is very weak in the region around the Ca II H and K lines. Therefore the S-index is not
suitable when it comes to a comparison between different spectral types of stars. The image
was taken from Marvin et al. (2023) under CC By 4.0.

Fuk
R = — 3.12
= ord (3.12)

Where Fjk is the total flux of the H and K bands per em?. Since only the counts in the
bands are measured, Noyes et al. (1984) used equation 3.10, a conversion factor K and o as
the Stefan-Boltzmann-constant in CGS units, to end up with the equation:

Ruk = 1.34-1074SC (3.13)

The conversion factor Ct only depends on the colour index (B — V') of each star. However,
the colour index is affected by extinction (reddening) and also not suitable for cooler stars,
especially M-stars, which lie outside of the valid (B — V') range. This is because the peak
of their blackbody radiation is shifted too far to the red side of their spectrum, so that
there is only little to no flux in the B-band. This can be seen in Figure 3.1 (Marvin et al.,
2023). However, the colour of a star is directly related to its effective temperature (Tug)
and the estimation of T,g is nowadays based on high-resolution spectroscopy, which makes
it independent of extinction (Afsar et al., 2023).
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Marvin et al. (2023) developed a method, which only depends on the effective temperature
of a star instead of its colour index. Using equation 3.3 and combining it with equation 3.10,
including the conversion factor K to convert it in absolute units and solving for C¢, results
in:

F

Cot = 4.8676 - 10° 1Y
T

eff

(3.14)

To eliminate %Ry, Marvin et al. (2023) made a fit, which includes different values of metal-
licity and surface gravity. This results in:

log Cef = —2.9679 + 2.6864 - 10 2Ty — 1.0268 - 107 °T%; + 1.9866 - 10T 5%

3.15
—1.9017 - 10~ BT + 7.1548 - 1071875 (3.15)

Now Rpgk can be calculated using the equations 3.13 and 3.15.

3.3 Photospheric Contribution

By measuring the Sywo and therefore the Ryk only the chromospheric emission is wanted,
but the measurement will always contain some photospheric flux as well. This varies for
different spectral types. In order to only measure the chromospheric activity, the photo-
spheric contribution needs to be subtracted (Noyes et al., 1984). Originally, Noyes et al.
(1984) determined empirically a correction of the photospheric contribution depending on
the colour index (B —V):

log Rypot = —4.898 +1.918(B — V)* - 2.893(B - V)? (3.16)

Equation 3.16 is suitable for 0.44 < (B—V) < 0.82. Like in Section 3.2, Marvin et al. (2023)
used stellar atmosphere models to create another fit, which represents the photospheric
flux:

log Rphot, M = —3.755 + 3.2131 - 10~ *Tog — 1.3177 - 10 °T% + 2.7133 - 10~ /T3,

— 2.7466 - 107 BT + 1.0887 - 1071775 (3.17)
This method depends on the effective temperature instead of the colour index and is suitable
for a bigger range of spectral types, including M-type stars. Unfortunately, this calibration
gets higher values than the original formula used by Noyes et al. (1984). However, the
calibration by Marvin et al. (2023) will be used here, since it again depends on T.g instead
of the colour index, so a homogeneous system can be maintained. To compensate the offset,
Marvin et al. (2023) introduced the following correction:

log Rphot = log Rphot,m — 0.4612 (3.18)
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Finally, subtracting the non-logarithmic form of equation 3.18 from equation 3.13 leads to
the desired value Rjyy, describing the chromospheric activity:

Ri—IK = Rpk — Rphot (319)

3.4 Ho-index

Another index for the activity of a star is the Ha-index. The method is very similar to the
Mount-Wilson S-index. It is also the relation of the flux in a passband centered at the Ha
line to two passbandes of the continuum on the left and right side of that line. The Ha line
lies at 6562.08 A (Balmer, 1885). The problem here is that there is no standardised form,
so that the passbandes over the Ha line and the two continuum bands have different widths
depending on the study (e.g. Pasquini and Pallavicini (1991); Cincunegui et al. (2007);
Gomes da Silva et al. (2011a); Marsden et al. (2014). For this work the definitions from
Marsden et al. (2014) were used:

FHa

7 (e —
Fvio + Frio

(3.20)

Here, Fyp,, is the flux in the passband centered at the Ha line. The bandpass is rectangular
and 3.6 A wide. The continuum bands on the left an right side of Ha, Fy g, and Frye
respectively, are rectangular as well and 2.2 A wide each. They are centered at 6558.85 A
and 6567.30 A.



Chapter 4

Results

For this work I characterised the chromospheric activity of 127 F-G-K-M stars and 18 solar
analogues. The main parameters, that I determined were the Mount Wilson S-index and the
log Ry value.

4.1 S-index calibration

As mentioned in Chapter 2 the Sywo is calibrated individually for each instrument. This
was done by simply comparing the uncalibrated calculated values to the values obtained
by the original Mount-Wilson survey from Baliunas et al. (1995) using a linear fit. The
outcome of this can be seen in Figure 4.1. The top left panel is a visualisation for the
calibration of the HARPS-N instrument. The x-axis indicates the calculated values of the
S-index with HARPS-N before calibration. The y-axis denotes the Mount Wilson S-index
(Smwo) from the literature. The dashed grey line is a line of equality, every blue dot marks
a star and the orange line is the resulting linear fit. The fitted linear equation is shown in
equation 4.1. With this equation, all stars observed with HARPS-N can be calibrated to get
the desired Sywo value. A more detailed explanation of the stars that were used together
with a list of their individual spectral types can be found in Chapter 2 and Table 2.1. The
top right and the bottom left panel in Figure 4.1 show the same concept, but for different
instruments. The top right one displays the linear fit for HARPS and the bottom left one
for UVES. A more detailed explanation of the UVES calibration can be found in Chapter 2.
The fitted calibration equations are 4.2 and 4.3 respectively. The calculated values for each
star as well as their literature Syrwo values are listed in Table A.2, separated by instrument.
Additionally in this table the associated uncertainties (Sey), the difference between the
Smwo and calibrated values (AS), as well as the number of observation (Nos) can be
found. For most stars, (AS) is rather small, which indicates an appropriate calibration.
For the calculation of (Sey) the Gaussian error propagation was applied. The S}, from
equation 4.3 denotes, that for this calibration the values were not compared directly to the
literature, but to calculated values using the HARPS calibration.

35
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Figure 4.1: The upper left panel shows the visualisation of the calibration for the HARPS-N
instrument. The equation for the orange linear fit can be found at equation 4.1. The x-
axis describes the values calculated from the spectra in this work and the y-axis marks the
original Mount Wilson S-index values from Baliunas et al. (1995). The upper right and the
lower left show the same, but for HARPS and UVES respectively.
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HARPS-N: Sywo = 0.0139 + 1.228 - SHARPS—N (4.1)
HARPS: Suywo = 0.0347 4 1.067 - Sgarps (4.2)
UVES: S%p0 = 0.0455 +0.983 - Suyes (4.3)

With the calibrations now available for each individual instrument, the Sywo values for
each star of the analysed sample can be determined. The resulting values can be found in
Table A 4.

4.2 Temperature dependence of Sywo

Looking at a comparison of the effective temperatures of the stars with their Syiwo values,
the importance of taking the colour dependence into account becomes clear once again (see
Chapter 3 for further information). This can be seen in Figure 4.2. Here it is well visible, that
the Sywo values follow a certain trend. Hotter stars, at approximately 7000 K to roughly
6000 K tend to have quite small values, which would indicate a lower activity level. However,
cooler stars especially of late K- and M-type, show much higher values, which would indicate
a quite high level of activity. Moreover, the Sywo values of stars with a lower temperature
are more spread out in a certain interval than those of the stars with higher temperatures.
However, it should be noted that the peak of Syrwo is still within the spectral class K and
decreases again for M-type stars. This is also consistent with the literature for example in
Isaacson and Fischer (2010); Mittag et al. (2013); Loaiza-Tacuri et al. (2024), who compared
Smwo values to their respective colour-indices. As stated in Isaacson and Fischer (2010) the
increase of Syrwo towards cooler stars is expected since the measured flux in the continuum
bands decreases for redder stars. The temperature dependence makes it therefore rather
unsuitable for comparing stars of different spectral types.

4.3 Solar-analogues

The S-index was analysed for 18 solar analogues as well. Their effective temperatures lie all
in a range of 5710 to 6030 K and they all have around one solar mass. More information
about this sample of stars can be found in Section 2.1.7. The S-index of these stars is not
their Mount-Wilson S-index, since there was no calibration performed. However, as the stars
were all observed with the same telescope, they can still be compared with each other, but
a comparison with a different sample of stars is not possible. As the stars have very similar
stellar parameters and differ only slightly in their effective temperatures, the temperature
dependence of the S-index is not a problem when comparing the stars. The S-index, hereafter
Ssa, was calculated with equation 3.2 and the results for each star can be found in Table
A.3. In Figure 4.3 a comparison between Sg4 and the effective temperatures can be seen.
The values for the effective temperatures were taken from Salabert et al. (2016a). Their
individual Sga values lie within the interval of 0.111 to 0.227, which means the Sg4 value of
the most active star in this sample is approximately twice the Sga value of the least active
star. In order to interpret the size of this Sg4 interval correctly, it is important to know
how much the S-index of a star can change due to the stars variability. For this, Judge
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Figure 4.2: Effective temperature (x-axis) vs. Smwo (y-axis). The solar Sywo value of
0.171 was taken from Noyes et al. (1984) and is marked with a ® symbol. Giants are marked
with a cross. Here a correlation of the temperature and Sywo can be seen. Hotter stars
between 7000 K to roughly 6000 K only show small Sywo values, whereas stars of 5000 K or
below have a significant spread in Syrwo values. In general the cooler the star, the higher
their SMWO-

et al. (2017), made a time-series of the S-index over eight years for five individual G-stars.
The biggest S-index change of one of their stars was approximately 0.025, which is way
smaller than the covered range of the solar analogues. Especially for the sun, Egeland et al.
(2017), determined S-index values of the solar cycles 15 to 24 and found an average change
of approximately 0.0145. This change is indicated in Figure 4.3 as a blue shaded region.
This means that the analysed solar analogues cover a much broader range regarding their
Sg4 values than the general variability would cause. It can therefore be re-confirmed, that
stars with very similar stellar parameter do not necessarily need to show similar activity
levels.

4.4 log Ry values

In order to compensate for the disadvantage of the temperature or colour dependence of the
Mount-Wilson S-index, another value called Ry was introduced by Noyes et al. (1984), the
details of which are described in Chapter 3. Based on the Smwo the log Ry values were
determined and the results are listed in Table A.4.

In Figure 4.4 a histogram of all log R}y values obtained from the sample used in this work
is shown. It depicts a Gaussian distribution between an activity level of about -5.4 and
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Figure 4.3: Effective temperature (x-axis) vs. Sg4 values. The Sywo value of the sun is
indicated by a ® symbol. The blue shaded region indicated the average change of the suns
S-index over a solar cycle. The solar values were taken from Egeland et al. (2017).

-4.2. For comparison, the Sun has a log Rf; value of -4.937 (Noyes et al., 1984), which is
very close to the histogram’s peak. Therefore, it may be stated that the analysed sample
has on average a solar-like chromospheric activity, although the spread is considerable. The
distribution of the determined log Ry values in this specific sample of stars is very well
comparable to the main-sequence stars of Figure 14 by Gomes da Silva et al. (2021). Since
the analysed sample of this work is significantly smaller, it is no surprise that the covered
range is also a bit shorter. Nevertheless, the general distribution is very much comparable,
with the peak being nearly on the same value.

In Figure 4.5 the distribution of the log Ry values in the sample is now separated by spectral
type. The left panel shows a histogram for F-type stars with a Gaussian distribution. The
black dotted line indicates the solar value. The majority of the stars show a higher log Ry
than the sun. The distribution is similar to Figure 23 in Mittag et al. (2013). The middle
panel shows the histogram for G-type stars. It is a bimodal distribution with the sun lying
within the left peak (indicated by the black dotted line). This can be compared to Figure
17 in Gomes da Silva et al. (2021). They also find a bimodal distribution for G-dwarfs with
the same peak values as this work. One possible explanation for the lack of stars between
the two peaks could be the “Vaughan-Preston-gap”, which describes a lack of intermediate
active stars (Vaughan and Preston, 1980). It is not clear what causes this gap or if it is even
a physical phenomena or just a statistical effect due to the small sample size (Noyes et al.,
1984; Boro Saikia et al., 2018). Popular explanations are for example dynamo mechanisms
or a difference in rotation (Durney et al., 1981; Bohm-Vitense, 2007). In the right panel of
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dashed line marks the peak from Figure 14 by Gomes da Silva et al. (2021).
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Figure 4.5 the distribution of the log Ry values within the K-type stars of the sample can
be seen. The K-dwarfs are more evenly distributed, but they still show two possible peaks.
In the literature (Brown et al., 2022; Loaiza-Tacuri et al., 2024) K-dwarfs usually show a
triple peaked distribution with the lowest peak at a log Ry value of -5 to -4.9. This peak
is not present in the analysed sample. This could be due to the small sample size of K-type
stars in this work.

4.5 Temperature and log Ri

Since the purpose of the log Ry value is to get rid of a colour dependence and therefore
a temperature dependence, it is no surprise that a comparison between log Ry and the
effective temperatures of the stars shows no significant correlation, unlike Figure 4.2. This is
visualised in Figure 4.6. One thing that can be said about it, is that the hotter stars in this
sample in the range of 6700 K to 7000 K all show rather high log Ry values of approximately
-4.4 to -4.7, although high log R}, values are also found in cooler stars. The majority of
stars in this sample are solar-like stars within the temperature interval of 5500 to 6300 K.
They show a higher concentration between an activity level of -4.8 to -5.0. The few M-type
stars in this sample belong to the least active stars, however due to the small number of those
stars, no real statement about the general activity level of this spectral type can be made.
Studies with a bigger sample size of M-dwarfs usually show a broad distribution in log Ry
values ranging from approximately -4.0 to -6.0 (Astudillo-Defru et al., 2017; Sreejith et al.,
2020; Boudreaux et al., 2022). In general the distribution of the log Rj;x values compared to
the effective temperature agrees with the literature. Boro Saikia et al. (2018) also shows a
concentration of stars near the solar value and an increase of the log Rjy value with higher
temperature (see their Figure 3). However, Mittag et al. (2013) and Sudrez Mascareno
et al. (2016) do not find a variability in log Ry with increasing temperature. Their activity
levels are evenly distributed over different temperatures. But they all have in common the
increase in log Rk at approximately 4500 K with a following decrease at 4000 K resulting in
low activity levels of M-dwarfs compared to other spectral classes. This dent is also slightly
visible in Figure 4.6, considering the small sample size.

4.6 Metallicity and log Rjj

Figure 4.7 shows a comparison between the metallicity [F'e/ H] of the stars and their activity
level log Rpj. The sample covers a metallicity range of about -0.5 to +0.5, which can be
considered broadly solar-like. The data points are randomly distributed over the whole range,
without any clusters or correlation. Therefore, the metallicity with the range of the sample
used in this work does not significantly influence the activity level of a star. The metallicity
values were provided by the Ariel science consortium via private communication.

4.7 Visible Ca II HK emission and log R}

To investigate why the log Ry values of the F-type stars in this sample are relatively high,
the emission line cores were examined more closely. All spectra were inspected manually to
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Figure 4.6: Effective temperature (x-axis) vs. log Rf values (y-axis). Giant stars are
marked with a cross. The ® symbol indicates the solar log Ry value of -4.937 which was
taken from Noyes et al. (1984).

check if any visible emission is present in the Calcium II H and K lines, sorting them into
two groups. The first group includes the spectra that show a spectral emission feature and
the second group consists of all spectra where no spectral emission feature is visible, here
only the broad photospheric absorption wings are present (see Figure 2.2 for an example).
The upper panel shows a spectrum with a clearly visible emission in the Ca II H and K lines,
whereas in the spectrum of the lower panel only the photospheric absorption is visible.

Figure 4.8 shows the distribution of the activity levels of the stars in these two emission
categories grouped by their main spectral type. The y-axis shows their determined log Rj
values and the x-axis shows their spectral type. The different forms are estimated using a
kernel density estimation of the underlying probability density distribution, which represents
a Gaussian distribution'. All M and K-type stars show an chromospheric emission feature
in the Ca II H and K lines. The K-dwarfs cover a broad range in their log Ry values,
whereas the M-stars are at rather low log Ry values. The low activity levels of M-dwarfs
were expected since other studies (Boro Saikia et al., 2018; Astudillo-Defru et al., 2017;
Mittag et al., 2013) also show a decrease in log Rjy for later spectral types. The majority
of F-stars show no emission feature, only the photospheric absorption wings. There are only
a handful of F-stars, for which an emission is visible in the spectrum. To be precise only six
out of the 46 F-type stars show an emission line. Most G-type stars are also part of the no
emission group, but there is still a noticeable number of G-dwarfs with an visible emission

!see also the Seaborn documentation: https://seaborn.pydata.org/generated/seaborn.violinplot.
html



4.7. VISIBLE CA II HK EMISSION AND log R« 43

@® solarvalue
® Giant
—4.251 @® Main Sequence
—4.50+
—4.75- — o ®
I
x -5.00 ¢
[@)]
°
—5.251
{ J
—5.50+
—5.751
—6.00- . . . " : /
0.4 0.2 0.0 -0.2 -0.4 -0.6

[Fe/H]

Figure 4.7: Metallicity (x-axis) vs. log Rjyk (y-axis). Giant stars are marked with a cross.
There is no correlation between the metallicity of stars and their chromospheric activity
level.

feature. Out of 42 analysed G-type stars, 12 show a visible chromospheric emission feature
in their Ca II H and K lines. At this point it has to be said, that some spectra were too
noisy to clearly determine whether an emission is present or not. Therefore, a observational
bias cannot be excluded.

A more detailed distribution of these two visual emission categories across stellar effective
temperatures is shown in Figure 4.9. Again the log Rjy value is on the y-axis and the
effective temperature is on the x-axis, with the colour of the markers denoting the emission
category. Blue indicates that there is no visible emission and orange indicates a visible
emission feature in the spectra. It is again clear to see that most F and G-type stars belong
to the no emission group. The hotter stars are also closer together in their activity levels,
with a slight decrease in log Rji as the temperature decreases. The cooler stars in the
sample, beginning at approximately 5500 K, cover a broader range of their log Ry values.
The simple appearance or non-appearance of an emission feature in a spectrum doesn’t
necessarily indicate a certain log Ry value.

4.7.1 Rotation

Even though most F stars don’t show an emission feature, their log R are still among the
highest values. Since their spectra indicate quite inactive stars, the log Rji values would
be expected to be rather low. A possible explanation for this phenomena is the rotation
of the stars. It is well known that the magnetic activity of a star is related to its rotation
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(Schrijver and Zwaan, 2000). With a decreasing rotation, a decrease in activity can also be
observed (Fritzewski et al., 2021). However, rotation also influences the spectral lines of a
star. An example of the effect of different rotational velocities on spectral lines can be found
in Figure 18.6 in Gray (2008). Here it can be seen that spectral lines get more shallow with
a higher rotational velocity (Gray, 2008).

As discussed in Schroder et al. (2009), for fast rotating stars the absorption features of the Ca
IT H and K lines fill up and essentially mimic an emission flux. Furthermore, the rotational
line broadening results in a loss of emission flux. For active stars these two effects cancel
each other out, but for inactive stars e.g. stars without a spectral emission feature in the Ca
II H and K lines cannot undergo a loss in emission, but the line filling effect in the absorption
features remains. This causes high log Ry values for fast rotating, inactive stars (Schroder
et al., 2009).

In Figure 4.10 the rotation periods for the stars is shown. On the x-axis is the effective
temperature and on the y-axis are the log Rjyy values of the stars. The colour indicates the
rotational periods in days, but because of the very broad range of the rotational periods
from 1.5 days to over 200 days a logarithmic scale was applied. Bright colours indicate a
fast rotation period and darker colours indicate slower rotation period. The rotation period
was calculated from the rotational velocities (vsini) of the stars, which were taken from the
literature. By assuming an inclination of 60 ° for all of the stars, like in Brown et al. (2022),
the rotation periods were determined using basic trigonometry. Therefore, it is important to
mention that those rotational period values are no absolute values, since the real inclination
of the individual stars is not known. It is only a comparison of the stars within this specific
sample. Nevertheless, it can be seen that the F-stars in this sample are indeed the faster
rotating ones. This is also consistent with the literature, since fast rotators are usually found
within A- and F-type stars (Schroder et al., 2009). The M-stars are the slowest rotators in
this sample and they show a quite low log Rjx value. This can be compared to Sudrez
Mascareno et al. (2016), who determined rotation periods and magnetic cycles of late-type
stars. They also have many slow rotating M-dwarfs with very low activity levels.

4.7.2 Age

In 1972, Skumanich stated that the rotation, as well as the Ca II emission, decrease with the
inverse square root of age. The decrease in rotation is due to magnetized stellar winds causing
a loss of angular momentum (Schrijver and Zwaan, 2000). The activity of sun-like stars is
therefore the highest when they are young and they have not yet experience a rotational spin-
down (Reiners and Basri, 2008). In Figure 4.11 the x-axis is again the effective temperature
and on the y-axis are the log Ry values. But now the colour indicates the age of the stars in
gigayears. The values were taken from the literature (Bento et al., 2018; Hellier et al., 2017;
Lendl et al., 2019; Brahm et al., 2016, 2018). To get a better visualisation with the colours
a logarithmic scale was chosen. Brighter colours indicate younger stars and darker colours
indicate older stars. It can be seen that the age tends to increase with decreasing effective
temperature in this sample of stars used here. This means the faster rotating, hotter stars
are also the younger ones in the sample. This is no surprise, since it is well known, that
F-type stars are more massive compared to M-type stars and are therefore not as long on
the main-sequence as less massive stars (Hanslmeier, 2020).
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Figure 4.10: Effective temperature (x-axis) vs. log Ry (y-axis). The solar values are
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Figure 4.11: Effective temperature (x-axis) vs. log Ry values (y-axis). The solar values are
shown with a black ® symbol and the giants are marked with a cross. The colour visualise
the ages of the stars in gigayears. The darker the colour the older the star. For this a
logarithmic scale was chosen. The black line on the colour-bar marks the suns age.
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4.8 Most active star

Noticeably, when looking at the log Ry values the five most active stars of the sample are
all K-type stars as well as the least active one. Here only values with an uncertainty smaller
than one are considerer. Since the range of log Ry goes from approximately -4.2 to -5.5
and uncertainty of one or even more covers nearly the whole range. Such a large uncertainty
prevents a reasonable statement about the activity of the star. The most active star of the
analysed sample is the K5.5V-type star K2-136 with a log Rj;x value of -4.248.

4.9 Ho-index

Another often used activity index is the Ho-index. The determination of it is explained in
Chapter 3. Since the calculation of the Ho-values is not standardised, the absolute values
differ for every study, which makes a comparison to literature values complicated. In Figure
4.12 the Ho-values compared to the Sywo values can be seen. The x-axis represents the
Ho-index and the y-axis the Sywo values of the stars. A correlation between those values
can be seen, as the Ha values increase with increasing Sywo though there is a large scatter
at high values. Most stars cluster at low values in both indices. In the literature there is
no agreement if a correlation between these two activity proxies exist or if so in what way.
But evidence exists that for some stars there is indeed a positive correlation, but also a
negative correlation for other stars (Meunier et al., 2022; Cincunegui et al., 2007; Gomes da
Silva et al., 2011b). That there is not always a clear correlation can also be seen in Figure
4.13. Here the Ho-values from the solar analogue sample were compared to their respective
Sga-values. The x-axis denotes Sga and the y-axis Ha. The specific values together with
their uncertainties can be found in Table A.3. The comparison of these values show that
there indeed doesn’t always have to be a clear correlation. Especially Gomes da Silva et al.
(2011a) states that a correlation of these two indices also depends on the chosen bandwidth
of the Hao-index.
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Chapter 5

Conclusion

In this work the chromospheric activity of two star samples was characterised. The first
sample contained 127 stars of spectral types F-G-K-M and are part of the ARIEL target
catalogue. Therefore their activity levels are important parameters. Stellar activity is one
of the most significant noise sources in the precise measurements required for atmospheric
analysis of exoplanets. The second sample contained 18 solar analogues and are from an
observing program by Beck et al. (2016, 2017) and Salabert et al. (2016a,b).

The chromospheric activity is triggered by the magnetic field and characterised by a spectral
emission feature in the absorption wings of the Calcium II H and K lines. For the determi-
nation of the activity levels the Mount-Wilson S-index was chosen. This is a widely used
tool to determine the chromospheric activity of main-sequence stars. It represents a ratio
of the fluxes in the Calcium H and K lines to the fluxes of two nearby continuum bands on
the left and right side of the lines. Since the Mount-Wilson S-index is colour and therefore
temperature dependent it needs to be converted into another value, the log Ry, which is
comparable over different spectral types.

Analysis of the log Rjyy values revealed nuanced relationships between stellar parameters and
activity. Cooler stars, particularly late K-type and early M-type stars, displayed a broader
spread of activity levels, than the hotter stars in the sample. The distribution of log Ry
values within each analysed spectral type is also different. Where F-type stars show only
one peak in their distribution, G-type stars show two peaks with a gap at the intermediate
active region.

For a further characterisation, the spectral emission feature in the Calcium II H and K lines
was examined more closely. The stars were put into two groups, whether a spectral emission
feature is visible in the spectrum or not. This revealed that the F-type stars in this sample
do not show a visible emission feature in their spectra, even tough their log Rjyy values are
among the highest compared to the other stars in the sample. This is most likely due to their
faster rotation causing rotational line broadening and resulting in a higher log Ri;k.

For future work time-series observations would be particularly valuable for capturing variabil-
ity and understanding long-term magnetic cycles. The Mount-Wilson S-index and therefore
also log Ry are only capable of calculating the activity levels of one specific observation and
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can at most achieve a mean value if different observations per star are available. However,
stars are variable and their stellar activity also varies over time. With time-series calcula-
tions even more insight in the stellar activity can be achieved. Another promising tool for
future work could be machine learning, to recognise stellar activity variations over time or to
make a better analysis of emission features of the spectra in relation to the measured values.
Such tools could further refine the separation of stellar and planetary signals, enhancing the
precision of exoplanetary atmosphere characterisation.
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CHAPTER 5. CONCLUSION



Appendix A

Tables

Table A.1: The table lists the orbital parameters of the stars, where z;,.. describes the

maximum vertical distance from the galactic plane.

Star Pericenter [kpc] Apocenter [kpc] Zmax |KDC] Eccentricity
CoRoT-11 7.46 £0.03 8.85£0.31 0.088 £0.003 0.087 +£0.021
CoRoT-11 7.43 £0.04 8.72 +0.28 0.093 £0.007 0.081 +0.019
CoRoT-28 4.23 +£0.06 7.81 £0.02 0.118 £0.002  0.297 £ 0.007
CoRoT-3 5.69 £0.17 8.27 £ 0.03 0.098 £0.005 0.186 £ 0.015
CoRoT-3 216 £1.19 7.97+£0.25 0.824 £0.249 0.517 +£0.119
CoRoT-7 7.74 £0.03 8.37 £0.01 0.201 £0.001  0.039 £ 0.002

GJ1214 7.02£0.01 10.66 £ 0.05 0.701 £0.006  0.206 + 0.002
GJ143 5.01£0.0 8.224+0.0 0.142 4+ 0.001 0.243 £ 0.0
GJ436 6.64 £+ 0.0 9.95+0.0 0.414 + 0.004 0.199 £ 0.0
GJ9827 7.73£0.0 12.04 £0.02 0.38£0.006 0.218 £0.001
HAT-P-1 8.03 £ 0.02 8.22 4+ 0.01 0.454 £0.004 0.012 £ 0.001
HAT-P-15 7.98 £0.01 9.54 £0.03 0.108 £0.001  0.089 + 0.002
HAT-P-16 7.69 + 0.01 9.95 4+ 0.02 0.16 4 0.002 0.128 £0.0
HAT-P-21 8.06 £0.0 11.23 £0.02 0.982 £ 0.013 0.164 +£0.001
HAT-P-29 14.61 £1.15 nan £ nan nan £ nan nan £ nan
HAT-P-29 7.86 £0.02 9.92 £0.02 0.136 £0.002 0.116 +0.001
HAT-P-3 7.12+0.01 8.25+0.0 0.161 +0.002 0.074 £ 0.001
HAT-P-32 7.78 £0.06 9.81 £0.05 0.22£0.008  0.114 + 0.002
HAT-P-33 8.44 £0.01 9.29 £0.01 0.305 £ 0.004 0.048 £ 0.001
HAT-P-36 8.18 £0.0 9.24+0.01 0.379 £0.005 0.059 + 0.001
HAT-P-37 7.48 £0.13 8.08 £0.01 0.173 £0.008 0.033 £ 0.008
HAT-P-57 7.36 +£0.12 8.0£0.19 0.084 +0.009 0.054 £ 0.004
HAT-P-67 7.54£0.01 9.91+0.04 0.281 £0.002 0.136 £ 0.001
HATS-10 7.31 £0.06 8.25 £+ 0.03 0.169 +£0.002  0.061 + 0.006
HATS-17 5.69 £0.04 8.02£0.01 0.271 £0.003 0.17 £ 0.003
HATS-22 7.56 £0.02 11.02 £ 0.09 0.163 £0.002 0.186 + 0.003
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HATS-22
HATS-24
HATS-24
HATS-25
HATS-25
HATS-26
HATS-27
HATS-29
HATS-29
HATS-31
HATS-33
HATS-35
HATS-35
HATS-39
HATS-39
HATS-40
HATS-40
HATS-41
HATS-41
HATS-42
HATS-42
HATS-43
HATS-45
HATS-52
HATS-52
HATS-6
HATS-60
HATS-60
HATS-64
HATS-65
HATS-65
HATS-68
HATS-9
HD106315
HD1397
HD149026
HD149026
HD219666
HD221416
HD23472
HD3167
HD39091
HD80606
HD89345
K2-105

7.59 £ 0.02
6.69 £ 0.04
6.68 = 0.03
5.02 £ 0.06
5.04 £ 0.08
7.75 £ 0.02
7.02+0.08
5.66 £ 0.02
5.66 = 0.02
7.55 +£0.05
6.0 £ 0.02
4.4+£0.57
7.2+£0.01
3.05 £0.81
7.25 £ 0.06
8.87 £ 0.02
8.85£0.01
6.7 £0.05
6.67 = 0.06
3.95£0.85
7.59 +£0.08
8.0 £0.08
8.6 £0.01
7.66 £ 0.06
7.09 +£0.04
7.59 £ 0.08
7.91+0.0
7.91+0.0
7.7+£0.04
7.68 £0.01
7.68 £0.01
6.72+£0.03
7.36 £ 0.08
8.07+0.0
7.08 £0.01
7.35+0.01
7.36 £0.01
4.81£0.0
7.84+0.0
7.39+0.0
7.056£0.01
5.42£0.0
7.98 £0.0
7.16 £ 0.0
7.75+0.0

11.11 £+ 0.09
7.71£0.01
7.71£0.01
7.88 +£0.01
7.88£0.01
10.66 + 0.1
7.85£0.04
8.03 £ 0.02
8.0 £ 0.02
9.12+£0.1
7.92£0.0
9.51 + 3.29
8.69 +0.04
14.93 £3.15
9.92+0.11
12.39 £ 0.35
12.52 £ 0.27
8.64 £0.02
8.64 + 0.02
16.36 £ 2.57
9.48 £0.24
8.31 £0.01
9.62 £ 0.11
11.0+£0.13
22.29 £2.25
8.45+0.01
9.54 £ 0.06
9.59 £0.05
9.42£0.12
8.24 + 0.06
8.24 £0.06
8.75 £0.02
7.68 £ 0.03
9.8 £0.01
8.11£0.0
8.44 £ 0.0
8.44+£0.0
10.79 £0.01
14.49 + 0.02
9.08+£0.0
8.15+£0.0
9.26 £0.0
10.05 £ 0.0
8.66 £ 0.0
11.25 £ 0.02
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0.16 + 0.004
0.186 £ 0.005
0.189 £ 0.003
0.332 £0.015
0.332 £0.016
0.353 £ 0.008
0.271 £ 0.004
0.118 £ 0.004
0.119 £ 0.003
0.539 £ 0.009
0.143 £ 0.004
2.498 +1.861
0.487 £ 0.008
0.33 £ 0.387
0.076 £ 0.003
0.391 £ 0.007
0.383 £ 0.009
0.145 + 0.002
0.148 £ 0.003
0.774 £ 0.536
0.13 + 0.007
0.221 £ 0.011
0.125 £ 0.001
0.227 £ 0.004
0.513 £ 0.06
0.087 £ 0.007
0.569 £ 0.018
0.587 £ 0.017
0.339 £ 0.008
0.313 £0.019
0.335 £ 0.016
0.495 £ 0.007
0.349 £ 0.012
0.168 £ 0.003
0.253 £ 0.002
0.247 £ 0.002
0.249 + 0.002
0.298 £ 0.003
0.086 £ 0.0
0.386 £ 0.002
0.477 £ 0.004
0.088 £ 0.001
0.369 £ 0.003
0.127 £ 0.001
0.124 £ 0.001

0.188 £ 0.002
0.072 £ 0.002
0.072 £ 0.002
0.221 + 0.006
0.22 £ 0.008
0.158 £ 0.004
0.058 £ 0.004
0.174 £ 0.001
0.174 + 0.002
0.097 £ 0.003
0.138 £ 0.001
0.326 £ 0.136
0.094 £ 0.002
0.762 + 0.126
0.152 £ 0.006
0.167 £ 0.013
0.175+0.01
0.127 £ 0.004
0.129 £ 0.003
0.68 £0.124
0.117 £ 0.008
0.019 £ 0.005
0.057 £ 0.006
0.18 £ 0.005
0.523 £ 0.029
0.053 £ 0.005
0.093 = 0.003
0.096 + 0.003
0.103 £ 0.004
0.037 £ 0.003
0.037 £ 0.003
0.133 £ 0.002
0.021 £ 0.007
0.097 £ 0.001
0.068 £0.0
0.069 = 0.0
0.068 £ 0.0
0.383 £ 0.001
0.298 £ 0.001
0.103£0.0
0.073 £0.001
0.262 £+ 0.0
0.115+0.0
0.095£0.0
0.184 £ 0.001



K2-107
K2-107
K2-110
K2-115
K2-132
K2-136
K2-138
K2-139
K2-140
K2-141
K2-172
K2-179
K2-18
K2-21
K2-222
K2-229
K2-232
K2-233
K2-237
K2-237
K2-261
K2-266
K2-280
K2-287
K2-290
K2-3
K2-36
K2-39
K2-58
K2-98
K2-99
KELT-1
KELT-11
KELT-18
KELT-18
KELT-3
KELT-3
KELT-4A
KELT-7
Kepler1514
Kepler1515
Kepler1515
Kepler25
Kepler91
LHS1140

6.92 £0.03
1.21 £ 0.65
7.240.02
6.37 £0.03
5.26 £0.04
7.29+£0.01
7.86 £0.0
7.56 £ 0.01
8.03+£0.0
7.75+£0.0
6.86 + 0.01
8.09 £0.01
7.25+0.01
6.97 £ 0.02
7.98£0.0
7.0 +£0.02
6.06 = 0.01
8.04£0.0
7.67+0.03
0.25£0.75
6.29 + 0.02
6.97 £ 0.01
7.33 +£0.01
6.84 £0.01
7.24+0.01
7.05 £0.01
8.13+£0.0
6.03 £0.01
7.89+£0.0
5.7£0.02
7.68 £ 0.01
7.76 £ 0.03
5.34 £0.01
7.51+0.02
7.54 £0.02
7.11£0.01
7.02 +£0.04
7.57+0.0
7.12£0.01
7.25+0.03
1.568 £0.7
6.4+0.1
8.04 £0.0
4.91 £0.02
5.8£0.01

7.51+0.04
2.89 +0.96
9.47£0.01
9.53 £0.12
8.34 £0.01
8.86 + 0.02
8.84 £0.02
8.92+£0.0
9.29 £0.03
8.98 £0.01
11.69 £ 0.04
10.36 £ 0.0
8.23+£0.0
8.29 £0.01
10.3 £0.03
8.26 £0.0
8.28£0.0
8.47+0.0
8.13 £ 0.05
1.84 £+ 3.33
8.26 £0.0
9.08 £0.02
7.87£0.02
9.01 £0.01
10.37 £0.01
8.96 £ 0.01
9.35+0.04
10.8 £0.01
8.85 £ 0.02
9.25£0.01
8.96 £0.01
9.21+£0.04
8.14 £0.0
8.44 £0.01
8.42£0.01
8.58 0.0
8.59 £ 0.01
10.07 £0.02
8.8+ 0.01
8.43 £0.01

15.44 +15.65

8.31 £0.02

8.66 =0.03

8.42£0.01
8.2+0.0

0.315 £ 0.007
1.213 £ 0.453
0.938 £0.014
0.25+0.013
0.496 £ 0.01
0.092 £ 0.002
0.174 £ 0.003
0.163 £ 0.002
0.385 £ 0.007
0.048 £ 0.002
0.338 = 0.009
0.178 £ 0.004
0.081 £ 0.005
0.102 £ 0.009
0.488 £ 0.009
0.388 £ 0.007
0.197 £ 0.001
0.055£0.0
0.141 £ 0.003
0.385 £ 1.708
0.338 £ 0.004
0.229 £ 0.007
0.128 £ 0.003
0.247 £ 0.002
0.307 £ 0.004
0.498 £ 0.013
0.348 £ 0.013
0.23 £ 0.001
0.128 £ 0.002
0.224 £ 0.001
0.46 £ 0.005
0.126 £ 0.004
0.117 £ 0.001
0.278 £ 0.003
0.27 £ 0.004
0.271 £ 0.003
0.269 £ 0.004
0.226 £ 0.002
0.105 £ 0.001
0.09 £ 0.001
2.079 £15.851
0.256 £ 0.007
0.148 £ 0.001
0.33 £ 0.004
0.148 £ 0.008

0.042 £ 0.002
0.431 £ 0.056
0.136 £ 0.001
0.2 £ 0.005
0.226 £ 0.004
0.097 £ 0.002
0.059 £ 0.001
0.082 £ 0.001
0.073 £ 0.002
0.073£0.0
0.26 = 0.002
0.123 £ 0.001
0.063 £ 0.001
0.087 £ 0.001
0.127 £ 0.001
0.083 £ 0.001
0.155 £ 0.001
0.026 £0.0
0.029 £ 0.005
0.805 £ 0.225
0.136 £ 0.001
0.132+£0.0
0.035 £ 0.001
0.137 £ 0.001
0.18 £+ 0.001
0.124+0.0
0.069 =+ 0.002
0.284 £ 0.001
0.058 £ 0.001
0.237 £ 0.002
0.077£0.0
0.086 £ 0.0
0.207 £ 0.001
0.06 = 0.001
0.056 £ 0.002
0.094 £ 0.001
0.101 £ 0.003
0.142 £ 0.001
0.106 £ 0.001
0.076 £ 0.001
0.924 £ 0.119
0.13 £ 0.008
0.037 £ 0.002
0.265 £ 0.002
0.171 £ 0.0
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NGTS-2
PH2
Qatar8
TRES1
TRES1
TRES2
WASP-11
WASP-118
WASP-121
WASP-124
WASP-127
WASP-133
WASP-135
WASP-14
WASP-140
WASP-141
WASP-142
WASP-147
WASP-157
WASP-158
WASP-159
WASP-160B
WASP-165
WASP-167
WASP-168
WASP-168
WASP-173A
WASP-46
WASP-53
WASP-59
WASP-60
WASP-80
WASP-84
WASP-85
WASP-85
WASP-89
Wolf503
XO01
X03
X05

7.37+0.01
7.47£0.09
6.98 £0.01
5.14 £0.47
6.79 £ 0.02
8.08£0.0
7.93 £0.02
7.69 £ 0.02
7.13£0.01
6.62 £ 0.02
8.03+£0.0
6.77£0.03
6.01 £0.05
7.83+0.0
8.16 £ 0.0
7.33 £0.04
6.98 £0.05
7.6 +£0.01
6.64 £ 0.03
8.14£0.0
8.37£0.03
6.07£0.03
6.22 £ 0.05
7.54+0.03
6.43 £ 0.06
6.47 £ 0.05
5.35 £ 0.02
6.96 = 0.02
8.11£0.0
6.3 £0.02
5.6 +0.04
7.34£0.0
7.91£0.0
7.09+0.01
7.07+£0.01
4.63 +£0.04
3.4+£0.0
8.04 £0.0
8.06 £0.01
7.79+0.01

8.74 +£0.04
8.62+0.1
9.35 + 0.02
nan + nan
8.31 £0.01
9.42+0.14
8.38 +0.01
8.54 4+ 0.0
8.54 4+ 0.0
8.0+ 0.01
11.31 £0.01
8.15 £ 0.02
7.98 +£0.0
10.46 £ 0.01
10.59 £ 0.02
8.48 + 0.0
9.79 + 0.05
9.16 £ 0.01
8.3+ 0.01
9.64 £ 0.04
8.57 +0.05
9.49 +£0.04
9.09 4+ 0.02
8.05 4+ 0.02
8.31 £0.16
8.344+0.0
9.25 +£0.01
7.89 +0.02
10.56 £ 0.02
8.54 4+ 0.0
8.57 +£0.01
9.6 +0.02
9.43 +£0.01
8.89 +0.01
8.9+0.01
8.11 £0.02
8.12+0.0
9.17 £0.01
9.68 + 0.01
8.4+0.01
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0.208 £+ 0.003
0.149 £ 0.009
0.303 £ 0.005
nan + nan
0.266 + 0.002
0.104 £ 0.005
0.203 £+ 0.004
0.347 £ 0.004
0.113 £ 0.001
0.381 £ 0.007
0.29 4+ 0.002
0.322 £ 0.004
0.2 £ 0.006
0.202 £ 0.002
0.074 £0.002
0.256 + 0.002
0.373 £0.006
0.459 £+ 0.007
0.32 4+ 0.006
0.63 +0.015
0.592 £0.011
0.447 + 0.01
0.827 £ 0.022
0.256 £ 0.004
0.101 £0.025
0.105 £ 0.003
0.223 +£0.005
0.217 £ 0.002
0.231 £0.011
0.771 £0.005
0.178 +£0.003
0.4 £ 0.002
0.196 £+ 0.002
0.196 £+ 0.005
0.195 £ 0.005
0.707 £0.025
1.67 £+ 0.004
0.348 +£0.005
0.121 £0.001
0.464 + 0.01

0.083 £ 0.002
0.077 £0.003
0.145 £ 0.001
nan + nan
0.101 £ 0.001
0.077 £0.007
0.027 £+ 0.001
0.053 £ 0.001
0.09 4+ 0.001
0.096 + 0.001
0.17 £ 0.001
0.092 £+ 0.002
0.14 £0.004
0.144 £ 0.0
0.129 £ 0.001
0.073 £0.003
0.168 £ 0.003
0.094 + 0.001
0.111 £ 0.002
0.084 £+ 0.002
0.014 £ 0.002
0.22 £0.001
0.188 +0.004
0.036 £ 0.002
0.129 £+ 0.005
0.127 £ 0.004
0.267 £ 0.002
0.062 £+ 0.001
0.132 £ 0.001
0.151 £ 0.001
0.209 £+ 0.003
0.133 £ 0.001
0.088 £+ 0.001
0.113 £0.001
0.114 £+ 0.001
0.274 £ 0.003
0.41 £0.001
0.066 + 0.001
0.092 £0.0
0.038 + 0.001
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Table A.2: Calibration values separated by instrument. Sgarps—N, Suarps and Syvrs are
the calculated average values from the spectra before the calibration was applied and Se;;
are their respective uncertainties. For the calculation, a number of Ny, spectra were used.
Smwo indicates the original Mount Wilson S-index value from Baliunas et al. (1995). The
difference between the calibrated and the original values is described by AS = calib(S) —
Svwo. Since for the UVES calibration, HARPS stars were needed, the Sgyarps value for
each star is also given in the bottom table.

HARPS-N

Star Spectral type SHARPN Serr SMWO AS Nobs
HD10700 G8V! 0.1303  0.0014 0.1710 0.0029 91
HD16160 K3V! 0.1610 0.0078 0.2260 -0.0145 11
HD115404 K2v? 0.4258 0.0166 0.5350 0.0017 12

HD120136 F7IV-V3 0.1455 0.0056 0.1910 0.0016 133
HD141004 GoV! 0.1203  0.0019 0.1550 0.0066 8
HD182572 GT7IV! 0.1075  0.0007 0.1480 -0.0021 2
HD217014 Garvt 0.1131  0.0009 0.1490 0.0038 10

HARPS

Star Spectral type SuARPS Serr SMWO AS Nobs
HD10700 G8V! 0.1295 0.0015 0.1710 0.0027 20
HD16160 K3Vv! 0.1673 0.0127 0.2260 -0.0195 23
HD23249 Korv! 0.0992 0.0035 0.1370 0.3522 22
HD152391 G8.5V* 0.3434 0.0170 0.3930 -0.2030 24
HD160346 K3V! 0.2401  0.0307 0.3000 -0.1369 28
HD216385 F6V® 0.1084 0.0065 0.1420 0.0074 22

HD219834 G8.5IV* 0.1125 0.0077 0.1550 0.0004 20

UVES
Star Spectral type  Sparps Suves  Ser  Smwo  AS  Nops
HD39194 Kov+4 0.1349 0.1364 0.0009 0.1803 -0.0007 4
HD46375 G9Vb 0.1367 0.1325 0.0007 0.1761 0.0057 12
HD73256 G8IV-V4 0.3242 0.3099 0.0068 0.3655 0.0464 20
HD75289 Fov4 0.1031 0.1083 0.0002 0.1503 -0.0098 4
HD140538 G2.5VE 0.1653 0.1580 0.0010 0.2033 0.0135 6
HD193901 F7v7 0.1247 0.1262 0.0087 0.1694 -0.0023 1

References for spectral types:
Keenan and McNeil (1989)
White et al. (2007)

Gray et al. (2001)

Gray et al. (2006)

Gray et al. (2003)

Grieves et al. (2018)

Houk and Smith-Moore (1988)

R e



58

APPENDIX A. TABLES

Table A.3: Here the values of the Ho-index and Sg4 are listed.

Star Ho-index Ssa
KIC3241581 0.531 £0.007 0.142 4 0.002
KIC3656476 0.537 +£0.008 0.128 + 0.002
KIC4914923 0.529 +0.005 0.122 4 0.001
KIC5084157 0.532+0.011 0.187 £ 0.004
KIC5774694 0.531 +£0.004 0.226 =+ 0.002
KIC6116048 0.525+0.005 0.111+£0.001
KIC6593461 0.523 +£0.013 0.176 =+ 0.005
KIC7296438 0.523 +£0.008 0.123 + 0.002
KIC7680114 0.521 +£0.006 0.137 =+ 0.002
KIC7700968 0.530 + 0.007 0.137 + 0.002
KIC9049593 0.522 +0.009 0.134 =+ 0.003
KIC9098294 0.528 +£0.006 0.133 4 0.002
KIC10130724 0.541 +0.014 0.194 4 0.006
KIC10215584 0.524 +0.009 0.143 + 0.003
KIC10644253 0.525+0.004 0.158 £ 0.001
KIC10971974 0.533 +£0.017 0.227 =+ 0.008
KIC11127479 0.521 +£0.018 0.217 4 0.009
KIC11971746 0.526 & 0.008 0.115 = 0.002

Table A.4: The calibrated Sywo values and the log Ry values for each star are listed here.
The column “Emission” describes if a visual emission feature in the spectra can be seen
(“yes”) or not (“no”). If a spectrum was too noisy to determine whether an emission is
present or not, it is indicated by NaN.

Star Spec. type SMWO log Ryyk FEmission Instrument
CoRoT-11 F6V 0.198 +0.003 —4.568 +0.338 no HARPS
CoRoT-28 G8/9IV  0.3114+0.016 —4.565+0.09 NaN HARPS
CoRoT-3 F3V 0.1824+0.003 —4.641+0.381 no HARPS
CoRoT-7 KOV 0.334 £ 0.001 —4.567 £ 0.039 yes HARPS

GJ1214 M4.5V 1.219 £0.022 —5.255 £+ 0.283 yes HARPS
GJ143 K4.5V 0.606 + 0.001 —4.467 £ 0.058 yes HARPS
GJ436 M3V 0.654 +0.003 —5.158 £0.019 yes HARPS-N
GJ9827 K6V 0.682 +£0.021 —4.713 £ 0.048 yes HARPS
HAT-P-1 GOV 0.155 +£0.001 —4.868 +0.402 no HARPS-N
HAT-P-15 G5 0.212 £0.002 —4.727 + 0.298 no HARPS-N
HAT-P-16 F8 0.163 £0.002 —4.795+0.44 no HARPS-N
HAT-P-21 G3 0.336 £0.003 —4.425+0.125 yes HARPS-N
HAT-P-29 F8 0.171 +£0.002 —4.758 +0.228 no HARPS-N
HAT-P-3 K1V 0.211 £0.002 —4.858 £0.302 yes HARPS-N
HAT-P-32 F 0.25 + 0.007 —4.44+0.161 no HARPS-N
HAT-P-33 F4 0.172 £0.002 —4.687 £ 0.292 no HARPS-N



HAT-P-36
HAT-P-37
HAT-P-57
HAT-P-67
HATS-10
HATS-17
HATS-22
HATS-22
HATS-24
HATS-25
HATS-25
HATS-27
HATS-29
HATS-29
HATS-33
HATS-35
HATS-39
HATS-40
HATS-40
HATS-41
HATS-41
HATS-43
HATS-45
HATS-52
HATS-60
HATS-64
HATS-65
HATS-65
HATS-68
HATS-9
HD106315
HD1397
HD149026
HD149026
HD219666
HD221416
HD23472
HD3167
HD39091
HD80606
HD89345
HIP41378
K2-105
K2-107
K2-110

G5V

A8V
F5IV

g
mmm@@wﬁwmmmmm@@wm@@@ﬁﬁ@b

i
@

G
F5V
G5III/IV
GOIV
GOIV
G5V
KOIV/V
K3.5V
KOV
GOV
G8V
G5
F6
K1
FOIV
K2V

0.348 £ 0.006
0.134 £ 0.002
0.276 £ 0.004
0.209 + 0.002
0.159 + 0.011
0.135 + 0.012
0.373 £0.201
0.257 £ 0.056
0.187 +£0.014
0.169 £+ 0.009
0.171 £ 0.043
0.195 + 0.026
0.171 £+ 0.083
0.166 + 0.011
0.216 + 0.072
0.168 £ 0.078
0.186 + 0.023
0.167 £ 0.005
0.133 £ 0.041
0.185 £ 0.006
0.168 + 0.041
0.372 £ 0.052
0.109 + 0.54
0.245 £ 0.118
0.165 £ 0.01
0.159 £ 0.027
0.165 £ 0.007
0.166 + 0.036
0.15 £ 0.056
0.16 £0.017
0.165 £ 0.001
0.19 £ 0.001
0.152 + 0.002
0.157 £ 0.002
0.154 £ 0.001
0.141 £0.0
0.292 + 0.001
0.163 = 0.003
0.159 £ 0.0
0.157 £ 0.001
0.148 + 0.005
0.154 £ 0.001
0.261 £ 0.003
0.15 £ 0.009
0.219 £ 0.003

—4.416 £ 0.113
—5.142 £ 0.637
—4.437 £ 2.136
—4.527 £ 0.252
—4.844 + 0.559
—5.064 £ 0.333
—4.74 £ 0.262
—4.947 £ 0.184
—4.679 £ 0.43
—4.873 £ 0.242
—4.861 £ 0.237
—4.585 + 0.239
—4.893 + 0.456
—4.916 + 0.477
—4.697 £ 0.196
—4.737£0.379
—4.625 + 0.239
—4.72 £ 0.309
—4.954 + 0.53
—4.633 £ 0.264
—4.717+0.321
—4.597 £ 0.148
—5.249 £ 1.729
—4.592 £ 0.345
—4.879 + 0.227
—4.758 +0.439
—4.759 £ 0.375
—4.756 £ 0.373
—4.871 £ 0.637
—4.928 + 0.531
—4.735 £ 0.249
—4.845 + 0.247
—4.856 £ 0.45
—4.828 + 0.422
—4.955 £ 0.67
—5.231 £ 0.226
—4.896 + 0.044
—5.058 £ 0.523
—4.845 +0.419
—5.004 £ 0.607
—5.011 £ 0.371
—4.832 £ 0.532
—4.652 + 0.232
—4.9 £ 0.607
—4.949 + 0.105

yes
no
no
no
yes
no
NaN
yes
no
yes
NaN
no
NaN
no
no
no
no
no
no
no
no
yes
no
NaN
yes
no
yes
no
no
yes
no
yes
no
no
no
yes
yes
yes
no
no
no
no
yes
no
yes

HARPS-N
HARPS-N
HARPS-N
HARPS-N
UVES
HARPS
HARPS
UVES
UVES
UVES
HARPS
HARPS
HARPS
UVES
HARPS
HARPS
HARPS
UVES
HARPS
UVES
HARPS
HARPS
HARPS
HARPS
UVES
HARPS
UVES
HARPS
HARPS
UVES
HARPS
HARPS
HARPS-N
HARPS-N
HARPS
HARPS
HARPS
HARPS
HARPS
HARPS-N
HARPS
HARPS
HARPS-N
UVES
HARPS-N
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K2-115
K2-136
K2-138
K2-139
K2-140
K2-141
K2-172
K2-179
K2-18
K2-21
K2-222
K2-229
K2-232
K2-233
K2-237
K2-261
K2-266
K2-280
K2-287
K2-290
K2-3
K2-36
K2-39
K2-58
K2-98
K2-99
KELT-1
KELT-11
KELT-18
KELT-4A
KELT-7
Kepler-1
Kepler-1514
Kepler-1515
Kepler-25
Kepler-91
LHS1140
NGTS-2
PH2
Qatar8
TOI-1236
WASP-11
WASP-118
WASP-121
WASP-124

G4
K5.5V
K1V
KoV
G5
K7V
G-K
K3
M2.5
K7V
GO
G9
GO
K3
F6V
GT7IV-V
K5V

G
FIV
M1V
K3
K
K
F7
F7
F5

G8-KO0IV

F4v
F
F2
G
Frv
F6V
F6
K1IV
M4.5V
F5V
F9
GOV
G-K
K3V
F6
F6v
F9

0.277 £ 0.07
1.303 £ 0.006
0.272 £ 0.001
0.352 £ 0.049
0.22 £ 0.068
0.943 £ 0.035
0.174 £ 0.008
0.602 £ 0.024
0.867 £ 0.011
0.481 £ 0.063
0.174 £ 0.001
0.457 £ 0.005
0.146 £ 0.019
0.678 £ 0.009
0.202 £ 0.023
0.142 £ 0.009
0.29 +£0.013
0.138 £0.014
0.137 £0.012
0.151 £ 0.002
0.823 £0.027
0.664 £ 0.005
0.149 £ 0.023
0.372 £0.028
0.158 £ 0.004
0.132 £ 0.001
0.208 £ 0.003
0.189 £ 0.001
0.237 £ 0.003
0.147 £ 0.003
0.216 £ 0.0
0.165 £ 0.002
0.167 = 0.002
0.148 £ 0.001
0.156 £ 0.001
0.131 £ 0.001
0.905 £ 0.01
0.164 £ 0.006
0.193 £ 0.003
0.153 £ 0.002
0.266 £ 0.004
0.347 £ 0.004
0.175 £ 0.003
0.188 £ 0.004
0.191 £ 0.011

—4.557 £+ 0.282
—4.248 £ 0.011
—4.65£0.212
—4.606 + 0.162
—4.683 £ 0.112
—4.41 £0.057
—4.96 £ 0.509
—-4.32 +£0.077
—5.006 £ 0.059
—4.856 + 0.129
—4.807 £ 0.32
—4.438 + 0.026
—4.954 £ 0.729
—4.402 + 0.013
—4.559 £+ 0.268
—5.079 £ 0.443
—5.096 + 0.036
—5.049 £ 0.431
—5.058 £0.371
—4.837 £ 0.509
—4.773 £ 0.08
—4.347 £ 0.049
—5.249 + 0.069
—4.675+£0.124
—4.83 £0.576
—5.032 £ 0.28
—4.606 + 1.185
—4.89£0.151
—4.437 £ 0.164
—4.86 £ 0.462
—4.559 £ 1.034
—4.864 £ 0.321
—4.739 £ 0.333
—4.846 + 0.255
—4.81 £0.466
—5.468 +0.115
—5.323 £ 0.11
—4.727 £ 0.279
—4.742 + 0.449
—4.972 + 0.465
—4.698 £ 0.077
—4.689 £ 0.033
—4.688 +0.417
—4.611 + 0.215
—4.689 + 0.224
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no
yes
yes
yes
no
yes
yes
yes
yes
yes
no
yes
no
yes
no
no
yes
no
no
no
yes
yes
yes
yes
no
no
no
yes
no
no
no
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no
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no
yes
no
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no
yes
yes
no
yes
no

HARPS
HARPS-N
HARPS
HARPS
HARPS
HARPS
UVES
HARPS-N
HARPS
UVES
HARPS-N
HARPS-N
HARPS
HARPS
HARPS
HARPS
HARPS
HARPS
HARPS
HARPS-N
HARPS
HARPS-N
HARPS
UVES
HARPS-N
HARPS-N
HARPS-N
HARPS
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS
HARPS
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS-N
HARPS
UVES



WASP-127
WASP-133
WASP-14
WASP-140
WASP-141
WASP-142
WASP-147
WASP-157
WASP-158
WASP-159
WASP-160B
WASP-165
WASP-168
WASP-173A
WASP-46
WASP-53
WASP-59
WASP-60
WASP-80
WASP-84
WASP-85
WASP-89
Wolf503
XO-1
X0O-3
XO-5

G5
G4
F5V
KO
F9
F8
G4
G2V
F6Vv
F9
KoV
G6
Fov
G2
G6
K3
KbV
G1V
K7V-MOV
K1
G5
K3
K3.5V
G1V
F5V
G7

0.147 £ 0.003
0.161 £ 0.01
0.155 £ 0.001
0.429 £ 0.014
0.166 £ 0.007
0.166 £+ 0.01
0.153 £ 0.005
0.219 £0.05
0.161 £ 0.006
0.142 £ 0.004
0.189 £ 0.013
0.147 £ 0.006
0.16 = 0.005
0.309 £ 0.004
0.135 £ 0.004
0.378 £ 0.005
0.914 £ 0.018
0.151 + 0.002
1.676 = 0.106
0.457 £ 0.027
0.284 +0.029
0.512 £ 0.057
0.352 £ 0.008
0.19 £ 0.003
0.227 £ 0.001
0.153 £ 0.004

—4.989 £ 0.276
—4.909 £ 0.329
—4.805 £ 0.329
—4.423 £+ 0.084
—4.781 + 0.403
—4.823 + 0.525
—4.933 £ 0.362
—4.657 £ 0.219
—4.799 £ 0.409
—4.998 £ 0.637
—4.977 £ 0.381
—5.025 £ 0.396
—4.837 £ 0.448
—4.418 +0.149
—5.034 £ 0.888
—4.637 £ 0.051
—4.39 £0.037
—4.876 £0.379
—4.312 £ 0.212
—4.455 £ 0.125
—4.557 £ 0.094
—4.526 £ 0.098
—4.792 £ 0.108
—4.741 £+ 0.452
—4.469 £+ 0.35
—5.045 £ 0.377

no
no
no
yes
no
no
no
no
yes
no
yes
no
yes
yes

NaN
yes
yes
no
yes
yes
yes

NaN
yes
no
no
no
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HARPS-N
HARPS
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UVES
UVES
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UVES
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UVES
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