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“Two possibilities exist: Either we are alone in the Universe

or we are not. Both are equally terrifying.

- Arthur C. Clarke
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Abstract

Instrumental precision is no longer the biggest impediment to the discovery of

Earth-like planets. Indeed, future space missions and next generation spectro-

graphs are technically capable at finding and characterising Earth-analogue plan-

ets. However, it is now stellar activity that poses a critical challenge on the path-

way to detect habitable Earth-like worlds. This thesis is therefore dedicated to

understanding the effect stellar activity has on spectroscopically observed radial-

velocity (RV) variations used to detect the Doppler wobble reflex motion induced

by orbiting planets on their host star.

In this thesis, I first outline one of the most common processes by which exo-

planets are detected by presenting the discovery of two hot Jupiters by NGTS.

Following this discovery, I investigate how to detect smaller exoplanets using our

best example: the Sun. Using the HARPS-N solar telescope, I study the possi-

bility of detecting Venus using the RV method. However, finding Venus is proven

to be impossible unless solar activity can be corrected for to some certain level.

Therefore, in order to better understand stellar activity, I compare the Sun with

a large number of relatively inactive stars, from F-type to M-type stars, over long

timescales, with the aim of improving our detection of long-period exoplanets.

I analyse the long-term changes seen for multiple activity indicators and study

their correlation with the RVs. The sign of the correlations appears to vary as a

function of stellar spectral type, and the transition in sign signals a noteworthy

change in the stellar activity properties where earlier type stars appear more plage

dominated. These transitions become more clearly defined when considered as a

function of the convective zone depth. Therefore, it is the convective zone depth

(which can be altered by stellar metallicity) that appears to be the underlying

fundamental parameter driving the observed activity correlations. In addition, for

most of the stars, I find that the RVs become increasingly red-shifted as activ-

ity levels increase, which can be explained by the increase in the suppression of
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convective blue-shift. However, I also find that for a minority of stars, those with

deeper convective envelopes, the RVs become increasingly blue-shifted as activity

levels increase. Then, using the correlations found between activity indicators and

RVs, I perform a simple cleaning of the long-term RV signals induced by stellar

activity. This RV noise cleaning allows me to improve the planetary detection at

longer orbital periods. Using these cleaned curves, some new planetary candidates

are identified.

Finally, I present a new approach to search for activity indicators. By comparing

active spectra from inactive ones, I aim to classify individual lines as either sen-

sitive or insensitive to stellar activity. Such classification would then improve our

data-reduction techniques, by reducing the RV variations due to stellar activity,

by analysing the activity insensitive lines, or conversely providing more precise

information on the stellar surface variability.
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1.1 Introduction

A huge number of objects, with different sizes and masses, exist in our solar system.

Ancient Greek astronomers employed the term ‘asteres planetai’ (i.e. wandering

stars) for star-like objects that were apparently moving over the sky. Over the

centuries, the word ‘planet’ has included a wide range of celestial bodies, including

satellites and asteroids. A clear designation of the term ‘planet’ from other objects

was thus needed. In 2006, the International Astronomical Union (IAU) considered

a celestial body as a planet if:

1. it orbits around the Sun,

2. it is massive enough to support hydrostatic equilibrium,

3. it has cleared its neighbourhood of planetesimals.

The term planet was thus defined from the observations of our solar system. By

definition this term can then not be applied to the ‘planets’ orbiting around other

stars. Hence, the term exoplanet, which is short for extra-solar planet, is used

instead to define such an object.

The first confirmation of an exoplanet around a main-sequence (solar-type) star

was made in 1995 by measuring the radial velocity (RV) variations of 51 Pegasi

(Mayor & Queloz, 1995). This extra-solar planet, a giant gaseous planet, orbits

its host star every four days and is classified as a hot Jupiter. This term was

used due to its similarity with Jupiter (in size and/or mass), and its proximity

to its host star (hence its high surface temperature). Since then, thousands of

exoplanets have been confirmed, with a variety of orbital configurations that do

not always agree with what is seen in our solar system. This diversity of exoplanets

found, therefore, challenges our understanding of planet formation and migration

theories, and calls into question our previous definition of the term ‘planet’.

A number of other definitions have then been considered, to better correspond to

the vast diversity of exoplanetary systems seen. Some were focused on defining a

limit to the mass of a planet. For instance, the IAU working definition considers

that if the mass of an object is below a certain threshold, ∼13 Jupiter mass (MJ),

which corresponds to the limiting mass for thermonuclear fusion of deuterium,

and if that object is orbiting a star or a stellar remnant, then it is considered as a
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planet. Objects above this mass are considered as brown dwarfs. Others argued

about this cut of 13 MJ, and suggested that a higher mass of ∼25 MJ, chosen

arbitrarily after investigating the mass distribution of stellar companions, should

be considered for a more open approach (Schneider et al., 2011, Udry, 2010). A

third approach, based on the observation of the mass-density distribution of a

range of objects, was then suggested by Hatzes & Rauer (2015), who proposed

to categorise objects as ‘Low Mass Planets’ if M < 0.3 MJ, as ‘Giant Gaseous

Planets’ if 0.3 MJ < M < 60 MJ and as ‘Stellar Objects’ if M > 60 MJ. While the

mass limit used to define a planet is still an open question, some have considered

the use of a different definition, for instance, based on the formation mechanism

(Soter, 2006). Overall, these discussions prove that our understanding of planets

is not yet complete. Therefore, by improving our detection and characterisation

methods, the search for new exoplanets will serve to answer many fundamental

and astronomical questions, as well as the universal question: ‘Is there life beyond

our solar system?’

Most of the exoplanets discovered so far have been found around main sequence

(F, G, or K) dwarf, solar-type, stars. Currently, 4834 exoplanets1 (as of 30 Au-

gust 2021) have been confirmed. Initially, most of these exoplanet discoveries were

hot Jupiters. However, thanks to advances in technology and the improvement

in instrumental sensitivities increasing numbers of lower-mass and longer-period

planets are now being discovered, and this looks set to continue at a more rapid

pace in the future. For instance, the European Space Agency mission PLATO

(due to launch in 2026) is specifically tasked with finding Earth-analogue transit-

ing planets. In the meantime, the next generation of ultra-stable spectrographs

(such as ESPRESSO on the VLT) are designed to achieve RV precisions of <

10 cm s−1. These instruments are, technically, capable of measuring the subtle

Doppler wobble signals induced on stars by orbiting Earth-like planets for the first

time. However, there are still many difficulties to overcome in the search of an

Earth-twin around a solar-type star. Indeed, not only does each detection method

have their own instrumental limitations, preventing exoplanet discoveries, but on

top of that, astrophysical noise (which occurs due to stellar activity) is becoming

one of the biggest impediments to detect Earth-like planets. Therefore, and in

1Schneider, J. ”Interactive Extra-solar Planets Catalog”. The Extrasolar Planets Encyclopae-
dia: http://exoplanet.eu/catalog/

http://exoplanet.eu/catalog/
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Figure 1.1: Illustration of the various planet detection methods, providing
a visual overview of current and future techniques. The mass scale on the
left indicates the sensitivity to planet mass of each technique. Image credit:

Perryman (2011).

order to detect, one day, an Earth 2.0, I have focused my research on the un-

derstanding and on the removal of astrophysical noise. It is thus the goal of this

thesis, to explore stellar activity in order to improve our detection methods.

1.2 Exoplanet Detection Methods

A number of detection methods, with their own specificity, are used today to

detect and characterise exoplanets. Figure 1.1 presents an overview of the different

detection methods, present and future, and compares them with their planetary

mass detectability. In addition, Figure 1.2 presents the currently known exoplanets

(according to the NASA Exoplanet Archive), with their mass (or minimum mass,

in MJ) plotted as a function of their orbital period (in days) on a logarithmic scale,

and colour coded by their discovery method. For comparison, four planets of our

solar system (Venus, Earth, Jupiter and Saturn) are shown in this plot as well.

Seven types of detection methods are presented in Figure 1.2: astrometry, direct

imaging, gravitational microlensing, orbital brightness modulation, timing varia-

tions, transits and the radial velocity method. Among these, two methods are

particularly successful in terms of the number of exoplanets discovered: the radial
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Figure 1.2: Overview of all the exoplanets discovered (according to the NASA
Exoplanet Archive), with their mass (or minimum mass, in Jupiter mass) plot-
ted as a function of their period (in days). The colour-coding represents the

discovery method used. Figure credit: NASA Exoplanet Archive.

velocity (or Doppler wobble) and transit methods. It is also this pair of exoplanet

discovery and characterisation techniques that I have exploited in the work for this

thesis, and so will be presented in detail in the next subsections.

Finally, I want to caution that it is easy to misinterpret the data presented in Fig-

ure 1.2. Indeed, one could note that smaller-mass exoplanets, similar to an Earth

mass (∼0.003 MJ), are mainly detected at shorter orbital periods (/10 days).

Hence, this would suggest that Earth-analogue planets (lower-mass and longer-

period planets) are rare in our galaxy, and that our solar system is actually unique.

However, all hope is not lost to find an Earth twin, as the results presented Fig-

ure 1.2, as well as our interpretation, are affected by selection and survey biases.

1.2.1 Transit Method

It is the transit method that, today, is the most successful technique for exoplanet

detection. More than 3,000 exoplanets have been detected via this method, which

relies on measuring the variations of the intensity of the star (via photometry). If a
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Figure 1.3: Illustration of a transiting planet, with its effects on the observed
light curve. As the planet transits in front of the star (labelled from 1 to 4),
it blocks out some light. This is known as the primary transit. During that
time, a drop in the flux, ∆F is measured. The transit duration, tT , is measured
between the first and last points of contact, 1 and 4. In addition, and due to
the thermal effect and reflected stellar light, a secondary eclipse is also visible

when the planet passes behind the star. Image credit: Perryman (2011).

planet orbiting around its host star passes between the observer and the star then

the light received will dim as it occults some of the light from the star. Figure 1.3

illustrates the effect that a transiting planet has on the measured stellar flux. In

addition to the dip in the flux produced by the transiting planet, a second effect

can also be seen. As the planet moves around its orbit, more of the ‘day side’

of the planet can be observed. The planet will then also contribute to the total

flux received through a combination of any reflected stellar light from its surface

and thermal emission from the planet itself. As the planet orbits behind the star,

this extra flux received will disappear, causing a secondary eclipse. This effect

is, however, much smaller than the main transit event, and is thus not always

detectable.

As the planet begins to move in front of the star (see Figure 1.3, positions 1 and

2), known as ingress, the measured flux decreases. Similarly, when the planet

moves away from the star (positions 3 and 4: egress), the flux increases. It is by
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measuring this change of flux (∆F) and the transit duration (tT = t4 − t1) that the

transit method allows us to determine properties of the planet, such as the orbital

inclination, the orbital period and the planet-to-star radius ratio. The depth of

a transit can be simply estimated (ignoring limb-darkening effect and assuming a

full transit, i.e. excluding grazing transits) as:

∆F =
(
δI
I

)
=

(
Rp

R?

)2
, (1.1)

where I is the intensity measured and δI the change in intensity during the tran-

sit. As an example, the change of intensity (∆F) between Jupiter and the Sun

corresponds to a depth of ∼1%. In comparison, the change of intensity in the case

of the Earth transiting the Sun corresponds to a depth of just ∼0.01%. Therefore,

the transit method is mostly sensitive to larger planets, in close orbits, around

smaller stars (resulting in larger and more frequent dips in the light curve). In

addition to the transit depth, the transit duration can also be calculated, and is

given by:

tT =
P
π

arcsin
*...
,

R?
a

*..
,

(
1 + Rp

R?

)2
−

(
a cos i

R?

)2

1 − (cos i)2
+//
-

1/2
+///
-

, (1.2)

where P is the orbital period, Rp is the planetary radius, R? is the stellar radius,

a is the semi-major axis of the orbit, and i is the orbital inclination.

It should be noted that a simple transit-like dip in the light curve is not enough

to confirm the detection of an exoplanet. Other sources can also produce simi-

lar transit-like shapes in the light curve. These false positives include low-mass

eclipsing binaries (such as brown dwarfs and main sequence stars transiting red

giant stars), grazing eclipsing binaries and background eclipsing binaries. There-

fore, while wide field transit surveys detect many transits, follow-up spectroscopy

and often further follow-up photometry are necessary to confirm the presence of a

planet. Examples of such follow-up after the discovery of a candidate are discussed

in Section 3.2.2.

As seen in Figure 1.2, a large number of exoplanets have been discovered via the

transit method. This is mostly due to the space-based telescope Kepler (Borucki

et al., 2010). Today, its successor, TESS (Transiting Exoplanet Survey Satellite;

Ricker et al. 2015), surveys the whole sky for transiting planets with a mini-

mum of 27 days of observations per target. In addition to these space telescopes,
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Figure 1.4: Photo of the Next-Generation Transit Survey (NGTS), located
at ESO’s Paranal Observatory in northern Chile. NGTS has a fully robotized

array of twelve 20 cm Newtonian telescopes. Image credit: ESO/R. West.

ground-based survey telescopes are also successful in the discovery of exoplanets.

These ground-based telescopes, such as WASP (Wide Angle Search for Planets),

HAT (Hungarian-made Automated Telescope), KELT (Kilodegree Extremely Lit-

tle Telescope) and NGTS (Next Generation Transit Survey, see Figure 1.4 and

Chapter 3) are usually more flexible (and cheaper) than space-based telescopes,

as they can focus on some specific targets for a longer period of time in order to

observe a multitude of transits of the same planet. The detection of these transits

allows, for instance, the confirmation of potential candidates initially discovered by

TESS. Finally, the future launch of the European Space Agency mission PLATO

(PLAnetary Transit and Oscillations of stars, expected in 2026) is specifically

tasked with finding Earth-analogue transiting planets around bright stars. How-

ever, for the bulk of the future candidates, we will need to confirm the mass using

the RV method.

1.2.2 Radial Velocity Method

As seen in Figure 1.2, the radial velocity (RV), or Doppler wobble, technique is one

of the most successful methods for finding exoplanets. As previously mentioned,

it was this technique that enabled the discovery of the first exoplanet around a
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Figure 1.5: Illustration of the radial velocity (or Doppler wobble) method. The
host star wobbles around its barycentre due to the presence of an exoplanet. As
the star moves towards the observer, the light emitted will be shifted to the blue.
Similarly, when the star moves away from the observer, the light emitted will
be shifted to the red. It is these wavelength shifts that can inform an observer
of the presence of an exoplanet. Figure credit: European Southern Observatory

public images.

solar-type star (Mayor & Queloz, 1995). Today, it is responsible for the discovery

of more than 900 exoplanets.

The RV method relies on detecting the small motions induced by a planet on its

host star. Indeed, in a planetary system, all the bodies will orbit around a common

barycentre, the star included. Therefore, as the star moves (or wobbles) around

its barycentre, we observe the star moving towards and away from us, shifting

the received light. As the star is moving towards the observer, the light waves

compress, shifting the wavelength to the blue end of the spectrum. Similarly,

if the star moves away from the observer, its light waves spread out, shifting the

wavelength to the red. These shifts in wavelength are known as the Doppler effect.

An illustration of this effect is presented in Figure 1.5.

Within the wavelength range of high-precision echelle spectrographs, thousands of

stellar absorption lines are observed. By comparing these stellar absorption lines

with a reference spectrum it is possible to measure the displacement of the stellar

lines (i.e.: the shifts due to the Doppler effect) from the centroid. The radial
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velocity of the host star, v, is therefore calculated such as:

v =
λ − λ0
λ0

c, (1.3)

where c is the speed of light, λ is the observed wavelength of the line and λ0

is the central wavelength (or rest wavelength of the line). Figure 1.6 illustrates

the measured RV of a star, influenced by the presence of a planet orbiting in

circular motion (i.e.: e = 0). Hence, the RV variations observed are sinusoidal.

This schematic presents how it is possible to measure, for instance, the RV semi-

amplitude (KS) of the host star, the period of the planet (P), its epoch (T), the

eccentricity of the orbit (e) and the argument of periastron (ω).

The RV motions induced by a planet on its host star depend on the mass of

the planet (Mp), the mass of the host star (M?) and the distance between the

two. Hence, a larger planetary mass will result in larger RV variations, while a

larger distance (or a longer orbital period) will result in lower RV variations. The

observed semi-amplitude (KS) of the RV signal for the host star is given by:

KS =

(
2πG

P

)1/3 Mp sin i(
M? + Mp

)2/3
1

(1 − e)1/2 , (1.4)

where G is the gravitational constant, P the orbital period of the planet, i the

orbital inclination of the system and e the orbital eccentricity of the planet. Since

the mass of the star (M?) is often significantly greater than the mass of the planet

(Mp), it is common to simplify the equation using the approximation:

(
M? + Mp

)
≈ M? (1.5)

Therefore, equation 1.4 becomes:

KS =

(
2πG

P

)1/3 Mp sin i

M2/3
?

1
(1 − e)1/2 (1.6)

From this equation, it is easy to understand why more massive and shorter period

planets induce higher RV variations, as mentioned earlier. For instance, the RV

motions induced by a hot Jupiter can reach up to hundreds of m s−1, compared

to a few cm s−1 for an Earth-analogue planet. Such massive and closer planets

will therefore be easier to detect, thus explaining the ‘biased’ spread of the dis-

covered exoplanets seen in Figure 1.2 detected via the RV method. In addition
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Figure 1.6: Illustration of the radial velocity variations induced by a planet,
in a circular orbit around its host star. By measuring these RV variations, it
is possible to obtain the orbital period of the planet (P), its epoch (T) and its
minimum mass (Mp sin i). For non-circular orbits, RV curves also enable the
measurement of the eccentricity of the orbit (e) and the argument of periastron

(ω).

to equation 1.6, if the mass of the host star (M?) is known (usually determined

via spectral analysis), then the semi-major axis and minimum mass of the planet

(Mp sin i) can also be determined.

One of the most used instruments to study exoplanets via the RV method is

currently the High Accuracy Radial velocity Planet Searcher (HARPS) instrument

(and its northern hemisphere twin: HARPS-N). These instruments are providing

a long term instrumental RV precision of ∼0.5 m s−1 (Dumusque et al., 2012, Pepe

& Lovis, 2008), allowing easy detection of hot Jupiters and lower-mass exoplanets,

but the detection of Earth-analogues (∼10 cm s−1) is beyond their reach. It is

hoped to break that barrier with the next generation of ultra-stable spectrographs

(such as ESPRESSO on the VLT, González Hernández et al. 2018, Pepe et al.

2010), designed to achieve instrumental RV precisions on the order of cm s−1.

As a final comment, one can note that only the minimum mass of the planet

(Mp sin i) can be measured using the RV method. However, measuring precisely

the mass of the planet is important, as it leads to a better characterisation of

the planet, such as the measure of the bulk density or the surface gravity of the

planet. Therefore, in order to determine the true mass of the planet, knowledge of

the orbital inclination (i) of the star-planet system is necessary. Such information

can be obtained via other exoplanet detection methods (for instance using the
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astrometry or the transit method). This shows that there is no perfect method

when detecting exoplanets and, often, a combination of multiple methods must be

used to characterise as best as possible newly detected exoplanets.

1.3 Structure of the Thesis

It is thought that the most likely scenario for discovering and confirming an Earth-

analogue around a solar-type star will be by combining both transit and RV meth-

ods. However, as we move towards the observation of lower-mass and longer-period

planets, astrophysical noise becomes a major hindrance in the detection of Earth-

like planet. This thesis will focus on the detection of exoplanets, its limits, and

the improvements that can be done in order to find an Earth 2.0 exoplanet.

In Chapter 2, I describe in more detail the issues we are facing when observ-

ing and detecting exoplanets, caused mainly by stellar activity, and the current

techniques used to mitigate such noise. In Chapter 3, I present the discovery of

two hot Jupiters with NGTS and the subsequent photometric and spectroscopic

follow-up. This chapter acts to outline, in more detail, the main exoplanet discov-

ery process. In Chapter 4, I discuss our current limits for detecting exoplanets,

especially Earth-like planets, using our own solar system as an example. In Chap-

ter 5, I give a detailed explanation on the study of stellar activity, using the Sun

and α Centauri B as examples. These two stars will serve as a reference to study

the changes seen in stellar activity across their magnetic cycle. Then, in Chap-

ter 6, I compare these results with 59 other stars, explaining the differences seen

as a function of spectral type and as a function of convective zone depth.

Using this new knowledge on stellar activity, and its change over long timescales,

I present in Chapter 7 the impact that stellar activity can have on long-term

RV trends. In addition, using simple removal techniques, it is possible to detect

planetary signals hidden in the stellar noise. Therefore, and using these simple

removal techniques, I display, in Chapter 8, updated orbital planetary parameters,

argue about confirmed planets that could actually be aliases, and present possible

new planetary candidates.

After looking at the long-term RV trends induced by stellar activity, I present,

in Chapter 9, a detailed analysis of the effects of stellar activity on the spectra

itself of these stars. More specifically, I focus my research on the changes of some
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particular lines in the stellar spectrum. Determining what lines are sensitive (or

insensitive) to stellar activity provides an opportunity to both understand the

impact of stellar activity as well as filter its effect directly through the careful

selection of suitable stellar lines. Finally, in Chapter 10, I summarise the main

conclusions of my work and highlight the possible future research that I intend to

do.
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2.1 Introduction

With the increase in instrumental precision, scientists are now aiming at detecting

an Earth-analogue planet around a solar-type star via photometry (e.g. with

PLATO) or via spectroscopy (e.g. with ESPRESSO). While these instruments are

“technically” capable to detect an Earth-analogue planet, it is now astrophysical

noise that becomes the limiting factor in finding these worlds.

Astrophysical noise refers to signals inherent to the host star itself that can add

noise and affect the detectability of exoplanets. Indeed, low-mass main-sequence

stars, such as the Sun, generate magnetic activity that manifests itself as brighter

or darker zones on their surface. These features created by stellar activity will

affect the light emitted by the star, adding noise to the RVs, which can then

mask or mimic the signal of an exoplanet. Because of stellar activity, there have

been several false claims of planet discoveries. For example, the RV variations of

HD 166435, HD 219542, TW Hya, BD +20 1790 and α Centauri B (Queloz et al.

2001b, Desidera et al. 2004, Huélamo et al. 2008, Figueira et al. 2010, Rajpaul

et al. 2016) were initially thought to be due to a planetary companion, before

being attributed to stellar activity. Understanding stellar activity and the features

it creates is therefore not only important in the study of the surface properties and

evolution of the stars, but also in the detection of exoplanets.

While each detection method is affected differently by stellar activity, in this thesis

I mainly concentrate on the astrophysical noise in the RV measurements by study-

ing the changes seen on different timescales and the kind of signal it produces in

the RVs. In this chapter, I present a brief overview of the main features of stellar

activity and the techniques used to mitigates its effect on RVs.

2.2 Astrophysical Noise

2.2.1 Non-Stellar Activity Related

2.2.1.1 Granulation and Oscillations

There are a number of sources that can cause stellar jitter and affect the methods

used to detect exoplanets. These astrophysical noise sources can be categorised
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as either having magnetic or non-magnetic origins. Here I will simply present the

two major non-stellar activity related sources: granulation and oscillations.

Granulation exists even when no magnetic-field related activity is present on the

star. Due to the convective nature of the outer envelope, bright and hot bub-

bles of plasma, known as granules, rise upward to the stellar surface. Once high

enough in the stellar atmosphere, the hot plasma will lose thermal energy, via pho-

ton dispersion, changing the granules to become darker and cooler. This denser

plasma is then carried down into the intergranular lanes (Nordlund et al., 2009).

In comparison with starspots and plage regions, for solar-type stars, granules have

a short lifetime (between 5 to 15 minutes) with a net variability from a few cm s−1

up to m s−1 (Cegla et al. 2019, Collier Cameron et al. 2019, Meunier et al. 2015,

Schrijver & Zwaan 2000). While the bright up-flowing granules contribute to a

net blue-shift, the dark sinking inter-granular lanes produce a net red-shift. Their

contribution, however, does not cancel out, as the granules are brighter and oc-

cupy a larger surface area. Thus, the dominant spectral imprint of convection is

a net blue-shifted component to the spectral line-profile. While the RV signals

introduced by granulation cannot produce periodic signals that would mimic the

presence of a planet, its magnitude, however, is large enough to mask low-mass and

long-period planet signals. Figure 2.1 presents a schematic of the interior structure

of the Sun and shows the outer-convection zone. In addition, an example of solar

granulation from high-resolution images is also shown, with the presence of hot

bubbles of plasma and intergranular lanes.

Another example of non-stellar activity related noise are stellar oscillations, which

result from turbulent motions of the convective layers in a star. Indeed, due to

convection, motions inside a star can generate acoustic waves that interfere with

one another, and can even create resonant modes (known as p-mode, as pressure

is the dominant force, see Broomhall et al. 2009). For solar-type stars, these

pressure waves will cause the star to oscillate (the star will expand and contract

periodically, between a few minutes to half an hour) as the waves move towards

and away from the stellar surface. This oscillation of the stellar surface will cause a

Doppler shift in the observed light, inducing RV variations between 0.10 to 4 m s−1

(Chaplin et al., 2019, Schrijver & Zwaan, 2000). Similar to granulation, these RV

shifts cannot mimic a planetary signal, but may mask the presence of low-mass

and/or long-period planet signal.
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Figure 2.1: Left : schematic of the interior structure of the Sun. The energy
is generated in the core by the fusion of hydrogen to form helium, transmit-
ted outward by radiation and transported to the surface mainly by convection.
Right : example of solar granulation from high-resolution images. Due to the
convection, bright, large and hot bubbles of plasma rise to the solar surface (i.e.:
causing a blue-shift). In comparison, darker, smaller and cooler intergranular
lanes carry the plasma down (causing a red-shift). Image credit: NASA/God-

dard and NSO/AURA/NSF.

2.2.1.2 Other Astrophysical Noise Sources

Similar to granulation, larger scale processes, called supergranulation, have also

been found to impact RVs (between 0.3 to 1.1 m s−1, see Meunier et al. 2015).

Supergranulation, discovered by Hart (1954), is a fluid-dynamical phenomenon

taking place in the solar photosphere, primarily detected in the form of a vig-

orous cellular flow pattern. Supergranules last longer than granules (1 – 2 days

instead of a few minutes) with a much larger size (about 30 Mm, compared to

1 Mm for solar granules, see Bray et al. 1984, Hart 1956, Leighton et al. 1962)

but with smaller, mainly horizontal, velocity fields (hundreds of m s−1 instead of

a few km s−1, see Meunier et al. 2015, Rieutord & Rincon 2010). Hence, due to

the velocity fields being dominated by the horizontal component the signal almost

disappears near the solar disc centre. The physical origin of this supergranulation

is widely debated (see e.g. Rieutord & Rincon 2010). However, there appears to

be numerical evidence that supergranulation has a convective (buoyantly-driven)

origin deep inside the solar convection zone (Rieutord & Rincon, 2010). Nonethe-

less, the idea that supergranulation-scale flows are just a manifestation of some
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form of thermal convection is often dismissed due to the lack of photometric in-

tensity contrast at same scales (see e.g. Langfellner et al. 2016, Meunier et al.

2007). Thus, alternative models have also been proposed that treat supergranula-

tion not as a convective phenomenon but as a pattern resulting from the collective

interaction of granules (Rast, 2003, Rieutord et al., 2000) or magnetic elements

(Crouch et al., 2007). While granulation and oscillations are well characterized for

the Sun, Meunier & Lagrange (2019a) found that the effects of supergranulation

were unexpectedly strong and potentially more problematic than the granulation

signal. Although there may be a small correlation with shape and/or depth of the

line for granulation (Cegla et al., 2019), no correlation is expected for supergranu-

lation. This can be explained by the fact that supergranulation involves relatively

large-scale flows and therefore the line distortions produced that can be identified

are probably much smaller than those due to activity and granulation. In addi-

tion, as supergranulation is relatively symmetric across the disk, no strong effect

is expected as there would be, for instance, for a spot crossing the disk.

Finally, other sources of stellar noise have also been found to cause RV variations

in the stellar line profile. Variable stellar gravitational red-shift, for example, can

introduce RV noise caused from stellar radius fluctuations (∼6 cm s−1 RV shift

for a stellar radius fluctuation of 0.01 per cent, see Cegla et al. 2012). Meridional

flows, which arise from the redistribution of angular momentum caused by tur-

bulence and are predominantly poleward, can represent a significant fraction of

the convective blue-shift inhibition amplitude, especially for quiet, low-mass stars

(with RV variations between 0.7 to 1.6 m s−1 depending on the inclination of the

star, see Meunier & Lagrange 2020).

2.2.2 Stellar Dynamo Theory

Some of the features that appear on the stellar surface are produced by a magneto-

hydrodynamical stellar dynamo, which is driven by the interaction of the plasma in

the star with its magnetic field. However, even for the Sun, the exact mechanism

generating stellar activity is not known. The most accepted theory explaining the

production of this magnetic field is the αΩ (or flux transport) dynamo (Parker

1993, Choudhuri 2007).

The αΩ mechanism relies on three components: the radiative core of the star,

its convective outer envelope, and stellar rotation, and thus is only valid for low
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Figure 2.2: Schematic of the main processes of what is thought to be the solar
flux-transport dynamo. Between the Sun’s radiative core (red inner sphere) and
its surface (blue sphere) is the convective envelope. (a): the initial poloidal field.
(a,b): due to differential rotation, toroidal field is generated in the tachocline.
(c): magnetic field lines start to become twisted due to the convective motions,
and the strongest fields can break through the surface in tight loops, producing
spots. (d,e,f): additional magnetic flux can emerge and spread, in both latitude
and longitude, from decaying spots. (g): meridional flow (in yellow) carries
surface magnetic flux toward the poles. (h): some of this flux is then transported
downward, where these poloidal fields have opposite sign, compare to the first
frame. (i): this reversed poloidal flux is then sheared again, producing new

toroidal field, repeating the cycle. Image credit: Dikpati & Gilman (2009).
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mass stars. Figure 2.2 schematically presents the main processes of the solar

flux-transport dynamo, resulting in the formation of some stellar activity features.

First, the radiative cores in cool stars are believed to contain seed poloidal magnetic

field lines, possibly resulting from the initial stellar formation. Then, these seed

poloidal magnetic fields propagate through the convective envelope. However, low-

mass stars like the Sun do not rotate as solid bodies but show differential rotation in

the convective outer envelope. Therefore, since the equator of a star rotates faster

than its poles, the poloidal field lines are transformed into a toroidal field, wrapping

itself around the star and rising to the surface. The strength of the toroidal field is

proportional to the strength of the differential rotation. Since the convective zone

is differentially rotating and the radiative interior is rigidly rotating (see Figure 2.1

for a schematic of the interior structure of the Sun), this causes the region to have a

very large shear. Hence, the region with the strongest differential rotation, known

as the tachocline, is the interface between the bottom of the convective zone and

the radiative interior and generates the strongest toroidal field.

Once the toroidal field has risen to the stellar surface, it is transformed back into

poloidal field, but the exact mechanism for this process is still an open question.

One theory suggests that the transformation of the toroidal field comes from the

effects of the hot bubbles of plasma in the convection zone, which rotates as they

rise due to the Coriolis force, creating loops of magnetic field lines in the poloidal

plane (Parker 1993, Choudhuri 2007). Another theory considers the result of the

Babcock-Leighton mechanism in bipolar spots, where the diffusion of these spots

occur at different latitudes, resulting in the transformation of the toroidal lines

back into poloidal lines (Choudhuri, 2007). Finally, after the toroidal field are

changed back into poloidal fields, they are transported towards the pole due to

the meridional flows (arising from the redistribution of angular momentum caused

by turbulence), and then back underneath the surface to the tachocline where the

cycle repeat. It is the stellar dynamo that is the key ingredient in generating (and

recycling) stellar magnetic field, the observable of which I will now describe.

2.2.2.1 Starspots

Starspots are cool and dark areas that can be seen on the stellar photosphere. As

mentioned earlier, due to the shear between the convective outer envelope and the

radiative interior and the differential rotation, poloidal field lines are transformed
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Figure 2.3: The surface of the Sun during high solar activity. Numerous
sunspots can be observed, where the dark area in the center of the spot is known
as the umbra, surrounded by filament-like structures known as the penumbra.
The bright regions correspond to the faculae/plage regions. One can observe
that not only do the bright faculae cover a far larger area than the spots, but
also that the bright faculae may or may not be associated with a spot. Image

credit: NASA/Goddard Space Flight Center Scientific Visualization Studio.

into a toroidal field, wrapping itself around the star and rising to the surface. By

interacting with the magnetic field lines, the plasma of the convective envelope

creates regions of concentrated magnetic field, also known as magnetic flux tubes.

As the toroidal field rises to the surface, caused by the convective bubbles, the

magnetic flux tubes may break through the surface of the star in a “horseshoe”

or “α” shape (hence the name of this theory). Due to the shape of the magnetic

flux tubes as they break the stellar surface, bipolar starspots may be formed,

each having opposite magnetic polarity as the magnetic field changes direction.

Indeed, this high concentration of magnetic field flux leads to a suppression of

the convection, reducing the heat transport. This change in temperature then

results in the formation of darker regions on the surface of the star, known as

spots. For instance, on the Sun, the temperature difference between sunspots and
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the immaculate solar surface is ∼2000 K. Moreover, the stronger the magnetic

field, the larger the spot and the greater its lifetime is. Thus, for low-mass main-

sequence stars, the diameter of a spot can vary from 1×103 km up to 100×103 km,

and can last from hours to weeks, though they rarely last for two stellar rotations.

Figure 2.3 presents the surface of the Sun during high solar activity where numer-

ous spots can be observed. The dark area in the center of the spot is known as the

umbra, surrounded by filament-like structures known as the penumbra. Due to

their lower luminosity relative to the immaculate stellar surface, when spots rotate

into view the observed stellar flux will periodically decrease. In spectroscopy, this

change in the intensity leads to an apparent emission ‘bump’ in the stellar absorp-

tion line-profiles. For rapidly rotating stars, these apparent emission bumps due to

spots can be spectroscopically resolved providing the star is rotating fast enough

and the data have a sufficiently high signal-to-noise ratio (v sin i of ∼10 km s−1 for

a signal-to-noise ratio of 100, see Moulds et al. 2013). Hence, the location of these

emission bumps in the line profile can be used to trace the movement of the spot

across the stellar surface using a technique called Doppler imaging (Vogt & Penrod

1983, see Figure 2.4). The Doppler imaging technique consists of modelling the

star as a set of pixels lying on the stellar surface. This mapping occurs in one

dimension between position across the disk and wavelength position across any

spectral line, exploiting the fact that, in the spectrum of a rotating star, there ex-

ists a one-to-one correspondence between wavelength position across any spectral

line and spatial position across the stellar disk. Figure 2.5 presents a model of a

spectral line profile for a star with no spot, and compares it with the effects seen

due to the presence of a spot moving across the disk as the star rotates.

However, for slowly rotating stars, like the Sun, this apparent emission bump can-

not be resolved. The line-profiles are so narrow that features in them are not

resolved. Instead, the starspot creates an asymmetry in the line profile. This

asymmetry induces, after cross-correlating with a comparison spectrum (see Sec-

tion 2.3.3), RV shifts between a few m s−1 up to 100 m s−1 for the most active

stars (e.g. Desort et al. 2007, Hatzes 2002, Saar & Donahue 1997), which may

mask or mimic (in the most extreme cases) the presence of a planet. Similarly in

photometry, starspots also have a negative impact in the detection of exoplanets

using transit surveys. For instance, occulted spots (i.e. spots observed during the

transit) may affect the transit shape, which can possibly cause an underestimate of
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Figure 2.4: Illustration of the formation of an apparent emission bump in a
spectral line of a rapidly rotating spotted star. By summing the contributions
of each strip together, it is possible to generate the disk integrated line profile
shape. The presence of a spot on the stellar surface will partially cover one
of the strips, resulting in a shallower absorption line-profile for this strip. This
difference will thus lead to an apparent emission bump in the disk integrated line
profile shape when the contributions of each strip are summed. Figure credit:

Vogt & Penrod (1983).
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Figure 2.5: Model of a spectral line profile for a star with no spot (dashed line).
Illustration of the changes seen in the spectral line profile (emission ‘bump’) with
the presence of a spot moving across the disk as the star rotates (solid line).

Figure credit: Berdyugina (2005).

the transit depth, and hence, the planetary radius. Conversely, unocculted spots

can affect the transit baseline, leading to an overestimate of the planet radius.

2.2.2.2 Plage Regions and Faculae

Similar to starspots, faculae and plage regions are formed due to stellar activity.

Faculae arise from magnetic field concentrations in the stellar photosphere, while

plage regions consist of networks of faculae in the chromosphere. However, contrary

to spots, the fields lines are not strong enough to completely inhibit convection,

causing the decrease in temperature that would lead to the formation of spots.

Thus, faculae and plage regions appear as bright regions due to concentrations

of magnetic field altering the opacity at the surface, and hence allowing a deeper

view into the photosphere where it is hotter and therefore brighter. In Figure 2.3,

the large bright regions correspond to faculae and plage regions.

Since plage regions and faculae are associated with a rise in the concentration of

magnetic field lines, they often precede and follow the appearance of starspots (if

the magnetic field reaches the necessary concentration to form spots). Thus, quiet

stars like the Sun are believed to be faculae and plage dominated, in opposition

to more active stars that are believed to be spot dominated (Lockwood et al.,

2007). Plage/faculae lifetimes are much longer than spot lifetimes, and range
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from a few months up to a year in the case of the Sun (Collier Cameron et al.,

2019). Moreover, they also cover a larger area of the stellar surface, leading to

an increase in brightness during periods of increased magnetic activity for solar-

type stars (Kostik & Khomenko, 2012). This can also be observed in Figure 2.3,

where the bright regions cover a larger area than the dark ones. Naturally, the

longer lifetimes of plage/faculae relative to spots means that plage/faculae may

also appear at locations unassociated with the presence of spots.

Similar to spots, faculae and plage regions also induce a variable signal in the RVs.

Indeed, due to the higher magnetic field found in plage/faculae, the upward con-

vective motions of the granules (see Section 2.2.1) are suppressed, which, in turn,

attenuates the normal convective blue-shift of the regions. This suppression of the

convective blue-shift term results in an observed spectroscopic signal, producing

an RV shift of similar strength to that seen with spots (e.g. for the solar case,

Meunier et al. (2010) found the RV contributions for spots and plage/faculae to be

48 cm s−1 and 44 cm s−1, respectively). Since plage/faculae live longer and cover a

larger surface than spots, the RV effects of plage/faculae are considered, for low-

activity stars like the Sun, to dominate the stellar induced RVs (Meunier et al.,

2010), and is thought to be one of the biggest impediment to the RV detection of

Earth-like planets. As the stellar activity increases this switches to spots being

the dominant source of noise (Lockwood et al., 2007, Shapiro et al., 2016).

2.3 Mitigating Stellar Noise

As presented previously, astrophysical noise can prevent the detection of exoplan-

ets. Understanding the features on the stellar surface and the signal they produce

is therefore one of the top priorities when searching for exoplanets. In this section,

I present a brief overview of the techniques used to mitigate stellar noise.

2.3.1 Avoiding Active Stars

One of the easiest ways to manage stellar noise is to avoid targeting stars with

high-activity levels. Indeed, by focusing our observations on low-activity stars

instead, the level of noise in the RVs induced by stellar activity is lower, and

hence, it is easier to detect the signal from an exoplanet.
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Different methods exist in order to determine the level of activity of a star. Simply

knowing the stellar rotation period, for instance, allows for an estimation of the

activity level. Indeed, when a star is formed, its rotation period is dictated from

the angular momentum within the collapsing clouds. As low-mass stars age, they

spin down due to the interaction between the convective outer envelope and the

magnetic field (known as magnetic braking, Kraft 1967, 1970). As the rotation

of a star decreases, so does its magnetic activity. Therefore, knowing the rota-

tion period (or age) of a star can give us a rough indicator of its likely activity

level. Different ways can also be used to measure the stellar rotation period of a

star. Using photometry, for example, where variations due to active regions on

the stellar surface (such as spots) can give us an insight into the rotation period.

Alternatively, spectroscopy can be used to measure the projected equatorial ro-

tation velocity (v sin i∗) by comparing the broadening of the spectral lines of the

star with the template of another spectrum of a non-rotating (or slowly rotating)

star. From this projected equatorial rotation velocity and knowing the relation

between velocity, radius and period:

v =
2 π R

P
(2.1)

an upper limit for the stellar rotation period (Prot) can then be determined (e.g.

Simpson et al. 2010, Watson et al. 2010) via:

Prot ≤
2 π R∗
v sin i∗

(2.2)

where R∗ is the stellar radius and i∗ is the stellar inclination angle. While this

formula does not give a precise value of the stellar rotation period, it helps con-

straining it.

Another method to measure stellar activity can be done via spectroscopy. Since

magnetically active regions are correlated with activity in the stellar chromosphere,

a number of spectral lines are sensitive to stellar activity. These lines can therefore

be used to indicate the level of activity of the star. Some of the most well-known

lines are the Ca II H & K lines, as their cores show a re-emission peak that correlates

with stellar activity. Thus, a stronger re-emission peak indicates higher stellar

activity levels. Figure 2.6 compares two spectra near the Ca II K emission core. For

the first spectrum, which represents an active star, a re-emission peak is observed in

the center of the line. By comparison, the second spectrum represents an inactive
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Figure 2.6: Schematic spectra near the Ca II K emission core for an active
star (with re-emission peak at the center of the line) and for an inactive star

(without re-emission peak). Image credit: Duncan et al. (1991).

star where no re-emission peak is seen.

Wilson (1968) was the first to perform measurement of these line cores at the Mt

Wilson observatory, and was looking for long-term variations of the stellar activity

(similar to the 11-year magnetic cycle of the Sun). The measurement of these line

cores were then standardised as the S-index (Duncan et al., 1991). This index

was further corrected by accounting for the photospheric flux contribution from

the Ca II H & K line cores, and referred to as R′HK (Lovis et al., 2011, Noyes et al.,

1984). By using this activity indicator, stars can be classified as inactive if their

log R′HK is lower than ∼-4.8, and active if their log R′HK is greater than ∼-4.6. I

summarise here the typical procedure used in order to get the log R′HK for the

HARPS instrument (as I will be measuring the log R′HK from HARPS data for a

large study for multiple stars, see Chapter 6), following the procedure outlined in

Lovis et al. (2011).

First, the S-index is determined by measuring the flux in two pass-bands centred

on each of the Ca II H & K line cores relative to two surrounding continuum regions

(referred to as the V and R bands). The bands for the Ca II H & K line cores are

centred at rest wavelengths at 3933.664 Å and at 3968.470 Å, respectively, and

have a triangular shape with a FWHM of 1.09 Å. The continuum V and R bands

are centred at 3901.070 Å and 4001.070 Å, respectively, each with a width of 20 Å.
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The S-index, for the HARPS (or HARPS-N) spectrograph, is then defined as:

SHARPS =
H + K
R + V

(2.3)

where H, K , R and V represent the mean fluxes per wavelength interval for each

band. Then, the calibration from Lovis et al. (2011) is used to map the S-index

from HARPS to the Mt Wilson S-index:

SMW = 1.111 × SHARPS + 0.0153 (2.4)

Finally, after using a conversion factor, Ccf (B − V )1, that corrects for the varying

flux in the continuum passbands, and after correcting for the photospheric con-

tribution in the H & K passbands, Rphot(B − V )2, the R′HK value, defined by Noyes

et al. (1984) from the S-index, is measured via:

R′HK = 1.340 × 10−4 × Ccf (B − V ) × SMW − Rphot (B − V ) (2.5)

One should note that, in addition to this procedure, and for the Sun only, the effects

of spectrograph ghosts that are superimposed on the core of the Ca II H & K lines

has to be removed to produce an accurate R′HK (see Dumusque et al. 2020).

As presented in this section, different methods exist in order to measure the activity

level of a star, allowing observers to target only low-activity star to get lower-noise

RVs. However, avoiding some specific type of stars can affect the distribution of

planet parameters, leading to biases and incompleteness in the planet formation

and evolution theories. Moreover, the activity of as star is not constant. As

previously mentioned, stars exhibit magnetic activity cycles (similar to the 11-

year magnetic cycle of the Sun), and therefore, a star considered as quiet (i.e. a

low-activity star) may later show significant stellar activity (and vice versa). One

example of this change in activity is α Cen B, that was originally selected for RV

observations based on its v sin i∗ and R′HK level. After a few years, a clear increase

in activity level was observed, making it apparent that the star has been initially

observed during its minimum activity level (Dumusque et al., 2012).

Finally, while avoiding active stars can help in getting clearer RVs, low-activity

stars, like the Sun, still show the presence and the effect in the RVs of plage/faculae,

1Conversion factor: log10 (Ccf (B − V )) = −0.47 + 2.84 (B − V ) − 3.91 (B − V )2 + 1.13 (B − V )3

2Photospheric contribution: log10
(
Rphot(B − V )

)
= −4.898 + 1.918 (B − V )2 − 2.893 (B − V )3
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spots, granulation and stellar oscillations (among others). Even for the quietest

stars, we can observe RV variations induced by stellar activity that are larger than

the Doppler wobble signal of an Earth-analogue planet. Therefore, and for all

these reasons, it is crucial to understand and remove/reduce stellar activity noise

using additional noise mitigation techniques.

2.3.2 Optimising Observing Strategies

Each of the stellar activity features presented in Section 2.2 have a characteristic

timescale. Therefore, it is possible to optimise the observational strategy to reduce

some of the stellar noise. For example, Dumusque et al. (2011a) suggested that

by taking three sets of 10 minutes exposures, each separated by two hours, it is

possible to average out and reduce the effects of stellar oscillations and granulation.

One should note, however, that this strategy is dependent on the spectral type and

evolution of the star, as the timescale of the stellar oscillations and granulation

can vary (e.g. Chaplin et al. 2019). While this method helps to partially reduce

the noise, it does not fully remove the effect of granulation and oscillations. In

addition, one still has to deal with the effects of starspots and plage that have far

longer characteristic timescales. Thus, Dumusque et al. (2011b) suggested that

taking 10 observations, separated by three days, each month, provided adequate

sampling of the stellar rotation period for a Sun-like star, helping reduce the effect

of starspots (in Dumusque et al. (2011b)’s simulations, they managed to reduce

the RV variations level induced by spot groups from 60 cm s−1 to 10 cm s−1). One

should note that, for shorter rotation periods, it was recommended to increase the

measuring frequency.

Another example of the importance of adopting a suitable observing strategy con-

cerns the case where the planet period is notably different from the stellar rotation

period. For instance, with Kepler-78b, the known transiting planet has an orbital

period of 8.5 h, while the stellar rotation period is 12.6 days. Due to this impor-

tant difference, Pepe et al. (2013) decided to observe only twice per night, around

quadrature (i.e. at times when the planet RV semi-amplitude is the greatest). This

allowed the observers to minimise the observing time, while maximising the RV

information. Moreover, it also allowed the observers to separate the signals of the

star from that of the planet, with the stellar contribution determined as the sum of

the two nightly measurements and the planetary signal as the difference between
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these two nightly measurements. Indeed, due to the large difference between the

planet period and the stellar rotation period, this strategy essentially “freezes”

the stellar activity variation, since the evolution of spots will be small over one

night. This method is, however, only effective for ultra-short period planets, and

therefore cannot be applied for longer-period planets. While each strategy has its

own downside, optimal observing strategies are still a very robust tool to uncover

planetary signals inside stellar RV noise.

2.3.3 The Cross Correlation Function Analysis

2.3.3.1 Measuring RVs

Before describing other techniques used to mitigate stellar noise, it is necessary

to understand in more detail how the RVs are measured from spectra using the

cross-correlation function (CCF). The CCF is a measure of the similarity between

two time series. In the field of exoplanets, it is used to compare the spectra of

a star with a binary mask (or with a line-list) in order to measure the stellar

RV variations. The binary mask, as used by the HARPS data reduction software

(DRS), is based on a numerical mask consisting of 1’s and 0’s, with non-zero values

corresponding to the theoretical positions and widths of the stellar absorption lines

at zero velocity. Thus, the binary mask is composed of box-shaped windows of

equal amplitude, built based on an input spectrum. These wavelength windows

are selected in an optimal way (i.e.: only unblended lines, or predefined lines

matching typical lines of cool stars or lines of a certain line depth only) in order

to give the best CCF (Baranne et al. 1996, Pepe et al. 2002, Queloz 1995 and

references therein). In practice, however, building a line mask is quite difficult,

especially in the bluer part of the spectrum where there is a higher density of

lines. In addition, for stars with increasingly high rotation rates, and due to the

increased rotation broadening, some lines previously outside the mask may ‘bleed’

into it.

In comparison to the binary mask, and to avoid these issues, a line-list can be used.

It is based on a template (which can be either an observed or a synthetic one) and

uses the information of each line separately to get more precise measurements.

The lines composing the template are usually selected based on their line depth

and/or their line width. For example, lines that are too broad will not be chosen,
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Figure 2.7: Absolute convective blue-shift of Fe I lines (grey points) measured
from the Institut für Astrophysik, Göttingen (IAG) atlas as a function of nor-
malized line depth. The measurements are corrected for gravitational red-shift
of 636 m s−1. The median of the blue-shift measurements (black points) is shown
in bins of size 0.05, with the error bars measured as the standard deviation for
each bin. One can see that deep lines form higher up in the atmosphere and are

less susceptible to convective motions. Figure credit: Reiners et al. (2016).

as saturation can cause issues (by ‘bleeding out’ in wavelength) and the lines will

have different line-shapes, such as the H-lines (due to the Stark broadening). The

same goes for shallow lines that form deeper in the atmosphere, where we have

higher convective motions as they are more susceptible to convective blue-shift

suppression effect (see Figure 2.7), resulting in changes of their line shapes. In

practice, it is therefore difficult to build a reliable line-list, due to the lack of

knowledge regarding each specific line (as the strength of the line can vary due to,

for example, different type of stars, activity levels or metallicity). The top plot

of Figure 2.8 presents an example of a synthetic spectrum (in blue, created using

NICOLE, see Section 6.4.4), zoomed on the lines around 4668 Å. The top plot

of Figure 2.8 also shows a line-list (in red), taken from the line models of VALD

(Vienna Atomic Line Database, Pakhomov et al. 2019), where parameters similar

to the ones of the Sun were used to extract the synthetic line depth models for

this example. Only lines with a normalized depth greater than 0.1 were chosen to
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Figure 2.8: Top: example of a spectrum, in blue, with its respective line-list,
in red, zoomed on the lines around 4668 Å. Bottom: cross-correlating the two
together will result in a CCF profile, in blue. By using a baseline (in grey) and
by fitting a Gaussian to this CCF profile, in orange, the displacement of the
stellar lines from the centroid can be measured (in green), telling us about the

radial velocity change.

build this line-list.

Once the template is made, the CCF is then constructed by shifting the binary

mask (or line-list) as a function of the Doppler velocity on top of the observed

spectrum. The bottom plot of Figure 2.8 shows the results of the CCF (in blue)

between the example spectrum and the line-list. For most slow-rotating solar-

type stars (F-, G- and K-type stars), the shape of the resulting CCF resembles a

Gaussian shape profile. Therefore, and in order to achieve higher precision, the

CCF is fitted with a linear baseline (in grey) and a Gaussian function (in orange),

as done in the HARPS DRS. For some other stars (mainly M-type stars) however,

the shape of the CCF is different (see e.g. Rainer et al. 2020) with two bumps

on the wings. This effect is particularly troubling when computing the radial

velocity of the star. While some modifications (see Section 5.3.2) can be applied

to the CCF or to the mask to obtain better results, some underlying problems

still remain (Rainer et al., 2020, Suárez Mascareño et al., 2017). For example,

the shape of the CCF bisector seems to have little physical meaning. Finally, the

maximum displacement of the stellar lines from the centroid (given by the peak

of the Gaussian function, in green), is measured to calculate the radial velocity
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of the observed star. In my example, Figure 2.8, this RV shift corresponds to

−0.26 km s−1.

Similarly to my example, the radial velocities of the HARPS are derived from the

standard post-reduction analysis, which consists of cross-correlating each echelle

order with a binary mask containing thousands of spectral lines. These echelle

orders each cover a different part of the spectrum, as presented in Table 2.1. The

cross-correlation functions (CCFs) produced for each order are then combined into

a mean-weighted CCF from which the radial velocities are obtained by simply

fitting a Gaussian to the CCF profile and measuring its centroid.

Echelle order Central wavelength Total spectral range ∆λ

number [Å] [Å]
0 3901.3 42.8
1 3926.3 43.1
2 3951.6 43.4
... ... ...
67 6729.7 74.3
68 6804.4 75.1
69 6880.8 75.9

Table 2.1: Example of the echelle orders used in the cross-correlation function
of the HARPS, presented with their central wavelength and their spectral range.

If it was not for stellar noise, presented in Section 2.2, then most of the variations

observed in the RVs would be caused by the presence of planets. We would then be

able to characterize these exoplanets relatively easily, measuring their semi-major

axis, eccentricity and minimum mass. Unfortunately, stars are not simply uniform

balls of light. Hence, the presence of surface inhomogeneities and flows shift the

centre-of-light of the star from its center-of-mass, adding noise to the RVs.

2.3.3.2 Bisector Analysis

As mentioned, stellar activity, which includes the appearance of plage regions

and/or spots, can change the shape of the spectral line as active regions evolve

and/or rotate across the visible stellar disc. Thus, stellar activity can be identified

by studying these line-shape changes in the CCF.

One of the most popular ways to detect stellar activity is to analyse the line bisector

of the CCF (also known as the bisector span, or BIS, Queloz et al. 2001b). As
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Figure 2.9: Schematics of the effect that convection has on the stellar line
profile shape. Left : the individual components that make up the line profile
are presented separately, with the brighter, hotter and uprising granules that
shift the line profile to the blue, and the dimmer, cooler and sinking intergran-
ular lanes that shift the line profile to the red. Right : The results of the line
profile when combining both components, producing an asymmetric line shape,

highlighted with the line bisector. Figure credit: Perryman (2011)

the CCF BIS measures the degree of asymmetry in the shape of a line profile

it can capture the line-shape change caused by stellar activity. Moreover, the

CCF BIS is invariant to the Doppler shifts caused by planets, making the CCF BIS

a great activity indicator. As an example, granulation (see Section 2.2.1) induces

a characteristic asymmetry in the line profile of cool stars, which is typically seen

as a ‘C’-shape line bisector. Indeed, with the majority of the flux coming from the

brighter, hotter and uprising bubbles of plasma, some of the line profile components

are shifted to the blue. In addition, the dimmer, cooler and sinking intergranular

lanes, also shift some of the line profile components to the red. The left-hand

panel of Figure 2.9 presents a schematic of the effect that convection has on the

stellar line profile shape. The individual components that make the line profile

are presented separately with the granular region, blue-shifted with higher flux,

and the intergranular region, red-shifted with lower flux. By combining these

components together, right plot of Figure 2.9, it produces an asymmetric line

shape, comparable to a ‘C’-shape.

The changes in the asymmetry of the CCF line profiles, due to stellar activity, can

then be measured using the line bisector, which is constructed by determining the

midpoints from horizontal line segments as a function of line depth. Many ways
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exist to quantify the variations seen in a line bisector, but the standard bisector

analysis performed by HARPS consists of dividing the bisector into two sections.

The top of the bisector, which is usually defined as 10 - 40% of the line depth,

and the bottom of the bisector, defined as 60 - 90%. Then, the inverse slope of

the line that connects the top and the bottom is measured (Queloz et al., 2001b).

If a strong correlation is observed between the CCF BIS and the RV variations,

then an observer could conclude that, at least, some of the RV shifts are induced

by stellar activity.

In addition to the asymmetry observed from granulation, other types of stellar

noise (such as spots or plage regions) can also introduce their own bisector varia-

tions. Therefore, if multiple active regions are present on the stellar surface, their

contribution to the bisector span might cancel each other out. While bisector anal-

ysis is still one of the most powerful tools to detect stellar activity, one should still

be careful to not over-interpret the results of the bisector analysis. No correlation

found between the CCF BIS and the RV variations does not always mean that no

activity is present on the surface of the star. This is why other activity indicators

should also be studied.

2.3.3.3 FWHM and Contrast Analysis

The full width at half maximum (FWHM) and the contrast are products from the

Gaussian fit to the CCF. As its name implies, the CCF FWHM is a measure of

the width of the Gaussian at half its maximum. The CCF contrast is a measure

of the depth of the Gaussian fit. Similar to the CCF BIS, these two parameters

are not influenced by the Doppler shifts caused by planets, making them great

activity indicators as well. For instance, in the presence of a spot, a ‘bump’ will

be observed in the line profile (see Figure 2.5). Thus, this ‘bump’ in the emission

line will affect the depth and width of the Gaussian fit, inducing variations in the

CCF FWHM and CCF contrast measurements. Therefore, it is also necessary to

look at the correlation between the CCF FWHM and the CCF contrast with any

RV variability to check if the RV shifts may be induced by stellar activity.

While other activity indicators exist, such as the strength and variability of the

Balmer lines (see Gomes da Silva et al. 2011, West & Hawley 2008) or the log R′HK

(see previous section), I conclude this section by briefly discussing the CCF area

(Collier Cameron et al., 2019). The CCF area of the fitted Gaussian is defined as
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the product of the CCF FWHM and contrast. This ‘area’ is therefore defined in

a manner similar to the equivalent width of a single spectral line. The area of the

CCF was found to represent a reliable proxy of the temperature and metallicity of

a star (Collier Cameron et al., 2019, Malavolta et al., 2017). The CCF area was

also found to be useful in probing the longer-term change in stellar activity as it

does not contain a strong rotational signal (being the product of the contrast and

the FWHM, cancelling out each other).

2.3.4 Periodogram Analysis

Periodogram algorithms are one of the most important tools in order to detect

planetary signals. As planets (or exoplanets) induce periodic signals in the data,

periodogram algorithms can be used to search for and recover any such repeating

signal. For typical transiting planets, the main transit event occupies less than

five per cent of the total orbital period. Therefore, while the planetary signal in

the resulting light-curve is periodic, it is extremely non-sinusoidal. To detect such

signals, a box-shaped fit is applied to the data, with different sizes and depth, and

the signal residue is measured for any given trial period (Kovács et al., 2002). This

algorithm is called the box-fitting least squares (BLS).

For RV searches, however, the signal is assumed to be sinusoidal in nature (cor-

responding to the RV variations induced by an exoplanet with low eccentricity).

For these types of signals, it is the Generalized Lomb-Scargle (GLS) that is the

preferred choice of periodogram (Zechmeister & Kürster, 2009). The GLS fits si-

nusoidal curves to the data and measures the power of these fits as a function of

the frequency (or period). Hence, a repeating pattern will be shown with a high

power, while random noise will be shown with a low power. Modifications of this

algorithm exist, such as the Bayesian GLS (BGLS, see Mortier et al. 2015). By

using the Bayesian probability theory, Mortier et al. (2015) were able to describe

the probability that a full sine function (including weights derived from the errors

on the data values and a constant offset) with a specific frequency is present in

the data. They also showed that, for two peaks with similar heights in the GLS,

the BGLS can clarify which peak is the more probable and by how much. See Fig-

ure 2.10 for a comparison between periodograms using simulated data. The top

panel shows the non-Bayesian versions and the bottom panel shows the Bayesian

versions. The vertical green line corresponds to the real underlying signal with
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Figure 2.10: Comparison between non-Bayesian (top panel) and Bayesian
(bottom panel) periodograms using simulated data. The green vertical line
corresponds to the real underlying signal with a period of 50 days. The signal is
clearly detected by the (B)GLS, but the (B)LS does not single out that period
as the most significant. In addition, and contrary to the GLS, the BGLS clearly

clarify the most probable peak. Figure credit: Mortier et al. (2015).

a period of 50 days. As one can see, the signal is clearly detected by the BGLS

periodogram.

Another type of periodograms is the Keplerian periodogram (Baluev, 2015), which,

in comparison with the Lomb–Scargle periodogram, adds two more degrees of

freedom (with the parameters e and ω). This can be explained by the fact that

the RV variations (µ) induced by a satellite moving on a Keplerian orbit can

be represented as a function of the time and of five unknown parameters (the

frequency f , the RV semi-amplitude K , the mean longitude λ, the eccentricity e

and the argument of periastron ω) via:

µ = K (cos (ω + ν (λ − ω, e)) + e cosω) (2.6)

Using public RV data from ELODIE (Naef et al., 2001), Keck (Butler et al.,

2006), and HET (Wittenmyer et al., 2007) telescopes for the HD80606 star, Baluev
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(2015) show that the Keplerian periodogram can allow the observers to locate a

clearly isolated Keplerian period, even for highly eccentric signal. In addition, the

Keplerian periodogram can help to disentangle multiple Keplerian signals from

each other, with low and high eccentricities simultaneously.

Both type of periodograms (BLS and GLS) rely on the same principle. To fit a

repeating pattern to a dataset and measure its strength, allowing the identification

of the planetary signal. However, when observing real data, additional effects can

add spurious signals to the periodograms. For instance, gaps in the data may

then create window functions that will show up in the periodogram analysis (such

as the 1 day aliasing due to nightly observations from ground-based telescopes).

In addition to these spurious signals, harmonic frequencies (e.g. Prot
2 , Prot

3 ) can

also complicate the interpretation of periodograms. It is therefore important to

carefully treat the signals found in periodograms when searching for exoplanets.

One of the tools used to help distinguish real signals from spurious ones is the

False Alarm Probability (FAP). Based on the statistical significance of the peaks

in the periodograms, the FAP sets a certain “trusting” limit. Hence, any peak

below this limit is viewed as not real. The FAP can be approximated via:

FAP ≈ 1 −
(
1 − e−z)Ni (2.7)

where z is the maximum peak in the periodogram and Ni is the number of in-

dependent frequencies (i.e. the number of peaks). While this tool is useful in

highlighting the signal that are above the limit (i.e. the most probable signals),

it does not, however, make the distinction between the signal induced by a plan-

etary companion from those induced by stellar activity. In addition, it should

be noted that formula 2.7 for the FAP is an approach that is formally valid only

under pretty strict conditions, where the time series should be evenly spaced and

the periodogram of these data should be computed only on a discrete and rather

sparse set of the fundamental frequencies, without any oversampling (see Baluev

2015). Hence, multiple theoretical and practical weaknesses have been found for

formula 2.7 (see e.g. Baluev 2008, 2015, Süveges 2014 and references therein.)

However, despite its deficiencies, this approximation of the FAP remains one of

the most used in the astronomical practice. This is also how the FAP was measured

in Chapter 8 when assessing the power of the peaks in the periodograms.
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2.3.5 Correlation with Activity Indicators

Stellar activity features (such as spots and plage/faculae, as mention in the previ-

ous section) can also produce quasi-periodic signals, adding additional peaks in the

periodograms. While these stellar activity signals are incoherent and evolve with

time, it is still important to carefully treat the signals found in the periodogram

when searching for exoplanets. Hence, comparing the periodograms of the RVs

with those of the activity indicators (such as the log R′HK, CCF BIS, FWHM or

contrast) can help to establish the astrophysical nature of the frequencies found.

Indeed, since activity indicators are affected by stellar activity, while RVs are af-

fected by both stellar activity and the presence of a planetary companion, finding

the same signal in all periodograms (RVs and activity indicators) provides strong

evidence that the signal can be attributed to stellar activity. On the other hand,

finding a strong peak only in the RVs supports the interpretation that the signal is

of a planetary origin (though one should note that this condition is not sufficient

to claim the discovery of a planet). The comparison between RV and activity

indicator periodograms is commonly used, and was done, for instance, by Hatzes

et al. (2010) to better estimate the parameters of the planets around CoRoT-7

by isolating the stellar activity. See Figure 2.11 for the Scargle periodograms for

CoRoT-7 RV (top panel), bisector (upper middle panel), Ca II S-index (lower mid-

dle panel), and FWHM (bottom panel) as a function of frequency. The vertical

blue lines represent the frequencies seen only in the RVs and the vertical red lines

represent the frequencies found at the rotational period and its first 3 harmon-

ics. Pepe et al. (2013) also performed periodogram searches to better study the

Kepler-78 system, and attributing some of the RV signals to stellar activity.

In addition to the analysis of the different periodograms, another method to iden-

tify the sources of the RV signals consists in comparing the short- and/or long-term

correlations between the RVs and the different activity indicators. For instance,

it is known that a relation exists between the long-term RV variations and the

chromospheric activity (as indicated by the log R′HK, see Lovis et al. 2011). By

simply subtracting a linear fit between these quantities, it can significantly reduce

the RV variability (e.g. Lovis et al. 2011, Meunier & Lagrange 2013). However,

it should be noted that the possible presence of planetary companions may affect

the correlations. Hence, before applying any removal method, it is advisable to

remove any planetary signal, if possible. Other fitting methods to correct the RVs
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Figure 2.11: Scargle periodograms for CoRoT-7 RV (top panel), bisector (up-
per middle panel), Ca II S-index (lower middle panel), and FWHM (bottom
panel) as a function of frequency. The vertical blue lines represent the frequen-
cies seen only in the RVs and the vertical red lines represent the frequencies
found at the rotational period and its first 3 harmonics. Figure credit: Hatzes

et al. (2010).
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for the magnetic cycle have employed a polynomial, sinusoidal or Keplerian func-

tion (Delisle et al., 2018, Dı́az et al., 2018, Udry et al., 2019). These correction

methods, which are rarely used and only if the star presents an extremely large

magnetic activity cycle variation, do not, however, fully explore the stellar activity

noise removal as they mostly concentrate on the trend with log R′HK, and are nor-

mally applied on a case-by-case basis. It is also important to note that magnetic

activity cycles are not strictly sinusoidal.

Similarly, correlations can also be found between the RVs and other activity in-

dicators (such as the CCF BIS or CCF FWHM). Fitting a relationship between

the two and removing this fit from the RVs may enable the detection of an un-

seen planetary signal or lead to the improvement of known planetary parameters

(Boisse et al., 2009, Melo et al., 2007). However, and as mentioned in the previ-

ous section, one should be careful not to over-interpret the results of the bisector

analysis. In some cases, due to the presence of multiple active regions on the stel-

lar surface, or due to insufficient observations, no correlation between the activity

indicator signal and the RV signal can be found. As a result, establishing a lack of

correlation between stellar activity indicators and measured RVs is not sufficient

to claim the detection of a planet.

2.3.6 Harmonic Decomposition

An effective way to disentangle periodic activity signals from planetary signals is to

use harmonic decomposition. As mention in Section 2.2, active regions (e.g. spots

or plage/facuale) are often linked to the rotation period of the star. By running

stellar RVs through a periodogram, one can identify the signals corresponding to

the stellar rotational period and its harmonics (i.e. Prot
2 , Prot

3 , etc.), representing

situations where multiple spot groups exist that are equally spaced over the stellar

surface or if the activity signal diverges from a perfect sine curve (see Queloz et al.

2009). Thus, by removing these stellar rotational period signals, stellar activity

signals can also be removed or reduced.

The goal of harmonic decomposition is therefore to fit a series of sinusoids and

subtract them from the RV variations of the host star. Only the rotation period

and its first two harmonics are typically removed, as the semi-amplitude of fur-

ther harmonics are usually negligible (i.e. the first three harmonic signals can

correspond up to 90% of the astrophysical noise in the RV data, see Boisse et al.
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2011). Once cleaned of stellar rotation period signals, residual RVs can then be

searched for any Keplerian planet signals. By definition, the harmonic decomposi-

tion technique works best for active stars where the RV effects induced from surface

inhomogeneities, arising from stellar activity, are significant and easily observable.

Indeed, an accurate measurement of the stellar rotation period is necessary in

order to apply harmonic decomposition.

One limitation with harmonic decomposition is that it can only be run over a few

rotation periods, as the signal corresponding to the rotation period of the star

evolves and progressively diverge from a sinusoid due to the evolution of active

regions. Thus, a more general and extended form of the harmonic decomposition

is the Fourier component (or pre-whitening) analysis. Instead of only removing

frequencies that correspond to the rotation period of the star, the Fourier compo-

nent analysis fits out the strongest frequencies using sinusoids until the noise floor

is reached. Hence, the Fourier component analysis can be applied to much longer

datasets (Hatzes, 2013). Both methods (harmonic decomposition and Fourier com-

ponent analysis) have been used to search for planets, for instance, around α Cen-

tauri B (Dumusque et al., 2012), or around CoRoT-7 (Queloz et al., 2009). In the

last case, all strong periodic signals found using the Fourier component analysis

were identified as stellar activity signals except two signals, at 0.85 and 3.69 days,

corresponding to CoRoT-7b and CoRoT-7c, respectively.

Other limitations for both methods exist. For instance, coherent signals are nec-

essary in order to remove sinusoidals from the RVs. Moreover, planetary signals

close to the stellar rotational period may be difficult to correctly identify and will

likely be filtered out. In addition, identifying the true frequency can be challeng-

ing due to aliases (from data sampling) in the frequency spectrum. Further to

this, if insufficient Fourier components are used to filter out stellar activity then

a discrepancy between the true activity variations and the fit removed may arise.

Finally, non-periodic activity signals (e.g. granulation) will not be removed from

the RVs, leaving other sources of astrophysical noise in the data.

2.3.7 Gaussian Process Regression

One of the more recent tools used to distinguished stellar activity signals from

planetary signals in the RVs is Gaussian process (GP) regression (e.g. Haywood
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et al. 2014, López-Morales et al. 2016, Rajpaul et al. 2015). GPs are flexible frame-

works that model data points in a non-parametric way. Contrary to parametric

models that have a finite set of parameters to make predictions independent of the

data, non-parametric models grow in information as the amount of data increases.

This allows for a more flexible approach to modelling, where the GP regression

fits for a family of functions to determine which one works best.

A GP is defined by two parameters: a mean function and a covariance function.

The first parameter incorporates deterministic components of the model, such as

Keplerian fits to model a number of planets, or sinusoidal functions to account for

rotational modulated stellar activity. The second parameter defines how each pair

of data points correlate with another, accounting for the more stochastic nature

of the data. As an example, Rajpaul et al. (2015) were able to disentangle the

RVs induced by stellar activity from the RVs induced by a planet for the Gl 15 A

system by jointly modelling the CCF BIS, the log R′HK and the RVs. They also

confirmed that the RV variations seen in α Centauri B were due to stellar activity

only. Haywood et al. (2014) also used GPs as part of their analysis of CoRoT-7.

They first modelled the RV variations produced by the magnetic activity using

the product of the photometric flux and its first time derivative (i.e. the FF’

method, see Aigrain et al. 2012). This method uses the stellar light curve and its

first time derivative to model the rotational Doppler shift of the flux blocked by

starspots, as well as the suppression of convective blue-shift occurring in active

regions on the stellar surface. Once the RV contributions from rotation and from

the suppression of convective blue-shift were removed, Haywood et al. (2014) found

correlated noise in the RV residuals which could not be explained by a set of

Keplerian planetary signals, indicating that some activity related noise were still

present. This remaining noise can easily be explained as the FF’ method does

not account for all phenomena (e.g. photospheric inflows towards active regions,

or faculae that are not spatially associated with starspot groups). The remaining

RVs were therefore modelled using a GP with a quasi-periodic covariance function

that has the same frequency structure as the light curve. See Figure 2.12 for a

representation of their work and the use of the GPs to model the RVs of CoRoT-7.

While GPs have proved to be a powerful tool, capable to account for stellar activity,

there are still a number of drawbacks. First, GPs are intense to compute. Hence,

GPs are usually used for smaller datasets (typically for datasets smaller than

1000, Gibson 2014). The choice of the kernel function used is also an important
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Figure 2.12: Example of Gaussian process (GP) regression model for the
CoRoT-7 system. All RVs are in m s−1. (a): the raw RV measurements of
the star after subtracting the star’s systemic velocity. (b): The fit for the
stellar activity (including the RV contribution from rotation, in orange, and
the RV contribution from the suppression of convective blue-shift, in purple,
both calculated using the FF’ method). The blue line is the GP model for the
additional activity variation not picked up by the FF’ method. (c) and (d):
the Keplerian models for the two planets of the system. (e): the full model (in
red) overlaid on top of the RVs data (blue points). (f): the residuals after the

removal of the model. Figure credit: Haywood et al. (2014).
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aspect, as it will determine the efficacy of the convergence of the fit. In addition,

the interpretation of the parameterisation of a GP is not straight forward and

intuitive, especially given the nature of the underlying activity signals is not fully

understood yet. Finally, while GPs can perform well in cases where the planetary

orbital period is shorter than the typical active-region lifetime, it is likely that such

technique removes any longer period, low-amplitude planetary signals (Langellier

et al., 2020). Hence, GPs alone is not enough if we want to retrieve Earth-analogue

planetary signal.

2.3.8 SCALPELS Analysis

As already seen in the previous sections, finding planetary candidates by using pe-

riodogram analyses and fitting Keplerian orbit models is susceptible to confusion

with rotationally modulated signals from the host star. The Self-Correlation Anal-

ysis of Line Profiles for Extracting Low-amplitude Shifts (or SCALPELS, Collier

Cameron et al. 2021) analysis is a new data-driven method for separating Doppler

shifts of dynamical origin (i.e. planetary signals) from apparent velocity variations

arising from variability-induced changes in the stellar spectrum (i.e. stellar activ-

ity). Using the autocorrelation function (ACF) of the cross-correlation function

used to measure radial velocities (i.e. by cross-correlating the CCF with a delayed

copy of itself as a function of delay) Collier Cameron et al. (2021) isolated and sub-

tracted velocity perturbations caused only by stellar magnetic activity. This can

be explained by the fact that the ACF is invariant to translation and, therefore,

only responds to the shape changes of the CCF.

The authors tested their new method using five years of solar observations from the

HARPS-N instrument. Figure 2.13 shows the observed heliocentric RVs (minus

their own mean), the shape-driven velocities obtained by SCALPELS projection,

and the shift-driven velocity difference between the two. While Collier Cameron

et al. (2021) found that some activity-driven RVs may still remain in the shift-

driven velocity component, it was substantially reduced relative to the original

RVs. Conversely, the shape-driven velocity component was strongly correlated

with the original RVs (induced by stellar activity). The top panel of Figure 2.14

shows the semi-amplitude periodograms of the three components (the solar RVs

derived from the CCF, the shape-driven velocities and the shift-driven velocities).
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Figure 2.13: Observed solar RVs, in blue, transformed to the heliocentric
reference frame. In addition, the shape- and shift-driven velocity components
(v ‖ in orange and v⊥ in green, respectively) derived from SCALPELS are also

shown, offset for clarity. Figure credit: Collier Cameron et al. (2021).

The blue vertical lines represent the approximate ranges of the solar rotation pe-

riod, its first harmonic as well as the 6-month and 1 years values. One can see that

the periodogram of the raw velocities shows numerous candidate signals, particu-

larly between 13 and 26 days (i.e. close to the solar synodic rotation period and

its first harmonic). However, for the shift-driven velocity periodogram, the peaks

corresponding to the solar rotation are suppressed, showing no strong frequency

structure.

To assess the usefulness of this method for planetary detection, Collier Cameron

et al. (2021) injected four sinusoidal periodic signals at 7, 27, 102 and 214 days,

with semi-amplitudes of 40 cm s−1. For a solar-mass star, these signals correspond

to planets with a mass of 1.2, 1.9, 2.9 and 3.7 M⊕, respectively. The bottom

panel of Figure 2.14 shows the periodograms obtained for the three velocities (the

observed heliocentric RVs, in blue, the shape-driven velocities, in orange, and the

shift-driven velocities, in green) with the injected planetary signals (grey lines).

As one can see, for the CCF RVs three out of the four injected signals (7, 27

and 102 days) are detected fairly unambiguously but many false signals have also

amplitudes comparable to the injected ones. In comparison, the periodogram for

the shift-driven velocities gives better results. Among the five strongest signals,
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Figure 2.14: Top: Periodograms of the velocities derived from the heliocentric
solar CCFs (in blue), of the shape-driven velocities obtained by SCALPELS
projection (in orange) and the shift-driven velocity difference between the two
(in green). The blue vertical lines represent the approximate ranges of the solar
rotation period, its first harmonic as well as the 6 months and 1 year values.
Bottom: Same as top panel, but with four sinusoidal signals of 40 cm s−1 injected
at the periods denoted by the vertical blue lines (7, 27, 102 and 214 days). Its
1σ limits are indicated by the shaded region around the horizontal grey lines
showing the amplitude of the injected signal. Figure credit: Collier Cameron

et al. (2021).
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four are very close to the frequencies of the injected planet signals. Finally, and

as expected, the periodogram of the shape-driven velocities is left unchanged by

the injection of planetary signals as it is invariant to shift-changes in the CCF.

The ACF analysis performed on the solar spectrum from HARPS-N allows the

extraction of precise RV estimates and can accurately detect multiple simulated

planets injected into the solar data. However, as mentioned, some activity-driven

RVs still remain in the shift-driven velocity component. This remaining noise

still prevent us from detecting an Earth-analogue planet signal with an RV semi-

amplitude of ∼10 cm s−1.

2.4 Concluding Remarks

In this chapter I have presented a brief overview of the main reasons behind astro-

physical noise and the different features that stellar activity and surface flows can

produce. Whether we are observing bright or dark regions, or granulation, these

features can cause variations in the shape of the observed stellar spectral lines and

impact the RV measurements from a few cm s −1 up to hundreds of m s −1. More-

over, the lifetimes of these features also vary from a few minutes to hundreds of

days. While each different source of astrophysical noise impacts the RVs in differ-

ent ways, they all contribute to the noise, preventing the detection of lower-mass

and longer-period exoplanets. Thus, the removal/reduction of this stellar noise

has become a priority in order to find an Earth-analogue planet. While a number

of mitigation techniques have been developed, some of which are summarised in

this chapter, many of them are un-informed and do not fully give clear results

regarding the observed signal. Not only has this chapter proven the importance

of reducing stellar activity noise if we want to continue pushing our detection of

exoplanets, but it has also shown that, today, there is no miracle solution when

dealing with stellar activity. Therefore, a better understanding of the physical

effects that stellar activity imprints on the stellar spectra is necessary.

In the next chapter I outline my discovery of two transiting hot Jupiters identified

by NGTS. While this type of planet is amongst the easiest to detect, the route

and general methodologies used are the same as those that will be followed for the

confirmation of smaller worlds. It therefore acts as a natural staging point for my

thesis.
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3.1 Introduction

In this chapter, I present the discovery, by the Next Generation Transit Survey

(NGTS), of two hot Jupiters NGTS-8b and NGTS-9b. Using photometric and

spectroscopic follow-up campaigns, I analyse the stellar and planetary parameters,

and discuss the non-inflation found with these two hot Jupiters. The contents of

this chapter have been published in the Monthly Notices of the Royal Astronomical

Society, Volume 491, Issue 2, Pages 2834–2844 and entitled: “NGTS-8b and NGTS-

9b: two non-inflated hot Jupiters” (Costes et al., 2020). I led and wrote this

paper. After receiving the photometric and spectroscopic data from the NGTS

consortium, I carried out the fitting and analysis of the data in order to confirm and

characterise these exoplanets. Some additional text was added to this chapter from

the original paper to provide a slightly extended analysis regarding the possible

inflation of the planets.

Hot Jupiters are giant gas exoplanets similar to Jupiter, but with a shorter orbital

period, inferior to 10 days. While rare, these planets are the easiest to detect from

ground-based surveys due to their relatively deep transits (∼ 1%), their large radial

velocity (RV) signals, and their short orbital periods, which make hot Jupiters

important targets in order to understand the structure, composition and evolution

of planetary systems.

From the currently observed population of exoplanets with known radii, masses

and orbital distances, the evolution of planetary radii has been modelled (e.g.

Fortney et al. 2007; Baraffe et al. 2008). These models, where the effects of stellar

irradiation and heavy element cores are included, agree with observations at low

stellar irradiation levels. However, the observed radii of highly irradiated gas giants

are discrepant with theoretical expectations. For instance, at fluxes greater than

2 × 105 W m−2 (Miller & Fortney 2011; Demory & Seager 2011) the gas giants

are increasingly found with anomalously large radii. This is especially the case

for the hot Jupiters WASP-17 b, WASP-121 b and Kepler-435 b, which all have

measured radii R> 1.8 RJ (Anderson et al. 2011; Almenara et al. 2015; Delrez

et al. 2016). A number of possible mechanisms have been postulated to explain

these inflated planetary radii including kinetic heating (Guillot & Showman, 2002),

enhanced atmospheric opacities (Burrows et al., 2007), double diffusive convection

(Chabrier & Baraffe, 2007), Ohmic heating through magnetohydrodynamic effects

(Batygin & Stevenson 2010; Perna et al. 2010; Wu & Lithwick 2012; Ginzburg &
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Sari 2016), tidal dissipation (Bodenheimer et al. 2001; Bodenheimer et al. 2003;

Arras & Socrates 2010; Jermyn et al. 2017) and vertical advection of potential

temperature (Youdin & Mitchell 2010; Tremblin et al. 2017). However, the exact

mechanisms responsible are still, as yet, unidentified and the problem remains

unsolved. In order to perform robust statistical studies of hot Jupiter radii and

constrain the dominant ‘inflation’ mechanisms at work (e.g. as done by Sestovic

et al. 2018) we need to increase the sample of planets spanning a range of planetary

masses, radii, stellar irradiation levels, as well as planetary system ages.

3.2 Discovery and Confirmation of Planets

3.2.1 Discovery Photometry From NGTS

The Next Generation Transit Survey (NGTS), operating since early 2016, is a wide-

field transit survey located at ESO’s Paranal Observatory in Chile, whose primary

goal is to discover Neptune-sized or bigger exoplanets. NGTS has a fully robotized

array of twelve 20 cm Newtonian telescopes, and each telescope is equipped with

2K×2K e2V deep-depleted Andor IKon-L CCD cameras with 13.5 µm pixels and

an instantaneous field of view of 8 deg2. For a description of this facility and its

capabilities, optimised for detecting planets, I refer the reader to Wheatley et al.

(2018). Currently, NGTS has discovered 18 exoplanets, including 12 hot Jupiters.

NGTS-8 was observed using a single NGTS camera (#811) over a 227 night base-

line between the 21st of April 2016 and the 3rd of December 2016. NGTS-9 was

also observed using a single camera (#806) over a 234 night baseline between the

8th of October 2016 and the 29th of May 2017. A total of 177 799 and 167 933

images were obtained, respectively, each with an exposure time of 10 s. These data

were taken using the custom NGTS filter (520 – 890 nm) (Wheatley et al., 2018)

and the telescope was auto-guided using an improved version of the DONUTS

auto-guiding algorithm (McCormac et al., 2013). These data were then reduced

and aperture photometry was extracted using the CASUTools1 photometry pack-

age. A total of 177 120 and 166 043 valid data-points for NGTS-8 and NGTS-9,

respectively, were extracted from the raw images and then detrended for nightly

trends, such as atmospheric extinction, using the implementation of the SysRem

algorithm (Tamuz et al., 2005).

1http://casu.ast.cam.ac.uk/surveys-projects/software-release

http://casu.ast.cam.ac.uk/surveys-projects/software-release
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Both data sets were searched for transit-like signals using orion, an optimized

implementation of the box-least-squares (BLS) fitting algorithm (Collier Cameron

et al., 2006). A 1.6% deep transit signal was detected at a period of 2.49970 days

for the K0V star, NGTS-8, and a 0.6% deep transit signal at 4.43527 days for

the F8V star, NGTS-9. These periods were distinguished from other aliases using

the photometry and spectroscopy follow-up, which I discuss in the next section.

The detrended NGTS data for the two stars, phase-folded on the planetary orbital

periods, are shown in Figure 3.1. The NGTS data were searched for signs that

would indicate that the planetary candidates were false positives. No evidence

for a secondary eclipse or out-of-transit variations indicating an eclipsing binary

system were identified in the NGTS light curves of the two stars. However, for

both sources, some stars were found to be in close proximity to our targets. Using

Gaia, we confirmed that these nearby stars did not appreciably dilute the light

from NGTS-8 or NGTS-9, and also confirmed that NGTS-8 and NGTS-9 were not

giant stars. Based on the NGTS detection, NGTS-8 and NGTS-9 were followed-up

with further photometry and spectroscopy to confirm the planetary nature of the

system and to measure the planetary parameters.

3.2.2 Follow-up Campaigns

3.2.2.1 Follow-up Photometry

Follow-up photometry of NGTS-8 was obtained with the 1.0 m Elizabeth telescope

at the South African Astronomical Observatory (SAAO) on 2017 July 17 and

2017 July 18, utilising the frame-transfer CCD Sutherland High-speed Optical

Camera“SHOC’n’awe”(Coppejans et al., 2013, SHOC). With a pixel scale of 0.167

arcsec/pixel, the SHOC cameras on the 1 m telescope were binned 4 × 4 pixels in

the X and Y directions. The field of view of its instruments is 2.85′ × 2.85′. This

allows simultaneous observations of the target and a comparison star of similar

brightness for differential photometry. The data, obtained using a z′ filter with

an exposure time of 30 s, were bias and flat-field corrected. This was done in

order to help compensate for read-out noise and for imperfections in the light

path (e.g. due to dust on optical surfaces). The bias and flat-field correction was

performed in python using the standard procedure with the CCDPROC package

(Craig et al., 2015). Then, using the ‘SEP’ package (Barbary, 2016), the aperture
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Figure 3.1: Left : NGTS-8b. Right : NGTS-9b. From top to bottom: repre-
sents the NGTS, SAAO and Euler light curve with residuals, phase-folded on
the orbital period and zoomed on the transit. The full data, shown in grey, were
binned every 7 min for NGTS-8b and every 10 min for NGTS-9b, respectively,
to aid visualisation and are shown in blue, except for the Euler light curve of
NGTS-9b. The red lines show 20 light curve models generated from randomly
drawn posterior samples of the allesfitter fit. In the case of NGTS-8b, only
the ingress and mid-transit were observed with SAAO and Euler. 18 and 11 par-
tial and full transits were observed for NGTS-8b and NGTS-9b, respectively,

with the NGTS light-curve.
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photometry of both the target and the comparison star were extracted. Finally,

the sky background was measured and subtracted using the SEP background map.

Two follow-up light curves of NGTS-9 were also obtained on 2018 December 21

and 2019 January 30, with the same telescope and instrument set-up as described

previously. This time the data were obtained with an I filter and an exposure

time of 20 s. The data were reduced with the local SAAO SHOC pipeline, which

is driven by python scripts running iraf tasks (pyfits and pyraf), and in-

corporating the usual bias and flat-field calibrations. Aperture photometry was

performed using the Starlink package autophotom. For the first observation of

NGTS-9, a 4 pixel radius aperture was used to maximise the signal/noise, and the

background was measured in an annulus surrounding this aperture with inner and

outer radii of 7 and 9 pixels, respectively. Two comparison stars were then used to

perform differential photometry on the target. The 2019 January 30 observation

was obtained in slightly poorer seeing conditions, and we therefore utilised a 6 pixel

aperture, a correspondingly larger background annulus, and only one comparison

star for differential photometry.

Both objects were also observed with Eulercam (Lendl et al., 2012) on the 1.2 m

Euler Telescope at La Silla Observatory. NGTS-8 was observed on the 21st of Au-

gust 2017, and 502 exposures were acquired using the Cousins-I filter, an exposure

time of 12 s and a defocus of 0.05 mm. NGTS-9 was observed on the 12th of Jan-

uary 2019, and 134 images were acquired using the Gunn-R filter, a 100 s exposure

time and no defocus. For both targets, the data were reduced using the standard

procedure of bias subtraction and flat field correction. The aperture photometry

as well as x- and y-position, FWHM, airmass and sky background of the target

star were extracted using the PyRAF implementation of the phot routine. The

comparison stars and the photometric aperture radius were carefully chosen in

order to reduce the RMS in the scatter out of transit.

Using both follow-up photometry for the two stars, it was concluded that the

nearby stars did not blend with the two targets. The transits of these two exoplan-

ets observed from SAAO are shown in Figures 3.1(b), and the one observed from

Euler are shown in Figures 3.1(c). Regarding NGTS-8, only partial transits were

observed. For NGTS-9, 2 nights were combined: night 20181221, where ingress

and mid-transit were seen, and night 20190103, where mid-transit and egress were

seen with SAAO. The full transit was observed with Euler, with some systematics

that were removed using a Gaussian process. Despite the observations of some
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partial transits, these follow-up data were able to confirm the transits and the

consistency of the transit depths and were used to revise the orbital ephemerides

for subsequent follow-up observations. In particular, the 2017 July observations

of NGTS-8 were helpful in confirming the orbital period and ruling out aliases of

similar power in the original NGTS data. Table 3.1 presents the summary of the

follow-up photometry of NGTS-8 and NGTS-9.

Table 3.1: A summary of the follow-up photometry of NGTS-8 and NGTS-9.

Night Instrument Target Nimages Exptime Binning Filter Comment
(seconds) (X×Y)

20170717 Shoc’n’awe NGTS-8b 676 30 4 × 4 z’ ingress and mid-transit observed
20170718 Shoc’n’awe NGTS-8b 606 60 4 × 4 z’ no transit observed
20170821 Eulercam NGTS-8b 502 12 1 × 1 IC ingress and mid-transit observed
20181221 Shoc’n’awe NGTS-9b 550 20 4 × 4 I ingress and mid-transit observed
20190103 Shoc’n’awe NGTS-9b 648 20 4 × 4 I mid-transit and egress observed
20190112 Eulercam NGTS-9b 134 100 1 × 1 RG full transit observed

3.2.2.2 Follow-up Spectroscopy

In addition to the photometric data, the two targets were also observed via spec-

troscopy. NGTS-8 was observed with the HARPS spectrograph (Mayor et al.,

2003) on the ESO 3.6 m telescope at La Silla Observatory, Chile, between the 5th

of August 2017 and the 28th of October 2017 under programmes 099.C-0303 and

0100.C-0474. We used the high-efficiency mode, EGGS, due to the faintness of the

host star and large expected RV amplitude. The exposure times for each spectrum

varied between 1800 and 1200 s resulting in a signal-to-noise (SNR) per resolu-

tion element, measured around 550 nm, of ∼10 – 15 per exposure. The standard

HARPS data reduction software (DRS) was used to measure the RVs of NGTS-8

at each epoch. This was done via cross-correlation with a K0 binary mask (see Sec-

tion 2.3 for more details on the cross-correlation). Three additional spectra were

obtained with FEROS (Kaufer & Pasquini, 1998), mounted on the MPG 2.2 m

telescope at La Silla Observatory, Chile, on the 20th and 21st of August 2017. All

spectra were obtained with an exposure time of 1800 s, and the data were reduced

using the FEROS routine of the CERES pipeline (Brahm et al., 2017). CERES

also performed a radial velocity extraction, by cross-correlating the spectra with a

G2 binary mask. The resulting SNR per resolution element of the spectra, taken

around 550 nm, was around 45.

Concerning NGTS-9, it was observed with the CORALIE spectrograph (Queloz

et al., 2001a) on the 1.2 m Euler telescope at La Silla Observatory, Chile, between



Chapter 3. The Exoplanet Discovery Process 56

Figure 3.2: Phase folded radial velocity data and residuals (in km s−1) from
HARPS and FEROS, in blue and orange, respectively, for NGTS-8 and from
CORALIE for NGTS-9. The red lines show 50 RV curve models generated from

randomly drawn posterior samples of the allesfitter fit.

the 24th of December 2017 and the 5th of April 2018. Exposure times of either 1800

or 2700 s were used depending on seeing and general observing conditions at the

time. RVs were also derived by cross-correlation with a G2 binary mask using the

standard data reduction pipelines.

The RV measurements of NGTS-8 and NGTS-9 are shown phase folded in Fig-

ures 3.2(a) & 3.2(b), respectively. The RVs are in phase with the period detected

by orion, with a semi-amplitude of K8 = 149.95 ± 3.56 m s−1 and K9 = 293.44 ±

15.08 m s−1, respectively. These results indicate transiting planets with the mass

of a hot Jupiter. No evidence of a correlation between the RVs and the measured

bisector spans or FWHMs were found for either candidate, with a Spearman cor-

relation of -0.05 and -0.21, and -0.05 and -0.15, respectively. Thus, this lack of

correlation indicates that the RV signals do not originate from cool stellar spots

or a blended eclipsing binary (Queloz et al., 2001b). By combining the different

verification using photometry and spectroscopy, we confirmed the planetary nature

of the candidates.
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3.3 Analysis

3.3.1 Stellar Properties

To obtain astrometric information for NGTS-8 and NGTS-9, both sources were

crossmatched with Gaia DR2. The unit weight error (UWE), which corresponds

to the astrometric chi-square, a statistical indicator that can be used to assess

the quality and reliability of the astrometric data, was calculated and then renor-

malised (RUWE) to check the quality of the astrometric solutions. Both sources

pass the filters recommended by the Gaia team (RUWE< 1.4, see Lindegren et al.,

2018, for a discussion on the recommended UWE filters). Along with this, the two

targets also have low astrometric noise, giving confidence that they are both single

sources without evidence of unresolved binarity. They also pass the photometric

filtering specified by Arenou et al. (2018) to identify blended stars. With the Gaia

information for each source, the absolute magnitude was measured and by compar-

ing their positions on the Hertzsprung-Russell diagram, presented in Figure 3.3, I

could confirm that both NGTS-8 and NGTS-9 lie in the region expected for single

main sequence stars.

The stacked spectra of both targets, made after correcting each individual spec-

trum for RV shifts, were also analyzed using SPECIES (Soto & Jenkins, 2018), a

python tool to derive stellar parameters in an automated fashion from high res-

olution echelle spectra. By measuring the equivalent widths (EWs) for a list of

irons lines, and by using the ATLAS9 model atmospheres (Castelli & Kurucz,

2004), SPECIES first solves the radiative transfer equation using MOOG (Sneden,

1973). From an iterative process, SPECIES then derives the atmospheric parame-

ters (Teff, log g and [Fe/H]) of the two targets. By interpolation through a grid

of MIST isochrones (Dotter, 2016), the mass and radius are estimated, using a

Bayesian approach. This method delivers an estimate of the age of the system as

well. However, due to the fact that solar-type stars spend most of their life on

the main-sequence and because the dependence of their effective temperature and

luminosity with the age of the system is weak, the estimation of the age of the

system is very unconstrained for main sequence stars. Finally, SPECIES derives

the rotational and macroturbulent2 velocities from the stellar temperature and by

2Macroturbulence is a velocity field at the stellar surface that contributes to the spectral line
broadening, but does not change the equivalent width of the lines.
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Figure 3.3: HR diagram using Gaia DR2 absolute magnitudes. The K0V star,
NGTS-8, is shown in red and the F8V star, NGTS-9, in light blue.

line-fitting to a set of five absorption lines. The parameters found by SPECIES for

both targets are displayed in Table 3.2.

3.3.2 Stellar Activity and Rotation on NGTS-8

In addition to modelling the stellar parameters, I also searched for stellar activ-

ity and rotation signals. As mentioned earlier, the out-of-eclipse light curves of

both targets show no appreciable variability, and there are no correlations with

the measured RVs and the bisector or the FWHM for the two targets. Nonethe-

less, determining the stellar rotation period, along with knowledge of the stellar

radius and v sin i∗, can enable the inclination angle of the stellar rotation axis to

be constrained. This can enable misaligned star-planet systems to be identified

(Watson et al., 2010).

In order to put constraints on the stellar rotation period, two methods were used.

Using the formulae described in Lovis et al. (2011), the log R′HK (see Section 2.3

for more details about the log R′HK) was measured for each individual HARPS

spectrum. Since the log R′HK of NGTS-9, an F8V star, was not measurable, I
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Table 3.2: Stellar Properties for NGTS-8 and NGTS-9.

Property Value for NGTS-8 Value for NGTS-9 Source
Photometric Property:
R.A. 21h55m54s .2 09h27m41s .0 2MASS
Dec −14◦04′05′′.85 −19◦20′50′′.33 2MASS
2MASS I.D. 21555419-1404062 09274096-1920515 2MASS
Gaia source I.D. 6840435777723109888 5678340222972504832 Gaia DR2
µR.A. (mas y−1) 21.363 ± 0.047 −6.078 ± 0.057 Gaia DR2
µDec. (mas y−1) −10.194 ± 0.048 1.723 ± 0.063 Gaia DR2
parallax (mas) 2.3027 ± 0.0299 1.6136 ± 0.0416 Gaia DR2

Photometric Property:
V (mag) 13.68 ± 0.06 12.80 ± 0.02 APASS
B (mag) 14.59 ± 0.03 13.36 ± 0.04 APASS
g (mag) 14.12 ± 0.03 13.03 ± 0.05 APASS
r (mag) 13.43 ± 0.06 12.65 ± 0.02 APASS
i (mag) 13.21 ± 0.06 12.55 ± 0.07 APASS
G (mag) 13.4954 ± 0.0003 12.6547 ± 0.0002 Gaia DR2
GRP (mag) 12.8780 ± 0.0006 12.2157 ± 0.0013 Gaia DR2
GBP (mag) 13.9606 ± 0.0015 12.9503 ± 0.0015 Gaia DR2
J (mag) 12.14 ± 0.02 11.71 ± 0.03 2MASS
H (mag) 11.75 ± 0.02 11.49 ± 0.02 2MASS
K (mag) 11.64 ± 0.02 11.45 ± 0.02 2MASS
W1 (mag) 11.59 ± 0.02 11.39 ± 0.02 WISE
W2 (mag) 11.62 ± 0.02 11.42 ± 0.02 WISE
W3 (mag) 11.86 ± 0.38 11.58 ± 0.20 WISE

Derived Property:
Spectral type K0V F8V Gaia DR2
Teff (K) 5241 ± 50 6330 ± 130 SPECIES
[Fe/H] 0.24 ± 0.09 0.31 ± 0.15 SPECIES
v sin i∗ (km s−1) 3.56 ± 0.67 6.38 ± 1.05 SPECIES
vmac (km s−1) 1.49 ± 0.64 5.47 ± 1.05 SPECIES
log g 4.41 ± 0.03 4.37 ± 0.20 SPECIES
Ms(M�) 0.89 +0.05

−0.04 1.34 ± 0.05 SPECIES
Rs(R�) 0.98 ± 0.02 1.38 ± 0.04 SPECIES
Age (Gyrs) 12.48 +3.23

−3.68 0.96 ± 0.60 SPECIES
Distance (pc) 434 ± 6 620 ± 16 Gaia DR2

References: 2MASS (Skrutskie et al., 2006); APASS (Henden & Munari, 2014);
WISE (Wright et al., 2010); Gaia DR2 (Gaia Collaboration et al., 2018a)
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only focused on the K0V star, NGTS-8. The calculated values of the log R′HK

varied between −4.64 and −5.05 in the individual spectra, due to a low signal-to-

noise ratio in the blue band, with a mean value of −4.78. In order to increase

the precision of the measured data, I created a stacked spectrum of all the spec-

tra. Figure 3.4 shows this spectrum, zoomed on the Ca II H (3933.664 Å) and K

(3968.470 Å) bands, represented with dashed lines. Using this spectrum, I found a

value of −4.82 ± 0.11 for the log R′HK. Finally, using the relation from Noyes et al.

(1984), the stellar rotation period of NGTS-8 was derived to be 37.7 ± 4.1 days

(see Section 6.2 for the formula used).

The second approach to measure the stellar rotation period is to use the v sin i∗ of

the star measured from SPECIES, via:

Prot =
2π Rs sin(i∗)

v sin i∗
(3.1)

Assuming that the stellar inclination angle, i∗, is 90◦ (i.e. sin(i∗) = 1), enables an

upper limit to be placed on the stellar rotation period when the stellar radius is

known (e.g. Watson et al. 2010). Using NGTS-8 data, an upper limit of 13.9 ±

2.6 days was found. This result is discrepant with our previous result by almost

five-sigma and would rule out the long rotation period inferred from the log R′HK

measurement. Even adopting the most extreme individual log R′HK measurement

(−4.64) still implies a stellar rotation period greater than 26 days. Given this dis-

crepancy, I decided to verify the v sin i∗ value measured by SPECIES with another

technique. This was done by taking a stellar spectrum of a slowly rotating star of

the same spectral type as NGTS-8 and artificially broadening it by different v sin i∗
amounts (using a Gray rotational broadening profile). The projected rotational

broadening of NGTS-8 was then measured using an optimal-subtraction technique

in which the broadened template spectrum was multiplied by a constant and then

subtracted from the NGTS-8 spectrum. This is done after correcting for radial

velocity shifts and re-interpolating to a constant velocity scale. The value of the

rotational broadening is then the one that minimises the scatter in the residual

spectrum after performing the optimal subtraction. For my template spectrum,

I used α Centauri B, which has a spectral type very close to NGTS-8 and a low

rotation rate (Prot ≈ 41 days). I constructed the template spectrum by stacking

archival HARPS spectra taken over 1 night when α Centauri B was known to be

inactive. The result of this analysis yielded a v sin i∗ value consistent with the one

found by SPECIES.
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Figure 3.4: Stacked spectrum of NGTS-8 from HARPS, zoomed on the Ca II H
(3933.664 Å) and K (3968.470 Å) lines, represented with dashed lines.

Adopting the firm upper-limit on the stellar rotation period from the v sin i∗ mea-

surement would ordinarily lead to a much higher log R′HK level than the one ob-

served. While no definitive answer can explain this difference, it is known that

some systems hosting hot Jupiters have suppressed Ca II H & K re-emission (e.g.

WASP-12 – Fossati et al. 2013), leading to a lower measured value of the log R′HK.

However, these systems generally contain hot Jupiters very close to filling their

Roche lobes, which is not the case for our planet, NGTS-8b. Therefore, the most

likely explanation for the discrepancy found between the two stellar rotation pe-

riods is that NGTS-8 was observed in an extended low-activity state, resulting in

this low log R′HK value measured.

3.3.3 Global Modelling

After searching for stellar activity and rotation signals, I performed an analysis

of the different photometric and spectroscopic data on NGTS-8 and NGTS-9 us-

ing allesfitter3 (Günther & Daylan, 2019, 2020). allesfitter is a publicly

available software package for modelling data from photometric and RV instru-

ments. Its generative model can account for multi-star systems, stellar flares, star

spots and multiple exoplanets. For this, it constructs an inference framework that

unites the versatile packages ellc (light curve and RV models; Maxted, 2016),

aflare (flare model; Davenport et al., 2014), dynesty (nested sampling; Speagle,

2019), emcee (MCMC sampling; Foreman-Mackey et al., 2013), and celerite (GP

models; Foreman-Mackey et al., 2017).

3allesfitter: https://github.com/MNGuenther/allesfitter

https://github.com/MNGuenther/allesfitter
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While one of the most common algorithms used in astronomy to fit spectroscopic

and/or photometric data is the Markov chain Monte Carlo (MCMC) algorithm,

which generates samples proportional to the posterior distributions, it tends to

struggle when the posterior is comprised of widely separated modes. Therefore,

for NGTS-8 and NGTS-9, the Nested Sampling approach (see Skilling 2004) was

used, as it allows to estimate evidences and sample from complex, multimodal

distributions. Thus, this method enables simultaneous fitting of the transit light

curves and radial velocity data. In particular, I fitted for the following astrophys-

ical parameters: the planet’s orbital period P, the transit epoch TC, the radius

ratio Rp/R?, the sum of radii over the semi-major axis (Rp + R?)/a, the cosine

of the orbital inclination cos i, the RV semi-amplitude K and the eccentricity and

argument of periastron parameterized as
√

e sinω and
√

e cosω. One should note

that this parameterisation for e and ω is used in order to allow the eccentricity to

be “negative”. This is done to avoid the eccentricity bias, in which the eccentricity

will always be positive, therefore excluding circular orbits. For the transit light

curve modelling, following the quadratic limb-darkening law, the specific intensity

of a star, I
(
µ
)
, may be described by:

I
(
µ
)

I (1)
= 1 − u1

(
1 − µ

)
− u2

(
1 − µ

)2 , (3.2)

where I (1) is the specific intensity at the centre of the disc, u1 and u2 are the

quadratic limb-darkening coefficients and µ is the cosine of the angle between

the line of sight and the emergent intensity. Then, the quadratic limb-darkening

coefficients were reparameterized after Kipping (2013) in order to fit for quadratic

limb-darkening coefficients in such a way that the joint prior distribution is uniform

and exclusively samples physically plausible solutions such as:

q1 = (u1 + u2)2

q2 =
u1

2 (u1 + u2)

(3.3)

In addition, systematic trends in the transit light curves were modelled by a Gaus-

sian process (Foreman-Mackey et al. 2017) with a covariance function expressed as

a mixture of complex exponentials, also known as Matern 3/2 function (Williams &

Rasmussen, 2006), which was parameterized by the GP’s amplitude ln ρ and time

scale lnσ. For both planets, all photometric data were used for the fits as well as

all spectroscopic data, with instrumental offsets taken into account, relevant for

NGTS-8 where HARPS and FEROS data were combined for the modelling.
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I found that NGTS-8b has a mass of 0.93 +0.04
−0.03 MJ and a radius 1.09 ± 0.03 RJ,

while NGTS-9b has a mass of 2.90 ± 0.17 MJ and a radius 1.07 ± 0.06 RJ. The full

results of the fits for the two planets are summarized in Table 3.3 and shown in

Figure 3.1, which shows (in red) 20 light curve models generated from randomly

drawn posterior samples of the allesfitter fit to the NGTS, SAAO and Euler

light curves, respectively. For the RV data, Figure 3.2 shows the modelling of

HARPS, blue points, and FEROS, orange points, for NGTS-8 and the modelling

of the CORALIE data, in blue, for NGTS-9. From these planetary properties, I

also derived the equilibrium temperature of these two exoplanets, Teq, via:

Teq = Teff
(

f (1 − α)
)1/4

√
Rs

2a
, (3.4)

where Teff is the stellar effective temperature, Rs is the stellar radius, a is the

distance between the star and the planet, f is the factor of atmospheric thermal

circulation, assumed to be equal to one and α is the Bond albedo, assumed to be

equal to zero. Hence, the equilibrium temperatures of NGTS-8b and NGTS-9b

were calculated from the simplified equation:

Teq ≈ Teff

√
Rs

2a
(3.5)

An equilibrium temperature of 1345 ± 19 K and 1448 ± 36 K was found for NGTS-

8b and NGTS-9b, respectively. These values are also displayed at the bottom of

Table 3.3. Finally, and in order to confirm the planetary properties measured, I

also performed another analysis of the photometric data from NGTS and available

spectroscopic data on NGTS-8 and NGTS-9 using the EXOplanet traNsits and

rAdIal veLocity fittER (EXO-NAILER – Espinoza et al. 2016). Using a Markov

chain Monte Carlo (MCMC) with a total of 250 walkers for 20000 jumps each

and 5000 burn-in steps, the modelling was done assuming pure white-noise for the

inputted light curves. A logarithmic limb-darkening law was adopted with limb-

darkening coefficients taken from Claret et al. (2013), and sampled according to

Espinoza & Jordán (2015). The results from this second analysis agreed, within

the error bars, with those found from allesfitter.
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Table 3.3: Planetary properties for NGTS-8b and NGTS-9b obtained from
allesfitter, as well as their equilibrium temperature measured via Equa-

tion 3.5.

Planetary property Value for NGTS-8b Value for NGTS-9b
P (days) 2.49970 ± 0.00001 4.43527 ± 0.00002
TC (BJD) 2457500.17830 ± 0.00072 2457671.81086 ± 0.00265
T14 (hours) 2.61 ± 0.06 2.05 ± 0.07
a/R∗ 7.60 ± 0.18 9.06 ± 0.31
R/R∗ 0.114 ± 0.002 0.080 ± 0.004
K (m s−1) 149.95 ± 3.56 293.44 ± 15.08
e 0.010 +0.014

−0.010 0.060+0.076
−0.052

i (degrees) 86.9 ± 0.5 84.1 ± 0.4
Mp(MJ) 0.93 +0.04

−0.03 2.90 ± 0.17
Rp(RJ) 1.09 ± 0.03 1.07 ± 0.06
ρp (g cm−3) 0.89 +0.08

−0.07 2.93+0.53
−0.49

a (AU) 0.035 ± 0.001 0.058+0.003
−0.002

Teq (K) 1345 ± 19 1448 ± 36

3.3.4 TESS Photometry

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) photometry

data was later released for NGTS-9. TESS has been hunting for exoplanets tran-

siting bright stars since July 2018. During its two years nominal mission, TESS

will monitor ∼80 per cent of the sky, providing light curves at a 2 min cadence for

over 200,000 stars and at a 30 min cadence for the full field of view.

With the observation of NGTS-9 in Sector 8, I re-analysed, using all available

data, NGTS-9 with allesfitter. The TESS photometric data is presented in

Figure 3.5 with the models generated from the fit. I found that using TESS data

in my modelling of NGTS-9 did not change or improve the values obtained. The

fact that TESS does not improve the results can be explained by the magnitude of

NGTS-9, V = 12.80± 0.02. Indeed, at these magnitudes, it was found that NGTS

and TESS perform similarly (Wheatley et al., 2018). No TESS data is available

for NGTS-8.

3.4 Two non-inflated hot Jupiters

After obtaining the mass and radius of NGTS-8b and NGTS-9b, I decided to

compare the results with other discovered exoplanets. At incident fluxes greater
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Figure 3.5: TESS light curve of NGTS-9 with residuals. The blue data points
are binned every 7 min to aid visualisation. The red lines show 20 light curve
models generated from randomly drawn posterior samples of the allesfitter

fit.

than 2× 105 W m−2 (Miller & Fortney 2011; Demory & Seager 2011), hot Jupiters

are increasingly found with radii that are significantly larger than theoretically

predicted (Anderson et al. 2011; Delrez et al. 2016; Almenara et al. 2015). Using

Gaia DR2 measurements for the stellar luminosity, L, and using the semi-major

axis a and eccentricity e of the orbit, as listed in Tables 3.2 and 3.3 for NGTS-8b

and NGTS-9b, I calculated the average incident flux, F, received by each of the

planets, such as:

F =
L

4π a2
√

1 − e2
(3.6)

From this equation, the incident flux received by both planets was found to be

greater than the limit of 2 × 105 W m−2 (with F = 6.9 ± 0.5 × 105 and 9.9 ± 1.1 ×
105 W m−2 for NGTS-8b and NGTS-9b, respectively). Thus, the stellar irradiation

levels received by both of these planets puts them firmly in the regime where we

might expect them to exhibit larger than predicted planetary radii.
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Sestovic et al. (2018) conducted a statistical investigation on hot Jupiter radii and

found that above this particular threshold in incident flux of 2×105 W m−2 (Miller

& Fortney 2011; Demory & Seager 2011), the observed radius follows thermal

evolution models (Miller & Fortney 2011; Thorngren et al. 2016) with the addition

of an inflation parameter, ∆R. According to Sestovic et al. (2018), this observed

radius ‘inflation’ would only be dependent on both the incident stellar flux and

the mass of the planet. Thus, they proposed a flux-mass-radius relationship that

has distinct forms for 4 different planetary mass regimes: below 0.37 MJ, between

0.37 – 0.98 MJ, between 0.98 – 2.50 MJ and over 2.50 MJ. Using these relationships

I determined the expected radius inflation (∆R, in RJ) values for the two planets.

Since the mass of NGTS-8b (0.93 +0.04
−0.03 MJ) lies on the edge of two regimes in

Sestovic et al. (2018) (Mp < 0.98 MJ and Mp > 0.98 MJ), I calculated the predicted

∆Rs for both relationships, and found ∆R to be equal to 0.24 ± 0.0 RJ and 0.02 ±

0.01 RJ, respectively. While the first value would suggest a highly inflated radius,

the second value however suggests almost no inflation. Similarly, I measured the

predicted radius inflation for NGTS-9b and found ∆R to be equal to 0.18 ± 0.01 RJ.

Thus, from the work of Sestovic et al. (2018), these two planets would be expected

to exhibit planetary radii larger than theoretically predicted, which is in agreement

with the previous observations made, when I was looking at the stellar irradiation

levels received by the two planets.

Finally, and to confirm whether the predictions from the Sestovic et al. (2018)’s

model are true, I compared the measured planetary radii of NGTS-8b and NGTS-

9b to the mass-radius models of Baraffe et al. (2008) and Fortney et al. (2007) who

present, assuming a solar-type star, tables of planetary radii as a function of core

mass, mass of the planet, orbital separation and age of the system. Since neither

of the host stars of the planets presented here are solar-like, I had to renormalise

the orbital separation in order to keep the same incident flux. In this scenario, the

distance from their host star would be equal to 0.044 AU and 0.038 AU for NGTS-

8b and NGTS-9b, respectively. The results of the two models (Baraffe et al. 2008

and Fortney et al. 2007) for the two planets are presented in Table 3.4. In addition,

Figure 3.6 presents the model from Baraffe et al. (2008) for a mass range between

0.3 and 2 MJ and for a mass fraction of heavy material (Z) between 0.02 and 0.1.

Both NGTS-8b and NGTS-9b are shown in Figure 3.6 in order to compare their

respective radius with the non-inflated model. As one can see from Table 3.4 and

Figure 3.6, both non-inflated models seem consistent and correctly predict the

measured radius of NGTS-8b, 1.09 ± 0.03 RJ, and NGTS-9b, 1.07 ± 0.06 RJ, using
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Figure 3.6: Expected radius of exoplanets as a function of the age of their
host star (model taken from Baraffe et al. 2008), with no inflation process. The
mass range considered in this plot is between 0.3 and 2 MJ. The mass fraction of
heavy material (Z) considered is between 0.02 and 0.1. Both planets, NGTS-8b

and NGTS-9b, seem to fit with this model.

the described parameters. Thus, this suggests that even if both planets are in a

regime where statistically we expect planets to exhibit larger than predicted radii,

NGTS-8b and NGTS-9b are non-inflated hot Jupiters. This non-inflation could be

due to the planets being enriched with heavy elements, yielding a more compact

structure and thus a smaller radius, like HD 149026b (Sato et al., 2005).

Table 3.4: A summary of the mass-radius model for NGTS-8b with radius
1.09 ± 0.03 RJ and NGTS-9b with radius 1.07 ± 0.06 RJ.

Model Mass of the Orbital Age of the Mass fraction of Core Radius
planet (MJ) separation (AU) system (Gyrs) heavy material mass (%) (RJ)

NGTS-8b:
Baraffe et al. (2008) 1 0.045 8.93 - 10.00 0.02 - 0.1 1.025 - 1.074
Fortney et al. (2007) 1 0.045 4.5 0 - 25 1.050 - 1.107
NGTS-9b:
Baraffe et al. (2008) 2 - 5 0.045 0.30 - 1.78 0.02 - 0.1 1.063 - 1.177
Fortney et al. (2007) 2.44 0.045 0.30 - 1 0 - 100 1.065 - 1.199

3.5 Concluding Remarks

In this chapter, I presented the detection of 2 new exoplanets: NGTS-8b and

NGTS-9b, and my work in this discovery as a member of the NGTS consortium.

I outlined the different steps, from the discovery light-curve, to the photometric

and spectroscopic follow-up campaigns, and finally, to the analysis of the prop-

erties of the two hot Jupiters. By combining multiple data sets, I performed an

analysis of the transiting planets using allesfitter, confirming their circular or-

bits, expected for such short period hot Jupiters. The fundamental properties



Chapter 3. The Exoplanet Discovery Process 68

Figure 3.7: Shows NGTS-8b and NGTS-9b in the planetary radius vs plane-
tary mass plot, compared to all exoplanets from the NASA Exoplanet Archive
with a radius uncertainty below 10% or mass uncertainty below 50% and with
an incident flux received by the planets greater than 2 × 105 W m−2. The back-
ground and the dotted black lines represent the point density per grid element.

of the planets were calculated: NGTS-8b has a mass of 0.93 +0.04
−0.03 MJ and a ra-

dius 1.09 ± 0.03 RJ, and NGTS-9b has a mass of 2.90 ± 0.17 MJ and a radius of

1.07 ± 0.06 RJ. Figure 3.7 shows these discoveries in comparison to known plan-

ets (taken from the NASA Exoplanet Archive) with a radius greater than 0.4 RJ.

The radius of NGTS-8b and NGTS-9b (in RJ) are plotted as a function of mass

(in MJ). As one can see, both planets lie systematically towards lower planetary

radii than the general hot Jupiter population at the same mass, thus supporting

the idea that these two new exoplanets are not inflated. I also studied the ro-

tational period of the K0V star, NGTS-8, using different models and despite a

significant discrepancy, that I assume is due to an extended low activity of the

star, I measured an upper limit of 13.92 ± 2.64 days. Concerning NGTS-9b, the

planet is highly irradiated, with an incident flux around 9.92 ± 1.09 × 105 W m−2,

yet non-inflated. This radius could be due to the planet being extremely enriched

with heavy elements, explaining its density, 2.93+0.53
−0.49 g cm−3, one of the highest

compared to planets with similar masses, as shown in Figure 3.7.

As explained in the introduction of this chapter, while rare, hot Jupiters are the

easiest to detect from ground-based surveys due to their relatively deep transit
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(∼ 1%), their large radial velocity signals and their short periods. In the next

chapter, I present the issues we are facing with the confirmation of lower-mass,

longer-period planets such as an Earth-analogue.
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4.1 Introduction

In the previous chapter, I presented the discovery and the characterisation of two

non-inflated hot-Jupiters. But what about the detection of Earth-analogues and

other lower-mass, longer-period planets? In this chapter, I answer these questions

by studying the best target we have: our Sun. Using more than 2 years of continu-

ous data, taken by the HARPS-N solar telescope, which observes the Sun as a star

(i.e.: as a point source), I investigate the solar RVs and search for known/injected

planetary signals. Since one of the science goals of the HARPS-N solar telescope

is to uncover Venus (a planet with a RV semi-amplitude similar to the Earth)

using the RV method, I observe whether it is possible to do so, and under what

circumstances. Some of the work presented in this chapter led to improvements in

the correction of the solar observation analysis presented in “Three years of Sun-

as-a-star radial-velocity observations on the approach to solar minimum” (Collier

Cameron et al., 2019), in which I am a co-author.

4.2 The Solar RVs

The solar data studied in this chapter were obtained using the HARPS-N (High

Accuracy Radial velocity Planet Searcher - North)1 solar telescope, which is lo-

cated in the northern hemisphere and installed at the Telescopio Nazionale Galileo

(TNG), at the Roque de los Muchachos Observatory, Spain. The HARPS-N echelle

spectrograph (Cosentino et al., 2012) covers the wavelength range between 3830

to 6930 Å, at a spectral resolution of R = 115000. With the custom-built solar

telescope operating since 2015, HARPS-N provides disk-integrated solar spectra

with a cadence of 5 minutes (Dumusque et al., 2015b, Phillips et al., 2016), en-

abling Sun-as-a-star observations. It can typically observe the Sun for ∼6 hours

continuously with an instrumental RV precision of approximately 40 cm s−1 (Col-

lier Cameron et al., 2019). The RVs of the Sun are then measured from the spectra

using the standard HARPS-N Data Reduction System (DRS – see Baranne et al.

1996, Sosnowska et al. 2012 for a description). In this thesis, I used the data ob-

tained between July 2015 and October 2017. In order to correctly observe the Sun

as a star, some quality control cuts and corrections were employed. For instance,

the effects caused by differential atmospheric extinction were removed from the

1HARPS-N website: https://plone.unige.ch/HARPS-N/science-with-harps-n

https://plone.unige.ch/HARPS-N/science-with-harps-n
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Figure 4.1: Presentation of the solar RVs measured by the HARPS-N solar
telescope (in orange). These RVs are induced by the combination of the plane-
tary signals (in green, measured from the JPL HORIZON data combined with

the barycentric velocity correction) and the solar noise (in blue).

RVs (Collier Cameron et al., 2019) and the exposures affected by clouds (which

can produce a pseudo-Rossiter-McLaughlin effect as the cloud obscures differing

portions of the solar disc) were identified using the HARPS-N exposure meter and

removed. The CCF FWHM as well had to be corrected, due to the fact that our

observing platform (the Earth) has an orbit that is both eccentric and also in-

clined to the solar rotation axis. This has the effect of changing the solar apparent

equatorial velocity v sin i.

Planet Distance to the Sun Mass RV Semi-Amplitude
(AU) (M⊕) (m s−1)

Mercury 0.47 0.06 0.01
Venus 0.73 0.82 0.09
Earth 1.00 1.00 0.09
Mars 1.67 0.11 0.01
Jupiter 5.46 317.82 12.17
Saturn 10.12 95.16 2.68
Uranus 20.11 14.54 0.29
Neptune 30.39 17.15 0.28

Table 4.1: Comparison of the RV semi-amplitude signals induced on the Sun
between the planets of our solar system. In addition, their mass and their

distance to the Sun is presented.
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Figure 4.1 presents, in orange, the solar RVs from the HARPS-N data. One can

easily see the ∼400 day periodic signal due to the synodic period of Jupiter. Indeed,

due to its mass, Jupiter dominates the solar RV signal with its RV semi-amplitude

of ∼12 m s−1. For comparison, Table 4.1 lists the planets of our solar system with

their respective distance from the Sun, mass and RV semi-amplitude signal they

produce on the Sun. As one can see, Jupiter’s signal is over 100 times stronger

than the RV signal from Earth or Venus.

Since I am observing the RVs of our own Sun, it is relatively easy to know the

exact effects induced by the planets present in our solar system. Indeed, using

JPL HORIZONS on-line solar system2, it is possible to determine the position of

the planets as well as their effect on the radial velocities of the Sun at the exact

same time as the observed solar data, taken from the HARPS-N solar telescope.

Also, since the observation is made from Earth, and due to the effect caused by

its rotation and orbit, the barycentric velocity correction needs to be applied.

Thus, by removing both the RVs induced by the planets (using JPL HORIZONS,

RVJPL), and the RVs due to the barycentric correction, RVBERV, from the observed

HARPS-N RVs, RVHARPS−N, I am able to isolate the RV signals that are induced

by astrophysical noise sources on the Sun, RVSun:

RVSun = RVHARPS−N − (RVJPL + RVBERV)

= RVHARPS−N − RVPL
(4.1)

As mentioned, the solar RVs obtained (RVSun) has a typical uncertainty of approx-

imately 40 cm s−1 (Collier Cameron et al., 2019). Figure 4.1, which shows the

HARPS-N RVs in orange, also presents this planetary effect (RVPL), in green, and

the residuals of the RVs after correcting for planetary motions (RVSun), in blue.

While this remaining noise is mainly due to astrophysical noise sources on the Sun,

there are other noise sources as well (e.g. instrumental noise and photon noise).

It is this remaining RV noise that is thought to be the biggest impediment in

the detection of Earth-like planet. Indeed, when comparing the remaining RVs,

with a rms (root mean square) amplitude of 1.6 m s−1, which is similar to those

observed on stars with similar activity levels (Isaacson & Fischer, 2010), to the RV

2JPL HORIZONS: a computational web-interface service that provides access to solar system
data https://ssd.jpl.nasa.gov/horizons.cgi

https://ssd.jpl.nasa.gov/horizons.cgi
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Figure 4.2: Example of the solar RVs induced by astrophysical noise, with a
rms amplitude of 1.6 m s−1, in blue. On top of it, the RVs of a typical Earth-like

planet around a solar-type star are shown in red, with an rms of 0.1 m s−1.

signal produced by an Earth-analogue, with a semi-amplitude ∼ 0.1 m s−1, one can

see that the planetary signal is completely hidden by the solar noise. Figure 4.2

presents this comparison, with in blue the solar noise data, and in red the planetary

signal, of 0.1 m s−1. This illustrates the challenge that detecting the RV signature

of an Earth-analogue presents against a sea of astrophysical noise. Therefore,

and in order to detect, one day, an Earth-analogue planet, the understanding and

removal of such stellar noise is critical.

4.3 Searching for Venus

As mentioned in Section 2.2, the different types of stellar activity and surface flows

add noise to the observed RVs, therefore affecting the detection of exoplanets. As

presented in Figure 4.2, the solar noise in the RVs needs to be removed, or at

least greatly reduced, in order to detect Earth-like planets. To understand more

precisely and visualise the effects of stellar variability, I looked at how likely I could

detect a planet in our own solar system using the Doppler wobble method with

the HARPS-N solar data. More specifically, and using our own Sun, I wanted

to verify whether it is possible to detect known planets, such as Venus (which

induces RVs similar to the ones of the Earth, ∼10 cm s−1), and how many years

of observations would be required. This was done for two cases, the first where
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there is no mitigation for astrophysical noise, and the second for an ideal scenario

where only white noise remains.

4.3.1 Simulated Data

While detecting high-mass planets (e.g. Jupiter or Saturn) by looking at our

Sun is relatively easy (see Figure 4.1), finding an Earth-like planet, whose RV

semi-amplitude (∼0.09 m s−1) is hidden in the solar noise, is significantly more

challenging (see Figure 4.2). With the HARPS-N solar data spanning a little more

than two years at the time this study was conducted, it is enough to observe a full

synodic period of Venus (∼584 days) and study whether Venus is detectable after

removing all the other planets, as one of the goals of the HARPS-N solar telescope

project. In addition, and in order to compare the results for different time spans

of observations, I decided to increase my sample of measured data using simulated

data. Thus, using the RVs only induced by stellar activity (i.e. the data obtained

after removing the contribution of all the planets, see Equation 4.1), I carefully

expanded the observed RVs by reproducing the same data multiple times, avoiding

any major change in the continuity of the activity. In addition, one should know

that a long-term trend is observed in the solar RVs. This trend is known to be

caused by the magnetic cycle of the Sun (see Section 5.2). Therefore, and in order

to extend more smoothly the solar RVs, I removed this long-term trend by fitting a

4th order polynomial fit, before expanding the RVs. Then, the next step consisted

of injecting a planet with similar properties to Venus in this new extended solar

data. In order to do this, I first needed to calculated the distance r between Venus

and the Sun, such as:

r (t) =
p

1 − e cos( 2πt
T )

with p =
b2

a
, (4.2)

where b is the semi-minor axis, a is the semi-major axis, e is the eccentricity and

T is the synodic period of Venus. Once the distance r is known, the velocity of

the planet around the Sun, VPL, can be measured:

VPL(t) =

√
G M�
r (t)

, (4.3)
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with G the gravitational constant and M� the mass of the Sun. Finally, the velocity

of the Sun, V� (t), caused by the planet, can be calculated using the mass of the

planet MPL and the one from the Sun:

V� (t) =
MPL × VPL(t)

M�
(4.4)

Since the observer (the HARPS-N solar telescope) is on approximately the same

orbital plane as Venus, the inclination i of the orbit of the planet to the line

perpendicular to the line-of-sight has been set to π
2 . Thus, there is no need to take

into account sin(i) and the radial velocity of the Sun, induced by Venus, RVVenus,

is simply equal to its velocity:

RVVenus(t) = V� (t) × sin(i)

= V� (t)
(4.5)

Thus, from our extended HARPS-N RVs, only induced by stellar activity, and

using these equations, I was able to inject an extended planetary signal similar to

the one of Venus. It should be noted that this injected signal corresponds to the

true phase of Venus. Hence, no exploration of a large range of phases was taken

into account. In addition, and to simplify the detection of the injected signal, the

removed long-term RV trend induced by the magnetic cycle was not re-injected in

the extended RV data.

4.3.2 Periodogram Analysis

Using the HARPS-N RVs with only Venus’ signal remaining and using the ex-

tended RVs with the injected planetary signal, I analyzed the data using a pe-

riodogram to search for Venus. Figures 4.3 & 4.4 show the results of the peri-

odograms for four different time spans of observations (2.5 years corresponding to

the real data, 5 years, 12.5 years and 25 years, respectively), in green. For each

time span, two different periodograms were generated in order to compare the

results. The top panel of Figures 4.3 & 4.4 presents the Generalized Lomb-Scargle

(GLS) periodogram (Zechmeister & Kürster, 2009), while the bottom panel dis-

plays the Bayesian GLS (BGLS) periodogram (Mortier et al., 2015). The dashed
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line marked the synodic period of Venus (as seen from the Earth, 583.92 days). If

a repeating signal is seen in the data by the periodograms, the power (or proba-

bility) will increase at the corresponding day. For simplicity, period searches are

limited between 10 and 1000 days. In addition to these plots, and for comparison,

I repeated the same analysis assuming the ideal case where no stellar activity is

seen. This new simulation represents the periodograms of the RVs induced by

Venus, RVVenus, with only white noise (∼0.5 m s−1, mainly due to the instrumental

RV precision of the HARPS-N telescope and photon noise), as if we were able to

fully remove astrophysical noise. In Figures 4.3 & 4.4, the periodograms of this

new, idealistic, simulation is shown in orange.

After using 2.5 years of observations, which corresponds to the real, not extended,

HARPS-N RVs, I can easily conclude that no signal is observed around the period

of Venus for both periodograms (see Figure 4.3). Instead, one can see that the

GLS periodogram is dominated by shorter period signals, mostly around 28 and

14 days. These signals correspond to the rotational period of the Sun and its

first harmonic, Prot
2 . Thus, these signals are linked to solar activity, mostly due to

the rotation modulation of spots and plage (as explained in Section 2.2). For the

BGLS periodogram, only one peak is observed around 14 days. The explanation

behind the differences between the non-Bayesian (GLS) and the Bayesian (BGLS)

periodograms lies in the peak comparison (Mortier et al., 2015). Indeed, since for

the non-Bayesian periodograms an arbitrary power is used, it is difficult to assess

the importance of specific periods over other periods in the data. In comparison,

Bayesian periodograms express the probability that a signal with a specific period

is present in the data. Therefore, the relative probability between two periods can

be more easily assessed. For most of the plots presented in Figures 4.3 & 4.4, the

BGLS periodograms will often have only one very clear peak (probability-wise),

in contrast to the GLS periodograms.

As one can note, for both periodograms, the first harmonic (∼14 days) shows a

stronger signal than the true rotation period of the Sun (∼28 days). Indeed, since

the observer only sees an active region for half a rotation, the presence of multiple

active regions at different solar longitudes may be producing a stronger Prot
2 signal.

In addition, one can also note the multiple peaks surrounding the main ones. This

is caused by the moving phase train of active regions “confusing” the periodogram,

due to the active regions moving in ‘phase’ in terms of when they appear as a result

of their evolution. For example, active regions form, evolve, drift in respect to one
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Figure 4.3: Top: Results of the analysis of the GLS (upper panel) and BGLS
(lower panel) periodograms (in green) using the original HARPS-N RV data
(2.5 years), keeping the RV variations induced by Venus. Its synodic period (as
viewed from the Earth) is marked by a vertical dashed grey line (583.92 days).
For comparison, the periodograms of the ideal case, with only the RVs induced
by Venus and some white noise, is also shown in orange. Bottom: same analysis

using the extended data (5 years).
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Figure 4.4: Similar to Figure 4.3, for the extended HARPS-N RVs, using 12.5
and 25 years of data, respectively.

another over the course of their rotation and then disappear. This will cause the

activity signal to diverge from a perfect sine curve, and hence will create a“forest of

peaks” in the periodograms. This example should serve as a good reminder: while

periodograms are useful tools to detect strong periods in data sets, they need to

be used with caution, especially when it is used to measure the stellar rotation

period or when trying to detect the presence of planets. In conclusion, and as

expected from Figure 4.2, Venus was not detected after 2.5 years of observations,

as its signal is completely hidden in the solar noise. Even in the idealistic scenario,
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shown in orange, Venus is not detected after 2.5 years of observations.

Since Venus was not found, using the timescale corresponding to the real HARPS-

N data, I continued my research using the simulated and extended data that I

created. Therefore, as the signal from Venus will repeat more often in the new

simulated data, I hoped that the periodograms will catch its presence. After

5 years of simulated observations (see Figure 4.3), no sign of the presence of Venus

is found in both periodograms. Instead, the periodograms are still dominated by

the shorter, solar activity, signals, with the first harmonic (∼14 days) still stronger

than the real solar rotation period (∼28 days). In comparison, both the GLS and

BGLS periodograms, for the ideal case, are able to detect some (imperfect) signal,

corresponding to the presence of Venus, around 500 days (see Figure 4.3) after

5 years of observations. Finally, after observing for even longer timescales, 12.5

and 25 years of observations (see Figure 4.4), a ‘very’ small signal seems to appear

around the right period, which shows the presence of Venus, an Earth analogue

planet, in our data. This signal can, however, only be seen in the GLS periodogram,

as the BGLS periodogram seems to only focus on the strongest signals in the data.

Hence, Venus’ signal seems to be treated as noise with the BGLS.

The results of these observations/simulations could be considered as ‘good news’,

as it proves that the detection of an Earth-analogue around a solar-type star is

possible. Indeed, I was, after all, able to detect Venus using the HARPS-N solar

RV data. However, one should know that, despite the detection of Venus, multiple

issues remain. First, it is clear that more than 5 years of observations of continuous

data is necessary if we want to detect an Earth-like planet. Indeed, as HARPS-N is

observing the Sun, it thus can observe it continuously throughout the whole year.

While some other stars have been observed for many years, these observations were

discontinuous, constrained by visibility and hence suffer from multiple gaps in the

data. In addition, the HARPS-N solar data is of extremely high signal-to-noise

and consists of several hours of observations each day. Typical stellar observations

consist of only two observations (typically) per night with ∼15 minutes exposures.

Thus, finding an Earth-like planet on another system will probably take more than

12.5 years of observations.

A second, and quite clear, issue also arises from these results. While I was able

to detect the presence of Venus after 12.5 years of observations, the strength of

the signal is very weak. This is also true even after 25 years of observations.

Not only is the signal smaller than the signals due to solar activity at shorter
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periods (14 – 28 days), but the Venus signal is also smaller than other longer-

period signals appearing in the GLS periodogram (such as the spurious one-year

signal, see Dumusque et al. 2015a). Thus, while I can confirm the detection of

Venus, it is only because I already know its period and removed all the signals

from the other planets. If I was trying to detect a new exoplanet, I would not have

been able to distinguish the real signal from the noise or from the stellar activity

signals.

Finally, and as a last known issue, one should also know that our Sun was at its

minimum activity level during the HARPS-N solar observations presented here.

Indeed, as our Sun goes through its magnetic cycle (∼11 years), the solar activity

level varies. Hence, with its current low activity level, the solar RV noise observed

in the HARPS-N solar data is lower than usual. It is therefore very likely that

the detection of Venus would not be possible, even after 25 years of observations,

with the increase in solar activity as the new activity cycle ramps up (leading to

a higher level of noise in the data).

4.4 Concluding Remarks

In this chapter, I have used HARPS-N solar data to observe the level of noise that

solar activity can produce. Indeed, by removing all planetary effects from the RVs,

I was able to measure the RVs induced by solar activity, and compare it with the

RV signal of an Earth-analogue (∼3 m s−1 versus ∼0.09 m s−1). While each type of

stellar activity impacts the RVs in different ways, they all contribute to the noise,

masking the possible signature of exoplanets. As an example, and in order to show

the effect of stellar activity in the detection of exoplanets, I have searched for Venus

using RV measurements of the Sun taken by the HARPS-N solar telescope. As

expected, and due to solar activity, the RV signal induced by Venus is too weak to

be detected, even after 10 years of observations. For comparison, I repeated the

same analysis assuming the ideal case where no stellar activity is seen and after

5 years of observations, Venus’ signal was detected. While very optimistic, this

second simulation confirms that the stellar activity is the biggest impediment to

the detection of exoplanets, especially for Earth-analogue planets (i.e.: lower-mass

and longer-period planets), not instrumental precision.



Chapter 4. The Stellar Activity Problem 82

For completeness, the same analysis was done but instead of looking at the synodic

period of Venus, the orbital period was used (224.7 days), treating Venus as an

exoplanet. This would be as if we (or aliens) were observing our Sun from outside

our solar system. The results of this second analysis are showing in Appendix A.1.

As expected, the same conclusion can be drawn from Figure A.1: due to solar

activity, the RV signal induced by Venus is too weak to be detected. Only by

mitigating and/or removing the effect of stellar activity we can detect Venus’

signal in the periodograms.

The data presented in this chapter were reduced using the previous DRS. Some

instrumental systematics were later revealed, notably a long-term RV trend, due

to the changing number of thorium lines used over time. These instrumental

drifts were corrected using the new ESPRESSO data reduction software and are

now publicly available (Dumusque et al., 2020). Figures 4.5 & 4.6 compare the

weighted mean daily binned data reduced with the old DRS (in blue) with the

data reduced with the new DRS (in orange) for some activity indicators measured

from the HARPS-N spectra (see Sections 2.3.3 & 2.3) and for the solar RVs. Some

small differences between the two data sets are noticeable. While the new data

would be better to use, as the instrumental systematics found were removed, some

new systematics were also observed. Figures 4.5 & 4.6 also compare the GLS

periodogram of the old data (in blue) versus the new data (in orange) for the

same activity indicators and RVs. The long-term trends (induced by the magnetic

cycle of the Sun) seen in the data were removed by fitting a 4th order least squares

polynomial. After comparing these GLS periodograms, one can notice that in

most cases, the new data has a strong(er) peak around 200 days (highlighted with

a vertical dashed line). Unfortunately, the reason behind this ‘new systematic’ is

unclear at the moment, which is why the data reduced by the new ESPRESSO

data reduction software was not used in this chapter. While the data used here

could be seen as ‘outdated’ (from the previous DRS), the instrumental systematics

found by Dumusque et al. (2020) do not significantly change the results presented,

nor do they change the conclusion of this chapter.

The results of the simulations presented in this chapter are clear: it is not possible

to detect an Earth-like planet around a solar-type star if we do not remove stellar

activity (or greatly mitigate it). Increasing the precision of the instrument, or

observing for a longer period of time will not be sufficient to detect an Earth-

analogue. This is why, in the next chapter, I focus on the study of stellar activity.
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Figure 4.5: Top: compares the weighted mean daily binned data reduced with
the old DRS (in blue) with the data reduced with the new DRS (in orange)
for the log R′HK, measured from the HARPS-N solar spectra. The next panel
compares the GLS periodogram of the old log R′HK data (in blue) versus the new
data (in orange) for the log R′HK (after removing the long-term trends induced
by the magnetic cycle). One can notice a strong(er) peak around 200 days in
the new data (highlighted with a dashed grey vertical line). The reason for this
‘new’ systematic is still unclear. Middle: Same as before, but for the CCF BIS.

Bottom: Same as before, but for the CCF FWHM.
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Figure 4.6: Similar to Figure 4.5, but for the CCF contrast, CCF area and
RVs.
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I present different indicators that can help in measuring and identifying stellar

activity, using the Sun as a first example, and compare these results with another

well-known and studied star: α Centauri B.



Chapter 5

Stellar Activity: Comparison between

the Sun and α Cen B

86
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5.1 Introduction

In this Chapter, I present a study of the long-term trends of the activity indicators

for the Sun and for α Centauri B. It should be noted that most of the content

of this chapter, as well as Chapters 6 & 7, have been published in the Monthly

Notices of the Royal Astronomical Society, Volume 505, Issue 1, Pages 830–850 and

is entitled: “Long-term stellar activity variations and their effect on radial-velocity

measurements” (Costes et al., 2021). I led the research and wrote this paper.

Using public data from the ESO archive I gathered information on the long-term

stellar activity and RV variations for multiple stars. I performed the analysis of

different correlations in order to improve our understanding of stellar activity, and

found potential new exoplanets hidden in the stellar noise (see Chapter 8). Some

additional text has been added to these chapters from the original paper in order

to provide a more extended and complete analysis.

While stellar activity is not a major concern when detecting exoplanets similar

to hot Jupiters, for lower-mass and/or longer-period exoplanets, the mitigation of

stellar activity becomes a priority. In Section 4.3, I showed that Venus cannot be

detected when studying our Sun due to solar activity from the measured RVs. In

order to find Earth 2.0, the removal of the effect of stellar activity will therefore be

necessary. In this chapter, I study different activity indicators using the HARPS-N

solar data, focusing on their long-term trends and how activity cycles may influence

the observed RVs. Later, I compare these results for the Sun with another well

sampled star, α Centauri B, using HARPS data. In Chapter 6 I expand this study

to a larger sample of stars and in Chapter 7 I study the long-term impact that

stellar activity has on the radial velocities.

5.2 Solar Activity

As mentioned in Section 2.2, if not properly accounted for, the line-profile shape

changes caused by stellar activity may be misinterpreted as shifts in the central

wavelength of the observed line, therefore leading to apparent radial velocity shifts.

Even for low-activity stars (such as the Sun), this can have a dramatic impact

on the radial velocity follow-ups used for determining the (minimum) mass of

exoplanets. In addition, and given the orbital periods of Earth-analogue planets,
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it is very likely that any RV study of such a system will need to span several years

in order to robustly retrieve a repeating planetary signal (see Section 4.3). It is

therefore a priority to understand the impact of stellar activity over a range of

different timescales. On timescales of days/weeks, stellar activity RV variations

are predominantly driven by rotational modulation of spots and plage regions as

they cross the visible stellar hemisphere. A number of techniques and observational

strategies have already been developed to mitigate their effects on short timescales

(e.g. Dumusque 2018). Monitoring stars on longer timescales (i.e.: a substantial

fraction of a stellar activity cycle) presents, however, a different set of problems for

stellar-activity mitigation techniques. Indeed, over long-timescales the activity-

cycle will drive changes in the magnetic network and this will, in turn, change

both the plage coverage (Meunier, 2018, Meunier & Lagrange, 2019b) as well as the

underlying magnetic network variation, and may also affect surface flows (Meunier

& Lagrange, 2020). In addition, stars may vary between exhibiting RV signals that

are spot-dominated and those that are plage-dominated as the magnetic activity

cycle waxes and wanes.

The best target to start such an investigation is our own Sun, as it presents an

excellent astrophysical laboratory to study the impact of the stellar activity cycle

on the RVs. This is for a number of important reasons. First, the Sun can

be resolved, enabling us to track the size, location, evolution and nature of any

active region on the solar surface on a detail that cannot be approached for any

other known star. Second, the orbital positions of the solar system planets are

known to an exquisite precision, allowing the planetary contributions to solar

RV measurements to be removed. This effectively turns the Sun into the only

star in the Universe where we can remove any trace of planetary motion, leaving

behind the RV variations due to stellar activity. Hence, by obtaining high-cadence

long baseline high SNR solar spectra, we can study the solar features to better

understand the underlying physics.

Using the HARPS-N solar data (as described in Section 4.2), it is possible to

follow precisely the changes of some activity indicators. Hence, the log R′HK, the

CCF BIS, the CCF FWHM, the CCF contrast and the CCF area (which is defined

as the product of the CCF FWHM and CCF contrast, and therefore defined in

a manner similar to the equivalent width of a single spectral line) were observed.

Similar to Section 4.2, the newly reduced solar data from the updated ESPRESSO

DRS (Dumusque et al., 2020) was not used in this chapter to avoid the currently
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unknown ∼200 day systematic present in the data. Instead, the publicly available

solar data, described in Collier Cameron et al. (2019), was used, complemented

by my own measurements of the log R′HK (see Section 2.3). For clarity, the data

was binned daily using the inverse-variance weighted mean of the measurements.

Figure 5.1 presents the five activity indicators and the RVs for the Sun, covering a

baseline of more than two years. The blue points correspond to the binned data.

Since I am interested in long-term activity changes, I filtered out shorter period

rotational modulation variations by binning every 50 days of observations (again

using a weighted mean), corresponding to ∼2 solar rotations. These are shown as

red points in Figure 5.1. As can be seen, these red points nicely trace the long-term

activity changes for the Sun.

One can note the diminution of activity in the Sun over the past few years, observed

here as a decrease in log R′HK in Figure 5.1. This decline in activity is also mirrored

by a corresponding decrease in the CCF BIS, thus, both of these activity indicators

appear to be correlated on longer timescales. The CCF FWHM, on the other

hand, looks flat, and does not seem to be strongly (anti-)correlated with long-

term activity variations. However, both the CCF contrast and the CCF area are

increasing as the solar activity level decreases. It is then safe to assume that, in the

case of the Sun, it is the contrast that drives the long-term trend of the CCF area,

compared to the CCF FWHM, which has a smaller overall impact. While these

(anti-)correlations are mostly clear by eye, in order to provide a statistical measure

of the correlation strength for each indicator, I also measured the Pearson’s R

correlation coefficients between the long-term variations (hence, relative to the

50 days binned data) of the CCF BIS, CCF FWHM, CCF contrast, the CCF

area and RVs with the log R′HK. These correlation coefficients are also shown in

Figure 5.1, and confirm the observations. In addition, one can see a break in

the trend lines of the CCF BIS, contrast and area, around BJD 2,457,850. This

interruption, also observed by Collier Cameron et al. (2019), coincides with the

appearance of large, persistent bipolar active regions in late March 2017. The

trends are then resumed later from their new levels, around BJD 2,457,900. In

opposition, for the CCF FWHM, only a strong peak of short duration can be seen,

without any major change in the trend line. As we know, plage regions lifetimes

are longer than those for starspots (see Section 2.2). Hence, from the observations

of the isolated peaks in the CCF FWHM, correlated with the number of spots,

and the persistence of the BIS signal for several rotations, Collier Cameron et al.
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Figure 5.1: The activity indicators and measured RVs for the Sun, spanning
over 2 years of HARPS-N observations. The blue points correspond to the daily
weighted mean, while the red points correspond to a 50 day weighted mean
binning. The Pearson’s R correlation coefficient, measured for each data set
relative to log R′HK for the binned data, is displayed in the legend. For the
CCF BIS, contrast and area, a break in the trend lines can be seen around
BJD 2,457,850, which coincides with the appearance of large, persistent bipolar

active regions.

(2019) suggested that the CCF FWHM responds to dark spots while the CCF BIS

traces inhibition of convection in active-region faculae/plage.

Finally, one can also see that the contrast is affected by both spots and plage re-

gions. This is evidenced by the fact that dips can be seen in the CCF contrast that

correspond to sharp rises in the FWHM as spot regions rotate into view. In addi-

tion, the CCF contrast also displays appreciable long-term variability, indicating

that the contrast is also impacted by the under-lying magnetic network. As a re-

sult of the interplay between the contrast and FWHM, the CCF area displays little

evidence of rotational modulation, as the variations of the FWHM driven by spots
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appear to be largely cancelled out by the variations in the contrast. However, on

longer timescales, the area shows an anti-correlation with the log R′HK, indicating

that it is the long-term variation in the contrast that acts as the primary driver

of changes in the CCF area in the case of the Sun.

5.3 Comparison with α Centauri B

By using the HARPS-N solar data, it is possible to understand how activity in-

dicators react to solar activity and to compare their long-term trends. However,

despite all the information that the study of the Sun can give us, some problems

remain. First, I am only looking at two years of solar data, during which the Sun

was at its lowest activity level (from the 11 years of its magnetic cycle). Therefore,

it is possible that the (anti-)correlations seen here could actually differ at different

phases within the solar magnetic cycle. Another question that one could ask is

whether these (anti-)correlations are also found for other types of stars, whether

different stars exhibit different behaviours, and whether there is any underlying

fundamental parameter that may underpin any such behavioural characteristics.

Indeed, since the Sun is a G2V star, it would not be too surprising to see differ-

ent stellar activity characteristics, for example, on K-type stars which are cooler

and have different line formation properties and activity levels. Thus, in order to

answer these questions, I compared the results obtained from the solar data to a

well-known, intensely sampled and bright star: α Centauri B.

5.3.1 The α Centauri System

The α Centauri system is the closest star system to ours, located just ∼4.3 light

years away from us. This system is composed of three stars, with its two main

stars (α Centauri A, a G2V star and α Centauri B, a K1V star) not separable by

the naked eye, making the light from the combined stars one of the brightest in

the southern hemisphere. Finally, a dim M5.5V red dwarf, Proxima Centauri (or

α Centauri C), completes the known components of this system. Due to its prox-

imity (and brightness) to us, this system has been frequently observed, over many

years, including by long term RV programs, in order to detect orbiting exoplan-

ets. Currently, no planet has been found around α Centauri A or α Centauri B,
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and only one planet has been discovered around Proxima Centauri: a 1.3 Earth

minimum-mass (M⊕) planet on a ∼11.2 day period (Anglada-Escudé et al., 2016).

While no planet has been confirmed around the two main stars of this system,

it is still of great interest to the exoplanet community. α Centauri B, especially,

has been frequently observed over many years due to both its relative inactivity

and brightness, and has been a prime target for RV planet searches. Today, with

its extensive RV measurements available, this star is an excellent candidate for an

in-depth analysis of stellar activity over long timescales.

5.3.2 FWHM and Contrast Analysis

Similar to the observations made for the Sun, I studied the long-term (similar to

the 11 years of the solar magnetic cycle) variability of different activity indicators

for α Centauri B. For this study, I used publicly available data from the HARPS

spectrograph (Mayor et al., 2003) mounted on the ESO 3.6 m telescope at La Silla

Observatory, Chile. The HARPS spectrograph covers a wavelength between 3780

to 6910 Å with a resolving power of R = 115,000. Both the CCF FWHM and the

CCF contrast of the star were processed with the HARPS Data Reduction Software

(DRS) pipeline and are available on the ESO archive1. From the study of the

CCF FWHM and CCF contrast of α Centauri B over long timescale (∼10 years),

I noticed that both of these activity indicators exhibit a slow, systematic, linear,

long-term drift that could not be simply and fully explained by the changes due

to the magnetic cycle of the star.

As a check, I pooled together a large sample of inactive, slowly-rotating (as mea-

sured by their log R′HK), well monitored stars that had been observed for a long

baseline by HARPS (see Chapter 6 for the criterion of the selection), also taken

from the ESO archive. From this large sample of stars (60 stars, α Centauri B in-

cluded), I looked for “common” trends across all stars using the CCF FWHM and

CCF contrast. Since the activity of all the stars should be at randomly phased,

with respected to one another, any distinct trend is likely due to an instrumental

effect that needs to be removed before I could study α Centauri B. As seen for

α Centauri B, all the stars in the sample present the same long-term drift. Fig-

ure 5.2 shows the change of the CCF FWHM over time for a multitude of stars,

1ESO archive: http://archive.eso.org/wdb/wdb/adp/phase3_main/form

http://archive.eso.org/wdb/wdb/adp/phase3_main/form
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Figure 5.2: CCF FWHM as a function of time for a multitude of stars observed
by HARPS, divided into four spectral classes: F-type, G-type, K-type and M-
type stars (7, 23, 23 and 7 stars, respectively). To compare the CCF FWHM over
time for multiple stars, only the change of the CCF FWHM (∆ CCF FWHM)
is presented here. As one can see, in each panel, a long-term drift can be seen.
The slope of this drift varies as a function of spectral class, showing that the

drift presents a colour-term dependency.

divided into four spectral classes: F-type, G-type, K-type and M-type stars (7,

23, 23 and 7 stars, respectively). This change (∆ CCF FWHM) was measured by

subtracting the mean of the CCF FWHM for each star. A similar drift was also

seen for the CCF contrast, with a slope opposite to the one of the FWHM, as one

would expect.

This drift has been attributed to a change in the instrument focus over time Du-

musque (2018). By comparing the drift of every star in my sample, I also observed

an apparent colour-term dependency that impacts the shape and the amplitude

of this presumed instrumental drift. This colour-term could potentially arise in a

number of ways. It could result from a variation in the instrumental focus across

the chip, which would then manifest itself as a wavelength dependent change in

the FWHM. This would be compounded by the varying spectral energy distribu-

tion of the targets and the different line masks used in the subsequent generation

of the CCF. However, I believe that this effect may primarily be driven by dif-

ferences in the projected rotation rates of the stars. Therefore, stars with larger

FWHMs are less affected by relatively small instrumental drifts in the FWHM,

and since earlier-type stars have higher mean projected rotational velocities, this
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Figure 5.3: Left : mean CCF FWHM values for the stars studied as a function
of their stellar effective temperature. The stars used are highlighted as a function
of their spectral class: F-type (blue), G-type (orange), K-type (green) and M-
type stars (red). An important gap in the CCF FWHM value between the
K-type and M-type stars can be seen. Right : similar to the left plot, with
the additional corrected values for the M-type stars. Following the procedure
outlined in Suárez Mascareño et al. (2017), I have calculated the corrected
CCF FWHM value for the M-type stars, shown in red. Despite this correction,
the gap seen between the K-type and the M-type stars in the mean CCF FWHM

value is still present.

could lead to an apparent colour-dependency in the long-term FWHM and con-

trast drifts. The left plot of Figure 5.3 shows the mean value of the CCF FWHM

for the stars studied as a function of their stellar effective temperature. As one

can see, the mean CCF FWHM values change with stellar effective temperature.

Hence, the hotter F-type stars, with larger CCF FWHMs, will be less affected

by this instrumental drift than K-type stars for instance, leading to this apparent

colour-dependency drift.

In Figure 5.3, there is also a clear jump in the mean CCF FWHM values between

K-type and M-type stars. It is known that the M2 line-mask used by the HARPS

DRS heavily distorts the CCFs (e.g. Rainer et al. 2020). I believe this is why

the values of the FWHM, obtained for stars where a M2 line-mask was used, are

systematically (and significantly) lower than those where other line-masks were

employed. Some methods have been developed to try and correct the distortions

in the FWHM measurements (see e.g.: Suárez Mascareño et al. 2015, 2017). For

example, after cross-correlating the spectra with the M2 line-mask, instead of

fitting a baseline with a Gaussian, Suárez Mascareño et al. (2017) employed a

second order polynomial with a Gaussian fit, using only the central region of the

CCF function, with a 15 km s−1 window, centred at the peak of the CCF to account

for the significant structure in the baseline. Figure 5.4 compares both methods,
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Figure 5.4: Comparison of two different approaches measuring the FWHM
from the CCF. Left : the HARPS DRS approach, which uses a flat baseline and
a Gaussian to fit the CCF. As one can see, the CCF of M-type stars exhibits
significant structure in the baseline and therefore results in a less precise Gaus-
sian fit. This causes systematics errors in the FWHM measurements. Right :
the approach from Suárez Mascareño et al. (2017), who apply a second order
polynomial with a Gaussian to fit the CCF. This method seems to match more

properly the CCF of M-type stars.

the left plot shows the results when using the standard baseline and Gaussian

fit, and the right plot shows the results when using a second order polynomial

and Gaussian fit. As one can see, the new fit matches more properly the CCF

of M-type stars. After applying this new fit to the spectra of the M-type stars, I

calculated the new CCF FWHMs and compared them with the old values, given

by the HARPS DRS. The right plot of Figure 5.3 presents the mean CCF FWHM

values for all the stars, in blue, and compares the new values calculated for the

M-type stars, in red. Despite the new CCF FWHM values, that have been slightly

adjusted, the jump in the mean CCF FWHM values is still present between the

K-type and M-type stars. Because of this remaining jump, and the distorted

CCF from the M2 line-mask, no further correction has been applied to the CCF

of the M-type stars. In addition, the M-type stars will not be considered in the

following Chapters (Chapters 6 & 7). Instead, I simply focused on removing the

different long-term drifts seen for each class of stars for the CCF FWHM and the

CCF contrast.

Disentangling the drift from long-term stellar-activity variations of the FWHM

and contrast is not straight-forward. While the observed colour-dependency is

not strong, I have still applied different instrumental drift corrections by grouping

stars that present broadly similar colour terms and intrinsic FWHMs. After inves-

tigation, I opted to correct this drift separately for each of the four broad spectral
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classes (F, G, K and M) in my sample. For each spectral class, I combined sep-

arately both the CCF FWHMs and contrast of the stars (after removing their

mean value for each star) and I simply fitted a 2nd order polynomial to both the

CCF FWHMs and contrast. By combining a large number of stars in each spectral

class, it is hoped that any stellar activity-cycle variations largely average out, and

that any underlying trend therefore follows the instrumental (and colour/intrinsic

FWHM dependent) drift (see Figure 5.2). I have then applied to the CCF FWHM

(FWHM’) and CCF contrast (contrast’) the following drift corrections:

FWHM = FWHM′ −
(
a × (BJD − BJD0)2 + b × (BJD − BJD0) + c

)
(5.1)

contrast = contrast′ −
(
d × (BJD − BJD0)2 + e × (BJD − BJD0) + f

)
(5.2)

with a, b, c, d, e and f the values of each coefficient for each spectral-type,

determined from the fit and presented in Table 5.1. While the measured drift

varies as a function of spectral type, the general form of the trend is fairly similar

across all types of stars in the sample – that is, there is no sudden change in the

shape of the trend as one looks at different stellar types/colours. Please note that

these corrections were only applied to HARPS targets, and not to the solar data

from HARPS-N as the solar data does not suffer from this drift.

F-type stars G-type stars K-type stars M-type stars

a 8.3 ± 1.3 × 10−10 9.4 ± 0.7 × 10−10 1.5 ± 0.2 × 10−9 0.6 ± 2.0 × 10−10

FWHM b 1.0 ± 0.7 × 10−6 2.6 ± 0.3 × 10−6 4.9 ± 8.9 × 10−7 1.3 ± 0.9 × 10−6

c −1.01 ± 0.08 × 10−2 −1.33 ± 0.04 × 10−2 −1.2 ± 0.1 × 10−2 −3.0 ± 0.8 × 10−3

d 7.3 ± 0.8 × 10−9 7.0 ± 0.6 × 10−9 −3.9 ± 1.5 × 10−9 1.6 ± 0.4 × 10−8

contrast e −4.9 ± 0.4 × 10−5 −7.2 ± 0.3 × 10−5 −3.8 ± 0.7 × 10−5 −1.5 ± 0.2 × 10−4

f 7.2 ± 0.5 × 10−2 1.29 ± 0.03 × 10−1 1.30 ± 0.08 × 10−1 2.3 ± 0.1 × 10−1

BJD0 2452942.66 2452937.55 2452937.57 2453152.71

Table 5.1: Values used for the correction of the instrumental (colour-term
dependent) drift of the CCF FWHMs and contrasts. A different correction was

made for each spectral class.

5.3.3 Stellar Activity on α Centauri B

As mentioned, I used the publicly available data from the HARPS spectrograph

(Mayor et al., 2003), taken from the ESO archive, to study the long-term vari-

ability of α Centauri B. The archival data were then vetted in order to ensure

proper quality control. For example, in January 2015 there was an upgrade to the

fibers requiring the HARPS vacuum enclosure to be opened. This intervention
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had an impact on the point spread function, and resulted in an offset between

various measurements taken before and after the upgrade. Thus, in order to avoid

systematic offsets in the data that may impact the analysis, I decided to only

use data taken prior to 2,457,150 BJD (i.e.: before the intervention to facilitate

the fiber-upgrade). While this action reduced the amount of data I could obtain,

more than 10 years of data were still available for α Centauri B, which is on the

order of the expected duration of one full stellar-activity cycle for a solar-type star

(Baliunas et al., 1995).

In addition, I also employed further quality control cuts to the remaining data

to remove outlier points and/or those affected by low signal-to-noise or potential

saturation. If the signal to noise ratio (SNR) for a spectrum was three times

lower than the median value across all spectra, then it was removed. Similarly, if

there was a risk of overexposure, with a SNR value over 500, the data was also

removed. Despite these quality-control cuts, some apparent outliers still remained.

In order to identify and remove the most extreme outliers, I conducted a ‘pre-

screening’ cut using a 30-σ median absolute deviation (MAD) clip. I was able

to identify that the majority of the points removed by this pre-screening were a

result of observing the wrong target (i.e. α Centauri A in this case), based on

a clear mismatch in the spectra. Once these extreme outliers were filtered out, I

performed an additional cut using a 7-σ iterative 4th order polynomial MAD fit

clipping (without the polynomial fit being adversely affected by clusters of extreme

outliers that were removed in the previous step). This process was repeated in an

iterative fashion until subsequent iterations did not remove any additional points.

Indeed, after removing the outliers using the first polynomial fit, a second fit was

made using the ‘good’ data points. Then, this new fit was compared to the original

data using the 7-σ cut, to detect any new outliers. From the remaining ‘good’

data, a new fit was made. This iterative process was repeated until no more new

outliers were found. I opted for a conservative 7-σ in order to avoid removing

anything that may be astrophysical in nature, while still removing data-points

that were clearly found to be systematics. After investigation, I note that most of

the outliers identified in this second 7-σ cut were due to calibration, data reduction

errors and/or twilight/moon contamination. These two cuts, applied on the radial

velocity data, as well as on the CCF FWHM, CCF contrast, CCF BIS, and on the

log R′HK data, were made in order to remove the outliers while preserving both the

long and short term activity variations. From an initial 18,698 data points taken

for α Centauri B between the date-boundaries defined earlier, 1,816 were identified
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as having too low or overexposed SNR and 909 were removed as potential outliers

via clipping.

Finally, after correcting the data for outliers, I also removed the long-term drift

in the CCF FWHM and contrast (see Section 5.3.2). Figure 5.5 presents the

5 activity indicators and the RVs for α Centauri B. Similar to Figure 5.1, the

blue points correspond to the binned daily inverse-variance weighted mean of the

measurements. Similar to the solar data, the shorter period rotational modulation

variations were also filtered out by binning all the data in each observation season.

The binned data are shown in red in Figure 5.5. The Pearson’s R correlation

coefficients between the long-term variations of the CCF BIS, FWHM, contrast,

the area and RVs with the log R′HK were measured using the seasonal data and

indicated in Figure 5.5.

When comparing the activity indicators trends of α Centauri B with those of the

Sun, some significant differences are observed. Similar to the Sun, α Centauri B

presents a strong correlation between the log R′HK and the BIS, and a strong anti-

correlation between the log R′HK and the contrast. Concerning the FWHM, while it

appears mostly flat for the Sun, it is strongly correlated in the case of α Centauri B.

Moreover, instead of an anti-correlation between the log R′HK and the CCF area,

here one can see a positive (albeit weak) correlation. This would suggest that in

the case of α Centauri B, it is the FWHM that slightly drives the long-term trend

of the area, instead of the contrast.

5.4 Concluding Remarks

In this chapter, I have presented some activity indicators that can give useful

insight on the stellar activity: the log R′HK, the CCF BIS, the CCF FWHM, the

CCF contrast and the CCF area. Some of these presented a long-term instrumental

drift that required correction. By studying the Sun, using the HARPS-N solar

data, it was discovered that some activity indicators react more to the presence

of spots, while others seem to trace mostly plage regions. In addition, on longer

timescales, I discovered that the activity indicators were not all correlated the

same way with the log R′HK.

To study whether the same correlations would be seen for other types of stars, I

repeated the same analysis for α Centauri B. While the correlations between some
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Figure 5.5: The activity indicators and measured RVs for α Centauri B,
spanning over 10 years of HARPS observations. The blue points correspond
to the nightly weighted mean, while the red points correspond to a seasonal
weighted mean binning. The Pearson’s R correlation coefficients, measured for
each data set relative to log R′HK for the binned data, are displayed in the legend.

activity indicators remain the same, others, however, exhibit different behaviours.

Together, α Centauri B and the Sun provide clear examples where different long-

term relationships between key activity indicators are identified (presumably as a

result of their different spectral-types). Understanding the difference between the

Sun and α Centauri B is therefore crucial if we want to understand how stellar

activity impacts stars on long timescales. In the next chapter, I present a more

general investigation of how the stellar activity indicators vary as a function of

fundamental stellar parameters (such as spectral type) using a sample of 61 stars.
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6.1 Introduction

By studying the variations of long-term stellar activity indicators, it is possible to

extend our knowledge on stellar activity, and understand how it impacts the RVs.

In the previous chapter, I presented the long-term activity indicators variations

of the Sun and α Centauri B. By studying their correlation with the log R′HK,

one could see how different activity indicators (e.g. CCF BIS, CCF FWHM,

CCF contrast and CCF area) react to the increase or decrease of stellar activity

over the magnetic cycle. Some differences were then seen between the trends

observed for the Sun and those of α Centauri B. To understand the reasons behind

these differences, I decided to repeat the same analysis of the long-term stellar

activity variations for a total of 61 stars.

6.2 Target Selection

In addition to the Sun and α Centauri B, I decided to study the long-term variabil-

ity of a sample of apparently slowly-rotating stars (as derived from their log R′HK).

These stars were selected based on the best availability of data with frequent sam-

pling over many years in the ESO archive, sufficient to see the changes in the

magnetic cycle of the stars. Thus, I settled on the criterion that a minimum of

4 years (1500 days) of baseline was required, for which at least 5 seasons with at

least 4 nights of observations each had to be available. Another consideration in

the selection process was to remove fast rotating stars in order to focus on the

observations of quiet, low activity, stars, similar to the Sun. Therefore, I only

selected stars with estimated rotation periods longer than 20 days. Their rotation

periods (Prot) were estimated by following the Noyes et al. (1984) formula, who

determined the following rotation period – activity relationship for main-sequence

stars:

log10 (Prot/τ) = 0.324 − 0.400y − 0.283y2 − 1.325y3, (6.1)

where y = 5 + log10
(
R′HK

)
. τ corresponds to the value for the convective turnover

time and can be obtained from the empirical function:

log10 τ =




1.362 − 0.166x + 0.025x2 − 5.323x3 for x > 0

1.362 − 0.14x for x < 0,
(6.2)



Chapter 6. Decadal Study of Stellar Activity Variations 102

where x = 1 − (B − V ). This selection (estimated stellar rotation period greater

than 20 days), however, was not applied to F-type stars, as they undergo less

magnetic braking (see Section 2.3) over their lifetime relative to later type stars.

Instead, I confirmed that the F-type stars chosen were displaying relatively low

levels of activity as measured by log R′HK. For my selected stars, I used the reduced

data available on the ESO archive1, which are processed with the HARPS-Data

Reduction Software (DRS) pipeline. As mentioned earlier, the S-index and the

log R′HK are not products of the DRS. I therefore had to measure their values from

the spectra, following the procedure described in Section 2.3.

I also applied the same data selection and data quality cuts as done for α Cen-

tauri B (i.e.: only data taken prior to 2,457,150 BJD was considered, low signal-to-

noise or potentially saturated data were removed, and a 30-sigma median absolute

deviation (MAD) clip and 4th order polynomial MAD fit clipping were employed,

see Section 5.3). From an initial 64,823 data points, taken from the ESO archive

(i.e.: for all HARPS data, α Centauri B included) for the sample between the

date-boundaries defined earlier, 6,224 were defined as having too low or overex-

posed SNR and 2,492 were removed as potential outliers. In addition, and in order

to confirm the measured S-index and log R′HK, I compared the median values of

each individual target in the sample to those from Lovis et al. (2011) over the

same timescale (where this was possible). A median offset of less than 0.01 was

found. This small discrepancy can easily be explained by the slight differences in

the sample. While these small changes may affect the absolute values obtained,

the relative long-term variations in the log R′HK will still largely be preserved.

Finally, after correcting the data for outliers, I corrected the drift found in the

CCF FWHM and the CCF contrast (see Section 5.3.2). Table 6.1 presents all the

stars used in this study, including their spectral type (which spans from F6V to

M3.5V) and their B - V colour data, as taken from SIMBAD2. Table 6.1 also shows

the total number of spectra used (before the quality check cuts), the number of

individual nights for which the object was observed (after the quality check cuts),

as well as the total time-span covering all of the observations (after the quality

check cuts). Furthermore, Table 6.1 presents the median activity level (i.e. the

log R′HK measured from their reduced spectra as described in Section 2.3) and

the minimum and maximum log R′HK levels observed for each star. Finally, the

1ESO archive: http://archive.eso.org/wdb/wdb/adp/phase3_main/form
2SIMBAD: http://simbad.u-strasbg.fr/simbad/

http://archive.eso.org/wdb/wdb/adp/phase3_main/form
http://simbad.u-strasbg.fr/simbad/
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stellar metallicity, the stellar mass and the stellar effective temperature (taken

from different sources from VizieR3) are also presented in Table 6.1. Please note

that, in order to keep the table readable, no uncertainties are presented. I refer

the reader to the papers used and referenced below the tables. All of the stars

used in this study are main-sequence stars.

6.3 (Anti-)Correlations between Activity Indi-

cators

Similar to the observations made for the Sun and α Centauri B (see Sections 5.2 & 5.3),

(anti-)correlations were observed between the activity indicators (i.e.: the CCF BIS,

CCF FWHM, CCF contrast and CCF area) and the log R′HK. To compare the re-

sults found, Figures 6.1 & 6.2 represent the values of the Pearson’s R correlation

coefficients for the seasonal weighted-mean data between the log R′HK and each of

the four activity indicators as a function of stellar effective temperature for the

61 targets. I have also plotted the correlations as a function of colour index (B

- V), and find this makes no difference to the global picture described here. For

clarity, I used a different colour and shape for each spectral class, and the Sun

and α Centauri B (whose detailed plots are shown in Figures 5.1 & 5.5) are high-

lighted in yellow and red, respectively. Finally, the change in activity (∆act), which

represents the difference between the highest and lowest activity level of a star,

measured using the seasonally binned log R′HK data, was also determined for each

star. This ∆act was measured such as:

∆act = max
(
log R′HK

)
−min

(
log R′HK

)
(6.3)

where log R′HK corresponds to the log R′HK of the seasonally binned data. This ∆act

is represented in Figures 6.1 & 6.2 with transparency and is shown in order to

identify possible cases of bias. Smaller values of ∆act (hence, more transparent)

indicates that the target does not display a prominent activity-cycle variation in

the log R′HK, and in such cases one should be careful when interpreting the results

for these targets.

3VizieR: https://vizier.u-strasbg.fr/viz-bin/VizieR, presented below Table 6.1

https://vizier.u-strasbg.fr/viz-bin/VizieR
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Name Spectral Number of Number of Time range log R′HK log R′HK log R′HK Metallicity B-V Teff Mass
type spectra nights [days] median min max [Fe/H] [K] M�

HD103774 F6V 119 108 2760 -4.868 -5.045 -4.758 0.29 3 0.490 6732 3 1.400 3

HD89839 F7V 69 54 2671 -5.021 -5.219 -4.850 0.04 4 0.530 6314 4 1.224 6

HD22879 F7/8V 114 59 3379 -4.931 -4.945 -4.922 -0.82 4 0.560 5884 4 0.782 6

HD95456 F8V 244 98 3743 -5.023 -5.053 -4.965 0.16 4 0.520 6276 4 1.288 6

HD65907A F9.5V 744 207 1933 -4.942 -4.956 -4.926 -0.31 4 0.570 5945 4 0.915 6

HD1581 F9.5V 3127 254 3129 -4.951 -4.964 -4.939 -0.18 4 0.570 5977 4 0.992 6

HD7449 F9.5V 121 95 3819 -4.875 -4.910 -4.845 -0.11 4 0.600 6024 4 1.042 6

HD73524 G0V 167 96 2669 -5.025 -5.057 -4.978 0.16 4 0.600 6017 4 1.150 6

HD20807 G1V 235 61 4099 -4.898 -4.926 -4.857 -0.23 4 0.600 5866 4 0.935 6

HD96700 G1V 357 208 2620 -4.957 -4.984 -4.932 -0.18 4 0.610 5845 4 0.936 6

HD10180 G1V 327 242 3804 -5.006 -5.052 -4.986 0.08 4 0.630 5911 4 1.078 6

HD45184 G2V 306 166 3825 -4.911 -4.989 -4.858 0.04 4 0.620 5869 4 1.048 6

HD38858 G2V 211 91 4114 -4.912 -4.934 -4.880 -0.22 4 0.640 5733 4 0.898 6

HD189567 G2V 647 228 3602 -4.914 -4.947 -4.868 -0.24 4 0.640 5726 4 0.875 6

HD146233 G2V 5249 106 3052 -4.930 -4.988 -4.878 0.04 4 0.650 5818 4 1.031 6

Sun G2V 42510 581 707 -4.988 -5.006 -4.958 0.00 0.656 5778 1.000
HD136352 G3V 674 220 2668 -4.952 -4.974 -4.941 -0.34 4 0.650 5664 4 0.842 6

HD1461 G3V 465 225 3818 -5.026 -5.059 -5.000 0.19 4 0.680 5765 4 1.065 6

HD106116 G5V 120 111 3746 -5.011 -5.039 -4.969 0.14 4 0.650 5680 4 1.012 6

HD90156 G5V 145 109 2623 -4.957 -4.970 -4.947 -0.24 4 0.680 5599 4 0.855 6

HD20794 G6V 6185 512 4118 -4.986 -5.002 -4.967 -0.40 4 0.710 5401 4 0.786 6

HD115617 G6.5V 1186 200 3362 -4.993 -5.015 -4.959 -0.02 4 0.700 5558 4 0.918 6

HD59468 G6.5V 527 150 4198 -5.003 -5.034 -4.988 0.03 4 0.710 5618 4 0.954 6

HD161098 G8V 129 111 2322 -4.904 -4.941 -4.858 -0.27 4 0.670 5560 4 0.837 6

HD10700 G8V 10393 419 3729 -4.959 -4.971 -4.948 -0.52 4 0.720 5310 4 0.742 6

HD45364 G8V 103 83 4082 -4.978 -5.024 -4.920 -0.17 4 0.760 5434 4 0.845 6

HD20003 G8V 183 165 3379 -5.001 -5.054 -4.864 0.04 4 0.770 5494 4 0.928 6

HD69830 G8V 705 231 4205 -5.002 -5.030 -4.912 -0.06 4 0.790 5402 4 0.873 6

HD157172 G8.5V 126 115 3079 -4.992 -5.042 -4.898 0.11 4 0.780 5451 4 0.933 6

HD71835 G9V 109 99 3063 -4.924 -5.032 -4.837 -0.04 4 0.780 5438 4 0.887 6

HD20781 G9.5V 226 198 3384 -5.038 -5.091 -4.999 -0.11 4 0.820 5256 4 0.832 6

HD39194 K0V 268 239 3248 -4.951 -4.989 -4.914 -0.61 4 0.770 5205 4 0.709 6

HD26965 K0V 543 63 4100 -4.965 -5.006 -4.864 -0.36 4 0.820 5098 4 0.750 6

HD72673 K1V 451 101 3456 -4.903 -4.971 -4.865 -0.41 4 0.790 5243 4 0.751 6

HD13060 K1V 90 82 3810 -4.842 -4.986 -4.727 0.02 4 0.790 5255 4 0.865 6

HD109200 K1V 740 355 3365 -4.952 -5.009 -4.883 -0.35 4 0.850 5056 4 0.744 6

α Cen B K1V 18698 309 2697 -4.932 -5.030 -4.844 0.16 2 0.880 5234 2 0.870 2

HD85390 K1.5V 96 86 4154 -4.951 -5.011 -4.881 -0.09 4 0.850 5135 4 0.816 6

HD13808 K2V 246 203 3368 -4.898 -4.983 -4.707 -0.21 4 0.850 5033 4 0.771 6

HD144628 K2V 260 155 3659 -4.933 -4.988 -4.891 -0.45 4 0.850 5022 4 0.715 6

HD192310 K2V 1579 320 1917 -5.011 -5.046 -4.856 -0.03 4 0.910 5099 4 0.822 6

HD82516 K2V 88 81 4158 -4.957 -5.007 -4.825 0.02 4 0.910 5041 4 0.826 6

HD101930 K2V 67 59 4108 -5.000 -5.050 -4.920 0.16 4 0.910 5083 4 0.868 6

HD204941 K2V 68 62 2721 -4.977 -5.025 -4.890 -0.20 4 0.910 4997 4 0.767 6

HD104067 K2V 89 83 2271 -4.750 -4.801 -4.695 -0.04 4 0.980 4888 4 0.780 6

HD136713 K2V 54 49 3313 -4.811 -4.883 -4.770 0.08 4 0.990 4911 4 0.813 6

HD154577 K2.5V 562 297 3575 -4.870 -4.944 -4.783 -0.73 4 0.890 4847 4 0.642 6

HD40307 K2.5V 449 218 4138 -4.983 -5.023 -4.839 -0.36 4 0.950 4774 4 0.699 6

HD215152 K3V 287 262 2196 -4.905 -5.000 -4.825 -0.08 4 0.990 4803 4 0.764 6

HD65277 K4V 50 44 3026 -4.994 -5.055 -4.902 -0.30 4 1.030 4701 4 0.692 6

HD125595 K4V 137 108 1618 -4.789 -4.877 -4.688 0.09 4 1.100 4636 4 0.761 6

HD209100 K5V 4232 95 4022 -4.762 -4.828 -4.687 -0.13 4 1.060 4649 4 0.715 6

HD85512 K6V 1046 501 4158 -4.976 -5.074 -4.841 -0.26 4 1.180 4400 4 0.658 6

HD113538 K9V 89 76 2979 -4.853 -4.969 -4.765 -0.17 5 1.380 4685 5 0.740 5

GJ676A M0V 128 97 2034 -4.814 -4.884 -4.721 0.08 5 1.440 3734 5 0.710 5

HD156384C M1.5V 189 168 2311 -5.421 -5.622 -5.263 -0.52 5 1.570 3390 5 0.300 5

Gl588 M2.5V 255 46 2916 -5.091 -5.170 -4.967 0.00 7 1.500 3440 1 0.460 7

HD285968 M2.5V 71 67 1765 -4.919 -5.021 -4.741 -0.01 5 1.540 3332 5 0.500 5

GJ581 M3V 243 226 2550 -4.928 -5.095 -4.686 -0.21 5 1.200 3228 5 0.300 5

GJ674 M3V 178 155 3327 -4.936 -5.066 -4.720 -0.24 5 1.570 3281 5 0.350 5

Gl876 M3.5V 257 215 3461 -5.163 -5.272 -4.956 0.16 5 1.560 2940 5 0.330 5

Table 6.1: Table of the stars used in the study of the long-term stellar activity
variability. The number of nights were measured after the quality check cuts.
The spectral type and B - V values were taken from SIMBAD. The log R′HK
was measured using the calculations described in Section 2.3. Stellar effective
temperature, metallicity and stellar mass references: 1Gomes da Silva et al.
(2012), 2,5Santos et al. (2013, 2017), 3,4,6Delgado Mena et al. (2015, 2017, 2019),

7Neves et al. (2013).
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Figure 6.1: Pearson’s R correlation between the log R′HK and two activity
indicators: CCF BIS (top) and CCF FWHM (bottom), as a function of the stellar
effective temperature for the 61 stars observed. The Pearson’s R correlation was
measured using the seasonal averaged data points. A different color and shape
was assigned for each spectral class. The Sun and α Centauri B are highlighted
in yellow and red, respectively. Transparency was used to indicate the long-
term change in stellar activity (∆act). This was used in order to identify possible
cases of bias and a more transparent point should be treated more carefully, as

it represents a star that does not exhibit a strong activity cycle variation.
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Figure 6.2: Similar to Figure 6.1, for the CCF contrast (top) and CCF area
(bottom).

I would like to stress that, while Figures 6.1 & 6.2 present the Pearson’s R corre-

lation coefficient between the log R′HK and the other stellar activity indicators, my

main focus is not the exact value of the correlation coefficient itself. Rather, I use

the Pearson’s R correlation coefficient as a relatively crude tool to simply deter-

mine whether any correlation is present, and if so, whether it is strong or weak.

The reason why I urge caution against over-interpreting the coefficients obtained

is because the Pearson’s R assesses linear relationships between two quantities. In

the case of correlations between two stellar activity indicators, there is no particu-

lar reason to expect a linear relationship between the two. Indeed, any relationship

between two activity indicators could be rather complex and also change its form
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as a function of activity level. For example, an increase in activity may cause

a star to transition from plage-dominated to spot-dominated, which may in turn

cause a sharp transition in how different stellar activity indicators behave. How-

ever, I should also mention that I have performed the same analysis using the

Spearman correlation (which assesses monotonic relationships) and similar results

were found.

From inspection of Figures 6.1 & 6.2 it is clear that, for most of the stars, the

log R′HK and CCF BIS are strongly correlated with one another. I also clearly

find an anti-correlation between the log R′HK and the CCF contrast for most of

the stars, while the few stars that do not exhibit such a strong anti-correlation

have a low ∆act. This agrees with the results found for α Centauri B and the

Sun, as presented in Figure 5.5. However, the picture regarding the correlation

between FWHM and log R′HK is more complex, and a larger spread is evident for

hotter stars. Most F- and some G-type stars show either a weak correlation or

a strong anti-correlation between FWHM and log R′HK, while late G- and K-type

stars are strongly correlated. Thus, a transition in the correlation seems to occur

around G-type stars. This could explain why the Sun, which is in the middle of

this apparent transition, exhibits a lower correlation compared to α Centauri B

(for which the FWHM is strongly correlated with the activity). Finally, for the

CCF area, most of the hotter stars (including the Sun) show an anti-correlation

with the log R′HK, while cooler stars exhibit both anti-correlations and correlations.

This bifurcation in the correlations, which occurs for late G- and early K-type stars,

tallies with what I described earlier for α Centauri B (see Figure 5.5), which lies

at the beginning of this bifurcation and presents a low correlation between the

log R′HK and the CCF area.

To confirm that the changes seen in the correlation are astrophysically driven and

not due to an instrumental or computational issue, I analysed the data in more de-

tail. I focused my attention on the bifurcation observed for the correlation between

CCF area and log R′HK, which occurs around late G and early K spectral types.

This also corresponds to the region where the line-mask used for the CCF changes

from a G2V mask to a K5V mask. Thus, to verify that the difference in the cor-

relation properties observed is not related to a change in the line-mask used to

form the CCFs, I tested the impact of using an ‘incorrect’ mask for some stars

(i.e.: I used a K5 line-mask for G-type stars and a G2 mask for K-type stars).

This data was not processed by myself, but by the Geneva team, for which Dr.
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Dumusque provided the new CCF analysis. While I noticed small changes in the

absolute values of the CCF parameters measured, the overall long-term trends for

the CCF BIS, FWHM and contrast were very similar between masks, and their

correlation with log R′HK did not change significantly. This demonstrates that the

choice of mask is not responsible for the trends seen for these parameters in Fig-

ures 6.1 & 6.2.

However, I did notice a change in the observed CCF area (the product of the cor-

rected FWHM and contrast) when using a different mask. For many K-type stars,

its correlation with log R′HK changes from an anti-correlation to a correlation when

a G2 mask is used. For a few G-type stars that presented a positive correlation

between the CCF area and the log R′HK, an anti-correlation is observed when a

K5 mask is used. These differences can be seen in Figure A.2, which represents

the Pearson’s R correlation between the log R′HK and the four activity indicators

when the incorrect line-mask is applied, and can be directly compared to Fig-

ures 6.1 & 6.2. In summary, when using the wrong line-masks, the relationship

between CCF area and log R′HK becomes more strongly anti-correlated for the hot-

ter G-type stars (but broadly in-keeping with what was seen before). However, the

bifurcation seen for the cooler stars becomes less distinct with the anti-correlated

stars generally flipping to positive correlations.

The changes seen when using an ‘incorrect’ mask can be explained by the differ-

ences in the masks themselves. Indeed, not only does the K5 mask have twice as

many lines as the G2 mask, but the weights used for lines common to both masks

are also different. As a result, for any given star, using a K5 mask results in lower

CCF FWHMs and lower CCF contrasts relative to the results using a G2 mask.

As an example, Figure A.3 compares the CCF parameters (as well as the log R′HK

and the RVs) of a star when using a K5 and G2 mask. While the long-term trends

of the CCF FWHM and contrast are not impacted by the use of an incorrect line-

mask, their absolute values are. This, in turn, changes the effective weighting of

the contributions of the FWHM and contrast to the calculation of the CCF area,

and it is this that drives the change in the correlation between the CCF area and

log R′HK.

In summary, using an incorrect line-mask has little to no impact on the long-

term correlations between log R′HK and CCF FWHM, contrast, and BIS. For the

hotter stars in the sample, this story is also largely true for the CCF area versus

log R′HK. The only change is that for cooler stars the CCF area becomes more
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strongly positively correlated. I note that while the CCF area/log R′HK bifurcation

changes into a transition when the ‘wrong’ mask is used, it still signifies a change

dominated by astrophysical processes.

Finally, I also investigated other potential sources of bias, such as the number of

spectra, number of nights and the SNR values. None of these could explain the

bifurcation in the correlation between the log R′HK and the CCF area around the

late G and early K spectral types. Thus, I concluded that the changes in the corre-

lation are real, and likely due to physical changes occurring within the stars, such

as changes in the magnetic network. This is discussed in more detail in Section 6.4.

I would also like to recap that, while I included some M-type stars in the sample,

the M2 line-mask used by the HARPS DRS has been found to heavily distort the

CCFs (see Section 5.3.2). I therefore strongly caution over the interpretation of

any trends found for M-type stars, as they may not be astrophysical in origin, but

rather due to the way the data was processed for these particular stars. For that

reason, although the M-type stars are included in the figures for completeness, I

do not discuss their behaviour in any detail.

6.4 Physical Interpretation of the Correlations

As seen in Figures 6.1 & 6.2, the majority of the stars show a strong correlation

between the log R′HK and the CCF BIS. This is expected, as an increase in activity

will broaden the bisector span since the BIS is sensitive to the velocity suppression

of the convective blue-shift and traces inhibition of convection in active regions

(Collier Cameron et al., 2019, Meunier et al., 2017a). In the case of log R′HK versus

CCF contrast, the anti-correlation observed is also expected, as an increase in

activity will increase the plage coverage – thereby boosting the continuum and

decreasing the contrast (see e.g. Cegla et al. 2013). In addition, both spots and

plage regions create apparent ‘emission’ bumps in the stellar line profiles (see, for

example, Thompson et al. 2017), which also act to decrease the contrast. While the

correlations between the log R′HK and both the CCF BIS and CCF contrast exhibit

the same behaviour for all spectral types, changes in the correlation behaviour

between the log R′HK and the other two activity indicators are evident for different

spectral types. I will now discuss these in the next subsections.
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6.4.1 The CCF FWHM versus Stellar Activity

As observed in Figure 6.1, the CCF FWHM presents low R-values with log R′HK for

many F- and early G-type stars, the Sun included, and a strong positive correlation

for later-type stars. While the FWHM can be affected by an imperfect drift

correction, the data strongly suggest that the change in correlation seen reflects a

physical difference in stellar properties. Some of these weakly correlated and all

of the strongly anti-correlated stars have rather low ∆act, and this may explain the

transition seen in the correlation. Indeed, the shallow convective outer-envelope

of hotter stars results in a relatively weak magnetic flux that is insufficient to

create significant starspots. Thus, these stars will mostly be plage-dominated. As

for the FWHM, it is expected to increase with the apparition of spots. Indeed,

when a dark spot crosses the stellar rotation profile it reduces the depth of the

centre of the normalised line profile. Since the equivalent width is approximately

conserved (e.g. Collier Cameron et al. 2019, Vogt & Penrod 1983), the FWHM has

to increase in order to compensate for the reduction of the contrast. Therefore, the

FWHM can be considered as an indicator of spots for solar-type stars, as observed

for the Sun (Collier Cameron et al., 2019). It is then natural to see, for plage-

dominated stars, such weak (anti-)correlations between the FWHM and log R′HK.

These observations agree with SOAP 2.0 simulations (Dumusque et al., 2014),

which can be used to distinguish between stars that are spot or plage dominated

(in terms of the dominant contributor to the astrophysical noise). The transition

to a strong correlation, happening for later-type stars, thus indicates an increase of

spots on the stellar surface. Since I have preferentially selected a sample of inactive

stars that should all be relatively slowly rotating, this increase in activity level is

likely driven by the increase in the convective zone depth (see Section 6.4.3).

While the change in the magnetic cycle of the hotter stars is small, as represented

by a low ∆act, most of these F- and early G-type type stars still predominantly

present an anti-correlation between the FWHM and log R′HK. This dominant trend

can be explained by the increased temperature in plage, which weakens typical

metal lines, making them slightly de-saturated (narrower). This anti-correlation

seen for hotter stars was also confirmed by Beeck et al. (2015), who used mag-

netohydrodynamic simulations to show the effect of the magnetic field on stellar

line profiles as a function of limb-angle for different spectral types. They inves-

tigated the differences in the FWHM between simulations with B0 = 500 G and

non-magnetic simulations for the magnetically sensitive Fe I line at 6173 Å (see
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Figure 6.3). I acknowledge that the CCF FWHM presented in my work is derived

from thousands of stellar lines, which may not all respond in a similar way to

magnetic changes, in comparison to the model which only studied the magnetic

response of two lines (a magnetically sensitive one, Fe I line at 6173 Å, and a

non-magnetically sensitive one, Fe I line at 6165 Å). Despite this difference, using

Beeck et al. (2015) simulations is still useful as a means to provide the basis for a

physical interpretation of my results.

Indeed, the model shows similarity with my observations where a difference is

observed in the FWHM between F3V and G2V stars. According to Beeck et al.

(2015), this difference is explained by the fact that for hotter F-type stars the

FWHM tends to decrease as magnetic activity increases, whereas for cooler stars

the FWHM is strongly enhanced for the line studied. This anti-correlation seen

between the FWHM and the activity is due to more significant line weakening

in F stars from the ‘hot-wall’ effect arising in plage, where the line opacity is

considerably reduced in hot magnetic structures. As the line weakening affects

mainly the contributions from downflows, it reduces the FWHM. Conversely, as

the temperature decreases, less line weakening occurs. Lovis et al. (2011) also

found similar results, observing long-term correlations between the R′HK and the

FWHM. According to their observations, for a given variation in R′HK, while the

contrast sensitivity is roughly constant, the FWHM is more sensitive to activity

variations in cooler stars. This again agrees with the transition in the correlation

between the FWHM and log R′HK seen in Figure 6.1.

6.4.2 The CCF area versus Stellar Activity

Similar to what was observed between the log R′HK and the FWHM, the CCF area

also shows a change in the sign of the correlation as a function of stellar effective

temperature. Figure 6.2 shows an anti-correlation between the log R′HK and the

CCF area for hotter stars. Interestingly, for cooler stars such as late G- and K-type

stars, a bifurcation in the correlation between the log R′HK and the CCF area is

evident, with some stars showing a correlation between these two parameters, and

others an anti-correlation.

In their models, Beeck et al. (2015) also looked at the difference in the equivalent

width (EW), which is equivalent to the CCF area, between the magnetic simu-

lations (with B0 = 500 G) and the non-magnetic ones (with B0 = 0 G) for the
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magnetically sensitive Fe I line at 6173 Å. The models show a transition in the

response of the EW to activity occurring between G2V and K5V stars (see Fig-

ure 6.3). According to Beeck et al. (2015), this change arises due to the fact that

the EW tends to decrease with increasing magnetic activity for the F3V and G2V

simulations, while for cooler stars it is strongly enhanced. The anti-correlation

seen for hotter stars is again due to line weakening in the bright magnetic flux

concentrations. Beeck et al. (2015)’s results can, therefore, partially explain why

the correlation behaviour changes as a function of spectral-type (as one can also

see in Figure 6.2), where some cooler stars present a positive correlation between

the CCF area and the log R′HK. However, other cooler stars do not follow this trend

and, instead exhibit an anti-correlation.

In order to further investigate the underlying cause of this bifurcation seen for

K-type stars, I analysed whether the inclination of the stars could have an impact

on the observed correlations. Indeed, inclination could, potentially, explain some

of the bifurcation behaviour seen in Figure 6.2, as a result of differing line-of-

sights to active regions. Unfortunately, it is not possible to robustly measure the

inclinations of the stars in my sample. Instead, since I drew the sample from

a population of assumed slow rotators, I have examined whether or not stars

lying on the upper or lower arm of the bifurcation show stronger rotationally

modulated signals in periodogram analyses of their activity indicators. Since stars

viewed edge-on should show larger rotational modulation of stellar features (as

active regions rotate on-and-off the visible stellar disc) compared to stars viewed

more pole-on, I wished to see whether stars on one arm preferentially showed

stronger periodogram peaks around plausible stellar rotation periods (or associated

harmonics). However, no such difference was found in the general structure of the

periodograms of stars on either bifurcation arm, and therefore I cannot establish

any evidence that this bifurcation is due to an inclination dependency.

I also investigated whether stars on either side of the bifurcation showed different

general activity levels (as measured by their median log R′HK). The left panel of

Figure 6.4 shows the Pearson’s R correlation as a function of the median activity

level for the K-type stars. On average, the K-type stars showing a positive corre-

lation between the CCF area and log R′HK were indeed more active (with a median

log R′HK = −4.88 ± 0.03), compared to their anti-correlated counterparts (log R′HK

= −4.95 ± 0.02). In addition to being more active, these stars are also, on average,

more metal rich (with a median metallicity of −0.01 ± 0.07). In comparison, the
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Figure 6.3: Comparison of models from Beeck et al. (2015) showing the
percentage differences in the equivalent width and CCF FWHM between the
magnetic simulations (with B0 = 500 G) and the non-magnetic ones (with B0
= 0 G) for two spectral lines (Fe I line at 6165 and Fe I line at 6173 Å) as a
function of the center-to-limb angle (µ). Six spectral types were studied: F3V,
G2V, K0V, K5V, M0V and M2V (in blue, black, green, brown, red and purple,

respectively). Figure credit: Beeck et al. (2015).
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Figure 6.4: Comparison between the K-type stars showing a positive corre-
lation between the log R′HK and the CCF area with those presenting an anti-
correlation. Left : Person’s R correlation as a function of the activity level. One
can see that the median log R′HK for the correlated stars is higher than those
that are anti-correlated. Right : Person’s R correlation as a function of the
metallicity. One can see that the median metallicity for the correlated stars is
higher than those that are anti-correlated. For both plots, the correlated stars
are colored in blue, and the anti-correlated ones are colored in red. The median
activity and metallicity levels are shown with dashed and colored lines for each
group of stars. The shaded regions represent the standard error on the median.

stars that show an anti-correlation between the CCF area and the log R′HK are less

active and have a lower metallicity (with a median metallicity of −0.32 ± 0.05).

The right panel of Figure 6.4 shows the Pearson’s R correlation as a function of the

metallicity level for the K-type stars. I therefore hypothesize that the bifurcation

is due to differences in the activity and metallicity levels between the two groups

of stars, and suggest that the more active and more metal rich stars that show

strong correlations between the CCF area and log R′HK have a higher spot-coverage

compared to those that show strong anti-correlations. It should be noted that the

stars that have a higher spot-coverage are not spot-dominated stars. These Sun-

like stars still have a plage filling factor higher than spot filling factor. However,

for these stars the spots seem to have a bigger impact in terms of RV produced

than plage, hence the mention of the “higher spot-coverage” for this group of stars.

However, a second hypothesis could also explain the bifurcation seen. If we con-

sider the CCF area changing as a whole, then this implies that the stellar effective
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temperature is changing, most likely due to changes in the magnetic network cov-

erage. In turn, this then implies that the CCF area is actually acting as a global

activity-cycle indicator of the network coverage. In this case, the bifurcation could

be due to a different magnetic network configuration or response over the activity

cycle related to the depth of the convective zone. I believe that it is a combination

of both mechanisms (increase in spot-coverage and changes in the magnetic net-

work) that impact the correlation between the CCF area and the log R′HK, leading

to the bifurcation seen. In conclusion, for long timescales (longer than rotational

modulation timescales) and contrary to what is seen on the Sun, for the more

active and cooler stars it is the long-term variations in the FWHM that act as the

primary driver of changes in the CCF area.

6.4.3 Potential Metallicity and Convective Zone Depth Ef-

fects

In Section 6.4.1, I suggested that the smaller convective envelope of hotter stars

results in a weaker magnetic field, unable to sustain substantial spot filling-factors

on their surfaces. This, in turn, could explain the weak correlations and anti-

correlations found between the CCF FWHM and log R′HK for these early-type stars.

This is in contrast to later spectral-types that largely exhibit a strong correlation

between FWHM and log R′HK, which I hypothesized is a result of higher spot-filling

factors. While these observations are mostly true, there are a few exceptions, where

some cooler stars also exhibit a much weaker correlation than other stars with a

similar Teff (see Figure 6.1). One of these cool star exceptions that exhibits an

anti-correlation between FWHM and log R′HK (rather than a correlation) is τ Cet

(HD10700), a G8V star with Teff = 5375 K. Interestingly, this star also stands out

for its particularly low metallicity of [Fe/H] = -0.52 (Costa Silva et al., 2020).

Since metallicity affects the depth of the outer convective envelope of stars (see e.g.

Tanner et al. 2013, van Saders & Pinsonneault 2012) and, in turn, the convective

zone depth is a key ingredient of the magnetic-field generating stellar dynamo, I

decided to investigate how activity indicators behave as a function of convective

zone depth. Focusing on τ Cet as an example, I used EZ Web4, a web-based inter-

face to the Evolve ZAMS (EZ) code (Paxton, 2004), to model its stellar structure

and assess the role that the convective zone depth may play in the observed stellar

4EZ-Web: http://www.astro.wisc.edu/~townsend/static.php?ref=ez-web

http://www.astro.wisc.edu/~townsend/static.php?ref=ez-web
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behaviour. First, I determined its fractional convective zone depth ( fdepth) as:

fdepth =
Rs − r

Rs
, (6.4)

where Rs corresponds to the stellar radius (given by the EZ-Web model), and r is

the depth of the convective zone as given by the model.

Keeping the stellar mass fixed, I then calculated the fractional convective zone

depth of τ Cet assuming a low metallicity ([Fe/H] = −0.52) and also assuming a

solar metallicity. For the low metallicity case I find that fdepth = 0.223, whereas

for the solar metallicity case I find that fdepth = 0.318. Hence, the extremely low

metallicity of τ Cet results in a much shallower convective zone depth than if it

had solar metallicity. Looking at Figure 6.1, this low metallicity has the effect

of essentially shifting τ Cet further to the left in terms of its behaviour, more

similar to that of an early G-type star with solar metallicity (for comparison, the

fractional convective zone depth of the Sun is 0.26). I therefore believe that taking

into account the metallicity can then bring the log R′HK – FWHM anti-correlation

behaviour of τ Cet in-line with expectations.

From these observations, I then estimated the fractional convective zone depths

of all the stars in my sample using EZ-Web in the same way as for τ Cet. For

the purposes of this work, and because accurate ages for the stars in my sample

are not available, I have assumed ages of 4 Gyrs for the F-stars, and 5 Gyrs for

other spectral-types. These ages equate to old (for F-stars) and/or solar-like ages,

corresponding to fairly inactive stars and broadly reflecting the sample of stars

in this study. I also examined the impact of varying the assumed ages by 1 Gyr,

and find that it does not impact on the findings presented. The stellar masses

and metallicities used for the models (including the source of this information) are

presented in Table 6.1.

In Section 6.4.2 I discussed a bifurcation in the correlation between CCF area

and log R′HK for later G- and K-type stars, where some displayed strong correla-

tions, while others showed strong anti-correlations. I noted that, on average, those

stars on the bifurcation arm that showed a strong correlation between CCF area

and log R′HK were more active than those stars that showed an anti-correlation.

Figure 6.5 presents the Pearson’s R correlation between the CCF area and the

log R′HK, but now as a function of the fractional convective zone depth, using the
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Figure 6.5: Correlation between the CCF area and log R′HK as a function of
the fractional convective zone depth ( fdepth). Note that the x-axis is restricted
to capture the bulk of the stars in the sample that exhibited the bifurcation
behaviour discussed in Section 6.4.2. Therefore, some stars (some F- and all
of the M-type stars) with more extreme fractional convective zone depths were
excluded from this plot. Similar to Figure 6.2, the Pearson’s R correlation
was measured using the seasonal data points. Transparency effect, colours and

shapes are the same as in Figure 6.2

same colour/transparency scheme as in Figures 6.1 & 6.2. For clarity, I have re-

stricted the range in convective zone depth in Figure 6.5 to focus on the main

bulk of stars in my sample that exhibited the aforementioned ‘bifurcation’. By re-

placing the stellar effective temperature with the fractional convective zone depth,

instead of the bifurcation observed previously, one can now see a clear transition

happening in the correlation around a fractional convective zone depth of ∼0.30

with α Centauri B (highlighted in red) lying around the center of this transition.

Therefore, I find that the K-type stars that present a positive correlation between

the CCF area and the log R′HK have deeper convective envelopes. As shown, in

addition to being more active (with a median activity level of −4.88 ± 0.03, see

Section 6.4.2), these stars are also more metal rich (with a median metallicity of

−0.01 ± 0.07). In comparison, the stars that show an anti-correlation between
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the CCF area and the log R′HK are less active (with a median activity level of

−4.95 ± 0.02), and have a lower metallicity (with a median metallicity of −0.32 ±

0.05). This difference in metallicity and activity level between the stars lends more

evidence to my previous hypothesis from Section 6.4.2. If the ages and masses are

the same, then we observe that more metal rich stars have a deeper convective

zone depth, which leads to a higher activity level. In turn, I speculate that this

results in higher spot-coverage and hence the FWHM becomes the dominant factor

driving the variation in the CCF area (over the contrast), resulting in a positive

correlation between CCF area and log R′HK

6.4.4 Revisiting the Simulations for Hundreds of Lines

Finally, I revisited the modelling aspect, presented in Sections 6.4.1 & 6.4.2, to

explore how the CCF FWHM varies for different spectral types using a wide range

of spectral lines. As briefly shown for the correlations between the log R′HK, the

CCF FWHM and the CCF area, the Beeck et al. (2015) models seem mostly con-

sistent with the observations. However, and as mentioned previously, Beeck et al.

(2015) only studied the magnetic responses of the Fe I 6173 Å and 6165 Å lines,

separately (see Figure 6.3). Since the CCF FWHM and CCF area measures are

constructed from several thousand lines of differing species, it is important to in-

vestigate the response of other stellar lines across the stellar spectrum. Therefore,

I wanted to investigate whether the same results would be found for other stellar

lines. More explicitly, I wanted to investigate the differences in the CCF FWHM

and area between simulations with magnetic field (B0) and non-magnetic simu-

lations for a wide range of lines (hence confirming my observations). For this

purpose, I used the non-LTE code ‘NICOLE’ to model stellar spectral responses

to magnetic field.

6.4.4.1 Non-LTE Inversion COde using the Lorien Engine

The Non-LTE Inversion COde using the Lorien Engine (or NICOLE) is a general-

purpose synthesis and inversion code for the Stokes profiles emergent from solar or

stellar atmospheres, and is described in Socas-Navarro et al. (2015). NICOLE seeks

the model atmosphere that provides the best fit to the profiles (in a least-squares

sense) of an arbitrary number of simultaneously-observed spectral lines. This is
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done by solving the statistical equilibrium equations to calculate the atomic pop-

ulation densities. It also assumes hydrostatic equilibrium to calculate the density

and temperature stratification in the atmosphere and the generation of polarized

radiation is dealt with in the context of the Zeeman effect. The source code is

freely available5.

Parameters F3V G2V K5V

Wavelength [Å] 3900 – 6800 3900 – 6800 3900 – 6800
Detection threshold 0.1 0.1 0.1
Microturbulence [km s−1] 1 1 1
Teff [K] 6720 5770 4410
log g [cgs] 4.5 4.5 4.5
Number of lines 3334 5005 7616

Table 6.2: Parameters used to extract the information on the stellar lines from
the VALD3 database.

By using the synthesis code from NICOLE, it is possible to generate simulated

spectra and compare the differences between magnetic and non-magnetic models.

In order to do this, two inputs are required: a stellar line-list, and a stellar at-

mospheric model. I discuss these now in turn. The stellar line-list was obtained

using the third version of the Vienna Atomic Line Database6 (VALD3 Pakhomov

et al. 2019), which compiles lists of spectral lines relevant to stellar atmospheres

and spectroscopy. Since one of the goals of this study is to confirm the differences

seen between hotter and cooler type stars, I needed to access different line-lists for

each type of star investigated. While Beeck et al. (2015) studied six stellar types

(F3V, G2V, K0V, K5V, M0V and M2V), I restricted myself to only three: F3V,

G2V and K5V. Table 6.2 presents the parameters used to extract the stellar lines.

One should note that a detection threshold of 0.1 normalized depth was used to

create these line-lists in order to avoid shallow lines (see Section 2.3.3). While this

is quite a high threshold that ignores many weak lines, this still results in 3334,

5005 and 7616 lines for the F3V, G2V and K5V stars, respectively. I decided that

these numbers of lines were sufficient for this study, and thus kept this threshold.

Once these line-lists were extracted, I was ready to start my simulations.

5NICOLE: http://research.iac.es/proyecto/inversion//codes/nicole.php
6VALD database: http://vald.astro.uu.se/

http://research.iac.es/proyecto/inversion//codes/nicole.php
http://vald.astro.uu.se/
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Similarly to the line-lists, NICOLE also requires different atmospheric models for

each spectral type. These atmospheric models were taken from MARCS7 (Gustafs-

son et al., 2008), which is a grid of one-dimensional, hydrostatic, plane-parallel and

spherical LTE model atmospheres for different spectral types. For my F3V and

K5V simulations, I used a standard chemical composition class, with a plane-

parallel geometry model. The effective temperature, microturbulence and log g

were the same as those selected for the VALD3 database. Finally, a solar metallic-

ity was chosen ([Fe/H] = 0) to create the atmospheric models. For the G2V type

star, however, I did not used MARCS. Instead, I used a solar atmospheric model

already available with NICOLE.

The atmospheric model file that NICOLE uses, and for which the synthetic spec-

trum will be computed, needs multiple inputs. As a function of surfaces of equal

optical depth (log τ5000, in Å), the file needs to contain: the temperature (T [K]),

the electron pressure (Pe [dyn cm−2]), the microturbulence (fixed for my simula-

tions at 6.00E+04 [cm s−1]), the longitudinal magnetic field ([G]), the line-of-sight

velocity8 (fixed for my simulations at 0 [cm s−1]), and finally the transverse mag-

netic field on the x and y direction ([G]). Therefore, before running NICOLE, a

different atmospheric model needs to be created for each spectral type and for

each value of the magnetic field (in my case, for B0 = 0, 300, 500 and 1000 G). In

addition to this atmospheric model, NICOLE also needs specific data concerning

the line used. Besides the central wavelength of the line and its depth, it also

requires its atomic element symbol, ionisation stage, excitation potential, the os-

cillator strengths (Log(gf)) and its lower and upper9 term. Only after both the

line-list and the atmospheric model were correctly specified was NICOLE able to

simulate the desired spectrum.

6.4.4.2 Simulated Spectra

Using NICOLE I created, for each spectral class, four simulated spectra (one for

each magnetic field studied: B0 = 0, 300, 500 and 1000 G). In addition, a fifth sim-

ulated spectrum was also created by combining 90% of the 0 G one and 10% of the

7MARCS: https://marcs.astro.uu.se/index.php
8The line-of-sight velocity sign follows the astrophysical convention where positive values

represent downflows (redshift).
9Lower and upper term: The first character must be a number with the lower level multi-

plicity (2s+1). The second character represents the orbital angular momentum. From the third
character to the end of the string, it specifies the total angular momentum J.

https://marcs.astro.uu.se/index.php


Chapter 6. Decadal Study of Stellar Activity Variations 121

1000 G one (written as 0 1000 for the rest of the Chapter). This combination was

used to simulate an immaculate star with an active region. Using this combination,

I was able to get a spectrum with a magnetic field equivalent to 100 G. In order to

take into account different center-to-limb angles (µ, which is the angle between the

outward normal of the stellar atmosphere and the vector pointing from the center

of the star toward the observer), each simulation was done 10 times, for cos µ =

0.1 up to cos µ = 1. Therefore, in total, 150 simulated spectra were made using

NICOLE. Once the simulated spectra were created, I cross correlated each one of

them with the corresponding line-list using the VALD3 database (see Section 2.3

for details about the cross correlation). From these results, the CCF FWHM was

measured. Finally, the differences of the CCF FWHM between the magnetic (B0

= 300, 500, 1000 and 0 1000 G) and non-magnetic simulations as a function of µ

were calculated to compare the results with those of Beeck et al. (2015).

As a first test, I only observed the variations of two lines, separately, to provide

a ‘direct’ comparison to Beeck et al. (2015) as a consistency check. The Fe I line

at 6173 Å, which is known to be a magnetically sensitive line, and the Fe I line

at 6165 Å, known to be a magnetically insensitive line. Figure 6.6 presents the

difference in FWHM (in %) for each simulation, with respect to the non-magnetic

simulations, as a function of the center-to-limb angle (µ), for the three spectral

types studied (F3V, G2V, K5V). As expected, the stronger the magnetic field is,

the bigger the change is. In addition, one can see that the change observed in these

lines is more important for the magnetically sensitive one (Fe I at 6173 Å), relative

to the magnetically non-sensitive one (Fe I at 6165 Å). Besides the difference in

strength, both lines present the same trend line regarding the spectral types. In

both cases, the difference in FWHM between the magnetic and non-magnetic

simulations for the F3V and G2V cases decreases with the center-to-limb angle.

In comparison, for the K5V simulations, the difference in FWHM between the

magnetic and non-magnetic simulations increases. Therefore, and similar to my

previous observations using the 61 stars, a difference in the FWHM between hotter

and cooler stars seem also present in these simulations for these two lines (Fe I line

at 6173 Å and the Fe I line at 6165 Å). In addition, when comparing my results

with those from Beeck et al. (2015), shown in Figure 6.3, while some differences

can be noted between his simulations and mine (especially in the values of the

F3V simulations), the same trends in the difference in the FWHM between the

magnetic and non-magnetic simulations is observed, with an increase as a function

of µ for the F3V and G2V, and a decrease for the K5V simulations. This confirms
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Figure 6.6: Differences in the CCF FWHM between the magnetic simulations
and the non-magnetic ones. Magnetic simulations were done for B0 = 0 1000,
300, 500 and 1000 G, for 10 different center-to-limb angles (µ), for three different
spectral types: F3V, G2V and K5V. Left : results for the Fe I line at 6165 Å,
known to be a magnetically insensitive line. Middle: results for the Fe I line at
6173 Å, known to be a magnetically sensitive line. Right : results for multiples

lines, taken between 4400 and 4900 Å.

again (and as already mentioned) the difference in the FWHM between hotter and

cooler stars.

As a second test, a wider range in the simulated spectrum was considered. Instead

of looking at only individual line, I decided this time to observe the results of

my simulations for a multitude of lines. Hence, I looked at the difference in the

CCF FWHM between magnetic and non-magnetic simulations for spectral lines
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between 4400 and 4900 Å. Figure 6.6 presents these results. Compared to the

previous simulations, one can see that there is no more difference between hotter

and cooler stars. Indeed, the decrease seen earlier in the difference in the FWHM

with µ has now switched to an increase for G2V simulations, following the same

trend as the K5V simulations. For the F3V ones, while we see at first a small

decrease, it is then followed by an increase in the difference in the FWHM, similar

to the G2V and K5V simulations. Hence, the results of the simulations for a wider

range of spectral lines do not reflect the difference between hotter and cooler stars

anymore (as seen in the correlations between the log R′HK and the CCF FWHM).

Using multiples lines seems to change drastically the results of the simulations.

One could hypothesise that this change seen is due to the selected spectral lines.

Therefore, by using another wavelength range (or even the full spectral range),

we might find results closer to the observations. Unfortunately, and due to some

obvious issues in my model (for instance when comparing my results with Beeck

et al. 2015, for the single line simulations), I decided to not continue the study of

the simulated spectra. Indeed, while the trends of my simulations seemed accurate,

the values themselves were not. As observed in Section 6.3, for hotter stars, an

anti-correlation is seen between the log R′HK and the CCF FWHM. This is supposed

to be represented, in the simulations, by a negative value in the difference in the

FWHM between the magnetic and non-magnetic simulations, similar to what is

seen in Beeck et al. (2015). However, in my simulations, all values are positive,

which would imply a constant correlation, regardless of spectral type.

I believe that some issues arise from the atmospheric models used. Indeed, I used

a simplistic atmospheric model that assumes constant values for the longitudinal

magnetic field, as well as for the transverse field in the x and y direction. This is

not realistic, as the value of the magnetic field will vary as a function of depth.

Some solutions to this problem were discussed, such as the use of a 3D atmospheric

model instead of a 2D one (using, for instance, MURaM simulations, Vögler et al.

2005). However, due to the complexity and the time needed to run such code, it

was decided to not pursue this avenue.

In conclusion, my own simulations were not very useful in understanding the

change of correlation seen in my observations. It did not improve the simula-

tions made by Beeck et al. (2015), and my attempt to increase the wavelength

range and the number of lines used was not successful. Yet, with some adjust-

ments, it might be possible to create simulations closer to the reality, such as the
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use of a better atmospheric model. The goal would be to extend the simulation

from Beeck et al. (2015), with more lines, in order to improve our understanding

of the changes seen as a function of spectral types, especially the transition for the

CCF FWHM and the bifurcation for the CCF area.

6.5 Concluding Remarks and Future Work

To conclude, after observing different correlations between activity indicators for

the Sun and α Centauri B as presented in Chapter 5, in this Chapter I have

investigated the long-term stellar activity indicators variations for a large sample

of stars. The goal was to study the different responses of the activity indicators as

a function of spectral type. 59 stars were selected, based on their data availability

and activity levels. Some activity indicators display a constant correlation with

the log R′HK for all type of stars. This is the case for the CCF BIS, which is always

correlated with stellar activity, and for the CCF contrast, which is almost always

anti-correlated with stellar activity.

However, other activity indicators present variations in the correlations as a func-

tion of spectral type and/or convective zone depth. Hence, this chapter unveils

two fundamental aspects for solar-type stars.

1. Due to their shallow convective outer-envelopes, hotter F- and G-type stars

present a low Pearson’s R correlation coefficient between the CCF FWHM

and log R′HK. This thus suggests that these hotter stars are mostly plage-

dominated. In comparison, the cooler stars present a strong correlation

between the CCF FWHM and log R′HK, indicating the increase of spots on

the stellar surface. In addition, the metallicity values of the stars have been

found to influence these correlations (as seen for τ Cet).

2. Cooler, late G- and K-type stars can be classified into two groups. The first

group consists of more metal rich and more active stars with deeper convec-

tive envelopes. These stars can be identified by their positive correlation be-

tween the CCF area and log R′HK, which suggests a higher spot-coverage. The

second group consists of more metal poor and less active stars with shallower

convective outer-envelopes. They can be identified by an anti-correlation be-

tween the CCF area and log R′HK, which suggests that the stars are mostly

plage-dominated.
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Some of these changes were confirmed by the model from Beeck et al. (2015).

Similarly, I created a model to study the changes seen in the correlation, using a

higher number of lines. Unfortunately, using more stellar lines in my model did

not help to understand the changes seen in the correlation with stellar activity.

Indeed, some improvements in the model are required in order to get closer to the

observations, especially with the atmospheric model used.

In addition, one could note that in this study, I started most of my assumptions

based on the observations of our best target: the Sun. Using the Collier Cameron

et al. (2019) observations, I linked the variations of some activity indicators with

specific stellar activity features (such as the CCF FWHM with the appearance

of spots and the CCF contrast with plage regions). However, these assumptions

could be wrong for other type of stars. Therefore, studying more ‘medium’-term

changes in the stellar activity (as was done by Collier Cameron et al. (2019) for the

Sun) for other spectral types would help confirm the validity of these assumptions.

Finally, while I investigated a large sample of stars, the M-type stars were removed

from the physical interpretation. As already mentioned, due to the distortion

caused by the M2 line-mask used by the HARPS DRS, I could not trust the

CCF values found for those stars. Therefore, while this chapter unveils some

fundamental aspects for solar-type stars, one could wonder if these hypotheses

still hold for even cooler stars such as the M-type stars.

This chapter focused on the correlations between different activity indicators, and

linked these correlations to the physical properties of the stars. In the next chapter,

I will focus on the impact long-term stellar activity has on the observed radial

velocities.
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7.1 Introduction

Using a sample of 61 stars, I studied the different (anti-)correlations between ac-

tivity indicators and log R′HK on long timescales that span activity cycle durations.

Some differences were observed that may be linked to the spectral type of the star

and/or their convective zone depth. This allowed me to distinguish between stars

that are plage-dominated, from those that have a higher spot-coverage.

Although the correlations between activity indicators are useful in terms of trying

to understand some of the physics driving their long-term variations, the long-term

goal is to understand, and correct for, RV variations induced by the stellar activity

cycle. In this chapter, I investigate trends between the activity indicators and the

RVs in the same way as I investigated the trends between the different activity

indicators in Chapter 6.

7.2 Removing Known RV Signals

In this Chapter, the same RV data as in Chapter 6 were used. In addition, and prior

to being able to use the RVs, any known (long-term) trends had to be removed. I

detail the sources of these RV trends and their subsequent removal in this Section.

7.2.1 Secular Acceleration

I first had to correct the RVs for the secular acceleration of each star. The secular

acceleration induces a signal in the RV measurements that is particularly promi-

nent for stars with high proper-motions, and is caused by the changing radial and

transverse components of the stellar velocity vector as the observed star passes by

the Sun (Choi et al., 2013, van de Kamp, 1986). The secular acceleration is given

by:

SA =
0.0229 × µ2

π
(m s−1 yr−1) (7.1)

where π is the parallax in arcseconds and µ is the total proper motion in arcseconds

per year. These were obtained from the GAIA DR2 (Gaia Collaboration et al.,

2018b) archive database1.

1GAIA archive: https://gea.esac.esa.int/archive/

https://gea.esac.esa.int/archive/
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7.2.2 Known Planetary Signal

In addition to the secular acceleration, I subsequently removed known planetary

signals from the corrected RVs, as I am only interested in the RVs induced by

the stellar activity of the host-star. I used planetary catalogues, including exo-

planet.eu2 and the NASA exoplanet archive3, to obtain the properties of exoplan-

ets in the system, and compared those with any signals seen in the data. Signals

identified as due to known planets or planet candidates were removed. However,

since the data spans a longer timespan than most data sets used for determining

the planetary orbits, I used allesfitter4 to update the ephemerides by mod-

eling the signals, using the literature as a starting point. For more information

on allesfitter, I refer the reader to Günther & Daylan 2019, 2020. Chapter 8

will present the updated orbital planetary parameters found (and summarised in

Appendix A.3) for each star in more detail.

7.2.3 Binary RVs Signal

Finally, one should note that while most of the stars presented in the chosen

sample are thought to be single stars, some of them are part of a binary or triple

star system. This is the case for α Centauri B, HD65277 and HD156384C, which

have orbital periods of approximately 80, 965 and 4100 years, respectively. Hence,

the RVs due to binary motion has to be removed.

Following planetary discovery papers (e.g.: Delfosse et al. 2013, Dumusque et al.

2012), a first- or second-order polynomial fit was used to remove the long-term RV

effects caused by the companion star. However, one should note that this method

was later found to be inaccurate. Indeed, by using a polynomial, I have found

that this relatively crude method also affects the RV variations due to the long-

term magnetic cycle. While other methods were explored (see Section 8.4.2), some

caution is required when considering the following results for these three stars.

2exoplanet.eu: http://exoplanet.eu/catalog/
3NASA exoplanet archive: https://exoplanetarchive.ipac.caltech.edu/
4allesfitter: https://github.com/MNGuenther/allesfitter

http://exoplanet.eu/catalog/
https://exoplanetarchive.ipac.caltech.edu/
https://github.com/MNGuenther/allesfitter
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7.3 (Anti-)Correlation between RVs and Activ-

ity Indicators

Once that known signals have been removed from the RVs I was able to compare

the long-term RV variations with the variations of the activity indicators. I detail

the methods used for the comparison in this Section, and present an example star:

HD215152.

7.3.1 Avoiding Additional RV Variability

In Section 6.3, I used a seasonal binning approach to mask short-term (rotationally

modulated) activity variations in order to investigate the underlying long-term

changes in stellar activity. While this works well for activity indicators, for the RVs,

however, I have opted for an extra degree of smoothing by using a polynomial fit.

The reason for this difference is that there is still a possibility that RV signal exists

in the data that is independent from stellar activity. This additional source of RV

variability may stem from, for example, unseen or poorly removed planets, or slight

wavelength calibration offsets (which are seen in HARPS data from night-to-night).

Therefore, these possible sources of RV variations could cause problems when

performing the seasonal binning in the same way as for the activity indicators.

Thus, I decided to fit the RV data (after binning any data per night) using a

4th order least squares polynomial fit to further smooth the data. It is then the

correlation between the seasonally binned activity indicators and the smoothed

RV data (sampled at the same times) that is used to investigate the relation

between stellar RVs and activity indicators over long-timescales. It should be

noted that when binning the RVs without smoothing (i.e. in the same way as

done for the activity indicators), I qualitatively find the same results, albeit with

a larger scatter.

7.3.2 An Example Star: HD215152

Similar to Section 6.3, I use the Pearson’s R correlation coefficient to determine

possible correlations between the RVs and the five activity indicators (log R′HK,

CCF BIS, CCF FWHM, CCF contrast and CCF area). As before, I stress that
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the main focus is not the exact value of the correlation coefficient itself. More-

over, I verified that using the Spearman correlation coefficient does not affect the

overall conclusions. Figure 7.1 presents an example of the long-term trends of the

K3V star HD215152, both for the 5 activity indicators and the RVs. The data

(binned nightly where appropriate) are shown in blue, the seasonally-binned data

are in red, and the polynomial fit (to the nightly-binned data) used to smooth the

RV data is displayed in green. The respective Pearson’s R correlation coefficients

between the RVs and each of the activity indicators are shown in the inset panel

for each of the different binning methods. In this case, I find that the correlation

coefficients found between the activity indicators and the RVs are similar if con-

sidering the data when binned by season (as done in Section 6.3), and/or when

I assess the correlation using the smoothed RV data. However, the correlation

(or anti-correlation) between the activity indicators and the RVs become much

weaker if the individual (nightly-binned) data are used. This difference is due to

the rotationally modulated stellar activity signals that we are now sensitive to in

the latter case, which effectively adds a source of ‘noise’ that confuses the analysis

of the longer-term activity-cycle trends.

7.4 Overall Picture and Physical Interpretation

The same analysis of the long-term correlation between the seasonally binned

activity indicators and the smoothed seasonally binned RVs was done for all the 61

targets. Figure 7.2 represents the Pearson’s R correlation value between activity

indicators and the RVs as a function of stellar effective temperature for the 61

stars. I also present these correlations as a function of convective zone depth in

Figure 7.3. The Pearson’s R correlation was calculated for the binned data (after

smoothing the RV with a polynomial fit), and I used the same scheme for the

colours and the transparency as in Figure 6.1. In addition, I have also adjusted

the size of the points to represent the change of the long-term RV variations. This

was done by using a Generalised Lomb-Scargle (GLS, Zechmeister & Kürster 2009)

periodogram, and by measuring the semi-amplitude of the best-fit sine curve of

the long-term signal. Hence, a small point indicates that the RVs show a small RV

change over the magnetic cycle and, therefore, one should treat these cases with

care.
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Figure 7.1: Long-term activity and RV trends for the K3V star HD215152.
The nightly (weighted-mean) binned data are shown in blue, the seasonally
binned data are shown in red, and the green curve corresponds to the 4th order
polynomial fit used to smooth the RV data. The Pearson’s R correlation between
activity indicators and RVs for each set of data are shown for each case in the
legend. While the correlation of the seasonal binning and the one that used
the polynomial fit are very similar, the correlation of the daily points, however,
is dominated by shorter period (most likely) rotational modulation, and this

weakens the long-term correlations.

In Section 6.4, I showed that transitions and/or bifurcations occur in the long-term

behaviour of the correlations between different activity indicators. These can be

seen as a function of stellar effective temperature, and become even more apparent

when we consider the correlations between activity indicators as a function of

convective zone depth. Since these transitions are likely driven by changes in

the physical manifestations of magnetic activity on the stellar surfaces, I wish to

assess whether this also has an impact on how the long-term RV variations respond

to changes in the stellar activity indicators as a function of fundamental stellar

parameters. In the following subsection, I investigate the changes in the behaviour
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Figure 7.2: Correlation between the log R′HK, the CCF BIS, the CCF FWHM,
the CCF contrast and the CCF area with the RVs as a function of the stellar
effective temperature for the 61 stars in the sample. The Pearson’s R correlation
was measured between the seasonally binned activity indicators data and the
smoothed seasonally binned RV data. The colour scheme and transparency
effects are the same as used in Figure 6.1. In addition, the size of the points was
adjusted to represent the scale of the change of the long-term RV variations.
According to this figure, a change in the correlation between the RVs and the

different activity indicators occurs around mid-K stars.

of the correlations seen in Figures 7.2 & 7.3 for different spectral types.

7.4.1 The Case of Hotter Stars: F- and early G-type Stars

For F- and early G-type stars, one can observe a positive correlation between

the RVs and the log R′HK and bisector span. Conversely, one can also find an

anti-correlation between the RVs and the CCF contrast and CCF area. These

observations are in agreement with Figure 6.1 and correspond to what we would
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Figure 7.3: Same as Figure 7.2, but now as a function of fractional convective
zone depth ( fdepth). Similar to Figure 6.5, the x-axis is restricted to capture the
bulk of the stars that exhibit the change of correlation. Therefore, some stars
(some F- and all of the M-type stars) with more extreme fractional convective
zone depths were removed from this plot. By using the fractional convective
zone depth instead of the stellar effective temperature, the transition, observed
in Figure 7.2 around mid-K stars, is seen here more clearly. Thus, this change
of correlation seems to happen around stars with bigger convective envelopes.

expect for quiet solar-type stars. For example, as plage coverage increases with

magnetic activity, magnetic elements will inhibit convective motions resulting in

the suppression of convective blue-shift that results from granulation (Meunier

et al., 2010). Since on long timescales the RV signal is mostly due to the inhibition

of the convective blue-shift in plage (Meunier et al., 2010, Saar & Fischer, 2000),

when the magnetic activity increases, so does the apparent stellar RV, leading to

a strong positive correlation on longer timescales as seen in Figure 7.2.

The correlation between the RVs and FWHM for the F- and early G-type stars
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mirrors what we observe for the Sun. Indeed, most of the hotter stars present

a small (∆act) and a weak (anti-)correlation. From my previous discussion of the

correlation between the CCF FWHM and log R′HK for the Sun (see Section 6.4),

I therefore infer that these hotter stars are plage-dominated rather than spot-

dominated. This is likely primarily due to their shallow convective envelopes (see

Figure 7.3). Thus, the FWHM, which is predominantly impacted by the presence

of spots, does not contribute strongly to the RV variations, thereby explaining the

propensity of early-type stars in the sample (including the Sun on approach to

solar minimum) to show a weak (anti-)correlation between RVs and FWHM.

7.4.2 The Case of late G- and early K-type Stars

For late G- and early K-type stars, Figure 7.2 shows that the correlations between

RVs and the stellar activity indicators follows a similar trend to that between the

activity indicators and log R′HK. The log R′HK, BIS and contrast show the same

correlation sign as seen for the hotter stars, again likely due to the suppression of

convective blue-shift. The difference between the late G- and early K-type stars

and the hotter stars is found for the FWHM, where the majority of stars now

present a strong correlation. Assuming that the FWHM is an indicator for spots,

this would indicate that the quiet late G- and early K-type stars in the sample

have an increase in their spot-coverage, and that these spots have a stronger effect

on the long-term RVs compared to that observed for the Sun.

Finally, for the correlation between the CCF area and the RVs, one can see the

same bifurcation in Figure 7.2 occurring around late G- and K-type stars, as also

noticed in Figure 6.1. While for hotter stars the CCF area is dominated by the

contrast, as seen for the Sun, in the case of late G- and K-type stars the CCF

area presents both anti-correlations and correlations with RVs. As explained in

Section 6.4, this change in correlation arises due to a difference in the activity

and metallicity level among the stars. As before, when these correlations are

presented as a function of convective zone depth (see Figure 7.3) one can see a

clear transition in the correlation behaviour, rather than a bifurcation. Following

from this, I therefore hypothesize that the behaviour of the correlation between

the CCF area and the RVs is explained by stars of two broadly different activity

levels:
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1. lower-activity, metal poor, plage-dominated stars (with shallower convective

zones) that display an anti-correlation in CCF area versus RVs as the CCF

area changes are driven by the contrast, and

2. more active stars, with richer metallicity and with higher spot filling factors

(and deeper convective zones), where a correlation between CCF area and

RVs is driven by changes in the more spot-affected FWHMs.

7.4.3 The Case of Cooler Stars: mid-K Stars

As can be observed in Figure 7.2, a few mid- to late-K stars exhibit a strong (anti-

)correlation that is opposite to what is seen for the hotter stars in the sample. This

is also the case for HD215152, previously shown in Figure 7.1. Indeed, while most

stars show a strong correlation between log R′HK and the observed RVs, HD215152

shows a strong anti-correlation. This difference could be interpreted as evidence

of convective red-shift in some later-type stars (rather than convective blueshift,

e.g. Kürster et al. 2003). Thus, as the convection is suppressed by increasing

magnetic field, we see the suppression of this convective redshift effect (yielding a

net blueshift in the measured RVs) – leading to a reversal in the RV versus logR′HK

correlations. If convective red-shift prevails, then this may suggest that most of

the photospheric absorption lines used for the RV measurements of late K- (and

probably M-) type stars either form in regions of convective overshoot, or that the

convective redshift is due to an opacity effect (as seen the in M star models, e.g.

Beeck et al. 2013a,b, Norris et al. 2017).

Such a signature of possible convective red-shift suppression is not unprecedented.

Lovis et al. (2011) show a similar tendency, with their correlation slope between the

RV and the R′HK gradually changing from positive to negative (i.e. from correlated

to anti-correlated, see bottom of Figure 7.4) around 4800 K (corresponding to

spectral class ∼K3). One can note that their correlation slope between the RV

and the R′HK seems to bend away from negative values when more active stars are

included (see top of Figure 7.4). This could be due to the rotational enhancement

effect (i.e. where the Doppler effects of stellar granulation, combined with those

of the stellar rotation, are predicted to enhance the asymmetries in spectral line

profiles, see Gray 1986, Dravins & Nordlund 1990, Bruning & Saar 1990). Indeed,

on active stars, the“rotation effect”may be enhanced, and this phenomenon causes

both an average RV shift to the red, and the tops of bisectors to bend redwards as
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Figure 7.4: Top: Correlation slope between RV and R′HK, as a function of
effective temperature. Circles and squares are used to indicates inactive stars
(max

(
log R′HK

)
< −4.75) from active stars (max

(
log R′HK

)
> −4.75), respectively,

with their maximum values measured using a 3-month binning. The size of
the symbol was plotted in respect with the Pearson’R correlation coefficient.
Bottom: Same figure but with inactive stars only. Figure credit: Lovis et al.

(2011).
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v sin i increases (at least to a possible saturation at about 6 km s−1). Since stars

with higher R′HK will have higher v sin i on average, therefore, the rotation effect

could mask the effect of the convective red-shift, thus, cancelling or reversing the

trend seen in the correlation between RVs and activity indicators. Moreover, Gray

(1982) showed a steady drift in the shapes of line bisectors, from C shaped and

blue-shifted in G stars to nearly vertical and near zero velocity at G8-K2. Ramı́rez

et al. (2008) see this trend continuing (the vplat in their Table 3). However, for a

star in common with Gray et al. (1992), σ Dra, vplat is shifted by −70 m s−1. If

we apply this correction to the Ramı́rez et al. (2008) values, we find net red-shifts

in stars cooler than Teff = 5000 K. Suppressed convection in these objects would

thus yield blue-shifts, as we observe here in some mid-K dwarfs. Along these lines,

Saar & Bruning (1990) show that the slope of the bisector (defined as a linear

fit to the bisector when the line profile is rotated -90◦) goes through zero and

becomes negative (i.e. has a redwards tilt at top) at B - V ≈ 0.90 in inactive

(log R′HK ≤ −4.75) stars, again corresponding to spectral class ∼K3. Thus, there

would seem to be a gradual drift in bisector (and hence convective) properties

from the G stars (blue-shifted C shapes), to near zero (near vertical for early-K),

into mid-K (red-shifted, inverse C shapes). This change in convective properties

may even persist into M-type stars (Kürster et al., 2003).

Finally, as seen previously in Section 6.4, analysing the correlations between ac-

tivity indicators as a function of convective zone depth again yields important

insights. As can be seen in Figure 7.3, when the correlations between RVs and ac-

tivity indicators are plotted as a function of convective zone depth, I find that the

K-type stars show a transition in behaviour rather than a scatter or bifurcation.

This is particularly evident when comparing the correlation of RVs versus CCF

area in Figure 7.2 to those of Figure 7.3. Thus, for hotter stars with shallower

convective envelopes, a strong (anti-)correlation between the activity indicators

and the RVs due to the convective blue-shift is observed. However, as we move to

cooler stars with deeper convective envelopes, a gradual change in the correlation

between activity indicators and RVs appear, possibly due to the emergence of con-

vective red-shift. At a certain point, the convective blue- and red-shifts ‘cancel’ one

another due to physical changes in the star, removing most of the correlation we

see between the RVs and the activity indicators. This would provide a natural ex-

planation for the weak correlation seen for some of the stars in Figures 7.2 & 7.3.

Finally, for even later-type stars, the convective blue-shift would then be fully

replaced by the convective red-shift, explaining the strong opposite-sense of the
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correlations we see between the activity indicators and the RVs, as observed, for

example, with HD215152 (see Figure 7.1). It should be noted however that while

this explanation has been put forward in this work, the physical reasons behind

the suppression of the convective red-shift seen are still unknown. In addition,

mentioning the suppression of the convective red-shift for the stars studied could

also be questioned as it has been seen that we should still expect the suppression

of the convective blue-shift for K-type stars (e.g. Liebing et al. 2021, Meunier

et al. 2017a,b). Therefore, in the next subsection, I will discuss other effects that

could impact the observed correlations.

7.4.4 Other Effects that Could Impact the Observed Cor-

relations

It is pertinent to consider other effects that may potentially confuse and/or drive

different correlations. For instance, phase shifts of a few days have been previously

been identified between measured RVs and stellar activity indicators (e.g. Bonfils

et al. 2007, Collier Cameron et al. 2019, Santos et al. 2014). Such phase shifts

would introduce a lag between the variations of the different measurements and

hence act to weaken the measured correlation coefficients. However, these reported

phase shifts tend to be between 1 to 3 days and hence my approach to binning the

data to remove short term variability should mask such shifts.

Meridional flows (e.g. Makarov 2010, Meunier & Lagrange 2020) have been pre-

dicted to have an important impact on RVs over the course of the stellar activity

cycle. By reconstructing integrated solar RVs, Meunier & Lagrange (2020) showed

that such flows induce RV signals of the order of 0.7 m s−1 for stars viewed edge-on

(where the inclination of the stellar rotation axis is 90◦), and 1.6 m s−1 for stars

viewed pole-on. Importantly, the effects from meridional flows exhibit a time lag

with the magnetic cycle (about 2 years for the Sun), and this lag could substan-

tially degrade the correlation between the RVs and log R′HK. Because the presence

of multi-cellular pattern in F- and early G-type stars decreases the meridional

flow contribution to the RV signal, one would expect to see a stronger degrada-

tion of the RV versus activity indicator correlations for late G- and K-type stars.

Looking at Figure 7.2, a greater scatter can indeed be seen in these correlations

for K-type stars. While I discussed one possible physical interpretation of this in

Section 7.4.3, meridional flow could have an additional effect on the data as well
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that could provide further explanation for what is seen. Though, I note that a

transition from a strong correlation to a strong anti-correlation (as seen in Fig-

ure 7.3) would not be expected, unless the time lag for the anti-correlated stars

was of the order of half the activity-cycle length. In addition, I examined the cor-

relations for evidence of any time lag between the RVs and the activity indicators.

By fitting the RVs and the activity indicators with the polynomial fit smoothing

(see Section 7.3.1), I cross-correlated the data and measured the highest peak to

look for time lags. While the gaps in the sampling makes this more complicated,

no systematic and/or significant time lag between the RVs and the log R′HK was

found in the data.

The combination over time of geometrical effects (for example, the interplay be-

tween the inclination of the stellar rotation axis and the latitude of active region

emergence) with activity level variation can also weaken the correlation between

the RVs and the stellar activity indicators (Meunier et al., 2019). Furthermore, the

weakening of the correlation seems to be amplified by the presence of meridional

flows and its associated time lag (Meunier & Lagrange, 2020).

There are, potentially, other surface flows that could further impact observed RV–

activity indicator correlations. Haywood et al. (2020) cite several that are related

to active regions including: penumbral flows, moat flows (that are radially directed

outside of the penumbra, within the surrounding plage), and“active region inflows”

(Braun, 2019). The latter, in particular, may be of importance as they surround

active regions but seem rather asymmetric, mostly directed towards the active

region from poleward directions with a strong counter-rotational component. Such

a flow would affect RVs over both the rotational and activity cycle timescales, and

are also expected to produce an apparent time lag with respect between activity

indicators.

Finally, the presence of unknown planets could also affect the correlations. For

instance, if a planet were to have the exact same period as the magnetic cycle

but shifted in phase, it could explain the strong anti-correlation seen between the

log R′HK and the RV seen in Figure 7.1. This explanation would, however, not

explain the trend we see for cooler stars and stars with deeper convective zone

depth (as presented in Figure 7.2 & 7.3).
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7.5 Correcting for Activity Cycle RVs Variation

As previously stated, observations spanning at least ∼2 years will be necessary in

order to recover and confirm the repeating RV signal of an Earth-like planet in an

Earth-like orbit (or other similarly long-period planets). Removing the long-term

RV trends caused by stellar activity cycles as observed in Figure 7.1 may therefore

prove crucial to reveal the presence of long-period planets. To achieve this, I

investigated a simple method to remove these activity-cycle related RV variations.

From the data presented in Section 7.3, I only focused on the stars for which at

least one of their activity indicators showed a strong (anti-)correlation (|R| > 0.6)

with the measured RVs. Hence, from the 61 targets, 50 stars were selected. Then,

using a 4th order polynomial fit for each strong (anti-)correlated activity indicator

using the daily binned data, I scaled the fit to match the amplitude of the long-

term RV trend, and then subtracted the fit from the RV data using an optimal

subtraction method. The optimal subtraction process selects the scale factor of

the fit such that the residuals are minimised once the scaled fit is subtracted from

the data. Thus, in this process I am simply using the different activity indicators

as a proxy for the stellar-activity driven RV variations. Finally, I analysed these

“corrected” RVs by comparing the GLS periodogram before and after applying the

correction to the RVs.

For each target, I considered the removal of the long-term RV trend using activity

indicators as successful if the GLS periodogram of the “corrected” peak at long

periods (long enough to cover an activity cycle, i.e. over 3000 days) was lower

than the one before the removal of the scaled activity indicator fit. Moreover, this

“corrected”peak also needed to be lower than the 5% false alarm probability (FAP)

level of the periodogram. A 5% FAP level was chosen as I want to ensure that

any spurious signal is below a 2 σ detection limit. This allowed me to determine

whether power in the GLS periodogram at long periods (induced by stellar activity)

was significantly reduced.

Figure 7.5 shows an example of the results of this process for HD215152. As I

am focusing on long-term signals, I have reduced the opacity of the short-period

portion of the periodograms (for periods less than 600 days) to highlight the region

of interest. In blue I show the periodogram of the RVs before being corrected, and

orange shows the RV periodogram after removing the scaled activity indicator fit.

Due to their strong correlation with the RVs, the scaled fit from all the activity
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Figure 7.5: The GLS periodogram of the RVs of the K3V star HD215152
before (blue) and after (orange) correcting for long-term stellar activity using
different activity indicators. As I want to focus on long-term trends, I have
decreased the opacity for periods less than 600 days. As one can see, the long-
term RV trend seen in the data has been fully removed, with the decrease of

the long-term peak.
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indicators remove the long-term trend seen in the RVs to some degree, although

they do not affect the prominent ∼365 day period. This is to be expected, as

this peak corresponds to the spurious one-year signal in the HARPS data found

by Dumusque et al. (2015a), and is not due to activity, therefore this peak is not

expected to be removed after correcting the RVs.

Activity Indicators log R′HK BIS FWHM contrast area
No. [%] of stars that display a strong
correlation between the RVs and each 39 [64%] 37 [61%] 36 [59%] 35 [57%] 22 [36%]
activity indicator for the 61 targets
No. [%] of stars for which long-term

RV trends could be removed using each 37 [61%] 35 [57%] 35 [57%] 32 [52%] 17 [28%]
activity indicator for the 61 targets

Table 7.1: The number of stars showing a strong correlation or strong anti-
correlation (|R| > 0.6) for the different activity indicators as well as the number
of stars for which I am able to remove long-term RV trends using this indicator

for the 61 targets in the sample.

After applying this method on the 50 targets (the ones that show a strong (anti-

)correlation), the long-term RV trend was deemed to be successfully removed for

46 targets, for at least one activity indicator. Table 7.1 presents the results of this

method. First, I show the number of stars with a strong (|R| > 0.6) correlation

between each of the activity indicators and the RVs. Then I provide the number

of stars for which this activity indicator was successful in correcting the long-term

RV trends. For instance, 39 targets show a strong correlation between log R′HK and

the RVs. For 37 of them, the log R′HK can be used to correct the long-term RVs

signal.

One should note that while Figure 7.5 presents an example where all activity

indicators were strongly (anti-)correlated with RVs and where they all removed

the long-term RV trend, I found that this is rarely the case. For instance, the

log R′HK failed to remove the long-term RV variations of 9 targets (∼20% of the

successful 46 targets), while other activity indicators succeeded. Indeed, depending

on the star, some activity indicators will show a stronger correlation than others,

and hence, will better match the long-term RV trend induce by stellar activity

and will prove to be better at correcting the RVs. This shows that it is extremely

important to carefully check multiple activity indicators before judging if long-

term RV trends are due to a planetary signal or due to the magnetic cycle. One

should avoid only considering one indicator, or none at all, (as previously done by,

for example, Delisle et al. 2018, Kane & Gelino 2014, Moutou et al. 2015, Udry
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et al. 2019, Vogt et al. 2010). I also note that, at the moment, I am not able

to find a clear relationship between which activity indicator(s) are best to correct

the long-term RV trends and any fundamental property (e.g. spectral-type) of the

star.

Finally, I measured the change in the radial velocity noise after applying the long-

term RV trend removal method, by calculating the root-mean-squared (rms) of the

RVs before and after the correction. A median improvement of ∼0.19 ± 0.05 m s−1

was observed for the 46 targets for which the long-term RVs removal was ‘suc-

cessful’. Figure 7.6 presents the change of rms for each star as a function of

stellar effective temperature (in K), convective zone depth ( fdepth), the number of

nightly data used, the time range (in days), and the seasonal change (∆) of activity

(as measured with the log R′HK), CCF BIS (in m s−1), CCF FWHM (in m s−1),

CCF contrast, CCF area (in m s−1) and RVs (in m s−1). The horizontal dashed

blue line corresponds to the median value improvement and the blue shaded region

to the standard error (measured by dividing the standard deviation by the square

root of the number of data). From Figure 7.6, one can note that no clear pattern

between the seasonal variations of the activity indicators and the diminution of

noise can be found. Similarly, no correlation can be found for the convective zone

depth. On the other hand, and as one could expect, the longer the time range

is and/or the bigger the RVs variations are, the better the RVs are cleaned. In

addition, a weak correlation can also be found regarding the number of nights

used. This is probably due to the fact that a polynomial fit can fit fewer points

better. Finally, one can also see a weak correlation between the stellar effective

temperature of the stars and the diminution of noise. It is not clear so far whether

this correlation is due to physical properties of the star or whether this is simply

due to the data sampling.

7.6 Improving Planetary Detection

Although, for many stars in the sample, I am able to correct for the long-term

activity effects in the RVs, I also need to investigate whether this improves our

ability to detect long-period planets. In order to do so, I injected a fake circular

planetary signal, of semi-amplitude 1.3 m s−1 with a period of 1000 days (corre-

sponding to a Neptune-mass planet) in the RV data. I subsequently removed the

stellar activity effects as before to look for the injected planet. I show the resulting
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Figure 7.6: Diminutions of the RV noise after applying the long-term trend
RV removal as a function of stellar effective temperature, convective zone depth,
number of nightly data used, time range, and the seasonal change of activity
indicators and RVs. The median value (∼0.19 ± 0.05 m s−1) is also shown,
with its error bar, with a horizontal dashed blue line and shaded blue region,

respectively.
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GLS periodograms after injecting the fake planet in the data of HD215152, both

before and after the correction for long-term trends, in Fig. 7.7. The period at

which the planet was injected is highlighted with a vertical dashed green line. As

one can see, if the RVs are not corrected for the stellar activity, the planetary

signal is predominantly hidden in the stellar noise (blue line), or is detected at the

wrong period, compared to when the long-term trend is removed (orange line).

This shows the importance of carefully removing the long-term RV trend, using

the correct activity indicators, as planetary signals could be hidden inside.

I would like to caution that this simple cleaning of the long-term RVs may, however,

also partially remove the planet induced RV variations if the planetary signal has

the same structure as the magnetic cycle (i.e. a similar period and phase). A

more detailed analysis of the signals hidden in the long-term stellar noise (for the

targets presented in thesis), including new planet candidates, is presented in the

following chapter, Chapter 8, with a discussion about using more sophisticated

removal methods such as the use of machine learning.

7.7 Concluding Remarks

Using the results found from the correlation among activity indicators, I then

studied the impact of stellar activity on the RVs of the stars. By removing any

non-stellar activity induced RVs, I found strong (anti-)correlations between the

long-term variations in activity indicators and the RVs for a significant portion of

the stars in the sample. My analysis shows that most of the stars present the same

strong (anti-)correlations across the spectral range. This mainly results from the

suppression of convective blue-shift (i.e. an increase of the magnetic activity will

increase the plage coverage, thus increasing the RV signal on long timescale due to

the inhibition of the convective blue-shift in plage). However, in some cases, the

correlations with the RVs change as a function of the spectral type of the stars.

• The first change I notice is a transition from anti-correlation (or weak corre-

lation) to a strong correlation between the FWHM and the RVs around F-

and early G-type stars. This transition is similar to what was observed for

the correlation between the FWHM and the log R′HK. Due to their shallow

convective envelopes, the magnetic field of hotter stars is not strong enough

to generate significant spots. Thus, the FWHM, which mostly traces spots,
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Figure 7.7: The GLS periodogram of the RVs of the K3V star HD215152,
with a fake planetary signal injected into the RVs. The fake planet has a semi-
amplitude of 1.3 m s−1 and an orbital period of 1000 days. The fake planet’s
period is shown with the vertically dashed green line. As expected, without
removing the long-term trend, it is not possible to confidently recover the in-
jected planet signal at the right period. However, when the long-term RV trend
induced by stellar activity is removed using the best activity indicators, the
planet’s signal can be easily recovered at the correct period, and now produces

the strongest signal in the periodogram.
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will be a less effective tracer of the long-term RV variability for hotter stars,

compared to cooler stars which present a higher spot-coverage.

• A second change in the correlation is observed between the CCF area and

the RVs, where a bifurcation is seen for late G- and K-type stars. Similar to

the bifurcation observed between the CCF area and the log R′HK, this bifur-

cation is transformed into a clear transition when considered as a function of

convective zone depth. Thus, the same two groups of stars, described earlier

in the correlation between CCF area and the log R′HK are also observed.

1. The first group of stars have deeper convective zones, are more metal

rich stars and display higher median activity levels. Hence, I think that

these stars exhibit larger spot-coverages, increasing the contribution

of the FWHM to the overall CCF area, thus explaining the positive

correlation between the area and the RVs.

2. The second group of stars have shallower convective zones, are more

metal poor and display lower median activity levels. These stars will

mostly be plage-covered, increasing the contribution of the contrast to

the overall CCF area, thus leading to an anti-correlation between the

RVs and the CCF area.

• A final change in the correlation between activity indicators and RVs is ob-

served for stars later than ∼mid-K. Instead of the correlations that one would

expect due to the suppression of convective blue-shift, a transition (clearer

when considered as a function of convective zone depth) in the correlation

is seen for cooler stars with deeper convective zones. This “opposite” cor-

relation might actually be evidence for suppression of convective red-shift.

Therefore, for hotter stars with shallower convective zones, the correlation

between activity indicators and RVs is mainly driven by the suppression of

convective blue-shift. However, I hypothesis that the suppression of con-

vective red-shift is progressively emerging as we move to cooler stars with

deeper convective zones, cancelling the correlation between activity and the

RVs. This suppression of convective red-shift becomes the dominant driver,

thus leading to the “opposite” correlations observed.

Finally, using the strong correlations observed between some activity indicators

and the RVs, an attempt to remove RVs induced by stellar activity on activity cycle
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timescales was made. After identifying for each star which activity indicator/s were

the most reliable, I was able, using a scaled activity indicator fit, to remove the

long-term RVs induced by stellar activity for 46 targets. Removing this stellar

noise will be a crucial element in the search of Earth-analogue and long-period

planet signals. It is important to note that the strength of the correlation between

activity indicators and RVs can vary for each star. Thus, the activity indicators

used to correct the change seen in the long-term RV trend must be chosen on a

star-by-star basis. In order to explicitly demonstrate the importance of removing

the long-term stellar activity noise, I injected a fake planetary signal in the data.

Using the data from HD215152, I showed that a Neptune-mass planetary signal

with a period of 1000 days could only be retrieved at the right period when the RVs

induced by stellar activity were removed. This proves that removing long-term RV

induced by stellar activity is necessary in order to detect exoplanets hidden in the

stellar activity noise. In the next chapter, I present a more detailed analysis of the

signals hidden in the long-term stellar noise for the stars studied in this thesis.
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8.1 Introduction

As mentioned in Section 7.2, the HARPS data used in this study for the 60 stars

spans a longer timespan than most of the data sets used for determining the plan-

etary orbits in the original discovery and follow-up papers (taken from NASA

exoplanet archive1 and the extrasolar planet encyclopaedia2). Given the more

extensive datasets now available for these systems relative to when the planet dis-

coveries were reported, I have used allesfitter to determine updated planetary

parameters for known planets. Table 8.1 presents the characteristics of the stars

studied, as well as a brief summary of the results found. The rest of the chapter

describes, in more detail, the differences found between my updated fits and the

data presented in the literature, as well as presenting some potential new planetary

candidates. Out of 60 stars, I found new candidates for 13 stars, for 37 stars I

did not find any new candidates and for the remaining 10 stars I was not able to

disentangle the stellar activity signal from possible planetary candidates.

It should be noted that I have only used HARPS data to determine the planetary

orbital parameters, while some of the confirmed planets were discovered using

multiple and different sources, such as spectroscopy and/or photometry. Other

studies may also have used data after the fiber change (after 2015). This may

partially explain some of the differences found. However, in order to be consistent

in my work, I have only used the parameters from allesfitter modelling of

the pre-2015 HARPS data even if, for some systems, those were less precise than

the values in the literature. In addition, adopting this approach ensures a self

consistent and homogeneous treatment of the data within the sample itself, and

reduces the potential introduction of errors due to adopting incorrect priors from

other sources and/or information that is often ambiguously reported in a wide

range of non-standard formats.

8.2 Updated Planetary Parameters

In this section, I simply discuss the results of the updated planetary parameters

for the known planets. My goals are to obtain self consistent parameters and to

1NASA exoplanet archive: https://exoplanetarchive.ipac.caltech.edu/
2The Extrasolar Planets Encyclopaedia: http://exoplanet.eu/catalog/

https://exoplanetarchive.ipac.caltech.edu/
http://exoplanet.eu/catalog/


Chapter 8. Searching for Hidden Planets 151

Table 8.1: A brief summary of the stars studied. The spectral type, the
presence of any strong correlation between the RVs and the activity indicators,
the number of previously discovered planets and new candidates found in this

work are indicated. Additional comments are presented in the final column.

Target Spectral RVs–activity Known New Comments

type correlation planets candidates

HD103774 F6V No 1 0 RVs–activity entangled?

HD89839 F7V Yes 0 0 Planet unconfirmed

HD22879 F7/F8V No 0 0 RVs–activity entangled?

HD95456 F8V Yes 0 0 –

HD65907A F9.5V Yes 0 0 –

HD1581 F9.5V Yes 0 0 –

HD7449 F9.5V No 2 0 –

HD73524 G0V Yes 0 0 –

HD20807 G1V Yes 0 0 –

HD96700 G1V No 2 0 –

HD10180 G1V Yes 6 0 RVs–activity entangled?

HD45184 G2V Yes 2 0 –

HD38858 G2V Yes 1 1 Candidate at 200 days

HD189567 G2V Yes 1 0 –

HD146233 G2V Yes 0 0 –

HD136352 G3V Yes 3 0 –

HD1461 G3V Yes 2 0 –

HD106116 G5V Yes 0 0 –

HD90156 G5V Yes 1 1 Candidate at 3.5 days

HD20794 G6V Yes 4 1 Candidate at 690 days

HD115617 G6.5V Yes 3 0 HD115617d due to activity?

HD59468 G6.5V Yes 0 0 –

HD161098 G8V No 0 0 RVs–activity entangled?

HD10700 G8V Yes 4 0 HD10700e due to activity?

HD45364 G8V Yes 2 0 –

HD20003 G8V No 2 0 RVs–activity entangled?

HD69830 G8V Yes 3 0 –

HD157172 G8.5V Yes 1 0 –

HD71835 G9V Yes 0 1 Candidate at 95 days

HD20781 G9.5V Yes 4 1 Candidate at 240 days

HD39194 K0V No 3 1 Candidate at 92 days

HD26965 K0V No 1 0 RVs–activity entangled?

HD72673 K1V Yes 0 1 Candidate at 80 days

HD13060 K1V Yes 0 0 –

HD109200 K1V Yes 0 1 Candidate at 1200 days

α Cen B K1V No 0 0 Binary system

HD85390 K1.5V No 1 0 RVs–activity entangled?
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HD13808 K2V Yes 2 1 Candidate at 19 days

HD144628 K2V Yes 0 0 –

HD192310 K2V Yes 2 0 –

HD82516 K2V Yes 0 0 –

HD101930 K2V Yes 1 0 –

HD204941 K2V No 1 0 –

HD104067 K2V Yes 1 0 –

HD136713 K2V Yes 0 0 –

HD154577 K2.5V Yes 0 1 Candidate at 1100 days

HD40307 K2.5V Yes 6 0 HD40307e due to activity?

HD215152 K3V Yes 4 0 –

HD65277 K4V No 0 0 Binary system

HD125595 K4V No 1 0 –

HD209100 K5V No 1 0 RVs–activity entangled?

HD85512 K6V Yes 1 2 Candidates at 30/900 days

HD113538 K9V Yes 2 0 –

GJ676A M0V Yes 4 0 –

HD156384C M1.5V Yes 6 0 Binary system

Gl588 M2.5V Yes 0 0 –

HD285968 M2.5V Yes 1 1 Candidate at 60 days

GJ581 M3V Yes 3 0 –

GJ674 M3V Yes 1 0 –

Gl876 M3.5V Yes 4 2 Candidates at 10/15 days

investigate whether I can obtain more precise and reliable orbital planetary pa-

rameters when taking stellar activity into account. Table A.1 presents the orbital

planetary parameters from the discovery papers, and compare them with the re-

sults of my fits. The first fit used the original HARPS data, while the second

fit used the HARPS data after the long-term RVs induced by stellar activity had

been removed (i.e. in cases when a strong correlation was found between the RVs

and the activity indicators). While one would expect to see improved results after

removing the long-term trend, in some rare cases the first fit has better results

with lower residuals. This is due to the fact that the first fit was done with the full

HARPS data (pre-2015), while for the second fit, I had to remove some seasons

when not enough nights were observed in order to correctly smooth the data in

the long-term without being affected by short-term activity (see my data selection

in Section 6.2).

It should be noted that for all the figures displayed in this Chapter, the FAP shown

in the RV periodograms is always computed using the “best” RVs. Hence, when

the long-term RV trend induced by stellar activity was removed, the corrected
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RVs were used to compute the FAP. Otherwise, the FAP was computed using the

original RVs. In the following subsections, I discuss the issues encountered during

the study of the known planets.

8.2.1 HD89839

One planetary candidate orbiting HD89839 has been claimed, but remains uncon-

firmed (Moutou et al., 2011). Using the more extensive dataset it was possible

to better constrain some of the planetary candidate parameters. The parameters

from my fit are presented in Table A.1 (page 236) and compared with those from

Moutou et al. (2011).

It should be noted that a strong magnetic cycle is also observed for HD89839, with

a period similar to the candidate planet period. Figure 8.1 shows the periodograms

of the RVs alongside those of the activity indicators. While the confirmation of

the planet cannot be questioned (see the phase-folded RV curve in Figure 8.1), it is

difficult to disentangle the signal coming from the planet from the one induced by

stellar activity, especially since the correlations between the RVs and the activity

indicators are being affected by the strong signal from the planet which complicates

the removal. Due to this entanglement, it was not possible for me to confidently

“correct” the RVs by removing the long-term activity signal. A combined fit would

be the correct approach here but, unfortunately, I did not have the time to explore

this method. Instead, I simply present the updated orbital planetary parameters

without taking into account stellar activity, knowing that the results found can be

affected. As an example, Figure 8.1 also shows the RV data before removing the

planetary signal, after removing the planetary signal, and the CCF contrast data.

For clarity, only the CCF contrast is shown here as its data presents the clearest

long-term variations due to the magnetic cycle. One can see that despite the

variations of the stellar activity indicator, no strong correlation can be seen with

the RVs (both before and after the planetary signal removal). A small summary

of Table A.1, with only the period of the planet and its RV semi-amplitude signal,

is presented in Table 8.2.
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Figure 8.1: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD89839.
The period of the planetary candidate is highlighted with a vertical red dashed
line, which shows that the candidate planet signal is also present in the peri-
odograms of some of the activity indicators. Due to the entanglement between
the signal coming from the planet and the one induced by stellar activity, I
did not removed any long-term RV trend using activity indicators. Right : the
phase-folded RVs using the period of the assumed planet and the periodogram
before/after removing the planetary signal in blue and orange, respectively. Bot-
tom: Comparison of the RV data before removing the planetary signal, after
removing the planetary signal, and the CCF contrast data with its long-term

variations.
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8.2.2 HD10180

Six planets orbiting HD10180 have been previously reported (Kane & Gelino,

2014). While some of these planets, especially those with short periods, were easy

to detect, some problems arose for the longer period ones (HD10180 g and HD10180

h, with P = 604 and 2205 days, respectively). A significant magnetic cycle is

observed for HD10180, with a period similar to the longest period planet reported

(∼2300 days). It is therefore complicated to disentangle the signal coming from

the planet and the signal coming from stellar activity. Therefore, a simultaneous

fit to the potential planetary and activity cycle may help resolve the true nature

of this system.

Since I did not have the time to explore this path, I simply compare the differ-

ent cases. First, I ignored the fact that the RVs are strongly correlated with the

magnetic cycle and I obtained the orbital parameters for the six claimed planets

using my fit. One should note that after removing the RV variations induced by

the six planets, no strong correlation could be found between the long-term RV

variations and the magnetic cycle despite its strong variations. In a second anal-

ysis, I prioritised the removal of the long-term RV variations supposedly induced

by the magnetic cycle, and only then did I search for the orbital parameters of the

six planets using my fit.

Figure 8.2 shows the periodograms of the RVs alongside those of the activity

indicators and also presents the phase-folded RVs on the planetary periods after the

removal of the long-term trend. As one can see, the longer period planet signal is

entangled with the stellar magnetic activity signal. In conclusion, while the signals

from the reported planets appear real, taking into account the magnetic cycle

influences the results from the model. Table A.1 (page 238) compares the orbital

parameters from Kane & Gelino (2014) with those measured with my fit, with and

without the long-term stellar activity trend. A small summary of Table A.1, with

only the period of the planet and its RV semi-amplitude signal, is presented in

Table 8.2.

8.2.3 HD115617

Three planets orbiting HD115617 has been previously claimed (Vogt et al., 2010)

with orbital periods of 4.2, 38 and 123 days. After analysing the GLS periodograms
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Figure 8.2: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD10180. Here, I
am only focusing on the longer-period planetary signals (i.e. HD10180 g and
HD10180 h, with P = 604 and 2205 days, respectively). Hence, the shorter-
period planetary signals (with P = 5.76, 16.53, 49.76 and 122.7 days) have
already been removed from the RV. The periodogram colored in black in the
RVs corresponds to the GLS before removing the long-term trend induced by
stellar activity, while the blue one corresponds to the GLS after removing the
long-term trend. The periods of the longer period planets are highlighted with a
vertical red dashed line, which shows that the candidate planet signals are also
present in the periodograms of some of the activity indicators. The phase-folded
RVs using the period of the assumed planets and the periodogram before/after
removing the planetary signals in blue and orange, respectively, are also shown.
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Figure 8.3: Left : periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD115617. It should
be noted that the shorter-period planetary signals (with P = 4.21 and 38.1 days)
have already been removed from the RV in order to focus on the longer-period
planetary signal at P = 123 days. The periodogram colored in black in the
RVs corresponds to the GLS before removing the long-term trend induced by
stellar activity, while the blue one corresponds to the GLS after removing the
long-term trend. The period of the two signals that may be due to aliases
are highlighted with a vertical red dashed line, to detect if the signals are also
present in the periodograms of the activity indicators. Right : phase-folded RVs

using the period of the known planets.

of the RVs data, I noticed that one of the ‘assumed’ planetary signals may corre-

spond to an alias. Indeed, while the 123 day signal is not correlated with stellar

activity, it corresponds to the P
3 alias of the known one-year instrumental system-

atic period. This is confirmed by the presence of another strong peak, around

180 days, also corresponding to the one year alias, with P
2 . Figure 8.3 shows the

GLS periodograms for HD115617, where the two aliases at 120 and 180 days can

clearly be seen. In conclusion, while no clear signal is seen in the RVs around

365 days, observing two semi-harmonics of the one year alias raises suspicious re-

garding the nature of these signals. Table A.1 (page 242) compares the orbital

parameters from Vogt et al. (2010) with those measured with my fit. A small

summary of Table A.1, with only the period of the planets and their RV semi-

amplitude signals, is presented in Table 8.2.



Chapter 8. Searching for Hidden Planets 158

8.2.4 HD10700

Four planets orbiting HD10700 have been previously reported (Feng et al., 2017a)

with orbital periods of 20, 49, 163 and 636 days. While most of the planetary

signals were easily observed, one of the claimed planets (HD10700 e, with P =

163 days) can hardly be seen and is more difficult to constrain, raising suspicions

regarding the validity of this planet. Figure 8.4 shows the GLS periodograms for

HD10700. As one can see, instead of the 163 day signal, some peaks are seen

around 100 and 140 days.

The differences seen here probably come from the fact that Feng et al. (2017a)

used the RVs from HARPS and the RVs measured by the HIRES spectrometer on

the Keck telescope (Butler et al., 2017). In addition, Feng et al. (2017a) reported

to find strong dependence of the RV noise on wavelengths or orders for HD10700.

This is due to the fact that stellar activity affects the measured RV differently at

different wavelengths (Anglada-Escudé & Butler, 2012, Reiners et al., 2010). As

an example, star spots are known to have higher contrast at bluer wavelengths,

so one would expect stronger RV stellar noise on the blue. To model this noise,

they introduced a wavelength dependent noise model by linearly combining moving

average models with differential RVs in unbinned RV data sets. This difference

in the analyse may also explain the differences seen in the GLS periodograms.

Table A.1 (page 242) compares the orbital parameters from Feng et al. (2017a)

with those measured with my fits. A small summary of Table A.1, with only

the period of the planets and their RV semi-amplitude signals, is presented in

Table 8.2.

8.2.5 HD40307

Six planets orbiting HD40307 have been previously reported (Dı́az et al., 2016,

Tuomi et al., 2013). While most of the planets were easily observed, two claimed

planets (HD40307 e and HD40307 g at 34.62 and 197.8 days, respectively) can

hardly be seen and are more difficult to constrain, raising suspicions regarding

the validity of the planets. This issue was also reported by Dı́az et al. (2016).

While the removal of the long-term RV trend induced by stellar activity reveals

the 197.8 day signal more clearly, this signal is still below the 10% false alarm

probability (FAP). Figure 8.5 shows the GLS periodograms for HD40307 and also
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Figure 8.4: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD10700. It should
be noted that most of the planetary signals (with P = 20.04, 49.5, 572 days)
have already been removed from the RV in order to focus on the planetary signal
at P = 163 days. The periodogram colored in black in the RVs corresponds to
the GLS periodogram before removing the long-term trend induced by stellar
activity, while the blue one corresponds to the GLS after removing the long-
term trend. The 160 days ‘claimed’ planet is highlighted with a vertical red
dashed line. The phase-folded RVs using the period of the known planets are
also presented, with the periodogram before/after removing the planetary signal

at 572 days in blue and orange, respectively.
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presents the phase-folded RVs on the planetary periods after the removal of the

long-term trend. As one can see, the 34.62 day signal, close to the stellar rotation

period, does not clearly appear, especially after the long-term RV trend removal.

Table A.1 (page 249) compares the orbital parameters from Dı́az et al. (2016)

and Tuomi et al. (2013) with those measured with my fits. A small summary

of Table A.1, with only the period of the planets and their RV semi-amplitude

signals, is presented in Table 8.2.



Chapter 8. Searching for Hidden Planets 161

Figure 8.5: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD40307. It should
be noted that most of the planetary signals (with P = 4.31, 9.62, 20.42 and
51.64 days) have already been removed from the RV in order to focus on the
other planetary signals at P = 34.62 and 203 days. The periodogram colored
in black in the RVs corresponds to the GLS periodogram before removing the
long-term trend induced by stellar activity, while the blue one corresponds to
the GLS after removing the long-term trend. The 34.62 and 203 days signals are
highlighted with a vertical red dashed line. The phase-folded RVs using the pe-
riod of the known planets are also presented, with the periodogram before/after

removing the planetary signal at 203 days in blue and orange, respectively.
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Table 8.2: Summary of Table A.1 for the known planets.

Planetary Reference Fit w stellar Fit w/o stellar

properties values activity activity

HD89839 b Moutou et al. (2011) RVs–activity entangled?

P [days] 6601 ± 4141 3433 ± 29 –

K [m s−1] 45.5 ± 2.3 45.4 ± 0.7 –

HD10180 c Kane & Gelino (2014)

P [days] 5.75969 ± 0.00028 5.75947 ± 0.00019 5.75960 ± 0.00019

K [m s−1] 4.545 ± 0.154 4.50 ± 0.14 4.48 ± 0.14

HD10180 d

P [days] 16.3570 ± 0.0038 16.3494 ± 0.0031 16.3516 ± 0.0031

K [m s−1] 2.935 ± 0.173 2.69 ± 0.15 2.66 ± 0.14

HD10180 e

P [days] 49.748 ± 0.025 49.746 ± 0.016 49.759 ± 0.016

K [m s−1] 4.283 ± 0.169 4.26 ± 0.14 4.28 ± 0.14

HD10180 f

P [days] 122.744 ± 0.232 122.821 ± 0.139 122.725 ± 0.142

K [m s−1] 2.862 ± 0.186 2.97 ± 0.16 2.92 ± 0.16

HD10180 g RVs–activity entangled?

P [days] 604.67 ± 10.42 599.34 ± 7.05 605.93 ± 8.00

K [m s−1] 1.754 ± 0.380 1.53 ± 0.25 1.29 ± 0.22

HD10180 h RVs–activity entangled?

P [days] 2205.0 ± 105.9 2387.8 ± 77.1 2508.4 ± 197.3

K [m s−1] 3.117 ± 0.245 2.61 ± 0.17 1.65 ± 0.26

HD115617 b Vogt et al. (2010)

P [days] 4.2150 ± 0.0006 4.2144 ± 0.0002 4.2148 ± 0.0002

K [m s−1] 2.12 ± 0.23 2.53 ± 0.17 2.57 ± 0.15

HD115617 c

P [days] 38.021 ± 0.034 38.068 ± 0.013 38.078 ± 0.012

K [m s−1] 3.62 ± 0.23 4.27 ± 0.17 4.23 ± 0.16

HD115617 d? Alias? Alias?
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P [days] 123.01 ± 0.55 – –

K [m s−1] 3.25 ± 0.39 – –

HD10700 e? Feng et al. (2017a) Alias? Alias?

P [days] 162.87 ± 1.08 – –

K [m s−1] 0.55 ± 0.13 – –

HD10700 f

P [days] 636.13 ± 47.69 579.68 ± 7.97 572.07 ± 5.51

K [m s−1] 0.35 ± 0.12 0.61 ± 0.09 0.65 ± 0.09

HD10700 g

P [days] 20.00 ± 0.02 20.03 ± 0.01 20.04 ± 0.01

K [m s−1] 0.49 ± 0.11 0.38 ± 0.07 0.37 ± 0.07

HD10700 h

P [days] 49.41 ± 0.10 49.62 ± 0.07 49.50 ± 0.08

K [m s−1] 0.39 ± 0.15 0.40 ± 0.07 0.41 ± 0.07

HD40307 b Dı́az et al. (2016)

P [days] 4.31150 ± 0.00027 4.31146 ± 0.00026 4.31150 ± 0.00018

K [m s−1] 1.79 ± 0.13 1.93 ± 0.19 1.94 ± 0.12

HD40307 c Dı́az et al. (2016)

P [days] 9.62070 ± 0.0012 9.6216 ± 0.0013 9.6205 ± 0.0008

K [m s−1] 2.31 ± 0.13 2.17 ± 0.19 2.20 ± 0.12

HD40307 d Dı́az et al. (2016)

P [days] 20.4185 ± 0.0052 20.4168 ± 0.0050 20.4152 ± 0.0037

K [m s−1] 2.44 ± 0.13 2.45 ± 0.19 2.27 ± 0.13

HD40307 e? Tuomi et al. (2013) Stellar activity? Stellar activity?

P [days] 34.62 ± 0.21 – –

K [m s−1] 0.84 ± 0.32 – –

HD40307 f Dı́az et al. (2016)

P [days] 51.56 ± 0.14 51.41 ± 0.14 51.64 ± 0.19

K [m s−1] 0.75 ± 0.13 0.96 ± 0.22 0.70 ± 0.14

HD40307 g? Tuomi et al. (2013)

P [days] 197.8 ± 9.0 204.1 ± 1.6 203.0 ± 1.7
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K [m s−1] 0.95 ± 0.32 0.89 ± 0.21 0.55 ± 0.17

8.3 Newly Identified Planet Candidates

As well as updating the orbital parameters for previously known or candidate

planets, I found 13 stars presenting new potential planetary candidate signals.

Table 8.3 presents a summary of the stars where potential planets have been

found. I discuss in this section each case one by one.

Target Spectral RVs–activity Previously New candidates or
type correlation known planets potential planetary signals

HD38858 G2V Yes 1 200 days
HD90156 G5V Yes 1 3.5 days
HD20794 G6V Yes 4 690 days
HD71835 G9V Yes 0 95 days
HD20781 G9.5V Yes 4 240 days
HD39194 K0V No 3 92 days
HD72673 K1V Yes 0 80 days
HD109200 K1V Yes 0 1200 days
HD13808 K2V Yes 2 19 days
HD154577 K2.5V Yes 0 1100 days
HD85512 K6V Yes 1 30 and/or 900 days
HD285968 M2.5V Yes 1 60 days
Gl876 M3.5V Yes 4 10 and/or 15 days

Table 8.3: A brief summary of the stars studied where a new planetary signal
was detected. The number of the previously known planets and the periods of

the potential candidates are also presented.

8.3.1 HD38858

One planet orbiting HD38858 has been discovered by Mayor et al. (2011). After

removing the known planetary signal (P = 420 days) and analysing the GLS

periodograms of the residual RVs it seems that no strong correlation is found

between the long-term RVs and the activity indicator, despite a clear magnetic

cycle. In addition, the GLS periodograms of the activity indicators also present

a strong signal on the same period. However, if the RVs are left untouched (i.e.

without removing the planetary signal), then a strong correlation is found between

the long-term RVs and stellar activity. Moreover, by removing the signal induced

by stellar activity, the ‘claimed’ planetary signal almost disappears, and is now

replaced by a new signal (P = 200 days).
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Figure 8.6: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD38858.
The periodogram colored in black in the RVs corresponds to the GLS before
removing the long-term trend induced by stellar activity, while the blue one
corresponds to the GLS after removing the long-term trend. The period of the
planetary candidate is highlighted with a vertical dashed red line, to detect if
the signal is also present in the periodograms of the activity indicators. The
‘claimed’ planetary signal is highlighted with a vertical dashed grey line. Right :
phase-folded RVs using the period of the planetary candidate with the peri-
odogram before/after removing the planetary signal at 200 days in blue and

orange, respectively.

After analysing this new signal at 200 days, a RV semi-amplitude (K) of 1.37 ±

0.30 m s−1 was found. This corresponds to a planet with a minimum mass of 10.2

± 2.7 M⊕. Though, one should note the large scatter in the phase-folded RV curve,

raising concerns on this candidate period. While it is still unclear whether a real

planet is orbiting this system, if it does it is highly possible that the claimed period

(P = 420 days) is not the correct one. Figure 8.6 shows the periodograms of the

RVs alongside those of the activity indicators and also presents the phase-folded

RVs on the candidate period after the long-term RV trend removal. Table A.1

(page 239) compares the orbital planetary parameters from Mayor et al. (2011)

with those measured with my fit. A small summary of Table A.1, comparing the

period of the claimed planet and the new candidate, with its RV semi-amplitude

signal, is presented in Table 8.4.
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8.3.2 HD90156

One planet orbiting HD90156 has been previously discovered by Mordasini et al.

(2011). After removing the known planetary signal and analysing the GLS peri-

odograms of the residual RVs (see Figure 8.7) a second significant peak can be seen

above the 1% false alarm probability (FAP) around P = 3.5 days. Moreover, this

signal is not seen in any of the other GLS periodograms of the activity indicators

(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this

signal could potentially be a real planetary signal.

After analysing this new signal at 3.5 days, a RV semi-amplitude (K) of 1.01 ±

0.31 m s−1 was found. This corresponds to a planet with a minimum mass of

1.8 ± 0.7 M⊕. Figure 8.7 presents the phase-folded RVs on the candidate period

after the long-term RV trend removal. Table A.1 (page 240) presents the orbital

planetary parameters of the new candidate and compares the orbital parameters

from Mordasini et al. (2011) with those measured with my fit, with and with-

out the long-term stellar activity trend. Due to low long-term RV variations, no

significant changes were seen between the results of both fits. A small summary

of Table A.1, with only the period of the planets and their RV semi-amplitude

signals, is presented in Table 8.4.

8.3.3 HD20794

Four planets orbiting HD20794 have been discovered by Feng et al. (2017b) with

orbital periods of 18, 43, 90 and 147 days. After analysing the GLS periodograms

of the RVs data, only two planets out of the four were clearly recovered (HD20794

b and HD20794 d, at 18 and 90 days, respectively). In addition, the GLS pe-

riodogram of the RVs is dominated by another period (at P = 696 days) above

the 1% false alarm probability (FAP), as can be seen in Figure 8.8. Looking

at the other GLS periodograms of the activity indicators (log R′HK, CCF BIS,

CCF FWHM, CCF contrast and CCF area), it is difficult to judge whether this

signal is induced by stellar activity or induced by a real planetary signal, since the

periodogram of the CCF BIS also present a significant signal at the same period.

One should note that removing this new planetary candidate signal does not help

in finding the other ‘claimed’ planets (around P = 43 and 147 days).
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Figure 8.7: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD90156. The known
planet was removed from the RVs. The periodogram colored in black in the RVs
corresponds to the GLS before removing the long-term trend induced by stellar
activity, while the blue one corresponds to the GLS after removing the long-
term trend. The periods of the known planet and of the planetary candidate
are highlighted with a vertical dashed line, in grey and red respectively, to detect
if the signal is also present in the stellar activity. In addition, the phase-folded
RVs for the known planet and the planetary candidate are also presented, as
well as their respective GLS periodograms before/after removing the planetary

signal in blue and orange, respectively.
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After analysing this new signal at 696 days, a RV semi-amplitude (K) of 0.87 ±

0.07 m s−1 was found. This corresponds to a planet with a minimum mass of 9.1

± 0.9 M⊕. While no strong correlation can be found between the long-term RV

variations and the magnetic cycle despite its strong variations before removing this

RV signal (P = 696 days), after removal, I was able to observe strong correlations

between the RVs and the activity indicators. To conclude, the differences seen

here versus Feng et al. (2017b) may come from their analysis, where they used

differential RVs to weight the spectral orders a posteriori in order to account for

the wavelength-dependent noise. Figure 8.8 also presents the phase-folded RVs

on the assumed periods. Table A.1 (page 241) presents the orbital planetary

parameters of the new candidate and compares the orbital parameters from Feng

et al. (2017b) with those measured with my fit, with and without the long-term

stellar activity trend. A small summary of Table A.1, with only the period of the

planets and their RV semi-amplitude signals, is presented in Table 8.4.

8.3.4 HD71835

No planet orbiting HD71835 has been previously reported. After analysing the

GLS periodograms for HD71835 (see Figure 8.9), one can observe a significant

peak above the 1% false alarm probability (FAP) around P = 94 days. This is

particularly the case after the removal of the long-term RV trend. Moreover, this

signal is not seen in any of the other GLS periodograms of the activity indicators

(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this

signal could potentially be a real planetary signal. After analysing this new signal

at 94 days, a RV semi-amplitude (K) of 1.96 ± 0.37 m s−1 was found. This

corresponds to a planet with a minimum mass of 10.8 ± 2.5 M⊕. Figure 8.9

also presents the phase-folded RVs on the assumed period. Table A.1 (page 244)

presents the orbital parameters of the new candidate measured with my fit, with

and without the long-term stellar activity trend. A small summary of Table A.1,

with only the period of the planet and its RV semi-amplitude signal, is presented

in Table 8.4.



Chapter 8. Searching for Hidden Planets 169

Figure 8.8: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD20794. It should be
noted that some of the planetary signals (with P = 18.32 and 89.7 days) have
already been removed from the RV in order to focus on the candidate signal
at P = 696 days. The periodogram colored in black in the RVs corresponds
to the GLS before removing the long-term trend induced by stellar activity,
while the blue one corresponds to the GLS after removing the long-term trend.
The period of the planetary candidate is highlighted with a vertical red dashed
line, to detect if the signal is also present in the periodograms of the activity
indicators. The phase-folded RVs using the period of two of the known planets
and the period of the new planetary candidate are also presented, with the
periodogram before/after removing the planetary signal at 696 days in blue and

orange, respectively.
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Figure 8.9: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD71835.
The periodogram colored in black in the RVs corresponds to the GLS before
removing the long-term trend induced by stellar activity, while the blue one
corresponds to the GLS after removing the long-term trend. The period of the
planetary candidate is highlighted with a vertical dashed line, in red, to detect
if the signal is also present in the stellar activity. Right : phase-folded RVs us-
ing the period of the planetary candidate and comparison with its respective
periodogram before/after removing the planetary signal in blue and orange,

respectively.

8.3.5 HD20781

Four planets orbiting HD20781 have been discovered by Udry et al. (2019). After

removing the known planetary signals and analysing the GLS periodograms of

the residual RVs another significant peak is observed above the 1% false alarm

probability (FAP) around P = 241 days (see Figure 8.10). Moreover, this signal is

not seen in any of the other GLS periodograms of the activity indicators (log R′HK,

CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this signal could

potentially be a real planetary signal. After analysing this new signal at 241 days,

a RV semi-amplitude (K) of 0.73 ± 0.19 m s−1 was found. This corresponds to a

planet with a minimum mass of 5.1 ± 1.6 M⊕. Figure 8.10 also presents the phase-

folded RVs on the assumed period. Table A.1 (page 245) presents the orbital

planetary parameters of the new candidate and compares the orbital parameters
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from Udry et al. (2019) with those measured with my fit, with and without the

long-term stellar activity trend. Due to low long-term trend RV variations, no

significant changes were seen between the results of both fits. A small summary

of Table A.1, with only the period of the planets and their RV semi-amplitude

signals, is presented in Table 8.4.

8.3.6 HD39194

Three planets orbiting HD39194 have been discovered by Mayor et al. (2011).

After removing the planetary signal of the known planets and analysing the GLS

periodograms of the residual RVs another significant peak was observed above

the 1% false alarm probability (FAP) around P = 92 days (see Figure 8.11).

Moreover, this signal is not seen in any of the other GLS periodograms of the

activity indicators (log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area).

Therefore, this signal could potentially be a real planetary signal. After analysing

this new signal at 92 days, a RV semi-amplitude (K) of 0.69 ± 0.13 m s−1 was found.

This corresponds to a planet with a minimum mass of 3.5 ± 0.8 M⊕. Figure 8.11

also presents the phase-folded RVs on the assumed period. Table A.1 (page 245)

presents the orbital planetary parameters of the new candidate and compares the

orbital parameters from Mayor et al. (2011) with those measured with my fit. A

small summary of Table A.1, with only the period of the planets and their RV

semi-amplitude signals, is presented in Table 8.4.

One should note that, contrary to all the other systems presented in this section,

where new planetary candidates have been found, HD39194 is the only system

where the long-term RVs are not correlated with the activity indicators. This

is even more surprising knowing that both the RVs and the activity indicators

have significant long-term variations. It is therefore possible that other planetary

candidates are hiding in the stellar noise. Since the variations of the RVs and

those of the activity indicators are out of phase, no long-term trend removal was

used in the RVs presented in Figure 8.11 and the results presented in Table A.1

do not take into account stellar activity variations.
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Figure 8.10: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD20781. The known
planets were removed from the RVs. The periodogram colored in black in the
RVs corresponds to the GLS before removing the long-term trend induced by
stellar activity, while the blue one corresponds to the GLS after removing the
long-term trend. The periods of the known planets and of the planetary candi-
date are highlighted with a vertical dashed line, in grey and red respectively, to
detect if the signal is also present in the stellar activity. In addition, the phase-
folded RVs for the known planets and the planetary candidate are presented
with the periodogram before/after removing the planetary signal at 240 days in

blue and orange, respectively.
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Figure 8.11: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD39194. The three
known planets were removed from the RVs. Their periods, and the one of
the new candidates, are highlighted with a vertical dashed line, in grey and
red respectively, to detect if the signal is also present in the stellar activity.
In addition, the phase-folded RVs using the period of the known planets and
the planetary candidate are also presented, with the periodogram before/after

removing the planetary signal at 92 days in blue and orange, respectively.
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8.3.7 HD72673

No planet orbiting HD72673 has been previously reported. After analysing the

GLS periodograms for HD72673 (see Figure 8.12), one can observe two signifi-

cant peaks above the 5% false alarm probability (FAP) around P = 78 days and

101 days. This is particularly the case after removing the long-term trend at-

tributed to the stellar activity cycle from the RVs. After phase-folding the data,

the peak around 101 days does not seem very well constrained and, therefore, I only

focus on the 78 day signal. Moreover, this signal is not seen in any of the other

GLS periodograms of the activity indicators (log R′HK, CCF BIS, CCF FWHM,

CCF contrast and CCF area). Therefore, this signal could potentially be a real

planetary signal. After analysing this new signal at 78 days, a RV semi-amplitude

(K) of 0.98 ± 0.21 m s−1 was found. This corresponds to a planet with a mini-

mum mass of 4.6 ± 1.1 M⊕. Figure 8.12 also presents the phase-folded RVs on the

assumed period. Table A.1 (page 246) presents the orbital parameters of the new

candidate measured with my fit, with and without the long-term stellar activity

trend. A small summary of Table A.1, with only the period of the planet and its

RV semi-amplitude signal, is presented in Table 8.4.

8.3.8 HD109200

No planet orbiting HD109200 has been previously reported. After analysing the

GLS periodograms for HD109200 (see Figure 8.13), one can observe two significant

peaks above the 1% false alarm probability (FAP) around P = 1210 days and

30 days. Since it is not completely clear whether the 30 day period is due to

stellar activity or not, I only focus on the 1210 day signal. Moreover, this signal is

not seen in any of the other GLS periodograms of the activity indicators (log R′HK,

CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this signal could

potentially be a real planetary signal. After analysing this new signal at 1210 days,

a RV semi-amplitude (K) of 1.03 ± 0.17 m s−1 was found. This corresponds to

a planet with a minimum mass of 11.4 ± 2.1 M⊕. Figure 8.13 also presents the

phase-folded RVs on the assumed period. Table A.1 (page 247) presents the orbital

parameters of the new candidate measured with my fit, with and without the

long-term stellar activity trend. Due to low long-term trend RV variations, no

significant changes were seen between the results of both fits. A small summary
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Figure 8.12: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD72673.
The periodogram colored in black in the RVs corresponds to the GLS before
removing the long-term trend induced by stellar activity, while the blue one
corresponds to the GLS after removing the long-term trend. The period of the
planetary candidate is highlighted with a vertical dashed line, in red, to detect
if the signal is also present in the stellar activity. Right : phase-folded RVs
using the period of the planetary candidate and comparison with its respective
periodogram before/after removing the planetary signal in blue and orange,

respectively.

of Table A.1, with only the period of the planet and its RV semi-amplitude signal,

is presented in Table 8.4.

8.3.9 HD13808

Two planets orbiting HD13808 have been discovered by Mayor et al. (2011). After

removing the known planetary signals and analysing the GLS periodograms of

the residual RVs another significant peak was observed above the 1% false alarm

probability (FAP) around P = 19 days. This is particularly the case when looking

at the GLS periodograms for HD13808 after removing the long-term RV trend (see

Figure 8.14). This is close to the Prot
2 alias of the probable stellar rotation period

(∼41.6 days, estimated from the log R′HK, see Section 6.2). However, this signal is
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Figure 8.13: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD109200.
The periodogram colored in black in the RVs corresponds to the GLS before
removing the long-term trend induced by stellar activity, while the blue one
corresponds to the GLS after removing the long-term trend. The period of
the planetary candidates are highlighted with a vertical dashed line, in red and
in grey, to detect if the signal is also present in the stellar activity. Right :
phase-folded RVs using the period of the most likely planetary candidate and
comparison with its respective periodogram before/after removing the planetary

signal at 1200 days in blue and orange, respectively.

not seen in any of the other GLS periodograms of the activity indicators (log R′HK,

CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this signal could

potentially be a real planetary signal. After analysing this new signal at 19 days,

a RV semi-amplitude (K) of 1.26 ± 0.21 m s−1 was found. This corresponds to a

planet with a minimum mass of 4.0 ± 0.8 M⊕. Figure 8.14 also presents the phase-

folded RVs on the assumed period. Table A.1 (page 247) presents the orbital

planetary parameters of the new candidate and compares the orbital parameters

from Mayor et al. (2011) with those measured with my fit, with and without

the long-term stellar activity trend. A small summary of Table A.1, with only

the period of the planets and their RV semi-amplitude signals, is presented in

Table 8.4.

I should mention that this system was recently analysed by Ahrer et al. (2021) and

they concluded that the signal at P = 19 days was probably due to stellar activity.
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This conclusion was reached by separately analysing the high-activity HARPS

data from the low-activity one. By taking the median of activity (measured using

the log R′HK), the data was separated into two groups and analysed using BGLS

periodograms for the RVs and activity indicators. While no peak around 19 days

could be found in the BGLS periodograms of the activity indicator for the low-

activity group, a significant peak was found in the BGLS periodogram of the BIS

for the high-activity group. Therefore, the peak at P = 19 days was interpreted

as a harmonic of the stellar rotation period.

8.3.10 HD154577

No planet orbiting HD154577 has been previously reported. After analysing the

GLS periodograms for HD154577 (see Figure 8.15), one can observe a significant

peak, above the 1% false alarm probability (FAP) around P = 1125 days. This

is particularly the case after removing the long-term RV trend. Moreover, this

signal is not seen in any of the other GLS periodograms of the activity indicators

(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this

signal could potentially be a real planetary signal. After analysing this new signal

at 1125 days, a RV semi-amplitude (K) of 0.94 ± 0.16 m s−1 was found. This

corresponds to a planet with a minimum mass of 10.1 ± 1.9 M⊕. Figure 8.15

also presents the phase-folded RVs on the assumed period. Table A.1 (page 249)

presents the orbital parameters of the new candidate measured with my fit, with

and without the long-term stellar activity trend. A small summary of Table A.1,

with only the period of the planet and its RV semi-amplitude signal, is presented

in Table 8.4.

One should note that after removing the RV signal from this new candidate, an-

other peak appears in the GLS periodogram, around 18 days. This peak is how-

ever also present in the periodograms of the activity indicators and is therefore

attributed to stellar activity.

8.3.11 HD85512

One planet orbiting HD85512 has been discovered by Pepe et al. (2011). After

removing the known planetary signal and analysing the GLS periodograms of the

residual RVs two additional significant peaks were observed above the 1% false
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Figure 8.14: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD13808. The known
planets were removed from the RVs. The periodogram colored in black in the
RVs corresponds to the GLS before removing the long-term trend induced by
stellar activity, while the blue one corresponds to the GLS after removing the
long-term trend. The periods of the known planets and of the planetary candi-
date are highlighted with a vertical dashed line, in grey and red respectively, to
detect if the signal is also present in the stellar activity. In addition, the phase-
folded RVs for the known planets and the planetary candidate are presented,
with the periodogram before/after removing the planetary signal at 19 days in

blue and orange, respectively.
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Figure 8.15: Left : GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD154577.
The periodogram colored in black in the RVs corresponds to the GLS before
removing the long-term trend induced by stellar activity, while the blue one
corresponds to the GLS after removing the long-term trend. The period of the
planetary candidate is highlighted with a vertical dashed line, in red, to detect
if the signal is also present in the stellar activity. Right : phase-folded RVs
using the period of the planetary candidate and comparison with its respective
periodogram before/after removing the planetary signal in blue and orange,

respectively.

alarm probability (FAP) around P = 30 and 927 days (see Figure 8.16). Both

signals are not seen in any of the other GLS periodograms of the activity indicators

(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, these

two signals could potentially be real planetary signals. After analysing these new

signals at 30 and 927 days, RV semi-amplitudes (K) of 0.37 ± 0.08 and 0.65 ±

0.07 m s−1 were found, respectively. These correspond to planets with a minimum

mass of 1.2 ± 0.3 and 6.7 ± 1.0 M⊕. Figure 8.16 also presents the phase-folded

RVs on the assumed periods for both candidates. Table A.1 (page 251) presents

the orbital planetary parameters of the new candidates and compares the orbital

parameters from Pepe et al. (2011) with those measured with my fit, with and

without the long-term stellar activity trend. Due to low long-term trend RV

variations, no significant changes were seen between the results of both fits. A

small summary of Table A.1, with only the period of the planets and their RV
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Figure 8.16: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD85512. The known
planet was removed from the RVs. The periodogram colored in black in the RVs
corresponds to the GLS before removing the long-term trend induced by stellar
activity, while the blue one corresponds to the GLS after removing the long-
term trend. The periods of the known planet and of the planetary candidates
are highlighted with a vertical dashed line, in grey and red respectively, to detect
if the signal is also present in the stellar activity. In addition, the phase-folded
RVs for the known planet and the planetary candidates are presented, with the
periodogram before/after removing the planetary signal at 30 days in blue and

orange, respectively.

semi-amplitude signals, is presented in Table 8.4.

8.3.12 HD285968

One planet orbiting HD285968 has been discovered by Forveille et al. (2009).

After removing the known planetary signal and analysing the GLS periodograms
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of the residual RVs another significant peak was observed above the 1% false

alarm probability (FAP) around P = 59 days. This is particularly the case when

looking at the GLS periodograms for HD285968 after removing the long-term RV

trend (see Figure 8.17). This signal may be close to the stellar rotation period

signal (with Prot = ∼52 days, estimated from the log R′HK). However, it is not

seen in any of the other GLS periodograms of the activity indicators (log R′HK,

CCF BIS, CCF FWHM, CCF contrast and CCF area). Therefore, this signal could

potentially be a real planetary signal. After analysing this new signal at 59 days,

a RV semi-amplitude (K) of 3.98 ± 0.64 m s−1 was found. This corresponds to

a planet with a minimum mass of 10.6 ± 2.1 M⊕. Figure 8.17 also presents the

phase-folded RVs on the assumed period. Table A.1 (page 253) presents the orbital

planetary parameters of the new candidate and compares the orbital parameters

from Forveille et al. (2009) with those measured with my fit, with and without

the long-term stellar activity trend. A small summary of Table A.1, with only

the period of the planets and their RV semi-amplitude signals, is presented in

Table 8.4.

8.3.13 Gl876

Four planets orbiting Gl876 have been discovered by Rivera et al. (2010). After

removing the known planetary signals and analysing the GLS periodograms of

the residual RVs two additional significant peaks were observed above the 1%

false alarm probability (FAP) around P = 10 and 15 days (see Figure 8.18). The

planets of the system seem to have periods close to their harmonics: 120, 60, 30,

15 and 10 days. Any of the new signals found are not seen in any of the other

GLS periodograms of the activity indicators (log R′HK, CCF BIS, CCF FWHM,

CCF contrast and CCF area). Therefore, these two signals could potentially be

real planetary signals. After analysing these new signals at 10 and 15 days, RV

semi-amplitudes (K) of 5.82 ± 0.27 and 19.88 ± 0.32 m s−1 were found, respectively.

These correspond to planets with a minimum mass of 9.2 ± 0.5 and 35.9 ± 0.6 M⊕

(or 0.113 ± 0.002 MJup). Figure 8.18 also presents the phase-folded RVs on the

assumed periods. Table A.1 (page 254) presents the orbital planetary parameters

of the new candidates and compares the orbital parameters from Rivera et al.

(2010) with those measured with my fit, with and without the long-term stellar

activity trend. A small summary of Table A.1, with only the period of the planets

and their RV semi-amplitude signals, is presented in Table 8.4.
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Figure 8.17: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD285968. The
known planet was removed from the RVs. The periodogram colored in black in
the RVs corresponds to the GLS before removing the long-term trend induced
by stellar activity, while the blue one corresponds to the GLS after removing the
long-term trend. The periods of the known planet and of the planetary candidate
are highlighted with a vertical dashed line, in grey and red respectively, to detect
if the signal is also present in the stellar activity. In addition, the phase-folded
RVs for the known planet and the planetary candidate are presented, with their
periodogram before/after removing the planetary signal in blue and orange,

respectively.
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I should mention that this is not the first time that signals at these two periods

have been reported. However, these additional candidates were never confirmed.

Due to the interesting nature of the system, with multiple planets in mean motion

resonance, the validity of these new candidates are still questioned. For instance,

Jenkins et al. (2014) pointed out the possibility of having a six planet system for

Gl876, but stressed the need for additional follow-up dynamical analyses in order

to test the reliability of this possibility. According to Correia et al. (2010), stability

is possible for an Earth-size mass planet or smaller in an orbit around 15 days.

This statement is however contradicted by Gerlach & Haghighipour (2012) who

also studied the stability of such system and concluded that an additional planet at

15 days would make Gl876 unstable. According to Gerlach & Haghighipour (2012)

this system is most likely dynamically full. It is therefore possible that the RVs

of this system cannot be simply fitted with a series of Keplerian orbits. Instead,

and because of the dynamical interaction between the planets, a dynamical model

of the system is required. Hence, the difference between the dynamical model and

Keplerian fits could potentially result in residuals at the detected periods.

8.3.14 Planetary Candidates Versus Known Planets

Out of the 60 systems studied in this work, 15 new planetary candidates were

found. Figure 8.19 compares these new candidates with the known planets (ac-

cording to the NASA Exoplanet Archive) using their mass (in Earth-mass, M⊕)

as a function of their orbital periods (in days). The new candidates are shown

in orange with their measured errorbars. One can see that out of these 15 new

candidates, four candidates are among the longest-period and lowest-mass planets

group that we currently know and that were discovered via spectroscopy. These

four candidates should therefore be a priority for follow-up in order to, first con-

firms the planetary nature of these signals, and second to characterise these unique

planets.

A fifth planet also seems to stand out from these new candidates. With a period

of 15 days and a minimum mass of 35.9 M⊕, this planetary candidate lies close

within the so-called ‘Neptunian Desert’. The ‘Neptunian Desert’ term have been

employed to define the scarcity of short-period Neptune-sized planets (see e.g.

Fulton & Petigura 2018, Mazeh et al. 2016) observed from the exoplanet population
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Figure 8.18: GLS periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for Gl876. The known
planets and the planetary candidates were removed from the RVs for clarity. The
periodogram colored in black in the RVs corresponds to the GLS before removing
the long-term trend induced by stellar activity, while the blue one corresponds
to the GLS after removing the long-term trend. The periods of the known
planets and of the planetary candidates are highlighted with a vertical dashed
line, in grey and red respectively, to detect if the signal is also present in the
stellar activity. In addition, the phase-folded RVs for the known planets and the
planetary candidates are presented, with the periodogram before/after removing

the planetary signals at 10 and 15 days in blue and orange, respectively.
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Figure 8.19: Comparison of the new planetary candidates found in this work
versus the known planets (according to the NASA Exoplanet Archive) using
their mass (in Earth-mass, M⊕) as a function of their orbital periods (in days).

The new candidates are shown in orange with their measured errorbars.

statistics. If this new planetary candidate were to be confirmed, its discovery would

be of extreme importance in the understanding of planetary formation mechanism.

Overall, these 15 new candidates lie close to the ‘boundaries’ of the current planet

population mass-period distribution. This shows the importance of revisiting

known systems with more dataset while taking into account the long-term RV

induced by the stellar activity cycles if we want to break through our current

observation limits.
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Table 8.4: Summary of Table A.1 for the new candidates.

Planetary Reference Fit w stellar Fit w/o stellar

properties values activity activity

HD38858 b Mayor et al. (2011) Alias? New candidate?

P [days] 407.1 ± 4.3 422.2 ± 2.8 200.4 ± 1.2

K [m s−1] 2.99 ± 0.33 2.62 ± 0.26 1.37 ± 0.30

HD90156 b Mordasini et al. (2011)

P [days] 49.77 ± 0.07 49.68 ± 0.02 49.67 ± 0.02

K [m s−1] 3.69 ± 0.25 3.13 ± 0.17 3.12 ± 0.17

HD90156 c? New candidate? New candidate?

P [days] – 3.4679 ± 0.0004 3.4679 ± 0.0004

K [m s−1] – 0.95 ± 0.21 1.01 ± 0.31

HD20794 b Feng et al. (2017b)

P [days] 18.33 ± 0.02 18.320 ± 0.004 18.317 ± 0.003

K [m s−1] 0.810 ± 0.240 0.67 ± 0.06 0.69 ± 0.05

HD20794 c? No clear signal No clear signal

P [days] 43.17 ± 0.12 – –

K [m s−1] 0.53 ± 0.17 – –

HD20794 d

P [days] 88.90 ± 0.41 89.71 ± 0.14 89.51 ± 0.12

K [m s−1] 0.60 ± 0.18 0.58 ± 0.06 0.62 ± 0.05

HD20794 e No clear signal No clear signal

P [days] 147.02 ± 1.43 – –

K [m s−1] 0.69 ± 0.15 – –

HD20794 f? New candidate? New candidate?

P [days] – 685.8 ± 6.4 696.4 ± 6.6

K [m s−1] – 0.73 ± 0.08 0.87 ± 0.07

HD71835 b? New candidate? New candidate?

P [days] – 93.83 ± 0.18 94.41 ± 0.31

K [m s−1] – 2.61 ± 0.49 1.96 ± 0.37
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HD20781 b Udry et al. (2019)

P [days] 5.3135 ± 0.0010 5.3139 ± 0.0012 5.3144 ± 0.0016

K [m s−1] 0.910 ± 0.150 0.96 ± 0.17 0.94 ± 0.18

HD20781 c

P [days] 13.8905 ± 0.0034 13.8910 ± 0.0035 13.8904 ± 0.0043

K [m s−1] 1.81 ± 0.16 1.91 ± 0.16 1.91 ± 0.16

HD20781 d

P [days] 29.1580 ± 0.0102 29.1479 ± 0.0099 29.1515 ± 0.0119

K [m s−1] 2.82 ± 0.17 2.97 ± 0.17 2.82 ± 0.17

HD20781 e

P [days] 85.5073 ± 0.0983 85.4894 ± 0.0943 85.3926 ± 0.1133

K [m s−1] 2.60 ± 0.14 2.67 ± 0.15 2.66 ± 0.16

HD20781 f? New candidate? New candidate?

P [days] – 240.8 ± 3.6 239.0 ± 3.6

K [m s−1] – 0.70 ± 0.19 0.73 ± 0.19

HD39194 b Mayor et al. (2011) No correlation

P [days] 5.6363 ± 0.0008 5.6367 ± 0.0004 –

K [m s−1] 1.95 ± 0.16 1.87 ± 0.12 –

HD39194 c

P [days] 14.025 ± 0.005 14.033 ± 0.002 –

K [m s−1] 2.26 ± 0.15 2.13 ± 0.13 –

HD39194 d

P [days] 33.941 ± 0.035 33.911 ± 0.027 –

K [m s−1] 1.49 ± 0.17 1.10 ± 0.13 –

HD39194 e New candidate?

P [days] – 92.02 ± 0.24 –

K [m s−1] – 0.69 ± 0.13 –

HD72673 b? New candidate? New candidate?

P [days] – 78.28 ± 0.23 78.15 ± 0.14

K [m s−1] – 0.82 ± 0.24 0.98 ± 0.21
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HD109200 b? New candidate? New candidate?

P [days] – 1227 ± 28 1212 ± 47

K [m s−1] – 1.12 ± 0.14 1.03 ± 0.17

HD13808 b Mayor et al. (2011)

P [days] 14.182 ± 0.005 14.180 ± 0.002 14.183 ± 0.002

K [m s−1] 3.53 ± 0.29 3.84 ± 0.24 3.72 ± 0.21

HD13808 c

P [days] 53.83 ± 0.11 53.78 ± 0.05 53.77 ± 0.05

K [m s−1] 2.81 ± 0.46 2.21 ± 0.26 2.05 ± 0.21

HD13808 d? New candidate? New candidate?

P [days] – 18.981 ± 0.014 18.983 ± 0.010

K [m s−1] – 1.14 ± 0.27 1.26 ± 0.21

HD154577 b? New candidate? New candidate?

P [days] – 1148 ± 118 1125 ± 38

K [m s−1] – 1.07 ± 0.13 0.94 ± 0.16

HD85512 b Pepe et al. (2011)

P [days] 58.43 ± 0.13 57.69 ± 0.09 57.66 ± 0.12

K [m s−1] 0.769 ± 0.090 0.50 ± 0.07 0.47 ± 0.07

HD85512 c? New candidate? New candidate?

P [days] – 30.288 ± 0.025 30.288 ± 0.042

K [m s−1] – 0.44 ± 0.08 0.37 ± 0.08

HD85512 d? New candidate? New candidate?

P [days] – 895 ± 32 927 ± 39

K [m s−1] – 0.61 ± 0.07 0.65 ± 0.07

HD285968 b Forveille et al. (2009)

P [days] 8.7836 ± 0.0054 8.7741 ± 0.0032 8.7746 ± 0.0027

K [m s−1] 4.12 ± 0.52 4.54 ± 0.54 4.35 ± 0.46

HD285968 c? New candidate? New candidate?

P [days] – 58.74 ± 0.14 58.80 ± 0.12
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K [m s−1] – 5.05 ± 1.27 3.98 ± 0.64

Gl876 b Rivera et al. (2010)

P [days] 61.1166 ± 0.0086 61.0345 ± 0.0010 61.0337 ± 0.0009

K [m s−1] 214.00 ± 0.42 212.08 ± 0.37 211.42 ± 0.31

Gl876 c

P [days] 30.0881 ± 0.0082 30.2311 ± 0.0006 30.2306 ± 0.0006

K [m s−1] 88.34 ± 0.47 89.07 ± 0.31 89.13 ± 0.31

Gl876 d

P [days] 1.937780 ± 0.000020 1.93787 ± 0.00003 1.93786 ± 0.00003

K [m s−1] 6.56 ± 0.37 5.97 ± 0.28 5.87 ± 0.26

Gl876 e

P [days] 124.26 ± 0.70 124.23 ± 0.27 124.85 ± 0.26

K [m s−1] 3.42 ± 0.39 4.27 ± 0.41 3.48 ± 0.30

Gl876 f? New candidate? New candidate?

P [days] – 10.0144 ± 0.0009 10.0140 ± 0.0008

K [m s−1] – 5.89 ± 0.29 5.82 ± 0.27

Gl876 g? New candidate? New candidate?

P [days] – 15.0434 ± 0.0006 15.0433 ± 0.0005

K [m s−1] – 19.65 ± 0.36 19.88 ± 0.32

8.4 Other Systems of Potential Interest

In some cases no correlation between the long-term RVs and activity indicators

was observed. I present some of these systems in the following section. In addition,

I also discuss the method used in order to take into account the binary stars in

this study. Table 8.5 presents a short summary for these stars.

8.4.1 No Strong Correlation - Hidden Planet?

Out of the 60 stars studied, some stars present no strong correlation between the

long-term RVs and the activity indicators despite having strong magnetic cycle
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Target Spectral RVs–activity Known Comments
type correlation planets

HD103774 F6V No 1 RVs–activity entangled?
HD22879 F7/F8V No 0 RVs–activity entangled?
HD161098 G8V No 0 RVs–activity entangled?
HD20003 G8V No 2 RVs–activity entangled?
HD26965 K0V No 1 RVs–activity entangled?
α Cen B K1V No 0 Binary system
HD85390 K1.5V No 1 RVs–activity entangled?
HD65277 K4V No 0 Binary system
HD209100 K5V No 1 RVs–activity entangled?
HD156384C M1.5V Yes 6 Binary system

Table 8.5: A brief summary of the other systems with potential interest.

and RV variations. Some stars even present a similar period for both the magnetic

cycle and the RVs but with slight offset in their phase, degrading the correlation.

It is therefore possible that some planetary signals are hiding within the stellar

noise affecting the long-term RV variations. However, unless a simultaneous fit is

used, it is not possible to correctly disentangle them.

This is the case for HD161098, for which no orbiting planet has been previously re-

ported. While a clear long-term RV periodic signal and a clear magnetic cycle are

observed for HD161098, with P = 1900 days, no strong correlation was measured

between the two. Therefore, one could consider if a planetary signal may be mixed

in with the RVs induced by stellar activity. In order to correctly characterise the

planetary signal a simultaneous fitting method would be the correct approach here.

Instead, Figure 8.20 simply shows the GLS periodograms for HD161098, where the

long-term RV and stellar activity trends can easily be seen. As an example, Fig-

ure 8.20 also shows the RV data before removing the possible planetary candidate

signal, the RV data after removing the possible planetary candidate signal, and

the log R′HK. For clarity, only the log R′HK is shown here as its data presents the

clearest long-term variations due to the magnetic cycle. One can see that despite

the variations of the stellar activity indicator, no strong correlation can be seen

with the RVs (both before and after removing the possible planetary candidate

signal). In addition, I also looked at the phase-folded RVs on the period of the

assumed planet (see Figure 8.20), assuming that the RVs variations seen are in-

deed due to a planet. However, removing the RV variations of a possible planetary

candidate did not help to improve the correlation between the long-term RVs and

the activity indicators, raising doubts regarding the validity of this candidate.
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HD161098 is not the only star presenting such entanglement between the varia-

tions of the RVs and those of the magnetic cycle (see Table 8.5). As seen with

HD161098, it is possible that the lack of correlation could come from a planet

hidden in the stellar RVs, influencing the long-term RV variations. However, it

is not possible for me to prove this at the moment. Another explanation could

come from the meridional flows (e.g. Makarov 2010; Meunier & Lagrange 2020,

see Sections 2.2 & 7.4.4) which can exhibit a time lag with the magnetic cycle

(about 2 years for the Sun). Meridional flows could therefore substantially de-

grade the correlation between the RVs and activity indicators, explaining some of

the possible phase offsets between the RVs and the activity indicators.

8.4.2 Binaries

Among the stars selected, some are part of a binary or triple star system. This is

the case for α Centauri B, HD65277 and HD156384C. While most planet discovery

papers suggested using a k-order polynomial fit to remove the long-term RVs due

to binaries (such as Dumusque et al. (2012) for α Centauri B and Delfosse et al.

(2013) for HD156384C), I have found that this crude method also partially removes

the long-term RVs induced by the stellar activity (hence, changing the correlation

studied). Therefore, a new method is needed in order to remove the long-term RV

trends induced by stellar companions correctly.

As mentioned in Section 5.3, α Centauri is a triple star system, which is the closest

star system to the Sun. This system is composed of α Centauri A, α Centauri B

and Proxima Centauri. Since α Centauri A and B form a relatively close binary

system and are very distant from Proxima Centauri (currently ∼13,000 AU), I omit

Proxima Centauri. This simplification is made because the RV variations due to

Proxima Cen on the binaries stars (α Cen A and B) are negligible due to its long

orbital period and low-mass. Similarly, HD65277 has also been identified with

a stellar companion (HD65277B, see Smith et al. 2008), thus forming a binary

system. Finally, HD156384C (or GJ667C) is part of a triple system. Similar

to the α Centauri system, GJ667 A and B form a close binary pairing, while

HD156384C is further away, with a semi-major axis ∼300 AU (Delfosse et al.,

2013). Contrary to the α Centauri system where I omit the third companion, in

this case I combined the effects from GJ667 A and B (i.e. as if GJ667 A and B were

a single star GJ667AB) to study the variations of HD156384C. This simplification
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Figure 8.20: Top: GLS periodograms of the RVs and activity indicators
(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD161098.
The period of the planetary candidate is highlighted with a vertical red dashed
line. While long-term trends are seen for the RVs and for the activity indicators,
no strong correlation between the two were observed. Bottom: Comparison of
the RV data before removing the possible planetary candidate signal, the RV
data after removing the possible planetary candidate signal, and the log R′HK

with its long-term variations.
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was made because of the large difference in distance between HD156384C and

GJ667AB versus the distance between GJ667 A and GJ667 B.

In order to take into account the RVs induced by the binary systems, it is necessary

to measure the orbital period of the binary. Using Kepler’s 3rd law, which relates

the semi-major axis (a) with the period (P), we get:

P =

√√
4 π2 a3

G
(
Mcomp + M�

) , (8.1)

where G is the gravitational constant and Mcomp and M� the mass of the stellar

companion and the mass of the observed star, respectively. Once the period is

known, it is possible to estimate the semi-amplitude (K) induced by the other

stars using Equation 1.4 (see Section 1.2.2). Finally, and using reported values

in the literature as well as my own, I fitted a Keplerian to the RVs to remove

the binary RV variations in the same way as I removed the RV variations induced

by planets in Sections 8.2 & 8.3. Table 8.6 reports the data used to measure the

period and the semi-amplitude for each star.

Parameters α Cen B HD65277 HD156384C

a [AU] 23.769 1 95 5 300 6

e 0.524 1 0.85 5 0 (fixed)
i [rad] 1.384 1 0.61 5 1.571 (fixed)
ω [rad] 4.054 1 5.06 5 0 (fixed)
T [days] 2435620 2 2395000 2 2700000 2

Mcomp [M�] 1.04 3 0.23 5 1.27 6

M� [M�] 0.87 4 0.69 5 0.3 7

P [yrs] 83.851 965 4108
K [km s−1] 6.548 1.085 1.727

Table 8.6: Summary of the data used to measure the binary star properties.
The resulting orbital period and RV semi-amplitudes are also shown. Refer-
ences: 1Pourbaix & Boffin (2016), 2my own measurement from observations,
3Mortier et al. (2013), 4Santos et al. (2013), 5Smith et al. (2008), 6Delfosse

et al. (2013), 7Santos et al. (2017).

One should note that for these three stars the time of periastron (T) found in

the literature never really matched the HARPS data used, and hence I had to

estimate them. By accounting for the stellar companion of α Centauri B and of

HD65277, a better correction of the binary RV motion was done. While this new

correction greatly improved the correlation between the long-term RVs and the
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stellar activity (compared to the k-order polynomial fit), I must admit that it is

still not perfect. Due to the lack of data (in comparison to the binary periods), I

cannot be certain that this method does not under- or over-correct the binary RV

trends, and does not also remove some RVs induced by stellar activity. In addition,

due to my data range (∼10 years), I cannot confirm that the parameters used (and

those fixed) for the binaries are correct, especially when the binary system have

such large orbital periods (∼80 and ∼965 years).

Concerning HD156384C, due to the lack of data found in the literature, I fixed

most of the parameters myself, aiming for the simplistic scenario where the orbit

is circular. However, with an orbital period of ∼4108 years, the parameters used

to fit the general binary RV motion were very similar to those for a simple linear

fit. Once the binary RV trend was removed, I searched for the ‘claimed’ planets

of HD156384C. Table A.1 (page 253) compares the planetary orbital parameters

found from Anglada-Escudé et al. (2013) versus those measured in my study. One

can note that only two planets were found in the HARPS data (HD156384C b and

HD156384C c, at 7 and 28 days). The three other signals (at 39, 62 and 256 days)

are either hidden in the noise, or could come from stellar activity. Similarly to my

observations, Robertson & Mahadevan (2014) were unable to confirm the existence

of the additional RV periodicities, as described in (Anglada-Escudé et al., 2013).

Figure 8.21 shows the GLS periodograms for HD156384C, with the disputed pe-

riods highlighted with vertical dashed lines. A strong signal in the stellar activity

can be seen around ∼90 days. This could explain why the 62 and 256 day periods

are not observed. For the 39 days signal, it is difficult to judge whether this signal

is induced by stellar activity or a real planetary signal. Figure 8.21 also presents

the phase-folded RVs for the known planets.

8.5 Concluding Remarks and Future Work

Using the discoveries presented in the previous chapter, showing how stellar activ-

ity could influence the RVs, I decided to update planetary parameters and look for

new planetary signals. As presented in Section 7.6, using a simple fitting-removal

method can allow the detection of new planets. Therefore, I applied this long-term

stellar activity RV removal method to all my HARPS targets.
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Figure 8.21: Top: periodograms of the RVs and activity indicators (log R′HK,
CCF BIS, CCF FWHM, CCF contrast and CCF area) for HD156384C. It should
be noted that some of the planetary signals (with P = 7 and 28 days) have
already been removed from the RV in order to focus on the other planetary
signals (at P = 39, 62 and 256 days). The period of these “claimed” planets
is highlighted with a vertical dashed line. Bottom: phase-folded RVs using the

period of the known planets.
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A lot of observations, different for each system, were made. For some star systems,

no new signal was detected, and I simply presented the updated orbital planetary

parameters when necessary. For other systems, new signals were found. To confirm

the possible planetary nature of these signals, I compare the GLS periodograms of

the RVs with those of the activity indicators, to confirm that the signal was not due

to the stellar activity. Moreover, I also presented phase-folded plots, to check the

validity of these new signals. This new planetary candidates were then compared

with the known planetary distribution and were found to be close to the ‘bound-

aries’ of the current planet population mass-period distribution. Five planetary

candidates especially stand out, with one candidate lying close within the ‘Neptu-

nian Desert’ and four candidates being among the longest-period and lowest-mass

planets discovered via spectroscopy. For other star systems, I questioned some

discovered and confirmed planets, as their signals were either non-existent in my

data or were correlated with stellar activity, and removing the long-term RV trend

also made the ‘claimed’ planetary signal disappeared. For the remaining systems,

some unresolved issues were noted. These issues mainly came from three distinct

characteristics. First, this concerns the systems where entanglement between plan-

etary signal and magnetic cycle can be observed. In order to correctly confirm and

characterise the planet, a join fit seems required. This will surely be the object of

some of my future work. The second issue noted was the absence of correlation

between RVs and stellar activity. This is especially concerning when a clear mag-

netic cycle is seen, making one questions whether other signals (such as planetary

signals) are influencing the correlation. Finally, I raised concerns on the binary

and triple star systems, where planet discovery papers are, at the moment, simply

fitting polynomials, instead of correctly taking into account the orbit of the stellar

companions. Indeed, simple fits will also affect the RVs induced by stellar activity,

changing the long-term RV trends. This might also be part of my future work.

In this Chapter, a simple removal method of stellar activity induced RVs was used

to look for new planetary signals. However, the limits of such a simple method

were easily reached, and a more sophisticated method is necessary in order to

progress in the detection and characterisation of exoplanets. One possibility is

the use of machine learning tools, in order to ‘clean’ the RVs from the effects of

stellar activity. In chapter 10, I will discuss and explore in a bit more details how

machine learning can be used to model long-term RV variations.

Most of my work presented in this thesis was focused on the understanding and
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removal of the long-term RV induced by the magnetic cycle. In the next chapter, I

present my research of separating both the short and long-term RVs (due to stellar

activity) from other RVs, by studying the stellar spectra and the difference seen

for each spectral line. The aim of this study is to better characterise exoplanets,

as well as surface variability.
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9.1 Introduction

While the study of the long-term magnetic cycle and its effects on the radial veloc-

ities are fundamental in order to precisely characterise and study star-planet sys-

tems, understanding shorter-term stellar activity is another key element. Indeed,

discovering an Earth-analogue around a solar-type star will require the removal

of radial velocity noise caused by stellar activity on multiple timescales. In this

chapter, I explore a method that allows spectral lines to be characterised as sen-

sitive or insensitive to stellar activity. It is hoped that such collation of line-lists

that contain lines that are insensitive to stellar activity will help future observa-

tions and exoplanets detection by removing stellar noise from RVs. In contrast,

using activity sensitive line-lists could also help future observations by accentuat-

ing RVs induced by stellar activity, giving more precise information on the surface

variability of the stars thus improving the characterisation of the stellar surface.

9.2 Tracking Stellar Activity

A number of astrophysical noise sources can affect short-term activity (see Sec-

tion 2.2). Among them, faculae are considered to dominate the stellar induced

RVs for low-activity stars and are thought to be one of the biggest impediment to

detect Earth-like planets (e.g. Haywood et al. 2016, Meunier et al. 2010). How-

ever, due to their higher filling factor, their more homogeneous distribution and

their lower contrast (compared to starspots, see Section 2.2), it is difficult to track

faculae. While the standard approach to remove RV noise induced by stellar ac-

tivity uses the CCF parameters (e.g. see Chapter 8), other studies are looking

for a different method. For example, Dumusque (2018) looked at the RV motion

of individual line-mask ‘regions’, rather than using the CCF. By analysing the

correlations between the RV motion of individual line-mask with the RVs from the

CCF, these spectral line ‘regions’ were categorised as sensitive or insensitive to

changes in activity. However, these line-mask ‘regions’ may also include blended

lines, which can dramatically affect the results.

Another approach to assessing individual line responses to stellar activity was

outlined by Thompson et al. (2017) for α Centauri B. Using HARPS spectra of

α Centauri B, Thompson et al. (2017) compared observations taken for magneti-

cally active and inactive phases. They found that the strength of a large number
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of spectral lines changed due to the effects of active regions rotating in and out

of view. Moreover, the differences between high-activity and low-activity spectra

included distinct narrow and broad features, and the simple modelling of these

features indicated that the spectral variability seen was tracking faculae, rather

than starspots. This work was then performed on the Sun (Thompson et al., 2020),

using the HARPS-N solar telescope data. By comparing the spectra from the solar

telescope with resolved images of the surface of the Sun (via the Solar Dynamics

Observatory), the same conclusions were drawn as for α Centauri B, confirming

that it is the plage that are driving the line shape changes. In order to extend

these results to other stellar spectral types, I have repeated the same process as

Thompson et al. (2017, 2020) on a large sample of stars.

9.3 Data Processing

Using the same stars as used in Chapter 6 (i.e. 60 apparently slowly-rotating stars,

as measured by their log R′HK, with frequent sampling over many years) I tested the

effects that activity has on the stellar spectra for different stars. The same data

selections as done in Section 6.2 were applied. For example, data affected by low

signal-to-noise or potential saturation were removed. The same cuts in order to

remove the remaining outliers in the data, using at first a 30-sigma median absolute

deviation (MAD) clip, followed by a 7-sigma iterative 4th order polynomial MAD

fit clipping were also applied.

Since the goal was to study the effects that activity has on the stellar spectra by

dividing high-activity spectra by low-activity spectra, a final selection to the data

was made. If the difference between high-activity spectra and low-activity spectra

over the magnetic cycle of a star is too weak then no effect will be seen in the

results, as any spectral changes will be most likely hidden in the noise. Therefore,

the stars with a low change in activity were removed from the sample. By using

the seasonal activity level (as measured by the log R′HK) of a star, I measured the

change in activity over the magnetic cycle (∆act), such as:

∆act = max
(
log R′HK

)
−min

(
log R′HK

)
(9.1)

If ∆act was lower than 0.05, then the star was removed from the sample. This 0.05

threshold was selected after multiple observations, where I found that below this
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level the change in activity was too small to clearly see a difference between the

spectra. Out of 60 stars, 23 stars were removed.

9.4 Generating Relative Spectra

After the data selection, I created ‘relative’ spectra. These were made by dividing

high-activity spectra by low-activity spectra. For that purpose, the creation of

a master low-activity template was necessary for each star. Thompson et al.

(2017) formed their master low-activity template spectrum by identifying and

stacking the spectra from the night with the lowest stellar activity measure (as

defined by the log R′HK). This method greatly improves the signal-to-noise for

α Centauri B obtained in that study due to the large amount of data per night

available. Following Thompson et al. (2017), the spectra were first corrected for

RV shifts using the CCF values provided and aligned onto a common wavelength

grid using a linear interpolation. Then, in order to create a single nightly spectrum

for each night, the nightly spectra were averaged together using a weighted mean,

where the weighting applied is the signal to noise (SN) squared, and normalised.

The SN used is for the 50th echelle order (i.e. SN50).

While all nightly spectra were produced with a spectral range between 3800 and

6800 Å, I restricted this study to a 1000 Angstrom range between 4300 and 5300 Å.

This restriction was chosen in order to follow the same procedure as Thompson

et al. (2017). While it does exclude a significant part of the HARPS spectral cov-

erage (see Figure 9.1), this range was chosen due to its high signal-to-noise. In

addition, this range avoids telluric lines present in the redder part of the spectrum

(beyond 5300 Å), which can limit the ability to determine the nature of the de-

tected signals. Finally, this range also avoids the wavelength gap in the spectra

between the two CCDs of the detector of the HARPS instrument.

Given the lower number of spectra per night for the majority of the targets in my

sample compared to the dataset used in Thompson et al. (2017), I created the

low-activity template by identifying the season with the lowest stellar activity (as

measured from the log R′HK). Hence, my template was formed by stacking all of

the nightly spectra from the lowest stellar activity season. While using the full

data of a season will present activity variations arising from stellar rotation, it is
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Figure 9.1: Example of a normalised stacked spectrum used as a master low-
activity template. The restricted wavelength range (between 4300 and 5300 Å)
is delimited by the two red lines. The gap in the data, caused by a physical gap

in the CCD detector of the HARPS instrument, can be seen after 5300 Å.

hoped that due to the low-activity of the season itself such variations will be small

compared to the variations found for high-activity seasons.

With the low-activity master template created for each star, the next step con-

sisted in selecting the high-activity spectra that will be used to generate ‘relative’

spectra. For that purpose, I again used a high-activity seasonal spectrum by stack-

ing the nightly spectra of the most active season. This approach was not always

satisfactory, as some of the highest and lowest activity ‘seasons’ identified were

poorly sampled and only contained a handful of observations. Therefore, instead

of only looking at the lowest/highest season, I generated two low-activity and two

high-activity ‘templates’ from the two seasons exhibiting the lowest and highest

activity levels, respectively. The final ‘relative’ spectrum was selected using the

combination of low and high activity templates that resulted in the strongest (and

most significant) residual features. The selection was also based on the standard

deviation level of the relative spectra in order to identify the combination that

minimised the noise.

Finally, the chosen high-activity seasonal spectrum was divided with the master

low-activity template to produce a residual spectrum. Then a 4th order polynomial

was fitted over the spectral range of 4300 - 5300 Å, and the ‘relative’ spectrum was
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created by dividing the residual spectrum with this polynomial. Similarly to the

cut done for the change in activity (∆act), and in order to remove noisy ‘relative’

spectra, the standard deviation was measured for each relative spectrum over the

entire spectral range (4300 - 5300 Å). If the value of the standard deviation was

bigger than 0.1, then the target was removed from my sample. This 0.1 threshold

was simply based on a visual inspection that above this value residual features

could not clearly be discerned from noise. Out of the 37 targets, three more

targets were removed from the sample due to this standard deviation threshold.

Thus, the best 34 targets (with highest change of activity and lowest noise) were

analysed in total out of the initial 60 targets. These 34 targets are presented in

Table 9.1 with their spectral type, their change in activity (∆act), their standard

deviation level and their median value of the signal to noise.

Figure 9.2 presents the relative spectra generated for the 34 targets, ordered by

their spectral type. For ease of viewing, the wavelength range was restricted to

between 4340 and 4480 Å and the relative spectra displayed in Figure 9.2 were

scaled, based on the spectrum with the highest standard deviation. This was done

in order to account for the level of noise and for the ∆act for each spectra. This

scaling therefore helps the comparison of the features seen in each star. As hoped,

the relative spectra of the stars seem to present features similar to those found in

α Centauri B (Thompson et al., 2017). It should be noted, however, that while

the relative spectra of α Centauri B is also shown here, the spectra selection was

different than the one used in Thompson et al. (2017), as seasonal low-activity

stacked spectra and seasonal high-activity stacked spectra were used to create the

relative spectrum. Moreover, the season selected as the highest-activity season is

different than the season observed by Thompson et al. (2017). Therefore, some

differences may be seen between these two works.

9.5 Distinct Features

9.5.1 Broad Features

With the ‘relative’ spectrum created for each star, I was able to analyse the multi-

tude of features found in comparison to those reported in Thompson et al. (2017).

When observing the relative spectra generated, a number of broad features can
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Name Spectral type ∆act Standard deviation SN50
HD103774 F6V 0.132 0.019 26.70
HD89839 F7V 0.080 0.019 23.75
HD95456 F8V 0.051 0.003 107.43
HD45184 G2V 0.076 0.004 99.80
HD146233 G2V 0.078 0.005 68.07
HD45364 G8V 0.062 0.011 57.68
HD20003 G8V 0.131 0.009 40.43
HD69830 G8V 0.070 0.005 96.52
HD157172 G8.5V 0.093 0.007 51.80
HD71835 G9V 0.159 0.009 59.97
HD72673 K1V 0.061 0.004 97.34
HD13060 K1V 0.178 0.019 23.00
HD109200 K1V 0.053 0.004 51.98
α Cen B K1V 0.125 0.011 95.01
HD85390 K1.5V 0.069 0.014 33.63
HD13808 K2V 0.181 0.014 41.65
HD144628 K2V 0.060 0.006 52.85
HD192310 K2V 0.088 0.005 75.49
HD82516 K2V 0.071 0.018 38.00
HD101930 K2V 0.102 0.016 38.28
HD204941 K2V 0.072 0.012 40.60
HD136713 K2V 0.067 0.011 49.10
HD154577 K2.5V 0.070 0.017 48.70
HD40307 K2.5V 0.143 0.004 64.04
HD215152 K3V 0.120 0.009 44.90
HD65277 K4V 0.116 0.018 40.13
HD125595 K4V 0.070 0.031 19.28
HD209100 K5V 0.067 0.010 57.90
HD85512 K6V 0.160 0.013 46.18
HD113538 K9V 0.054 0.078 5.60
Gl588 M2.5V 0.058 0.019 18.57
GJ581 M3V 0.076 0.049 7.80
GJ674 M3V 0.087 0.032 9.90
Gl876 M3.5V 0.070 0.040 7.27

Table 9.1: The 34 targets selected (from the 60 targets sample) for the gen-
eration of the ‘relative’ spectra. These targets were chosen based on their high
activity change (∆act higher than 0.05), measured between the selected seasonal
high-activity spectrum and the seasonal master low-activity template ( as de-
fined by the log R′HK). These targets were also chosen based on their low standard
deviation (lower than 0.1), measured from their ‘relative’ spectrum. The median

value of the signal to noise (SN50) of the spectra used is also shown.
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Figure 9.2: Relative spectra obtained for the 34 targets chosen, generated
after dividing the seasonal high-activity spectrum with the seasonal low-activity
template for each star. For ease of viewing the different features, the wavelength
range was restricted between 4340 and 4480 Å. The spectral class of each star
used is written next to the relative spectrum. Each relative spectrum was scaled
using the spectrum with the highest standard deviation in order to ease the

comparison.
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be seen. Examples of these broad features are shown in Figure 9.3, and corre-

spond to Fe I lines around 4383 and 4404 Å. An example observed spectrum (from

α Centauri B) is also displayed in the Figures, in order to visualise the lines that

created such broad features. More specifically, these two lines are used as spectral

type indicators due to their temperature sensitivity (Giridhar et al., 2010). Thus,

seeing a broad feature in the relative spectra (generated by dividing a high-activity

season by a low-activity season) may indicate a change in the effective temperature

of the star. Since these lines are known to be photospheric in origin, this change

in temperature could suggest the presence of cooler active regions (such as spots,

which have a large temperature difference) on the surface of the star. However,

plage regions may also give rise to an apparent temperature change as well.

When comparing the different stars with α Centauri B as the reference star (due

to the high quality of the data), one can observe that these broad features are

mostly seen for late G- and K- type stars. The F- and early G-type stars, as well

as the late K- and M-type stars do not seem to present such broad features. One

of the reasons could be the quality of the data. Indeed, significant noise in the

spectra could obscure the broad features, especially if few spectra are available.

From Table 9.1, one can see the median value of the SN50 from the spectra used

to create the relative spectra for each star. While the M-type stars do have a

lower signal to noise than the rest of the stars, which could explain the lack of

clear broad feature, this is not the case for the F- and early G-type stars. Another

reason could be the change in activity. If the change in activity was not significant

enough between the high-activity seasonal spectra and the low-activity seasonal

spectra then, again, features might not be clearly discernible. However, using the

values displayed in Table 9.1, no clear difference in ∆act can be seen between the

stars with clear broad features and those without. Finally, a third reason could

be due to physical differences in the stellar properties of those stars. As seen in

Section 6.4.3 the shallow convective outer-envelopes of hotter stars results in a

relatively weak magnetic flux that is insufficient to create significant starspots.

Thus, these stars will mostly be plage-dominated. Therefore, if the two Fe I lines

presented in Figure 9.3 are suggesting the presence of spots, it is then not surprising

to see no clear features for hotter type stars.
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Figure 9.3: Relative spectra for the 34 targets chosen, zoomed on two broad
features corresponding to Fe I 4383 and 4404 Å lines. The spectral class of each
star used is indicated for each relative spectrum. An example of an observed
spectrum (from α Centauri B) for each wavelength range is shown at the top of

the plot.
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Figure 9.4: Relative spectra for the 34 targets chosen, zoomed on two narrow
features corresponding to Fe I around 4375 Å and V I around 4379 Å. The
spectral class of each star used is indicated next to the relative spectrum. An
example of an observed spectrum (from α Centauri B) for the wavelength range

is shown at the top of the plot.
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9.5.2 Narrow Features

In contrast to these broad features, sharp ‘pseudo-emission’ peaks can also be

observed in Figure 9.2. Figure 9.4 presents an example of such narrow features.

The most prominent feature corresponds to the Fe I 4375 Å line, while the next

strongest feature is from the V I 4379 Å line. In comparison to the noise found

in the relative spectra, the large strength of these narrow ‘pseudo-emission’ peaks

may indicate an important line change between the high-activity seasonal spectrum

and the low-activity master template, suggesting that these narrow features are

affected by stellar activity. Thompson et al. (2017, 2020) found that the strength

of these peaks were modulated on the stellar rotation period for both α Centauri B

and the Sun, indicating that the peaks are indeed driven by stellar activity.

Among these narrow features, one can identify (for most of the stars) two different

morphologies. One of them is a clear pseudo-emission peak near the line center

(this is the case for the Fe I line around 4375 Å, presented in Figure 9.4). The

second one presents an absorption trough surrounding its peak (such as the V I

line around 4379 Å, also presented in Figure 9.4). By modelling the shape of

these two different narrow features, Thompson et al. (2017) found that the clear

pseudo-emission peaks (such as the Fe I line around 4375 Å) were most likely

due to plage and not to spots, as otherwise a spot-filling factor too high to easily

explain was needed. This was later confirmed by Thompson et al. (2020) after

repeating the same analysis applied to α Centauri B for the Sun, using HARPS-N

solar telescope data. By analysing the relative spectra of the Sun and tracking

the different features and their changes over time and comparing these with the

faculae-filling factors derived from the SDO images, they found that these nar-

row and clear pseudo-emission peaks react strongly to the appearance of faculae.

Therefore, these features can directly track changes in faculae coverage. For the

second and more complex feature that exhibits an absorption trough (such as the

V I line around 4379 Å), Thompson et al. (2017) found that this could not be

caused by spots alone. Indeed, in their model, only a lower contrast active region

resulting in a deeper line can produce an absorption trough in the relative spec-

tra. By using the work of Cegla et al. (2013) and Beeck et al. (2015), Thompson

et al. (2017) found that the pseudo-absorption troughs seen in the relative spectra

may originate from an increase in the number of magnetic bright point on the

stellar photosphere. Therefore, and since plage exists in a similar environment to

magnetic bright points, the narrow features presenting absorption troughs may be
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influenced by the presence of the plage regions, rather than starspots. In summary,

both types of narrow features seem to track plage/faculae rather than spots, and

the differences in morphology are likely due to the region where lines are formed

in the atmosphere. For instance, features with clear emission peaks are formed

higher up in the atmosphere. In contrast, the other narrow features are formed

lower in the atmosphere, where magnetic bright points are formed, affecting their

shapes (manifesting as absorption troughs).

Narrow features can be observed in many stars in my sample (see Figure 9.4). Only

the F-type stars do not seem to display these features. While the reasons behind

this difference are not clear, if the change of activity is not large enough and/or the

noise in the relative spectra is too high, these features could be hidden. It should

also be noted that for the G- and early K-type stars, the Fe I line around 4375 Å

is usually larger than the V I line. However the strength of these lines changes for

some late K-type stars and for the M-type stars. This change of strength could

be due to differences in stellar properties, with changes in the occupation of the

different energy levels in the atoms at different temperatures resulting in changes

in the line formation height and line strength.

Finally, when looking at the shape of the narrow features (shown in Figure 9.4),

some inconsistencies appear. According to Thompson et al. (2017, 2020), the

Fe I line around 4375 Å should be a clear pseudo-emission peak (after looking

at α Centauri B and the Sun, respectively). However in some cases, absorption

troughs are seen for this line, even for some K-type stars. Concerning the second

line, the V I 4379 Å line, absorption troughs do not appear for all stars. In

particular, one can observe that absorption troughs are mostly seen in cooler type

stars. Moreover, and in contrast to the observations from Thompson et al. (2017),

no clear absorption trough is seen for the relative spectrum of α Centauri B. This

could be explained by the fact that a seasonal high-activity spectrum was used

to generated the relative spectrum (instead of daily ones), potentially masking

features. This could also be explained by the fact that a different season is observed

here, compared to Thompson et al. (2017), which would imply that a different

activity was occurring on the surface of the star between the two seasons, thus

changing the features seen in the relative spectra.
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9.6 Behaviour of Spot versus Plage Dominated

K-stars

Comparing the different features seen over a large sample of stars with different

sampling, signal to noise, and activity levels makes a robust physical interpretation

of the results difficult. As seen for the narrow features, a lot of different behaviours

are seen for the lines, and the reasons behind these changes can vary. Therefore, in

order to simplify the comparison of the observed features, I restrict the comparison

by spectral class. More specifically and for consistency, I only consider the K-type

stars (due to the large sample, 20 K-type stars out of 34 selected stars).

In Section 6.3, I presented the correlations seen between different activity indi-

cators and the log R′HK. Among those correlations, a bifurcation (or a transition,

depending on the observation) was seen between the CCF area and the log R′HK

for late-type stars. From these observations, the stars were categorised into two

groups:

• The first group of stars displays a positive correlation between the CCF area

and the log R′HK. These stars were found to have deeper convective zones,

with higher metallicities and displaying higher median activity levels. These

stars are thought to have a higher spot-coverage resulting in an increase in

the contribution of the FWHM to the overall CCF area variations.

• The second group of stars displays an anti-correlation between the CCF area

and the log R′HK. These stars were found to have shallower convective zones,

with lower metallicities and displaying lower median activity levels. These

stars are thought to be plage-dominated stars, with fewer spots, resulting in

the contrast being the main driver of the CCF area variations.

Once the K-type stars were grouped depending on their correlation between the

CCF area and the log R′HK, I compared the different features seen in their respective

relative spectra. Figures 9.5 and 9.6 present the relative spectra of the K-type stars,

zoomed on the same broad features (corresponding to Fe I 4383 and 4404 Å lines)

and the same narrow features (corresponding to Fe I 4375 Å line and V I 4379 Å

line) as observed previously, to investigate whether distinct features will appear

between the two groups. The first group of stars (left side of Figures 9.5 & 9.6)
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Figure 9.5: Relative spectra for the K-type stars, zoomed on two broad fea-
tures, corresponding to the Fe I 4383 and 4404 Å lines, where stars are grouped
depending on their correlation between the CCF area and the log R′HK. Left :
stars showing a positive correlation, hence stars with deeper convective zone
depth. These stars are thoughts to have a higher spot-coverage. Right : stars
showing a negative correlation, hence stars with a shallower convective zone
depth. These stars are thought to be mostly plage-dominated, with fewer spots.
Similar to previous plots, each relative spectrum was labelled with its respective
spectral type. An example of an observed spectrum for each wavelength range

is shown at the top of the plot.
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Figure 9.6: Same as Figure 9.5, zoomed on two narrow features, corresponding
to the Fe I 4375 Å and V I 4379 Å lines.

are thought to have a higher spot-coverage, while the second group of stars (right

side of the figures) should be more plage dominated.

After comparison between the two group of stars for both narrow and broad fea-

tures, no clear difference can be seen. In an attempt to look further for differences,

a stacked relative spectrum for each group was created, by measuring the weighted

mean value of the scaled relative spectra (those displayed in Figures 9.5 and 9.6)

using the SN50 values. These two stacked relative spectra are also shown in black

in Figures 9.5 and 9.6. While we could say from these stacked relative spectra

that the plage dominated stars group seems to have clearer features (broader lines,
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more prominent features and/or clearer absorption troughs), again, no significant

differences were observed.

The fact that no major difference was seen for both broad and narrow features

raises some concerns, especially since we are comparing stars with deeper con-

vective zones and higher median activity levels (thought to have a higher spot-

coverage) versus stars with shallower convective zones and lower median activ-

ity levels (thought to be plage-dominated). However, one should remember that

these relative spectra were generated using seasonal high-activity and seasonal

low-activity spectra. Hence, it is possible that averaging the spectra likely mutes

features (when combining low activity rotational modulation with high activity

rotational modulation). These relative spectra are simply showing the relative

change of activity over a season. Thus, no definitive conclusion can be made at

this point without further study.

9.7 Concluding Remarks and Future Work

The aim of this chapter was to extend the studies of Thompson et al. (2017,

2020) over a larger spectral type range. While the quality of data and low activity

differences seen in some stars limited the observations to 34 targets from the initial

sample of 60, some clear features were seen. By using a seasonal high-activity

spectrum and a seasonal low-activity spectrum for each star, relative spectra were

generated and both broad and narrow features were observed. These features have

been cited as of fundamental importance, as they allow us to track stellar activity

such as starspots and, most importantly, faculae.

By comparing the features seen in the relative spectra of the stars, some general

trends appear. F-type stars particularly stand out, with a lack of obvious features,

both broad and narrow. It is still to be proven whether this is due to physical

differences in the stellar properties or if it is due to the data quality. M-type stars

also stand out, with a lack of clear broad features, and with the strength of the

narrow features being slightly different to the other type stars. Finally, features

with absorption troughs seem to appear more clearly for cooler-type stars. After

restricting the data to K-type stars only, and separating these based on their

correlation between the CCF area and the log R′HK (see Section 6.3), I investigated

whether stars with assumed higher spot-coverage displayed different features than



Chapter 9. New Stellar Activity Indicators 215

stars that are assumed to be mostly plage-covered. However, no significant change

was seen, except for a possible small difference in the strength of the V I line

(around 4379 Å).

While the results are still inconclusive, this study allow a first step in the char-

acterisation of the different lines for different spectral types. The next step is to

find stars with clear rotational modulation of stellar activity (as measured with the

log R′HK) and investigate the impact on different lines. The final goal is to create an

atlas of a multitude of stars with different spectral types, where individual lines

will be classified as either sensitive or insensitive to stellar activity, and specify

what type of stellar activity is dominating (whether it is spots or faculae). Such

categorized line-lists could then contribute in the extraction of RVs, by reducing

the RV variations due to stellar activity, thereby improving exoplanets detection or

by giving more precise information on the surface variability of the stars, thereby

improving the characterisation of stellar surface.
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10.1 Conclusions

The goal of this thesis was not only to present the actual methods to detect

exoplanets, as was done to detect and confirm the two hot Jupiters: NGTS-8b

and NGTS-9b, but also to present ways to improve these discovery techniques by

improving our understanding of stellar activity. Indeed, while the next generation

of ultra-stable spectrographs (such as ESPRESSO on the VLT) are, technically,

capable of measuring the subtle Doppler wobble signals induced by Earth-like

planet on solar-type stars, with current techniques it is still not possible to find

an Earth 2.0. Due to the stellar activity of the host star that can mask or, in

extreme cases, mimic the effects of a planet, the impact on the RVs from this

astrophysical noise needs to be better understood. This is why my thesis was

focused on understanding stellar activity, in order to improve the detection limits

for exoplanets discovery and to improve the characterisation of exoplanets.

10.1.1 Detecting Exoplanets

As a member of the NGTS consortium, I published a paper on the discovery of two

new exoplanets (Costes et al., 2020). In Chapter 3, I outlined the different steps of

the discovery, using photometry, spectroscopy and additional follow-up campaigns.

I also analysed the properties of these two hot Jupiters (NGTS-8b and NGTS-9b),

in order to characterise these planets. I found that, despite being highly irradiated,

these two planets were not inflated, showing that even if hot Jupiters are the easiest

to detect there are still lots of unanswered questions around this type of planets.

After presenting the main exoplanet discovery process, I investigated (in Chap-

ter 4) the possibility to detect Earth-like planets. As a starting point, I looked

at our own solar system. I studied the RVs of our Sun using HARPS-N solar

telescope data, which allows the observation of the Sun-as-a-star (i.e. as a point

source). After removing the planetary RVs, I compared the RVs induced only

by stellar activity with the one induced by an Earth-like planet (∼3 m s−1 ver-

sus ∼0.09 m s−1). The differences seen proved that stellar activity is the biggest

impediment to the detection of an Earth-analogue. In addition, I showed that

even after 10 years of data, detecting Venus was almost impossible using the RV

method without accounting for stellar activity.
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10.1.2 The Study of Stellar Activity

As it is clear that the RVs induced by stellar activity have to be removed, or

at least greatly mitigated, to detect lower-mass longer-period planets, I focused

my research (in Chapter 5) on the study of stellar activity. More specifically, on

the long-term RVs induced by the magnetic cycle, as these seem to be overlooked

in many cases. To study stellar activity I used different activity indicators, such

as the log R′HK, and products from the cross-correlation function analysis such as

the CCF BIS, FWHM, contrast and area. These activity indicators were then

investigated for two well sampled stars: the Sun and α Centauri B. As expected,

some changes in the long-term trends of these indicators are linked with the mag-

netic cycle of the stars. However, several distinct differences between the Sun and

α Centauri B were observed in the correlation between different activity indicators

and the activity level of the star as measured through log R′HK.

In order to understand the physics behind the differences seen, a larger sample of

stars was selected to investigate the behaviour of some stellar activity indicators as

a function of spectral type. In Chapter 6, I studied the correlation between activity

indicators for 61 well sampled stars, covering a range of spectral types. This study

allowed me to unveil two fundamental and physical aspects for solar-type stars.

First, using the correlations between CCF FWHM and the log R′HK, it seems that

hotter stars are mostly plage dominated compared to cooler stars. Second, using

the correlations between CCF area and the log R′HK, I found that cooler stars, such

as late G- and K-type stars, bifurcate into two groups: one that is more metal

rich and has more active stars that suggests a higher spot-coverage on the stellar

surface, and a second group with more metal poor and less active stars, which

are likely plage-dominated stars. This bifurcation in the cooler stars can actually

be seen as a transition when the correlations are investigated as a function of

the convective zone depth. Hence, stars with shallower convective outer-envelopes

(mostly hotter stars and some cooler stars with a sub-solar metallicity) seem to

be mostly plage-dominated, while stars with deeper convective envelopes (mostly

cooler stars) seem to have a higher spot-coverage.
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10.1.3 Removing the Impact of Stellar Activity on RVs

Using the interactions found between activity indicators, I decided to look at the

effect that stellar activity can have on the RVs. I compared the changes of the RVs

through the stellar magnetic cycle to the behaviour of activity indicators (Costes

et al., 2021). Chapter 7 presents the different (anti-)correlations observed. As be-

fore, the underlying fundamental parameter driving the sense of these correlations

appears to be the convective zone depth. Two group of stars are observed, one with

shallower convective outer-envelopes (i.e.: mostly plage dominated) and a second

with deeper convective envelopes (i.e.: higher spot coverage). In addition to these

observations, while for most of the stars the RVs become increasingly red-shifted

as activity levels increase (explained by the increase in the suppression of convec-

tive blue-shift), an unexpected anti-correlation between the RVs and the log R′HK

was seen for some cooler stars. This difference could be interpreted as evidence

of convective red-shift. Hence, for stars with shallower convective outer-envelopes

(plage-dominated), convective blue-shift prevails, while for stars with deeper con-

vective envelopes (higher spot-coverage), convective red-shift dominates.

After observing some strong (anti-)correlations between activity indicators and

RVs, I decided to apply a simple long-term RV trend removal method. I find that

this method can enable the detection of planetary signals hidden in the RV noise.

Therefore, I applied this removal method to all my targets, and presented the re-

sults in Chapter 8. Not only did I improve, in most cases, the orbital planetary

parameters of the known planets, but I also outlined cases where some discovered

and confirmed planets may actually be explained as aliases from stellar activ-

ity. Finally, after improving the RVs by removing the long-term trend induced

by stellar activity, I presented some possible new planetary candidates. These

new planetary candidates were found to be close to the ‘boundaries’ of the cur-

rent planet population mass-period distribution. In addition, four new candidates

were found to be among the longest-period and lowest-mass planets discovered via

spectroscopy.

10.1.4 Using Relative Spectra to Track Stellar Features

After looking at the improvement of the RV signal obtained by removing long-term

RV trends induced by stellar activity, I decided to study the effects of activity on
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the spectrum and on the individual stellar lines for these stars. Following the

work done by Thompson et al. (2017, 2020) on α Centauri B and on the Sun, I

created relative ‘active/inactive’ spectra for a multitude of stars in order to study

the effect of stellar activity on some specific lines (see Chapter 9). Some broad and

narrow features were found for some spectral types, which track starspots and/or

faculae. While differences in these features were found as a function of spectral

type, no clear systemic trend in the changing nature of the features seen could be

identified.

10.2 Future Work

10.2.1 NGTS observations

In Chapter 3, I described the work I have done within the NGTS consortium, focus-

ing on the discovery of two new hot Jupiters (Costes et al., 2020). As mentioned,

despite being highly irradiated, these two planets are not inflated, as their radii are

consistent with the planetary models from Fortney et al. (2007) and Baraffe et al.

(2008). Following my work on NGTS-8b and NGTS-9b, I also looked at the other

exoplanets found by NGTS (those already published and those still in prep.) and

compared their radii with the planetary models. Some of them were found to be

inflated (with a radius larger than predicted by the model), and therefore I used

the statistical investigation from Sestovic et al. (2018) to measure their inflated

radius. However, for some planets, the radius was too small to match the inflated

radius expected from Sestovic et al. (2018) despite having a radius too high to

match the planetary model from Baraffe et al. (2008).

From this small study, I have realised that the model used to measure the inflated

radius lacks some important elements. Indeed, only the mass range of the planet

and the irradiation level is used to measure the inflated radius. This seems a

bit light, especially since it does not correctly predict the inflated radius of every

planet. Hence, it would be useful to study the planetary inflation, by extending

the work of Sestovic et al. (2018), looking at the effect of, for instance, the age of

the star, its metallicity and the total mass fraction of heavy material. Developing

more accurate models to understand planetary inflation could help in the charac-

terisation of exoplanets, and developing a more unified description/model of the

fundamental properties of hot Jupiters.
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10.2.2 Understanding Stellar Activity

10.2.2.1 Simulating Correlations between Activity Indicators

In Chapter 6, I presented (anti-)correlations between activity indicators and the

log R′HK. Some of the changes seen in the correlations could be explained by com-

parison to the simulations of Beeck et al. (2015). However, their simulations only

used one line, while the HARPS data contain thousands of lines. Moreover, it was

shown that different lines can behave differently with stellar activity (see Chap-

ter 9). Hence, extending the model might give more insight on the variations we

see in the correlations for different types of stars. Using NICOLE, I presented my

own simulations. At first, and using only one line (similar to Beeck et al. 2015),

my simulations seem consistent with the observations. However, when I considered

multiples lines the results did not match well.

I pointed out two flaws in my simulations. First, I did not look at the full spec-

trum, but only at a range between 4400 and 4900 Å. While this is better than

simply looking at a single line, the selected wavelength range might include some

specific lines that react differently and may not be representative of the overall line

behaviour in the rest of the spectrum. Hence, I would need to observe different

wavelength ranges and/or the full spectrum in order to be able to more robustly

compare my simulations with the observations. In addition, a second flaw was

also pointed out. The atmospheric models used were quite simplistic with con-

stant values used for the magnetic field. This is not realistic, as the value of the

magnetic field will vary as a function of the depth. Hence I could improve my

model by using more realistic 2D, or even 3D, atmospheric models (such as using

the MURaM code, Vögler et al. 2005). This would allow me to develop more pre-

cise simulations, with more realistic vertical magnetic flux distribution, giving me

more insights and explanations regarding the change of correlations among some

activity indicators.

10.2.2.2 Looking at the ‘Medium’-Term Stellar Activity

In Chapter 5, I presented the long-term activity and RV trends for the Sun. By

comparing the change in the activity indicators over a multitude of timescales,

some differences were noticed (Collier Cameron et al., 2019). For instance, due to

the appearance of large, persistent, bipolar active regions in late March 2017, it
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was discovered that the CCF FWHM mostly reacts to the presence of starspots,

while the CCF BIS and CCF contrast mostly react to plage regions.

Similar to the work done on the Sun, I suggest to search a large sample of stars,

and over multiple timescales (short, medium and long), for differences that could

be spotted in the changes of activity indicators. Although we do not have images

to observe the surface of the stars as we have SDO images to observe the surface of

the Sun and identify different surface features, we can still use our knowledge from

the Sun to make inferences. By observing the changes of activity indicators for a

multitude of stars, it is possible to find similar ‘breaks’ or specific events happening

in the trends for some specific indicators. This would then give us important

information on the stellar activity of those stars. If important features were to

be seen, similar to the ones of the Sun for instance, it could help in confirming

our observations, characterising stellar activity as a function of spectral type, or

convective zone depth.

10.2.2.3 Extending the Study to M-type Stars

In this thesis, I presented results for a large group of stars. Yet, in Chapter 6, while

I included at first M-type stars, these were ultimately excluded from the analysis

due to known issues with the CCFs. Hence, it would be good to extend this study

to M-type stars, to see if they match the same predictions, or act in a completely

different way regarding the correlation between RVs and stellar activity.

In order to include the M-type stars, I would first need to solve the issue regard-

ing the CCF. I could correct the CCF indicators in a manner similar to Suárez

Mascareño et al. (2015). While the gap found in the mean CCF FWHM values

between K-type and the M-type stars is still present with this correction, I hope

that the long-term trends of the activity indicators and of the RVs would be good

enough. Since the M2 line-mask used by the HARPS DRS has been found to

heavily distort the CCFs (Rainer et al., 2020), another solution could be to use

a different mask better tailored to M-type stars. Only once the issues with the

CCFs are solved will it be possible to properly compare the correlations between

activity indicators and RVs relative to the other spectral types.
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10.2.3 New Methods to Detect Planets Hidden in Stellar

Noise

As previously mentioned, removing stellar activity is crucial for detecting and

characterising exoplanets. To that end, I have presented in Section 7.6 a simple

removal method of the long-term RV trend induced by stellar activity, using activ-

ity indicators. In Chapter 8, I have presented how this simple cleaning of long-term

RV signals induced by stellar activity improves planet detection at longer orbital

periods. Using this method allowed me to present updated orbital planetary pa-

rameters, to question the validity of confirmed planets and to discover possible

new planetary candidates. While useful, this method has, however, its limits. In-

deed, for some targets this removal method did not work due to, for instance,

the planetary signal being closely entangled with magnetic activity or because

no correlation was found between the long-term RV and the activity indicators.

Therefore, in order to correctly characterise those planets, a join fit would be nec-

essary to take into account both the planetary and the magnetic activity signals

at the same time. While this is not something I have started to work on yet, this

project would surely be the object of some of my future work.

On the other hand, while the joint fit would be a great solution for some systems

in order to disentangle the magnetic cycle signals from the planetary ones for

any star, another possibility is the use of machine learning. I will discuss some

preliminary work I have done using machine learning tools and the results I have

found so far.

10.2.3.1 Random Forest Regression

When used appropriately, machine learning can be of great help in our observa-

tions. In my goal to find more sophisticated stellar activity removal methods, I

decided to use a random forest regression. Random forests (or random decision

forests) are a type of machine learning that correspond to an ensemble learning

method and operate by fitting a multitude of decision trees on various sub-samples

of the dataset. Indeed, decision trees are a popular method for various machine

learning tasks, especially for trees that are grown very deep, as they tend to learn

highly irregular patterns (such as stellar activity). This machine learning method
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was therefore attractive to me, in order to find a way to remove long-term (and

possibly short-term) RVs induced by stellar activity.

I started applying a random forest regression to the α Centauri B data, since this

target has a large amount of data, covering many years. Moreover, α Centauri B

has a strong magnetic cycle, which should impact its RVs. My goal was to use this

machine learning tool in order to find pattern between activity indicators (hence

stellar activity) and RVs, that I could not find on my own using the simple fitting

and removal method. Thus, using a random forest regression and by feeding it

the activity indicators data, I tried to model the RVs of α Centauri B. At first,

this method seemed to work very well. Indeed, once the RV model was created

(from activity indicators), I subtracted it from the real RVs and studied the level

of dispersion of the residuals. Using a simple root mean square (RMS), one could

see clearly that the random forest regression was able to significantly reduce the

noise in the RVs. Therefore, this was a great success. Indeed, by reducing the

noise in the RVs induced by stellar activity, it could be possible to detect new,

longer-period and smaller-mass planets currently hidden in the stellar noise.

After this successful attempt, I performed a second test. This time I injected a fake

planetary signal, similar to an Earth-like planet (RV semi-amplitude ∼0.1 m s−1),

in the RVs of α Centauri B. This signal was, as expected, completely hidden in

the noise and could not be retrieved by simply observing a GLS periodogram.

My goal was therefore to prove that, by using the random forest regression tool,

I could remove the RVs induced by stellar activity, allowing the detection of the

injected planetary signal. Hence, after feeding the activity indicators data to

the random forest regression, I modelled the RVs, as was done for my first test.

Unfortunately, I was unable to recover the injected planetary signal. Instead, some

of the RV noise due to stellar activity as well as the planetary signal were removed

by the model generated by the random forest regression. Despite my efforts to

use different planetary signals to check the limit of this machine learning tool, I

finally concluded that the random forest regression was not the best approach to

properly model the RVs induced by stellar activity as it also appears to remove

underlying planetary signals.
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10.2.3.2 Recurrent Neural Network: HD85512

I have also tested the use of recurrent neural network (or Long Short-Term Memory,

LSTM) for the purposes of astrophysical noise mitigation. The recurrent neural

network (or RNN) is a type of machine learning that belongs to the class of artificial

neural networks which can exhibit temporal dynamic behavior using its memory.

The RNN is therefore a perfect choice when dealing with data changing over time,

such as the RVs of a star. Thus, I aimed to use the RNN to distinguish the long-

term RVs induced by stellar activity, from the RVs induced by planetary signals.

One should note that this section is mostly a demonstration of what it is possible

to achieve with RNNs, and only includes preliminary work for a few examples.

In order to test the RNN, HD85512 was used as an example. Not only does

this target have a strong and clear magnetic cycle, but one exoplanet was also

discovered orbiting around it. Hence, HD85512 is therefore a perfect candidate to

observe whether the RNN can remove long-term RVs induced by stellar activity,

while keeping the planetary signal intact. In addition, I earlier presented two

new possible candidates for HD85512 using the simple fitting removal method (see

Section 8.3). Using the RNN could confirm whether these candidates are real or

not.

The first test I conducted was to see whether the RNN could remove the long-term

RV trend induced by stellar activity, without affecting or removing the known

planetary signal at 58 days. In order to do that, I first used the activity indicators

(log R′HK, CCF BIS, CCF FWHM, CCF contrast and CCF area) as input variables.

Then, I fitted a LSTM on the multivariate input data, fitting the model on 90%

of the data, while leaving 10% for the evaluation of the model. Hence, I used 90%

of the data for training and 10% for testing the RNN. While this can be seen as a

large training dataset, I should mention that my goal is only to separate the RVs

induced by stellar activity from those induced by planetary signals, not to predict

future data, as it is done for most RNN analysis. In order to define and fit the

LSTM model, I needed to define the number of lag, training epochs and batch size.

Finding the optimal number for these three values was not completely clear to me,

as it seemed to vary depending on the data used. Therefore, multiple attempts

were made in order to compare and find the best values to use. No significant

changes were noticed while varying the batch size for HD85512, and so a value of

32 was used. Concerning the training epochs, I decided to use a fifth of the total
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Figure 10.1: Top: the GLS periodogram of the RVs (in blue) for HD85512
compared to the residuals (in orange) obtained after removing the RNN model
from the RVs. The known planet (∼58 days) and the two new planetary candi-
date periods are highlighted with vertical dashed lines in grey and red, respec-
tively. Bottom: similar, except the known planetary signal was removed from
the RVs before using the RNN, in order to check the possible new candidates.

number of data, and for the lag, a tenth of the number of the training epochs.

These choices seem to provide the least training and test loss during the training

of the model. Finally, I evaluated the resulting model by comparing it with the

real RVs.

Top panel of Figure 10.1 presents the GLS periodogram of the RVs (in blue) and
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compares it with the one of the residuals (after removing the model from the

RVs, in orange). The known planet at 58 days, as well as the two new possible

candidates with periods of 30 and 918 days, are highlighted with vertical dashed

lines. As one can see, and as intended, the RNN has fully removed the long-term

RV signal (right part of the periodogram, above 2000 days). In addition, the

known planetary signal, around 58 days, has not been affected by the removal of

the RVs induced by stellar activity (indeed, the power has even slightly increased).

The results found were exactly as hoped, proving that some machine learning tools

can help in the detection of exoplanets. While this is just one example, and while

more tests are needed to confirm the validity of this removal method, it is still

very encouraging.

Concerning the two planetary candidates for HD85512, one can first note that the

peak around 30 days has slightly decreased, and is now hidden in the stellar noise.

This can be explained by two possibilities. First, this peak could correspond to

stellar activity, which would explain why the removal of the RVs induced by stellar

activity has affected the strength of this signal. Another explanation is the fact

that the RV removal has also affected the planetary signal, highlighting the danger

of blindly using machine learning methods. As mentioned, due to a lack of tests

involving RNN removal, I cannot confirm any of these two possibilities. Finally,

regarding the other peak, around 919 days, the signal is still present, which would

support the planetary nature of this signal.

A final test was performed on HD85512. Knowing that the 58 day signal was a

confirmed planetary signal, I first removed this signal before applying the RNN

removal method. Bottom panel of Figure 10.1 presents the results of this study.

First, one can note that again the RNN has successfully removed the long-term

RV induced by stellar activity. Similarly, the 30 day period signal has decreased,

leading to the same hypothesis mentioned previously. Finally, the biggest differ-

ence concerns the signal around 919 days. In this second test, this signal has

been significantly reduced, raising doubts on the validity of the planetary signal

previously mentioned. However, one can note that the signal has not completely

disappeared, which again might be the evidence of a real planetary signal.

In conclusion, the RNN removal method seems to work well, at least for HD85512.

As hoped, the long-term RV signal induced by stellar activity is fully removed.

Moreover, the signal due to the known planet is not affected by this removal
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Figure 10.2: The GLS periodogram of the RVs (in blue) for HD38858 com-
pared to the residuals (in orange) obtained after removing the RNN model from
the RVs. The two candidate planetary signals (∼204 and ∼422 days) are high-

lighted with vertical dashed lines.

method, which should improve our planetary detection and characterisation. How-

ever, I still need to mention that the results are yet inconclusive. Indeed, the results

from the RNN removal method are, for now, too uncertain. This is shown in Fig-

ure 10.1 in the differences between the two periodograms after simply removing a

single planetary signal. More tests and study will therefore be necessary.

10.2.3.3 Recurrent Neural Network: HD38858

Another example concerning the use of the recurrent neural network is described

here. In an attempt to test and study how useful the RNN can be for the detection

of exoplanets, I also performed the RNN removal method on HD38858. Similar to

HD85512, HD38858 has a strong magnetic cycle that, I assume, will influence the

long-term RVs. I previously mentioned that, while a planet was discovered around

this star with a period of 422 days, its signal disappears when using the simple

removal method described in Section 8.4. In addition, instead of the expected

signal, another one emerges around 204 days. These results raise concerns about

the validity of the initially confirmed exoplanet. Therefore, and in order to check

these observations, the RNN removal method was applied to HD38858.

Using the same method as described previously, I defined and fitted a LSTM

model to the RVs using the activity indicators as input variables. This time, the
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number of training epochs were defined based on the number of data, and a fifth

of that number was used to define the number of lags. Figure 10.2 presents the

GLS periodogram of the RVs (in blue) and compares it with the residuals (after

removing the RNN model from the RVs, in orange). Again, and as expected, the

long-term RV trend, induced by stellar activity, has been removed successfully,

confirming the usefulness of using machine learning when dealing with long-term

activity cycle. Concerning the known planetary signal around 422 days, its power

has been significantly decreased, while the peak around 204 days appears more

clearly. This also confirms my first observation, using the simple removal method.

In conclusion, the RNN stellar activity removal method seems to work well. Not

only does it remove the RVs induced by the magnetic cycle, but, in addition, it

seems to keep the planetary signal intact. If this was to be confirmed, this RNN

removal method would then be of great interest for the detection of exoplanets,

helping removing aliases, confirming the existence of planets and improving their

characterisation.

10.2.4 Atlas of Sensitive and Insensitive Lines for each

Spectral Type

Finally, in Chapter 9, I presented relative ‘active/inactive’ spectra for a multitude

of stars. This study was done as continuation of the work done by Thompson

et al. (2017, 2020). For most spectral types, narrow and broad features were seen,

features that may indicate the presence of spots and/or plage regions. As seen in

Chapter 9, one of the biggest issues when identifying these different features was

to account for the noise in the data. A simple method to reduce this noise in the

relative spectra would be to bin the data. However, if we are not careful enough

binning too much data may also hide the features. A proper study to see the most

efficient binning range is therefore required.

By reducing the noise in the relative spectra clearer features will be observed. In

order to quantify these pseudo emission features, one could measured their equiv-

alent widths. Such parameter, along with the relative strength of the features,

could be useful in order to classify individual lines as either sensitive or insensitive

to stellar activity. Then, from the results, I propose to create an atlas of a mul-

titude of stars with different spectral types. Such categorized line-lists could then



Chapter 10. Conclusions and Future Work 230

contribute in the cross-correlation, by reducing the RV variations due to stellar

activity (improving exoplanets detection) or by giving more precise information

on the surface variability of the stars (improving the characterization of stellar

surface).

The goal of this thesis is to contribute on the pathway of the discovery and charac-

terisation of Earth-analogue planets around solar-type stars. I believe that under-

standing the role of the magnetic network is crucial in our knowledge on star-planet

systems. This is why I have been focusing on the physics behind the RV noises

induced by stellar activity, as well as presenting new possible improvements on

our data-reduction techniques, using the new categorized line-lists. I am fairly

optimistic that a combination of both (e.g. as additional inputs for a machine

learning analysis of the stellar RVs) may one day help us detecting Earth 2.0.
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A.1 Aliens observing Venus

In Chapter 4, I have used the HARPS-N solar telescope data to observe the level of

noise that solar activity can produce. In order to show the effect of solar activity in

the detection of exoplanets, I have searched for Venus using the RV measurements

of the Sun over 2.5 years, as well as using simulated and extended dataset over

5, 12.5 and 25 years. As expected, the RV signal induced by Venus is too weak

to be detected without removing the effect of solar activity, even after 10 years of

observations. A small peak was detected after 12.5 years of simulated data, but

it is not convincing enough. Chapter 4 has shown that the mitigation of stellar

activity is the biggest priority in order to detect lower-mass and longer-period

exoplanets.

For completeness over the study done in Chapter 4, I have reproduced the same

analysis, using the simulated data for 2.5, 5, 12.5 and 25 years, but this time by

injecting the RV signal from Venus as if aliens were observing our solar system.

Hence, instead of looking at its synodic period of ∼584 days, I will be looking at

its orbital period of ∼225 days. Figure A.1 shows the results.
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Figure A.1: Similar to Figure 4.3, but as if we were observing the Sun
from outside our solar system. Hence, the orbital period of Venus (224.7 days)
was injected in the simulated extended HARPS-N RVs, using 2.5, 5, 12.5 and
25 years of data, respectively. The same conclusion can be drawn from this
figure: we must mitigate stellar noise if we can to discover Earth-analogue

planets.
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A.2 ‘Incorrect’ Line-Mask Used

In Chapter 6, I studied the long-term activity trend for a sample of stars and mea-

sured the correlations between the log R′HK and the CCF bisector span, FWHM,

contrast, and the area. Then, I presented the different changes seen as a function

of spectral type, changes that seem to unveil fundamental aspects for solar-type

stars (see Figures 6.1 & 6.2). In order to confirm that these changes are astro-

physically driven, I tested the impact of using an ‘incorrect’ mask for some stars,

using a K5 mask for G-type stars, and a G2 mask for K-type stars. The results of

these changes of mask are presented below.

Figure A.2: Similar to Figures 6.1 & 6.2 but with the ‘incorrect’ line-masks
used (i.e. K5 mask used for G-type stars and G2 mask for K-type stars). In order
to simplify the comparison, both the Sun and the F-type stars are presented in

this plot, but were not reanalysed with a different mask.
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Figure A.3: Comparison of the long-term activity and RVs trends for the
K2.5V star: HD40307, when analysed with a K5 mask (left) and with. a G2

mask (right).
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A.3 Updated Planetary Parameters

In Chapter 8, I searched for new planetary signals using the RVs of 60 stars ob-

served with HARPS using allesfitter. This appendix presents a summary table

containing the updated planetary parameters for the different stars studied, com-

pared with the values from the discovery and/or follow-up papers. The planetary

parameters display the period (P) in days, the periastron (T) in days, the eccentric-

ity (e), the argument of periastron (ω) in radian and the semi-amplitude velocity

(K) in m s−1. When a strong correlation was found between the long-term RVs

and an activity indicator for a star, the long-term RV induced by stellar activity

removal method was applied, and the updated planetary parameters are shown as

well.

Table A.1: Comparison between the planetary orbital parameters taken from
papers versus those measured using allesfitter. The changes seen are dis-
cussed in Chapter 8. Note: 1the mean anomaly phase (φ) is given in degree.
It is related to the periastron such as: φ = −2π T

P . 2the mean longitude (λ) is
given in degree at the barycenter of the observations, at JDB 2,454,772.0784.
3‘assumed’ to be the mean anomaly (M, not defined in the paper, neither is the
epoch), given in radians. 4the mean anomalies (M) are given in degree at epoch
JD 2,453,369.166. 5the mean longitude (λ = M + ω) is given at the epoch T =
2,455,151.02574596 days. 6the mean longitude (L) is given in degree, at epoch
BJD = 2,454,521.6791. 7the ‘assumed’ (not mentioned in the paper) mean lon-
gitude (λ) is given in degree (at an unknown epoch). 8the mean longitude (λ
= M + ω) is given at the epoch BJD 2,455,239.70888680. 9the mean anomaly
is given in radians, at epoch JD 2,450,000. 10the mean anomaly (M) is given in

degree, at the epoch JD 2,450,602.093.

Planetary Reference Fit w stellar Fit w/o stellar

properties values activity activity

HD103774 b Lo Curto et al. (2013) RVs–activity entangled?

P [days] 5.8881 ± 0.0005 5.8880 ± 0.0005 –

T [days] 2455675.4 ± 2.0 2454744.02 ± 0.13 –

e 0.09 ± 0.04 0.06 ± 0.06 –

ω [rad] 5.55 ± 1.12 3.32 ± 2.49 –

K [m s−1] 34.3 ± 1.8 35.8 ± 2.4 –

(Section 8.2.1)

HD89839 b Moutou et al. (2011) RVs–activity entangled?

P [days] 6601 ± 4141 3433 ± 29 –

T [days] 2460067 ± 4954 2460083 ± 38 –

e 0.32 ± 0.2 0.17 ± 0.02 –
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ω [rad] 5.90 ± 2.51 2.77 ± 0.09 –

K [m s−1] 45.5 ± 2.3 45.4 ± 0.7 –

HD22879 No planet discovered RVs–activity entangled? –

HD95456 No planet discovered – –

HD65907A No planet discovered – –

HD1581 No planet discovered – –

HD7449 b Wittenmyer et al. (2019) No correlation

P [days] 1255.5 ± 5.1 1242.8 ± 16.5 –

T [days] 267.6 ± 1.21 2456502 ± 48 –

e 0.92 ± 0.03 0.81 ± 0.06 –

ω [rad] 1.22 ± 0.10 5.86 ± 0.08 –

K [m s−1] 21.9 ± 2.6 39.6 ± 16.4 –

HD7449 c

P [days] 15441 ± 1059 13769 ± 184 –

T [days] 87 ± 161 2446999 ± 50 –

e 0.0 0.0 (fixed) –

ω [rad] 0.87 ± 0.28 0.0 (fixed) –

K [m s−1] 144 ± 31 146.7 ± 5.2 –

HD73524 No planet discovered – –

HD20807 No planet discovered – –

HD96700 b Mayor et al. (2011) No correlation

P [days] 8.1256 ± 0.0013 8.1252 ± 0.0007 –

T [days] – 2455086.30 ± 0.13 –

e 0.10 ± 0.05 0.04 ± 0.04 –

ω [rad] – 4.10 ± 1.46 –

K [m s−1] 3.02 ± 0.18 3.02 ± 0.16 –
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HD96700 c

P [days] 103.49 ± 0.58 103.29 ± 0.17 –

T [days] – 2455091.92 ± 2.64 –

e 0.37 ± 0.19 0.20 ± 0.12 –

ω [rad] – 1.06 ± 0.39 –

K [m s−1] 1.98 ± 0.37 1.95 ± 0.18 –

(Section 8.2.2)

HD10180 c Kane & Gelino (2014)

P [days] 5.75969 ± 0.00028 5.75947 ± 0.00019 5.75960 ± 0.00019

T [days] 2454001.445 ± 0.426 2454991.511 ± 0.068 2455132.199 ± 0.068

e 0.073 ± 0.031 0.040 ± 0.034 0.049 ± 0.033

ω [rad] 5.72 ± 0.42 5.13 ± 0.81 5.43 ± 0.53

K [m s−1] 4.545 ± 0.154 4.50 ± 0.14 4.48 ± 0.14

HD10180 d

P [days] 16.3570 ± 0.0038 16.3494 ± 0.0031 16.3516 ± 0.0031

T [days] 2454022.119 ± 1.157 2455002.240 ± 0.341 2455139.528 ± 0.335

e 0.131 ± 0.052 0.121 ± 0.063 0.107 ± 0.063

ω [rad] 5.67 ± 0.40 5.22 ± 0.42 5.36 ± 0.46

K [m s−1] 2.935 ± 0.173 2.69 ± 0.15 2.66 ± 0.14

HD10180 e

P [days] 49.748 ± 0.025 49.746 ± 0.016 49.759 ± 0.016

T [days] 2454006.26 ± 6.91 2455003.17 ± 0.47 2455142.45 ± 0.45

e 0.051 ± 0.033 0.022 ± 0.025 0.022 ± 0.025

ω [rad] 2.57 ± 0.94 2.86 ± 1.74 3.07 ± 2.18

K [m s−1] 4.283 ± 0.169 4.26 ± 0.14 4.28 ± 0.14

HD10180 f

P [days] 122.744 ± 0.232 122.821 ± 0.139 122.725 ± 0.142

T [days] 2454024.67 ± 11.03 2455071.45 ± 2.22 2455169.51 ± 2.03

e 0.119 ± 0.054 0.066 ± 0.051 0.064 ± 0.050

ω [rad] 5.71 ± 0.47 2.98 ± 2.66 3.89 ± 2.06

K [m s−1] 2.862 ± 0.186 2.97 ± 0.16 2.92 ± 0.16

HD10180 g RVs–activity entangled?

P [days] 604.67 ± 10.42 599.34 ± 7.05 605.93 ± 8.00

T [days] 2454002.8 ± 68.3 2454550.6 ± 34.6 2455437.5 ± 59.4

e 0.263 ± 0.152 0.307 ± 0.162 0.367 ± 0.253

ω [rad] 5.71 ± 1.03 5.28 ± 0.78 3.64 ± 0.39

K [m s−1] 1.754 ± 0.380 1.53 ± 0.25 1.29 ± 0.22
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HD10180 h RVs–activity entangled?

P [days] 2205.0 ± 105.9 2387.8 ± 77.1 2508.4 ± 197.3

T [days] 2453433.4 ± 393.1 2456263.2 ± 55.0 2457370.4 ± 197.8

e 0.095 ± 0.086 0.084 ± 0.068 0.442 ± 0.103

ω [rad] 2.48 ± 1.26 3.87 ± 0.84 0.98 ± 0.25

K [m s−1] 3.117 ± 0.245 2.61 ± 0.17 1.65 ± 0.26

HD45184 b Udry et al. (2019)

P [days] 5.8854 ± 0.0003 5.8854 ± 0.0005 5.8860 ± 0.0004

T [days] 2455500.2509 ± 0.7996 2455030.1018 ± 0.1917 2454859.4405 ± 0.1761

e 0.070 ± 0.050 0.107 ± 0.091 0.144 ± 0.084

ω [rad] 2.54 ± 0.86 3.47 ± 1.01 3.46 ± 0.58

K [m s−1] 4.26 ± 0.23 3.99 ± 0.38 4.06 ± 0.32

HD45184 c

P [days] 13.1354 ± 0.0026 13.1372 ± 0.0040 13.1333 ± 0.0033

T [days] 2455497.4412 ± 4.4543 2455037.0137 ± 0.5490 2454866.9384 ± 0.4655

e 0.070 ± 0.070 0.119 ± 0.127 0.089 ± 0.098

ω [rad] 2.83 ± 2.09 2.70 ± 1.59 3.05 ± 1.77

K [m s−1] 2.36 ± 0.23 2.46 ± 0.39 2.56 ± 0.32

(Section 8.3.1)

HD38858 b Mayor et al. (2011) Alias? New candidate?

P [days] 407.1 ± 4.3 422.2 ± 2.8 200.4 ± 1.2

T [days] – 2455151.56 ± 11.82 2454971.20 ± 9.86

e 0.27 ± 0.17 0.10 ± 0.09 0.24 ± 0.23

ω [rad] – 2.10 ± 1.15 2.68 ± 0.59

K [m s−1] 2.99 ± 0.33 2.62 ± 0.26 1.37 ± 0.30

HD189567 b Mayor et al. (2011)

P [days] 14.275 ± 0.005 14.282 ± 0.004 14.284 ± 0.003

T [days] – 2455049.749 ± 0.458 2455091.496 ± 0.378

e 0.23 ± 0.14 0.14 ± 0.10 0.19 ± 0.11

ω [rad] – 2.00 ± 0.84 1.51 ± 0.51

K [m s−1] 3.02 ± 0.33 2.62 ± 0.26 2.66 ± 0.27

HD146233 No planet discovered – –
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HD136352 b Udry et al. (2019)

P [days] 11.5824 ± 0.0025 11.5821 ± 0.0022 11.5850 ± 0.0027

T [days] 2455496.7009 ± 1.2084 2455149.6876 ± 0.3707 2455567.0455 ± 0.3857

e 0.14 ± 0.08 0.13 ± 0.09 0.14 ± 0.09

ω [rad] 3.04 ± 0.66 3.36 ± 0.70 3.56 ± 0.61

K [m s−1] 1.59 ± 0.13 1.72 ± 0.14 1.69 ± 0.15

HD136352 c

P [days] 27.5821 ± 0.0089 27.5697 ± 0.0090 27.5706 ± 0.0112

T [days] 2455490.0572 ± 5.8036 2455160.2786 ± 0.5828 2455572.8573 ± 0.5458

e 0.04 ± 0.05 0.10 ± 0.06 0.09 ± 0.06

ω [rad] 4.36 ± 1.32 4.60 ± 0.58 4.38 ± 0.70

K [m s−1] 2.65 ± 0.14 2.60 ± 0.15 2.50 ± 0.15

HD136352 d

P [days] 107.5983 ± 0.2796 107.6688 ± 0.2173 107.4112 ± 0.2439

T [days] 2455494.9775 ± 22.9117 2455174.9830 ± 3.4456 2455604.8715 ± 3.0662

e 0.090 ± 0.100 0.07 ± 0.08 0.07 ± 0.07

ω [rad] 2.98 ± 1.34 3.32 ± 1.66 3.23 ± 1.57

K [m s−1] 1.35 ± 0.15 1.60 ± 0.15 1.62 ± 0.15

HD1461 b Dı́az et al. (2016)

P [days] 5.77152 ± 0.00045 5.77254 ± 0.00048 5.77222 ± 0.00043

T [days] 2455155.3854 2454986.7678 ± 0.1394 2455119.2037 ± 0.1253

e < 0.172 0.06 ± 0.07 0.06 ± 0.06

ω [rad] – 3.53 ± 1.39 3.12 ± 1.35

K [m s−1] 2.28 ± 0.15 2.38 ± 0.18 2.38 ± 0.16

HD1461 c

P [days] 13.5052 ± 0.0029 13.4982 ± 0.0043 13.5064 ± 0.0053

T [days] 2455155.3854 2454987.1845 ± 0.5537 2455121.0735 ± 0.5301

e < 0.305 0.11 ± 0.12 0.15 ± 0.17

ω [rad] – 2.87 ± 1.71 2.44 ± 0.85

K [m s−1] 1.49 ± 0.17 1.33 ± 0.19 1.39 ± 0.18

HD106116 No planet discovered – –

(Section 8.3.2)

HD90156 b Mordasini et al. (2011)

P [days] 49.77 ± 0.07 49.68 ± 0.02 49.67 ± 0.02

T [days] 91 ± 152 2455122.366 ± 0.577 2455817.797 ± 0.624
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e 0.31 ± 0.10 0.25 ± 0.06 0.26 ± 0.06

ω [rad] 1.97 ± 0.31 1.92 ± 0.19 1.92 ± 0.19

K [m s−1] 3.69 ± 0.25 3.13 ± 0.17 3.12 ± 0.17

HD90156 c? New candidate? New candidate?

P [days] – 3.4679 ± 0.0004 3.4679 ± 0.0004

T [days] – 2455086.035 ± 0.406 2455834.995 ± 0.456

e – 0.24 ± 0.23 0.30 ± 0.31

ω [rad] – 3.79 ± 1.00 3.55 ± 0.66

K [m s−1] – 0.95 ± 0.21 1.01 ± 0.31

(Section 8.3.3)

HD20794 b Feng et al. (2017b)

P [days] 18.33 ± 0.02 18.320 ± 0.004 18.317 ± 0.003

T [days] 2.26 ± 0.813 2455008.219 ± 0.763 2455026.388 ± 0.641

e 0.27 ± 0.22 0.07 ± 0.10 0.09 ± 0.10

ω [rad] 6.74 ± 0.99 4.78 ± 1.09 4.69 ± 0.81

K [m s−1] 0.810 ± 0.240 0.67 ± 0.06 0.69 ± 0.05

HD20794 c? No clear signal No clear signal

P [days] 43.17 ± 0.12 – –

T [days] 4.61 ± 3.353 – –

e 0.17 ± 0.16 – –

ω [rad] 0.55 ± 2.15 – –

K [m s−1] 0.53 ± 0.17 – –

HD20794 d

P [days] 88.90 ± 0.41 89.71 ± 0.14 89.51 ± 0.12

T [days] 4.69 ± 0.913 2455062.35 ± 2.75 2455082.04 ± 2.04

e 0.25 ± 0.21 0.11 ± 0.08 0.26 ± 0.07

ω [rad] 4.41 ± 0.77 1.35 ± 0.55 2.76 ± 0.23

K [m s−1] 0.60 ± 0.18 0.58 ± 0.06 0.62 ± 0.05

HD20794 e No clear signal No clear signal

P [days] 147.02 ± 1.43 – –

T [days] 2.52 ± 0.943 – –

e 0.29 ± 0.18 – –

ω [rad] 4.68 ± 0.84 – –

K [m s−1] 0.69 ± 0.15 – –

HD20794 f? New candidate? New candidate?

P [days] – 685.8 ± 6.4 696.4 ± 6.6

T [days] – 2455706.4 ± 13.6 2455641.0 ± 13.1
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e – 0.23 ± 0.05 0.22 ± 0.07

ω [rad] – 3.57 ± 0.36 2.99 ± 0.30

K [m s−1] – 0.73 ± 0.08 0.87 ± 0.07

(Section 8.2.3)

HD115617 b Vogt et al. (2010)

P [days] 4.2150 ± 0.0006 4.2144 ± 0.0002 4.2148 ± 0.0002

T [days] 166 ± 534 2455091.115 ± 0.082 2455471.175 ± 0.072

e 0.12 ± 0.11 0.06 ± 0.06 0.05 ± 0.05

ω [rad] 2.90 ± 0.93 1.70 ± 1.06 2.86 ± 1.66

K [m s−1] 2.12 ± 0.23 2.53 ± 0.17 2.57 ± 0.15

HD115617 c

P [days] 38.021 ± 0.034 38.068 ± 0.013 38.078 ± 0.012

T [days] 177 ± 404 2455105.934 ± 0.477 2455486.444 ± 0.434

e 0.14 ± 0.06 0.19 ± 0.04 0.16 ± 0.04

ω [rad] 3.09 ± 0.70 0.40 ± 0.21 0.39 ± 0.21

K [m s−1] 3.62 ± 0.23 4.27 ± 0.17 4.23 ± 0.16

HD115617 d? Alias? Alias?

P [days] 123.01 ± 0.55 – –

T [days] 56 ± 254 – –

e 0.35 ± 0.09 – –

ω [rad] 0.98 ± 0.44 – –

K [m s−1] 3.25 ± 0.39 – –

HD59468 No planet discovered – –

(Section 8.4.1)

HD161098 No planet discovered RVs–activity entangled? –

(Section 8.2.4)

HD10700 e? Feng et al. (2017a) Alias? Alias?

P [days] 162.87 ± 1.08 – –

T [days] 6.21 ± 1.163 – –

e 0.18 ± 0.18 – –

ω [rad] 0.39 ± 1.29 – –

K [m s−1] 0.55 ± 0.13 – –

HD10700 f
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P [days] 636.13 ± 47.69 579.68 ± 7.97 572.07 ± 5.51

T [days] 5.60 ± 0.983 2455534.3 ± 16.3 2455527.5 ± 14.0

e 0.16 ± 0.16 0.26 ± 0.10 0.33 ± 0.10

ω [rad] 2.09 ± 1.23 0.95 ± 0.22 0.80 ± 0.13

K [m s−1] 0.35 ± 0.12 0.61 ± 0.09 0.65 ± 0.09

HD10700 g

P [days] 20.00 ± 0.02 20.03 ± 0.01 20.04 ± 0.01

T [days] 7.04 ± 1.613 2454973.514 ± 0.907 2455152.673 ± 0.999

e 0.060 ± 0.130 0.14 ± 0.15 0.16 ± 0.15

ω [rad] 6.90 ± 1.48 2.16 ± 1.33 1.90 ± 1.32

K [m s−1] 0.49 ± 0.11 0.38 ± 0.07 0.37 ± 0.07

HD10700 h

P [days] 49.41 ± 0.10 49.62 ± 0.07 49.50 ± 0.08

T [days] 5.01 ± 0.753 2455000.88 ± 2.58 2455194.95 ± 2.48

e 0.23 ± 0.16 0.13 ± 0.14 0.18 ± 0.18

ω [rad] 0.13 ± 0.84 2.38 ± 1.64 1.53 ± 1.15

K [m s−1] 0.39 ± 0.15 0.40 ± 0.07 0.41 ± 0.07

HD45364 b Correia et al. (2009)

P [days] 226.93 ± 0.37 227.56 ± 0.36 227.89 ± 0.34

T [days] 2453535.82 ± 4.09 2455370.84 ± 4.60 2455371.39 ± 3.66

e 0.1684 ± 0.0190 0.04 ± 0.05 0.03 ± 0.04

ω [rad] 2.84 ± 0.11 3.29 ± 1.39 3.30 ± 1.56

K [m s−1] 7.22 ± 0.14 6.98 ± 0.31 7.11 ± 0.28

HD45364 c

P [days] 342.85 ± 0.28 344.03 ± 0.29 344.23 ± 0.26

T [days] 2453250.38 ± 4.14 2455538.81 ± 2.29 2455414.95 ± 2.30

e 0.0974 ± 0.012 0.02 ± 0.02 0.02 ± 0.02

ω [rad] 0.13 ± 0.08 4.28 ± 1.57 2.03 ± 1.61

K [m s−1] 21.92 ± 0.43 18.40 ± 0.37 18.68 ± 0.36

HD20003 b Udry et al. (2019) No correlation

P [days] 11.8482 ± 0.0017 11.8461 ± 0.0038 –

T [days] 2455489.5110 ± 0.2095 2455015.7885 ± 0.4548 –

e 0.36 ± 0.05 0.14 ± 0.12 –

ω [rad] 4.66 ± 0.15 4.72 ± 0.83 –

K [m s−1] 3.84 ± 0.21 3.90 ± 0.43 –

HD20003 c RVs–activity entangled?
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P [days] 33.9239 ± 0.0266 33.932 ± 0.057 –

T [days] 2455493.2516 ± 4.4223 2455019.8775 ± 1.5932 –

e 0.10 ± 0.08 0.22 ± 0.15 –

ω [rad] 0.93 ± 0.80 1.38 ± 0.60 –

K [m s−1] 3.15 ± 0.22 3.56 ± 0.47 –

HD69830 b Lovis et al. (2006)

P [days] 8.667 ± 0.003 8.6680 ± 0.0004 8.6679 ± 0.0004

T [days] 2453496.8 ± 0.6 2455041.614 ± 0.099 2455041.473 ± 0.097

e 0.10 ± 0.04 0.05 ± 0.04 0.06 ± 0.04

ω [rad] 5.93 ± 0.45 1.10 ± 0.66 0.99 ± 0.54

K [m s−1] 3.51 ± 0.15 3.51 ± 0.12 3.52 ± 0.11

HD69830 c

P [days] 31.56 ± 0.04 31.609 ± 0.007 31.614 ± 0.007

T [days] 2453469.6 ± 2.8 2455075.022 ± 0.546 2455074.412 ± 0.507

e 0.13 ± 0.06 0.05 ± 0.05 0.05 ± 0.05

ω [rad] 3.86 ± 0.61 2.45 ± 0.97 2.33 ± 0.89

K [m s−1] 2.66 ± 0.16 2.72 ± 0.13 2.75 ± 0.12

HD69830 d

P [days] 197 ± 3 200.8 ± 0.5 200.7 ± 0.4

T [days] 2453358 ± 34 2455103.70 ± 4.07 2455104.99 ± 3.72

e 0.07 ± 0.07 0.14 ± 0.07 0.14 ± 0.06

ω [rad] 3.91 ± 1.06 2.23 ± 0.63 2.29 ± 0.57

K [m s−1] 2.20 ± 0.19 1.93 ± 0.13 1.95 ± 0.13

HD157172 b Mayor et al. (2011)

P [days] 104.84 ± 0.13 104.96 ± 0.08 104.98 ± 0.10

T [days] – 2455442.281 ± 0.865 2455444.107 ± 1.040

e 0.46 ± 0.05 0.44 ± 0.05 0.37 ± 0.06

ω [rad] – 1.63 ± 0.14 1.77 ± 0.15

K [m s−1] 6.42 ± 0.43 5.74 ± 0.33 5.31 ± 0.28

(Section 8.3.4)

HD71835 b? New candidate? New candidate?

P [days] – 93.83 ± 0.18 94.41 ± 0.31

T [days] – 2455174.58 ± 7.52 2455596.93 ± 6.05

e – 0.37 ± 0.15 0.29 ± 0.19

ω [rad] – 3.97 ± 0.29 0.78 ± 0.41

K [m s−1] – 2.61 ± 0.49 1.96 ± 0.37
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(Section 8.3.5)

HD20781 b Udry et al. (2019)

P [days] 5.3135 ± 0.0010 5.3139 ± 0.0012 5.3144 ± 0.0016

T [days] 2455503.2027 ± 2.0979 2455037.7335 ± 0.4295 2454984.5896 ± 0.4968

e 0.10 ± 0.11 0.22 ± 0.18 0.29 ± 0.20

ω [rad] 1.47 ± 2.47 4.30 ± 1.03 4.36 ± 0.80

K [m s−1] 0.910 ± 0.150 0.96 ± 0.17 0.94 ± 0.18

HD20781 c

P [days] 13.8905 ± 0.0034 13.8910 ± 0.0035 13.8904 ± 0.0043

T [days] 2455503.5204 ± 2.6815 2455033.5363 ± 0.4814 2454991.8636 ± 0.4808

e 0.090 ± 0.090 0.10 ± 0.10 0.10 ± 0.09

ω [rad] 0.13 ± 1.23 1.30 ± 1.03 1.27 ± 0.96

K [m s−1] 1.81 ± 0.16 1.91 ± 0.16 1.91 ± 0.16

HD20781 d

P [days] 29.1580 ± 0.0102 29.1479 ± 0.0099 29.1515 ± 0.0119

T [days] 2455511.3258 ± 2.4394 2455043.3704 ± 0.5293 2454985.5184 ± 0.5706

e 0.11 ± 0.06 0.12 ± 0.06 0.10 ± 0.06

ω [rad] 1.06 ± 0.54 0.76 ± 0.44 0.88 ± 0.52

K [m s−1] 2.82 ± 0.17 2.97 ± 0.17 2.82 ± 0.17

HD20781 e

P [days] 85.5073 ± 0.0983 85.4894 ± 0.0943 85.3926 ± 0.1133

T [days] 2455513.3912 ± 16.0090 2455087.0818 ± 1.4982 2454999.7396 ± 1.6319

e 0.060 ± 0.060 0.13 ± 0.06 0.15 ± 0.06

ω [rad] 1.23 ± 1.18 1.34 ± 0.50 1.12 ± 0.49

K [m s−1] 2.60 ± 0.14 2.67 ± 0.15 2.66 ± 0.16

HD20781 f? New candidate? New candidate?

P [days] – 240.8 ± 3.6 239.0 ± 3.6

T [days] – 2455265.7 ± 15.3 2455257.7 ± 12.6

e – 0.27 ± 0.24 0.34 ± 0.24

ω [rad] – 2.39 ± 1.11 1.82 ± 0.90

K [m s−1] – 0.70 ± 0.19 0.73 ± 0.19

(Section 8.3.6)

HD39194 b Mayor et al. (2011) No correlation

P [days] 5.6363 ± 0.0008 5.6367 ± 0.0004 –

T [days] – 2454996.047 ± 0.134 –

e 0.20 ± 0.10 0.06 ± 0.07 –
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ω [rad] – 2.72 ± 1.33 –

K [m s−1] 1.95 ± 0.16 1.87 ± 0.12 –

HD39194 c

P [days] 14.025 ± 0.005 14.033 ± 0.002 –

T [days] – 2455008.554 ± 0.232 –

e 0.11 ± 0.06 0.05 ± 0.05 –

ω [rad] – 1.99 ± 1.13 –

K [m s−1] 2.26 ± 0.15 2.13 ± 0.13 –

HD39194 d

P [days] 33.941 ± 0.035 33.911 ± 0.027 –

T [days] – 2454970.359 ± 1.649 –

e 0.20 ± 0.16 0.14 ± 0.13 –

ω [rad] – 4.97 ± 0.75 –

K [m s−1] 1.49 ± 0.17 1.10 ± 0.13 –

HD39194 e? New candidate?

P [days] – 92.02 ± 0.24 –

T [days] – 2454996.68 ± 4.55 –

e – 0.21 ± 0.16 –

ω [rad] – 2.67 ± 0.94 –

K [m s−1] – 0.69 ± 0.13 –

HD26965 b Ma et al. (2018) RVs–activity entangled?

P [days] 42.378 ± 0.010 42.354 ± 0.024 –

T [days] – 2455010.714 ± 3.474 –

e 0.04 ± 0.05 0.18 ± 0.17 –

ω [rad] 2.60 ± 2.20 3.78 ± 0.80 –

K [m s−1] 1.81 ± 0.10 2.16 ± 0.29 –

(Section 8.3.7)

HD72673 b? New candidate? New candidate?

P [days] – 78.28 ± 0.23 78.15 ± 0.14

T [days] – 2455140.01 ± 4.65 2455422.09 ± 3.78

e – 0.16 ± 0.12 0.27 ± 0.14

ω [rad] – 2.23 ± 1.53 5.46 ± 0.27

K [m s−1] – 0.82 ± 0.24 0.98 ± 0.21

HD13060 No planet discovered – –
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(Section 8.3.8)

HD109200 b? New candidate? New candidate?

P [days] – 1227 ± 28 1212 ± 47

T [days] – 2455738.8 ± 29.9 22455742.6 ± 49.6

e – 0.36 ± 0.07 0.35 ± 0.11

ω [rad] – 0.52 ± 0.32 0.56 ± 0.30

K [m s−1] – 1.12 ± 0.14 1.03 ± 0.17

α Cen B No planet discovered Binary Star –

HD85390 b Wittenmyer et al. (2019) RVs–activity entangled?

P [days] 799.52 ± 2.41 791.2 ± 13.7 –

T [days] 76 ± 61 2455831.08 ± 29.07 –

e 0.50 ± 0.05 0.28 ± 0.10 –

ω [rad] 4.36 ± 0.14 3.02 ± 0.55 –

K [m s−1] 3.8 ± 0.3 4.3 ± 0.5 –

(Section 8.3.9)

HD13808 b Mayor et al. (2011)

P [days] 14.182 ± 0.005 14.180 ± 0.002 14.183 ± 0.002

T [days] – 2455013.059 ± 0.364 2455366.098 ± 0.278

e 0.17 ± 0.07 0.07 ± 0.06 0.05 ± 0.05

ω [rad] – 4.91 ± 0.95 4.32 ± 1.38

K [m s−1] 3.53 ± 0.29 3.84 ± 0.24 3.72 ± 0.21

HD13808 c

P [days] 53.83 ± 0.11 53.78 ± 0.05 53.77 ± 0.05

T [days] – 2455087.28 ± 2.78 2455358.38 ± 2.08

e 0.43 ± 0.20 0.26 ± 0.11 0.14 ± 0.10

ω [rad] – 3.94 ± 0.52 4.21 ± 0.83

K [m s−1] 2.81 ± 0.46 2.21 ± 0.26 2.05 ± 0.21

HD13808 d? New candidate? New candidate?

P [days] – 18.981 ± 0.014 18.983 ± 0.010

T [days] – 2455037.182 ± 1.056 2455360.003 ± 0.774

e – 0.25 ± 0.21 0.16 ± 0.17

ω [rad] – 1.74 ± 1.17 1.74 ± 1.05

K [m s−1] – 1.14 ± 0.27 1.26 ± 0.21
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HD144628 No planet discovered – –

HD192310 b Pepe et al. (2011)

P [days] 74.72 ± 0.10 74.13 ± 0.06 74.16 ± 0.05

T [days] 340.8 ± 2.35 2454964.77 ± 1.34 2456007.81 ± 1.09

e 0.13 ± 0.04 0.08 ± 0.05 0.12 ± 0.04

ω [rad] 3.02 ± 0.35 2.67 ± 0.63 3.06 ± 0.30

K [m s−1] 3.00 ± 0.12 2.94 ± 0.13 2.99 ± 0.11

HD192310 c

P [days] 525.8 ± 9.2 562.1 ± 5.1 542.1 ± 6.9

T [days] 1.9 ± 12.35 2455196.2 ± 11.4 2456280.1 ± 13.8

e 0.32 ± 0.11 0.13 ± 0.06 0.12 ± 0.06

ω [rad] 1.92 ± 0.37 0.81 ± 0.37 0.77 ± 0.42

K [m s−1] 2.27 ± 0.28 2.11 ± 0.13 1.69 ± 0.12

HD82516 No planet discovered –

HD101930 b Lovis et al. (2005)

P [days] 70.46 ± 0.18 70.454 ± 0.008 70.454 ± 0.008

T [days] 2453145.0 ± 2.0 2455109.520 ± 0.467 2455109.097 ± 0.428

e 0.11 ± 0.02 0.08 ± 0.02 0.08 ± 0.02

ω [rad] 4.38 ± 0.19 3.58 ± 0.25 3.54 ± 0.23

K [m s−1] 18.1 ± 0.4 18.35 ± 0.31 18.54 ± 0.29

HD204941 b Dumusque et al. (2011c) No correlation

P [days] 1733 ± 74 1574 ± 25 –

T [days] 2456015 ± 92 2457378.8 ± 28.8 –

e 0.37 ± 0.08 0.05 ± 0.05 –

ω [rad] 3.98 ± 0.31 4.19 ± 1.17 –

K [m s−1] 5.94 ± 0.71 5.42 ± 0.29 –

HD104067 b Ségransan et al. (2011)

P [days] 55.806 ± 0.049 55.815 ± 0.059 55.847 ± 0.051

T [days] 2454043.15 ± 0.56 2454145.63 ± 1.62 2454144.58 ± 1.40

e 0.0 0.09 ± 0.08 0.08 ± 0.07
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ω [rad] 0.0 5.30 ± 0.64 5.26 ± 0.70

K [m s−1] 11.56 ± 0.75 11.42 ± 0.78 11.45 ± 0.69

HD136713 No planet discovered –

(Section 8.3.10)

HD154577 b? New candidate? New candidate?

P [days] – 1148 ± 118 1125 ± 38

T [days] – 2456484.8 ± 80.2 2456395.1 ± 42.0

e – 0.16 ± 0.09 0.22 ± 0.12

ω [rad] – 4.49 ± 1.09 3.92 ± 0.16

K [m s−1] – 1.07 ± 0.13 0.94 ± 0.16

(Section 8.2.5)

HD40307 b Dı́az et al. (2016)

P [days] 4.31150 ± 0.00027 4.31146 ± 0.00026 4.31150 ± 0.00018

T [days] 163.5 ± 4.06 2455013.046 ± 0.139 2455012.824 ± 0.084

e < 0.168 0.18 ± 0.10 0.08 ± 0.06

ω [rad] – 2.67 ± 0.52 2.33 ± 0.92

K [m s−1] 1.79 ± 0.13 1.93 ± 0.19 1.94 ± 0.12

HD40307 c

P [days] 9.62070 ± 0.0012 9.6216 ± 0.0013 9.6205 ± 0.0008

T [days] 321.5 ± 3.26 2455017.152 ± 0.266 2455017.828 ± 0.207

e < 0.103 0.08 ± 0.08 0.06 ± 0.06

ω [rad] – 2.51 ± 1.23 2.95 ± 0.89

K [m s−1] 2.31 ± 0.13 2.17 ± 0.19 2.20 ± 0.12

HD40307 d

P [days] 20.4185 ± 0.0052 20.4168 ± 0.0050 20.4152 ± 0.0037

T [days] 185.4 ± 3.16 2455009.086 ± 0.418 2455007.480 ± 0.343

e < 0.122 0.06 ± 0.07 0.04 ± 0.05

ω [rad] – 2.49 ± 1.38 2.02 ± 1.39

K [m s−1] 2.44 ± 0.13 2.45 ± 0.19 2.27 ± 0.13

HD40307 e? Tuomi et al. (2013) Stellar activity? Stellar activity?

P [days] 34.62 ± 0.21 – –

T [days] 6.23 – –

e 0.15 ± 0.15 – –

ω [rad] 5.3 – –

K [m s−1] 0.84 ± 0.32 – –
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HD40307 f

P [days] 51.56 ± 0.14 51.41 ± 0.14 51.64 ± 0.19

T [days] 142 ± 116 2455032.55 ± 3.51 2455036.56 ± 4.52

e < 0.352 0.24 ± 0.22 0.19 ± 0.19

ω [rad] – 1.93 ± 1.19 2.39 ± 1.53

K [m s−1] 0.75 ± 0.13 0.96 ± 0.22 0.70 ± 0.14

HD40307 g? Tuomi et al. (2013)

P [days] 197.8 ± 9.0 204.1 ± 1.6 203.0 ± 1.7

T [days] 5.63 2455198.9 ± 14.5 2455183.2 ± 17.4

e 0.29 ± 0.31 0.23 ± 0.17 0.31 ± 0.20

ω [rad] 1.6 3.51 ± 1.18 3.27 ± 0.99

K [m s−1] 0.95 ± 0.32 0.89 ± 0.21 0.55 ± 0.17

HD215152 b Delisle et al. (2018)

P [days] 5.75999 ± 0.00175 5.7602 ± 0.0020 5.7585 ± 0.0024

T [days] 30.43 ± 25.497 2455024.725 ± 0.429 2455802.064 ± 0.308

e 0 0.19 ± 0.20 0.19 ± 0.18

ω [rad] – 2.64 ± 1.81 2.28 ± 1.39

K [m s−1] 0.772 ± 0.266 0.71 ± 0.17 0.66 ± 0.15

HD215152 c

P [days] 7.28243 ± 0.00827 7.2788 ± 0.0031 7.2803 ± 0.0032

T [days] -156.03 ± 37.667 2455022.193 ± 0.478 2455801.491 ± 0.577

e 0 0.15 ± 0.16 0.18 ± 0.16

ω [rad] – 3.83 ± 1.60 4.07 ± 1.23

K [m s−1] 0.675 ± 0.284 0.83 ± 0.16 0.78 ± 0.15

HD215152 d

P [days] 10.86499 ± 0.00613 10.8714 ± 0.0069 10.8615 ± 0.0059

T [days] 104.66 ± 26.377 2455025.088 ± 1.072 2455807.472 ± 0.755

e 0 0.20 ± 0.18 0.20 ± 0.15

ω [rad] – 3.98 ± 1.36 4.02 ± 1.11

K [m s−1] 0.963 ± 0.317 0.81 ± 0.18 0.86 ± 0.15

HD215152 e

P [days] 25.1967 ± 0.0505 25.165 ± 0.029 25.173 ± 0.037

T [days] -31.73 ± 37.967 2455043.21 ± 1.55 2455816.62 ± 1.36

e 0 0.17 ± 0.16 0.20 ± 0.18

ω [rad] – 3.72 ± 1.85 1.87 ± 1.22

K [m s−1] 0.747 ± 0.384 0.76 ± 0.17 0.64 ± 0.16
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HD65277 No planet discovered Binary Star –

HD125595 b Ségransan et al. (2011) No correlation

P [days] 9.6737 ± 0.0039 9.6742 ± 0.0064 –

T [days] 2454435.23 ± 0.15 2454198.095 ± 0.456 –

e 0.0 0.11 ± 0.12 –

ω [rad] 0.0 3.30 ± 1.85 –

K [m s−1] 4.79 ± 0.47 4.77 ± 0.78 –

HD209100 b Feng et al. (2019) RVs–activity entangled?

P [days] 16510 ± 2100 16510.0 (fixed) –

T [days] 2442332.95 ± 3450.17 2462672.0 ± 284.2 –

e 0.26 ± 0.07 0.32 ± 0.01 –

ω [rad] 1.36 ± 0.55 0.79 ± 0.02 –

K [m s−1] 29.22 ± 6.07 29.22 (fixed) –

(Section 8.3.11)

HD85512 b Pepe et al. (2011)

P [days] 58.43 ± 0.13 57.69 ± 0.09 57.66 ± 0.12

T [days] 114.5 ± 6.38 2455113.27 ± 2.57 2455113.11 ± 2.74

e 0.11 ± 0.10 0.25 ± 0.09 0.23 ± 0.17

ω [rad] 3.11 ± 0.01 3.19 ± 0.59 3.08 ± 0.79

K [m s−1] 0.769 ± 0.090 0.50 ± 0.07 0.47 ± 0.07

HD85512 c? New candidate? New candidate?

P [days] – 30.288 ± 0.025 30.288 ± 0.042

T [days] – 2455088.99 ± 1.72 2455090.71 ± 2.74

e – 0.23 ± 0.18 0.25 ± 0.22

ω [rad] – 0.99 ± 0.62 1.50 ± 1.10

K [m s−1] – 0.44 ± 0.08 0.37 ± 0.08

HD85512 d? New candidate? New candidate?

P [days] – 895 ± 32 927 ± 39

T [days] – 2455250.9 ± 36.6 2455503.1 ± 64.2

e – 0.11 ± 0.12 0.21 ± 0.15

ω [rad] – 2.36 ± 1.21 4.31 ± 0.49

K [m s−1] – 0.61 ± 0.07 0.65 ± 0.07
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HD113538 b Moutou et al. (2015)

P [days] 663.2 ± 8.4 656.3 ± 7.4 653.9 ± 8.3

T [days] 2455500 ± 17 2455574.9 ± 15.4 2455635.1 ± 11.7

e 0.14 ± 0.08 0.21 ± 0.09 0.21 ± 0.09

ω [rad] 1.29 ± 0.65 0.96 ± 0.41 1.35 ± 0.32

K [m s−1] 12.2 ± 1.1 11.3 ± 1.0 11.4 ± 0.9

HD113538 c

P [days] 1818 ± 25 1843 ± 28 1858 ± 26

T [days] 2456741 ± 31 2454609.6 ± 36.9 2457371.4 ± 41.5

e 0.20 ± 0.04 0.17 ± 0.04 0.18 ± 0.04

ω [rad] 4.89 ± 0.28 4.85 ± 0.29 4.63 ± 0.26

K [m s−1] 22.6 ± 0.8 22.9 ± 0.8 22.8 ± 0.7

GJ676A b Sahlmann et al. (2016)

P [days] 1051.1 ± 0.4 1051.8 ± 1.0 1058.1 ± 3.5

T [days] 2455410.4 ± 0.8 2455408.0 ± 0.8 2455413.9 ± 0.9

e 0.323 ± 0.002 0.316 ± 0.004 0.322 ± 0.004

ω [rad] 1.53 ± 0.01 1.50 ± 0.02 1.49 ± 0.02

K [m s−1] 124.5 ± 0.3 123.8 ± 0.6 124.6 ± 0.6

GJ676A c

P [days] 7337 ± 95 7157 ± 245 7727 ± 686

T [days] 2450495.2 ± 60.2 2457764.1 ± 151.8 2459955.8 ± 484.0

e 0 0 (fixed) 0 (fixed)

ω [rad] 0 0 (fixed) 0 (fixed)

K [m s−1] 88.7 ± 1.1 86.1 ± 2.8 97.9 ± 10.7

GJ676A d

P [days] 3.6005 ± 0.0002 3.6000 ± 0.0005 3.5999 ± 0.0004

T [days] 2455498.7 ± 0.1 2455659.93 ± 0.24 2455184.26 ± 0.23

e 0.262 ± 0.101 0.36 ± 0.17 0.45 ± 0.15

ω [rad] 5.43 ± 0.28 3.33 ± 0.41 3.48 ± 0.30

K [m s−1] 2.4 ± 0.2 2.7 ± 0.5 2.8 ± 0.6

GJ676A e

P [days] 35.39 ± 0.04 35.51 ± 0.05 35.58 ± 0.06

T [days] 2455509.2 ± 5.6 2455669.93 ± 1.90 2455205.41 ± 1.75

e 0.125 ± 0.119 0.24 ± 0.20 0.21 ± 0.17

ω [rad] 5.79 ± 1.01 2.54 ± 0.85 2.80 ± 0.87

K [m s−1] 2.0 ± 0.2 2.2 ± 0.5 2.2 ± 0.4
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(Section 8.4.2)

HD156384C b Anglada-Escudé et al. (2013) Binary Star

P [days] 7.2004 ± 0.0017 7.2006 ± 0.0010 7.2001 ± 0.0010

T [days] 3.42 ± 1.189 2454648.614 ± 0.161 2454938.335 ± 0.142

e 0.13 ± 0.11 0.11 ± 0.07 0.05 ± 0.05

ω [rad] 0.10 ± 0.75 1.19 ± 0.96 2.68 ± 2.23

K [m s−1] 3.93 ± 0.42 3.94 ± 0.26 4.06 ± 0.24

HD156384C c

P [days] 28.140 ± 0.065 28.102 ± 0.022 28.101 ± 0.042

T [days] 0.39 2454661.99 ± 1.37 22454942.54 ± 2.02

e 0.02 ± 0.15 0.34 ± 0.15 0.29 ± 0.18

ω [rad] 5.1 3.06 ± 0.46 3.09 ± 0.63

K [m s−1] 1.71 ± 0.47 2.02 ± 0.36 1.71 ± 0.37

HD156384C e? No clear signal No clear signal

P [days] 62.24 ± 0.55 – –

T [days] 4.19 – –

e 0.02 ± 0.22 – –

ω [rad] 0.5 – –

K [m s−1] 0.92 ± 0.48 – –

HD156384C f? Stellar activity? Stellar activity?

P [days] 39.026 ± 0.211 – –

T [days] 5.19 – –

e 0.03 ± 0.16 – –

ω [rad] 1.8 – –

K [m s−1] 1.08 ± 0.47 – –

HD156384C g? No clear signal No clear signal

P [days] 256.2 ± 13.8 – –

T [days] 4.19 – –

e 0.08 ± 0.41 – –

ω [rad] 0.9 – –

K [m s−1] 0.95 ± 0.48 – –

Gl588 No planet discovered – –

(Section 8.3.12)

HD285968 b Forveille et al. (2009)

P [days] 8.7836 ± 0.0054 8.7741 ± 0.0032 8.7746 ± 0.0027

T [days] 2454399.79 ± 0.33 2454263.29 ± 0.45 2454262.77 ± 0.37



Appendix 254

e 0 0.14 ± 0.13 0.11 ± 0.11

ω [rad] – 3.29 ± 0.84 2.98 ± 1.13

K [m s−1] 4.12 ± 0.52 4.54 ± 0.54 4.35 ± 0.46

HD285968 c? New candidate? New candidate?

P [days] – 58.74 ± 0.14 58.80 ± 0.12

T [days] – 2454279.133 ± 5.699 2454279.646 ± 3.954

e – 0.70 ± 0.11 0.52 ± 0.12

ω [rad] – 5.33 ± 0.28 5.63 ± 0.33

K [m s−1] – 5.05 ± 1.27 3.98 ± 0.64

GJ581 b Robertson et al. (2014)

P [days] 5.3686 ± 0.0001 5.3685 ± 0.0001 5.3685 ± 0.0001

T [days] 2454751.76 ± 0.01 2454614.175 ± 0.029 2454791.694 ± 0.029

e 0.00 ± 0.03 0.01 ± 0.02 0.02 ± 0.02

ω [rad] – 4.16 ± 1.54 4.58 ± 1.17

K [m s−1] 12.6 ± 0.2 12.8 ± 0.2 12.8 ± 0.2

GJ581 c

P [days] 12.914 ± 0.002 12.915 ± 0.003 12.916 ± 0.003

T [days] 2454759.2 ± 0.1 2454609.664 ± 0.287 2454790.645 ± 0.293

e 0.00 ± 0.06 0.08 ± 0.07 0.08 ± 0.07

ω [rad] – 4.79 ± 0.79 4.87 ± 0.69

K [m s−1] 3.3 ± 0.2 3.3 ± 0.2 3.4 ± 0.2

GJ581 e

P [days] 3.1490 ± 0.0002 3.1490 ± 0.0004 3.1489 ± 0.0004

T [days] 2454752.33 ± 0.05 2454610.801 ± 0.121 2454790.411 ± 0.128

e 0.00 ± 0.060 0.13 ± 0.13 0.13 ± 0.13

ω [rad] – 2.18 ± 1.21 2.39 ± 1.27

K [m s−1] 1.7 ± 0.2 1.6 ± 0.2 1.6 ± 0.2

GJ674 b Bonfils et al. (2007)

P [days] 4.6938 ± 0.007 4.6951 ± 0.0001 4.6951 ± 0.0001

T [days] 2453780.085 ± 0.078 2455165.012 ± 0.051 2455479.619 ± 0.047

e 0.20 ± 0.02 0.20 ± 0.04 0.21 ± 0.04

ω [rad] 2.50 ± 0.10 2.41 ± 0.21 2.45 ± 0.19

K [m s−1] 8.70 ± 0.19 8.70 ± 0.36 8.68 ± 0.35

(Section 8.3.13)

Gl876 b Rivera et al. (2010)
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P [days] 61.1166 ± 0.0086 61.0345 ± 0.0010 61.0337 ± 0.0009

T [days] 325.7 ± 3.210 2455215.649 ± 0.028 2455271.109 ± 0.028

e 0.0324 ± 0.0013 0.001 ± 0.001 0.001 ± 0.001

ω [rad] 0.88 ± 0.06 3.99 ± 1.58 3.42 ± 2.17

K [m s−1] 214.00 ± 0.42 212.08 ± 0.37 211.42 ± 0.31

Gl876 c

P [days] 30.0881 ± 0.0082 30.2311 ± 0.0006 30.2306 ± 0.0006

T [days] 294.59 ± 0.9410 2455210.372 ± 0.042 2455271.270 ± 0.034

e 0.25591 ± 0.00093 0.008 ± 0.005 0.004 ± 0.004

ω [rad] 0.85 ± 0.01 2.53 ± 0.50 2.62 ± 0.99

K [m s−1] 88.34 ± 0.47 89.07 ± 0.31 89.13 ± 0.31

Gl876 d

P [days] 1.937780 ± 0.000020 1.93787 ± 0.00003 1.93786 ± 0.00003

T [days] 355 ± 1910 2455171.559 ± 0.028 2455274.219 ± 0.034

e 0.207 ± 0.055 0.04 ± 0.04 0.06 ± 0.05

ω [rad] 4.08 ± 0.35 3.87 ± 1.34 3.68 ± 0.90

K [m s−1] 6.56 ± 0.37 5.97 ± 0.28 5.87 ± 0.26

Gl876 e

P [days] 124.26 ± 0.70 124.23 ± 0.27 124.85 ± 0.26

T [days] 335 ± 2410 2455269.05 ± 4.53 2455319.71 ± 4.75

e 0.055 ± 0.012 0.31 ± 0.15 0.09 ± 0.11

ω [rad] 4.17 ± 0.38 0.49 ± 0.40 3.28 ± 2.54

K [m s−1] 3.42 ± 0.39 4.27 ± 0.41 3.48 ± 0.30

Gl876 f? New candidate? New candidate?

P [days] – 10.0144 ± 0.0009 10.0140 ± 0.0008

T [days] – 2455178.551 ± 0.147 2455288.077 ± 0.129

e – 0.04 ± 0.04 0.03 ± 0.04

ω [rad] – 4.13 ± 1.30 3.72 ± 1.65

K [m s−1] – 5.89 ± 0.29 5.82 ± 0.27

Gl876 g? New candidate? New candidate?

P [days] – 15.0434 ± 0.0006 15.0433 ± 0.0005

T [days] – 2455183.940 ± 0.073 2455274.415 ± 0.068

e – 0.04 ± 0.02 0.04 ± 0.01

ω [rad] – 2.20 ± 0.37 2.29 ± 0.33

K [m s−1] – 19.65 ± 0.36 19.88 ± 0.32
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Boisse I., Bouchy F., Hébrard G., Bonfils X., Santos N., Vauclair S., 2011, aap,

528, A4

Bonfils X., et al., 2007, aap, 474, 293

Borucki W. J., et al., 2010, Science, 327, 977

Brahm R., Jordán A., Espinoza N., 2017, Publications of the Astronomical Society

of the Pacific, 129, 034002

Braun D. C., 2019, ApJ, 873, 94

Bray R. J., Loughhead R. E., Durrant C. J., 1984, Journal of the British Astro-

nomical Association, 94, 196

Broomhall A. M., Chaplin W. J., Davies G. R., Elsworth Y., Fletcher S. T., Hale

S. J., Miller B., New R., 2009, MNRAS, 396, L100

Bruning D. H., Saar S. H., 1990, in Wallerstein G., ed., Astronomical Society of

the Pacific Conference Series Vol. 9, Cool Stars, Stellar Systems, and the Sun.

p. 165

Burrows A., Hubeny I., Budaj J., Hubbard W., 2007, The Astrophysical Journal,

661, 502

Butler R. P., et al., 2006, ApJ, 646, 505

Butler R. P., et al., 2017, aj, 153, 208

Castelli F., Kurucz R. L., 2004, ArXiv Astrophysics e-prints,

http://dx.doi.org/10.1051/0004-6361/201321345
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..49B
http://dx.doi.org/10.12942/lrsp-2005-8
https://ui.adsabs.harvard.edu/abs/2005LRSP....2....8B
http://dx.doi.org/10.1051/0004-6361:200810648
https://ui.adsabs.harvard.edu/abs/2009A&A...495..959B
http://dx.doi.org/10.1051/0004-6361/201014354
https://ui.adsabs.harvard.edu/abs/2011A&A...528A...4B
http://dx.doi.org/10.1051/0004-6361:20077068
https://ui.adsabs.harvard.edu/abs/2007A&A...474..293B
http://dx.doi.org/10.1126/science.1185402
https://ui.adsabs.harvard.edu/abs/2010Sci...327..977B
http://dx.doi.org/10.1088/1538-3873/aa5455
http://dx.doi.org/10.1088/1538-3873/aa5455
https://ui.adsabs.harvard.edu/#abs/2017PASP..129c4002B
http://dx.doi.org/10.3847/1538-4357/ab04a3
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...94B
https://ui.adsabs.harvard.edu/abs/1984JBAA...94R.196B
http://dx.doi.org/10.1111/j.1745-3933.2009.00672.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.396L.100B
http://dx.doi.org/10.1086/504701
https://ui.adsabs.harvard.edu/abs/2006ApJ...646..505B
http://dx.doi.org/10.3847/1538-3881/aa66ca
https://ui.adsabs.harvard.edu/abs/2017AJ....153..208B


Bibliography 258

Cegla H. M., et al., 2012, MNRAS, 421, L54

Cegla H. M., Shelyag S., Watson C. A., Mathioudakis M., 2013, ApJ, 763, 95

Cegla H. M., Watson C. A., Shelyag S., Mathioudakis M., Moutari S., 2019, ApJ,

879, 55

Chabrier G., Baraffe I., 2007, The Astrophysical Journal Letters, 661, L81

Chaplin W. J., Cegla H. M., Watson C. A., Davies G. R., Ball W. H., 2019, aj,

157, 163

Choi J., McCarthy C., Marcy G. W., Howard A. W., Fischer D. A., Johnson J. A.,

Isaacson H., Wright J. T., 2013, ApJ, 764, 131

Choudhuri A. R., 2007, in Hasan S. S., Banerjee D., eds, American Institute of

Physics Conference Series Vol. 919, Kodai School on Solar Physics. pp 49–73,

doi:10.1063/1.2756783

Claret A., Hauschildt P. H., Witte S., 2013, aap, 552, A16

Collier Cameron A., et al., 2006, MNRAS, 373, 799

Collier Cameron A., et al., 2019, MNRAS, 487, 1082

Collier Cameron A., et al., 2021, MNRAS, 505, 1699

Coppejans R., et al., 2013, Publications of the Astronomical Society of the Pacific,

125, 976

Correia A. C. M., et al., 2009, aap, 496, 521

Correia A. C. M., et al., 2010, aap, 511, A21

Cosentino R., et al., 2012, in Proc. SPIE. p. 84461V, doi:10.1117/12.925738

Costa Silva A. R., Delgado Mena E., Tsantaki M., 2020, aap, 634, A136

Costes J. C., et al., 2020, MNRAS, 491, 2834

Costes J. C., et al., 2021, MNRAS,

Craig M. W., et al., 2015, ccdproc: CCD data reduction software, Astrophysics

Source Code Library (ascl:1510.007)

Crouch A. D., Charbonneau P., Thibault K., 2007, ApJ, 662, 715

http://dx.doi.org/10.1111/j.1745-3933.2011.01205.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421L..54C
http://dx.doi.org/10.1088/0004-637X/763/2/95
https://ui.adsabs.harvard.edu/abs/2013ApJ...763...95C
http://dx.doi.org/10.3847/1538-4357/ab16d3
https://ui.adsabs.harvard.edu/abs/2019ApJ...879...55C
http://dx.doi.org/10.3847/1538-3881/ab0c01
https://ui.adsabs.harvard.edu/abs/2019AJ....157..163C
http://dx.doi.org/10.1088/0004-637X/764/2/131
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..131C
http://dx.doi.org/10.1063/1.2756783
http://dx.doi.org/10.1051/0004-6361/201220942
https://ui.adsabs.harvard.edu/abs/2013A&A...552A..16C
http://dx.doi.org/10.1111/j.1365-2966.2006.11074.x
http://ukads.nottingham.ac.uk/abs/2006MNRAS.373..799C
http://dx.doi.org/10.1093/mnras/stz1215
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.1082C
http://dx.doi.org/10.1093/mnras/stab1323
https://ui.adsabs.harvard.edu/abs/2021MNRAS.505.1699C
http://dx.doi.org/10.1051/0004-6361:200810774
https://ui.adsabs.harvard.edu/abs/2009A&A...496..521C
http://dx.doi.org/10.1051/0004-6361/200912700
https://ui.adsabs.harvard.edu/abs/2010A&A...511A..21C
http://dx.doi.org/10.1117/12.925738
http://dx.doi.org/10.1051/0004-6361/201936523
https://ui.adsabs.harvard.edu/abs/2020A&A...634A.136C
http://dx.doi.org/10.1093/mnras/stz3140
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.2834C
http://dx.doi.org/10.1093/mnras/stab1183
http://dx.doi.org/10.1086/515564
https://ui.adsabs.harvard.edu/abs/2007ApJ...662..715C


Bibliography 259

Davenport J. R. A., et al., 2014, ApJ, 797, 122

Delfosse X., et al., 2013, aap, 553, A8

Delgado Mena E., et al., 2015, aap, 576, A69

Delgado Mena E., Tsantaki M., Adibekyan V. Z., Sousa S. G., Santos N. C.,

González Hernández J. I., Israelian G., 2017, aap, 606, A94

Delgado Mena E., et al., 2019, aap, 624, A78

Delisle J. B., et al., 2018, aap, 614, A133

Delrez L., et al., 2016, Monthly Notices of the Royal Astronomical Society, 458,

4025

Demory B.-O., Seager S., 2011, APJS, 197, 12

Desidera S., et al., 2004, aap, 420, L27

Desort M., Lagrange A.-M., Galland F., Udry S., Mayor M., 2007, Astronomy &

Astrophysics, 473, 983

Dı́az R. F., et al., 2016, aap, 585, A134

Dı́az M. R., et al., 2018, aj, 155, 126

Dikpati M., Gilman P. A., 2009, SSR, 144, 67

Dotter A., 2016, ApJS, 222, 8

Dravins D., Nordlund A., 1990, aap, 228, 203

Dumusque X., 2018, aap, 620, A47

Dumusque X., Udry S., Lovis C., Santos N. C., Monteiro M. J. P. F. G., 2011a,

aap, 525, A140

Dumusque X., Santos N. C., Udry S., Lovis C., Bonfils X., 2011b, aap, 527, A82

Dumusque X., et al., 2011c, aap, 535, A55

Dumusque X., et al., 2012, Nature, 491, 207

Dumusque X., Boisse I., Santos N. C., 2014, ApJ, 796, 132

Dumusque X., Pepe F., Lovis C., Latham D. W., 2015a, ApJ, 808, 171

http://dx.doi.org/10.1088/0004-637X/797/2/122
https://ui.adsabs.harvard.edu/#abs/2014ApJ...797..122D
http://dx.doi.org/10.1051/0004-6361/201219013
https://ui.adsabs.harvard.edu/abs/2013A&A...553A...8D
http://dx.doi.org/10.1051/0004-6361/201425433
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..69D
http://dx.doi.org/10.1051/0004-6361/201730535
https://ui.adsabs.harvard.edu/abs/2017A&A...606A..94D
http://dx.doi.org/10.1051/0004-6361/201834783
https://ui.adsabs.harvard.edu/abs/2019A&A...624A..78D
http://dx.doi.org/10.1051/0004-6361/201732529
https://ui.adsabs.harvard.edu/abs/2018A&A...614A.133D
http://dx.doi.org/10.1088/0067-0049/197/1/12
https://ui.adsabs.harvard.edu/abs/2011ApJS..197...12D
http://dx.doi.org/10.1051/0004-6361:20040155
https://ui.adsabs.harvard.edu/abs/2004A&A...420L..27D
http://dx.doi.org/10.1051/0004-6361:20078144
http://dx.doi.org/10.1051/0004-6361:20078144
http://adsabs.harvard.edu/abs/2007A%26A...473..983D
http://dx.doi.org/10.1051/0004-6361/201526729
https://ui.adsabs.harvard.edu/abs/2016A&A...585A.134D
http://dx.doi.org/10.3847/1538-3881/aaa896
https://ui.adsabs.harvard.edu/abs/2018AJ....155..126D
http://dx.doi.org/10.1007/s11214-008-9484-3
https://ui.adsabs.harvard.edu/abs/2009SSRv..144...67D
http://dx.doi.org/10.3847/0067-0049/222/1/8
http://adsabs.harvard.edu/abs/2016ApJS..222....8D
https://ui.adsabs.harvard.edu/abs/1990A&A...228..203D
http://dx.doi.org/10.1051/0004-6361/201833795
https://ui.adsabs.harvard.edu/abs/2018A&A...620A..47D
http://dx.doi.org/10.1051/0004-6361/201014097
https://ui.adsabs.harvard.edu/abs/2011A&A...525A.140D
http://dx.doi.org/10.1051/0004-6361/201015877
https://ui.adsabs.harvard.edu/abs/2011A&A...527A..82D
http://dx.doi.org/10.1051/0004-6361/201117148
https://ui.adsabs.harvard.edu/abs/2011A&A...535A..55D
http://dx.doi.org/10.1038/nature11572
https://ui.adsabs.harvard.edu/abs/2012Natur.491..207D
http://dx.doi.org/10.1088/0004-637X/796/2/132
https://ui.adsabs.harvard.edu/abs/2014ApJ...796..132D
http://dx.doi.org/10.1088/0004-637X/808/2/171
https://ui.adsabs.harvard.edu/abs/2015ApJ...808..171D


Bibliography 260

Dumusque X., et al., 2015b, apjl, 814, L21

Dumusque X., et al., 2020, arXiv e-prints, p. arXiv:2009.01945

Duncan D. K., et al., 1991, APJS, 76, 383

Espinoza N., Jordán A., 2015, MNRAS, 450, 1879

Espinoza N., et al., 2016, The Astrophysical Journal, 830, 43

Feng F., Tuomi M., Jones H. R. A., Barnes J., Anglada-Escudé G., Vogt S. S.,
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González Hernández J. I., Pepe F., Molaro P., Santos N. C., 2018, ESPRESSO

on VLT: An Instrument for Exoplanet Research. Springer, Cham, p. 157,

doi:10.1007/978-3-319-55333-7 157

Gray D. F., 1982, ApJ, 255, 200

Gray D. F., 1986, PASP, 98, 319

Gray D. F., Baliunas S. L., Lockwood G. W., Skiff B. A., 1992, ApJ, 400, 681

Guillot T., Showman A. P., 2002, Astronomy & Astrophysics, 385, 156

Günther M. N., Daylan T., 2019, allesfitter: Flexible star and exoplanet inference

from photometry and radial velocity (ascl:1903.003)

Günther M. N., Daylan T., 2020, arXiv e-prints, p. arXiv:2003.14371

Gustafsson B., Edvardsson B., Eriksson K., Jørgensen U. G., Nordlund Å., Plez
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