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Riassunto

Rivelazione e caratterizzazione dell’architettura
orbitale di sistemi planetari intorno a stelle fredde

Le nane M si sono dimostrate dei target affascinanti per la ricerca di esopianeti,
grazie alla crescente evidenza dalle survey di transiti (ad esempio Kepler) e di
velocita radiali (ad esempio HARPS ed HARPS-N), anche se diversi ostacoli
intralciano la ricerca e I'analisi di sistemi planetari intorno ad esse. Per queste
ragioni, & di fondamentale importanza intensificare gli sforzi rivolti alla rive-
lazione e caratterizzazione di pianeti extrasolari intorno a nane M, poiché le
nuove scoperte contribuiranno a portare il supporto statistico necessario allo
studio di classi peculiari di pianeti, mentre la precisa caratterizzazione orbitale
sia di sistemi noti che appena scoperti aiutera a vincolare meglio i processi di for-
magzione e migrazione planetaria. Le molte domande aperte sulle nane M ospiti
e sui loro sistemi planetari, e lo sviluppi di nuove metodologie per investigarle,
sono la base delle motivazioni del mio lavoro di Dottorato.

Nella mia tesi, per prima cosa presento la tematica dei sistemi esoplane-
tari intorno a nane M, sia dal punto di vista osservativo che statistico. Poi
riporto il mio lavoro di analisi delle prestazioni di tre diverse tipi di anal-
isi di periodogramma, il “Generalised Lomb-Scargle periodogram” (GLS), la
sua versione modificata che sfrutta la statistica bayesiana (BGLS), ed il pe-
riodogramma multifrequenza chiamato FREquency DEComposer (FREDEC),
motivato dall’ubiquita di sistemi multipli di pianeti di piccola massa. I risultati
illustrati sostengono la necessita di rafforzare e sviluppare ulteriormente le piu
aggressive ed efficaci strategie per la robusta identificazione di segnali planetari
di piccola ampiezza nei dati di velocita radiale. In seguito descrivo gli algoritmi
ad alte prestazioni usati dal gruppo di ricerca di cui sono parte per la model-
lizazione di segnali Kepleriani singoli e multipli, e la loro applicazione sia su dati
simulati di velocita radiale analizzati alla cieca, e contenenti rappresentazioni
realistiche di segnali stellari e planetari, che su dati HARPS ad alta precisione
di archivio di una stella M con un sistema multiplo di super Terre.

Riporto quindi i primi risultati che ho ottenuto nell’analisi di dati di ve-
locita radiale raccolti come parte del progetto HADES (HArps-n red Dwarf
Exoplanet), cioe la rivelazione di un pianeta di piccola massa e lungo periodo
intorno alla nana M1 GJ15A, una delle stelle piu vicine al Sole, che era gia nota
ospitare una super Terra di corto periodo. Poiché la stella ospite ¢ parte di un sis-
tema binario con la nana M GJ15B, ho derivato una soluzione orbitale migliorata
per GJ15B e studiato un set di simulazioni numeriche dell’evoluzione a lungo
termine del sistema planetario affetto da oscillazioni eccentriche di Lidov-Kozai,
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che provano che l'interazione dinamica puo facilmente aumentare 1’eccentricita
del pianeta esterno, anche al di sopra dei livelli osservati. Per concludere, de-
scrivo la strategia e i risultati preliminari dell’analisi bayesiana ancora in corso
del campione HADES, che mira a calcolare la frequenza di pianeti intorno a
stelle di piccola massa e la rivelabilita globale della survey.



Abstract

Detection and Orbital Architecture Characteri-
zation of Planetary Systems Around Cool Stars

M dwarfs have proven to be fascinating targets for exoplanetary search, from the
growing evidence from transit (e.g., Kepler) and radial-velocity (e.g, HARPS,
HARPS-N) surveys, even if several complex obstacles hamper the analysis and
detection of planetary systems around them. For these reasons, it is pivotal
to intensify the efforts towards the detection and characterization of extrasolar
planets around M dwarfs, since new discoveries will help bring the statistical
support still needed for the study of peculiar classes of planets, while the pre-
cise orbital characterization of both known and new systems will tighten the
constraints on formation and migration processes. The many open issues on M
dwarfs host and their planetary systems, and the development of new method-
ologies to investigate them, are the foundation of the motivation for my PhD
work.

In my thesis I first present the topic of M dwarfs exoplanetary systems, both
from the observational and statistical point of view. I then report my work on
performance analysis of three periodogram tools, the Generalised Lomb-Scargle
Periodogram (GLS), its modified version based on Bayesian statistics (BGLS),
and the multi-frequency periodogram scheme called FREquency DEComposer
(FREDEC), motivated by the ubiquitousness of multiple systems with low-mass
components. The results illustrated reinforce the need for the strengthening and
further developing of the most aggressive and effective ab initio strategies for
the robust identification of low-amplitude planetary signals in RV data sets.
I describe the high-performance algorithms for single and multiple Keplerian
signals modeling used by the research group I am part of, and their applications
both on blindly analyzed simulated RV measurements including realistic stellar
and planetary signals, and on high- precision HARPS archive data of an M
dwarf star with a multiplanet system of Super Earths.

I then report the first results I obtained from the analysis of RV data collected
as part of the HADES (HArps-n red Dwarf Exoplanet Survey) project, that is
the detection of a long-period low-mass planet orbiting the M1 dwarf GJ15A, one
of the nearest stars to the Sun, which was already known to host a short-period
Super Earth. Since the host star is part of a binary system with the M dwarf
GJ15B, I derived an improved orbital solution for GJ15B and studied a suite of
numerical simulations of the long-term evolution of the planetary system under
eccentric Lidov-Kozai oscillations, which proved that this dynamical interaction
can easily enhance the eccentricity of the outer planet, up to and even above the
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observed value. Finally, I describe the strategy and preliminary results of the
ongoing Bayesian analysis of the full HADES sample, aiming to compute the
occurrence rates of planets around small mass stars and the global detectability
of the survey.
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Chapter 1

Introduction

1.1 Historical and scientific context

The indirect search for extrasolar planets and the study of their structural and
architectural characteristics is one of the most exciting and rapidly growing area
of modern astrophysics.

When in 1995 the first extrasolar planet orbiting a main sequence solar-type
star was announced by Mayor and Queloz (1995)), it was already an astonishing
object: 51 Pegasi b, recently renamed Dimidium, is a Jupiter mass planets with
an orbital period of ~ 4 d, the very prototype of the exotic class of planets
which became famous under the name of hot-Jupiters. The planet was dis-
covered by measuring the small Doppler displacement in the absorption lines
of the stellar spectra, which is now known as the Radial Velocity Method for
exoplanets discovery. In the following years many more planets were discovered
both from radial velocity measurements and with other techniques: the first ex-
oplanet detected through the transit method was announced by |[Konacki et al.
(2003), even if the transits of already known planets had been observed before
(e.g. [Charbonneau et al.| |2000)), and the first discovery through gravitational
microlensing of a distant star followed just one year later (Bond et al., |2004]).

Most of the first surveys hunting for exoplanets, which employed the radial
velocity method, directed their efforts towards dwarf stars of spectral type G
or K, usually in a range around the mass of the Sun (~ 0.7 — 1.5 Mg). The
large surveys were usually magnitude limited, thus preferentially selecting bright
Solar-type stars. Even if some smaller mass stars were observed, the samples of
targets selected were typically one order of magnitude smaller than for larger
stars. This choice was spurred by many factors that helped the detection of giant
planets around them, the only ones detectable with the precision of the early
instruments: solar-type stars are relatively bright, thus easy to observe with
high signal-to-noise ratios, have numerous absorption lines and are usually slow
rotators, which facilitate the calculation of radial velocities. Examples include
the OHP-ELODIE survey, which observed 324 G K dwarfs (Queloz et al., |2001]),
the Keck+Lick+AAT observation of 1040 F G and K stars (Valenti and Fischer,
2005) or the La Silla-CORALIE survey of 1650 stars between spectral class G
and K (Tamuz et al., |2008).

The firsts extensive studies of the properties of the exoplanets discovered by
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these radial velocity surveys (e.g. [Marcy et al., [2008} [Udry and Mayor, [2008))
revealed close-in giant planets (M, > 0.5 Mj, a < 5 AU) to be quite common, or-
biting around ~ 6 —7% of the observed stars, with a significant fraction (~ 15%)
of hot-Jupiters (a < 1 AU). These planets were completely unexpected by the
formation models, and this abundance of close-in orbits was even accentuated
by recent transit discoveries, mostly from the Kepler satellite (Howard et al.

. As unexpected as the appearance of hot-Jupiters it was the high fraction
of highly eccentric orbits (e > 0.3) which again contested the expectations from
the study of our own Solar System (e.g. . These evidences already
forced to take into account new theories for formation and migration of extra-
solar planets, to explain the unexpected observations (e.g. Murray et al., 1998}
. One other fascinating result of the first surveys was that, even if
the observational bias strongly hindered the observation of small rocky planets,
their distribution appeared to rise quite consistently with decreasing mass (e.g.
[Udry and Mayor], 2008). As the number of observed planets grew larger and
larger, the detection surveys started to focus on different type of host stars,
eager to study how their characteristics influenced the orbiting planets.

Both early- and late-type main sequence stars were scarcely selected as tar-
gets by the early surveys due to different observational obstacles: high mass
stars, while bright, present a small number of spectral lines as well as strong
surface inhomogeneities which prevent precise radial velocity derivation (e.g.
|Galland et all [2005), and M dwarfs are intrinsically faint, requiring larger tele-
scope sizes to obtain high signal-to-noise spectra. Furthermore early studies
considered M dwarfs to be unsuitable hosts for habitable exoplanets (e.g.
and references therein), which made them even less appealing for
exoplanet searches.

Nevertheless some groups declined this course of action, and pointed directly
to low mass M dwarfs, which are extremely common in the solar neighborhood,
yearning for the discovery of smaller mass planets, fostered by the higher mass
ratios. The early surveys ranged from the pioneering observation of 65 M dwarfs
with the Mount Wilson 2.5-m telescope (Marcy et al., [1986]) to the ELODIE and
SOPHIE-N survey of 127 nearby stars (Delfosse et al., [1999). Finally the first
exoplanetary systems around an M dwarf was detected simultaneously by Marcy|
let al.| (1998) and Delfosse et al| (1998) around GJ876, which later was found
hosting other three planets (Rivera et al., |2010, and references therein). The
detection of the giant planet GJ876b brought hope that many more similar
discoveries would follow. Instead, several years passed before other M-dwarf
Neptune-mass planets were detected (Butler et al., [2004; Bonfils et al., 2005).
But the hunt didn’t stop, aiming towards smaller and smaller masses in search
for the missing planets.

In the last years most of the doubt concerning the exoplanet search around
cool dwarfs were dispelled: with the arrival of high-precision spectrographs
mounted on larger class telescopes, led by HARPS at La Silla
@D and recently backed up by his younger twin HARPS-N at TNG
et al. , high signal-to-noise high-precision spectra became easy to col-
lect, and astronomers became fully able to benefit from the advantages offered
exoplanet hosting M dwarfs: the smaller masses enhance the planet/star ra-
tio,strongly increasing the amplitude of the Doppler signal in spectroscopic
measurements (to the order of 5-10 m s~!), due to the larger reflex motion
of the star. Photometric measurements of planetary occultations are also fos-
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tered, because the higher radius ratio lead to deep transits (> 5 mmag) easily
detectable even from ground modest-size telescopes (e.g. [Sozzetti et al., [2013)).
At the same time the skepticisms about their habitability were lifted, as new
studies judged it much easier than thought before, and also enhanced the like-
lihood of remote detection of life around them (e.g. [Seager and Deming} [2010;
Barnes et all 2011b, and references therein). Due to the low luminosities of M
dwarfs, the incident stellar fluxes required by planets to maintain surface tem-
peratures compatible with the presence of liquid water are acquired at much
closer orbits than in the case of the Solar System. This should produce a popu-
lation of easily observable potentially habitable planets, since the detectability
with most observing techniques strongly decreases with the distance from the
host.

Many physical properties of low-mass stars are not yet known with enough
precision to consent fine estimates of their planets characteristics, as is the
case for the radius (e.g. Charbonneau et al.; [2009, and references therein), the
metallicity (e.g.|Rojas-Ayala et al.,[2010) or age (e.g.|Jenkins et al.,|2009). All of
these uncertainties hamper the interpretation of detections and characterization
of exoplanetary systems.

Nonetheless, the gathering evidence over the frequencies of different classes
of planets orbiting around M dwarf and their differences with those for other
types of central stars will greatly advance our knowledge of the numerous issues
concerning the detailed mechanisms of stellar and planetary formations. It’s
becoming clear that giant gas planets are less frequent around low-mass than
around Solar-type stars, as expected from theoretical studies (e.g. [Laughlin
et al., 2004, Mordasini et al.,|2009)), while small mass rocky planets are showing
to be much more common than around solar-type stars (e.g. Tuomi et al., 2014,
and references therein). Along with the familiar Solar System-like rocky and
gas giant planets, the combined measurements of radius and mass of planets
observed with both the radial velocity and transits techniques, revealed a wide
range of densities. This could correspond to a myriad planetary structures and
compositions, from planets like GJ1214 b, with a mean density of p ~ 1.9 x 103
Kg m~3 suggesting a rich water envelope comprising ~ 50% of its mass (Marcy},
2009), to extremely low-density giant planets like HATS-6b with p ~ 400 Kg
m~3 (Hartman et al., 2015)), to high density super-Earths like LHS1140b (p ~
12 x 10° Kg m~* Dittmann et al., 2017).

However, it is just a handful of planets for which the mean density is known,
and even for them there could be different structures that could match the ob-
servations: the true compositions of most planets from giant to Earth-like is
unknown. And many more other open issues remains: how does the frequency
of small-size planets vary with orbital architecture, planetary and stellar pa-
rameters? What is the influence of outer giant planets on the presence and
properties of inner rocky planets? How many small-size planets are potentially
habitable?

For these reasons, it is pivotal to intensify the efforts towards the detection
and characterization of extrasolar planets around M dwarfs. New discoveries
will help bring the statistical support still needed for the study of peculiar
classes of planets. At the same time, the precise orbital characterization of both
known and new systems will tighten the constraints on formation and migration
processes.

M dwarfs have proven to be fascinating targets for exoplanetary search, even
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if several complex obstacles hamper the analysis and detection of planetary
systems around them. Therefore, astronomers involved in the study of cool
stars equipped themselves with more and more sophisticated tools in order to
overtake those hurdles, in particular focusing on comprehending and treating
the stellar noise strongly affecting the data. Yet there is still a long way to go.
The many open issues on M dwarfs host and their planetary systems, and the
development of new methodologies to investigate them, are the foundation of
the motivation for my PhD work.

In conclusion it is clear how we live in the most exciting times for exo-
planetary science, urged forward by the study of cool stars. The evidence is
given by the extraordinary discoveries disclosed in these last few years, as the
detection of a potentially habitable planet around the closest star to our Sun
(Anglada-Escudé et all, [2016a) or the announcement of three rocky planets in
the habitable zone of the M dwarf Trappist-1 (Gillon et al., [2017).

1.2 Chapter summaries

In Chapter [2] I present the topic of M dwarfs exoplanetary systems, both from
the observational and theoretical point of view. I describe in details the Radial
Velocity detection method, which is responsible for the first confirmed extrasolar
planet discovery along with the confirmation and mass measurements of most
of the sub-stellar mass companions detected with other techniques. It is also
the method used for planetary discovery and characterization throughout the
thesis. Then I describe the transit method, which, even if not used directly in my
work, is crucial for the statistical knowledge of exoplanets, being the technique
that discovered the most of the systems known today. An important drawback
in the study of small mass stars is that the analysis of low-amplitude signals
is often complicated by stellar activity, that can induce false positive signals
mimicking the RV signature of a low-mass planet, and induce systematic effects
comparable in magnitude to (and even exceeding) the amplitudes of the sought
after Keplerian signals.

I then discuss the statistical properties known so far, mainly from the com-
bined results of the HARPS spectrograph and of the Kepler satellite: planets
in the range between Super Earths and Neptunes are not only very common,
but they are often found in multiple systems, tightly packed close to the central
star, and almost perfectly coplanar when seen in transit. I also briefly discuss
the topic of circumstellar habitability in the case of M-dwarf host stars.

In Chapter [3| I report my work on performance analysis of periodogram
tools, motivated by the ubiquitousness of multiple systems with low-mass com-
ponents. I carried out a comparative analysis of the performances of three al-
gorithms widely used to identify significant periodicities in radial-velocity (RV)
datasets: the Generalised Lomb-Scargle Periodogram (GLS), its modified ver-
sion based on Bayesian statistics (BGLS), and the multi-frequency periodogram
scheme called FREquency DEComposer (FREDEC). These algorithms are ap-
plied to a suite of numerical simulations of (single and multiple) low-amplitude
Keplerian RV signals induced by low-mass companions around M-dwarf pri-
maries. I describe the results, which prove that the three period search ap-
proaches have quite similar performances in the limit of an idealized, best-case
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scenario, but start to differ when it comes identify more complex signals (in-
cluding correlated noise of stellar origin, eccentric orbits, multiple planets). The
largest discrepancy is recorded in the number of false detections: the standard
approach of residual analyses adopted for GLS and BGLS translates in large
fractions of false alarms (~30 per cent) in the case of multiple systems, as
opposed to ~10 per cent for the FREDEC approach of simultaneous multifre-
quency search.

The results illustrated reinforce the need for the strengthening and further
development of the most aggressive and effective ab initio strategies for the
robust identification of low-amplitude planetary signals in RV data sets. This is
particularly important now that RV surveys are beginning to achieve sensitivity
to potentially detect habitable Earth-mass planets around late-type stars.

This work has been published on MNRAS, with myself as the first author
(Pinamonti et al.| [2017)).

In Chapter [4] I describe the high-performance algorithms for Keplerian sig-
nals modelling used by my research group, and their applications. The first
is on blindly analyzed simulated RV measurements including realistic stellar
and planetary signals, with the results compared with those of other groups
techniques. This analysis was part of the Radial Velocity Fitting Challenge, in
which our methods proved to be strongly efficient, ranking among the best tech-
niques which took part in the challenge. We then applied our method on high-
precision HARPS archive data of GJ273, an M dwarf star with a multiplanet
system of Super Earths, in which we found a very-low amplitude (~ 0.44 m s~!,
Mpsini = 0.62 Mg) signal candidate. Due to the uncertain nature of such a
small signal, I performed a series of numerical simulations, in which I studied
different possible configurations of the GJ273 planetary systems, analysing the
respective RV time series with the three algorithms studied in the previous chap-
ter, to assess the reliability of the signal candidate. I present the preliminary
results of this still ongoing analysis.

The results of the Radial Velocity Fitting Challenge have been published on
A&A (Dumusque et al.l [2017)).

In Chapter 5| T outline the structure and purpose of the GAPS long-term
program, which was aimed at the comprehensive characterization of the archi-
tectural properties of planetary systems as a function of the hosts’ characteris-
tics, and it has now concluded its last observations with the HARPS-NQTNG
spectrograph. I report in details the characteristics of the instrument. I then
describe the HADES (HArps-n red Dwarf Exoplanet Survey) project, a collabo-
ration between the M-dwarfs GAPS research group and the Institut de Ciéncies
de IEspai de Catalunya (ICE), and the Instituto de Astrofisica de Canarias
(TAC).

In Chapter [6] I report the first result I obtained from the HADES data, that
is the detection of a long-period low-mass planet orbiting the M1 dwarf GJ15A,
one of the nearest stars to the Sun, which was already known to host a short-
period Super Earth. These detection was made combining 5 years of intensive
RV monitoring with the HARPS-N spectrograph with 15 years of archival RV
data from the LCES HIRES/Keck Precision Radial Velocity survey. The anal-
ysis is carried out with the techniques reported in the previous chapters, and
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confirms the presence and refines the orbital solution for the known 11.44 d
period Super Earth, significantly reducing its mass to M, sinip, ~ 3 Mg, and
successfully models a long-term term trend in the combined dataset in term of
a Keplerian orbit with period around ~ 8400 days and an amplitude of 2.88
m s~! (Mpsini ~ 44 Mg), with low eccentricity (e ~ 0.21). Since the host
star is part of a binary system with the M dwarf GJ15B, I derived an improved
orbital solution for GJ15B, combining HARPS-N RV measurements of the two
stars with astrometric data from the WDS catalog. This allowed to perform
a suite of numerical simulations performed to study the long-term evolution
of the planetary system under eccentric Lidov-Kozai oscillations, which proved
that this dynamical interaction can easily enhance the eccentricity of the outer
planet, up to and even above the observed value.

In Chapter[7]} I describe the ongoing Bayesian analysis of the HADES survey,
aiming to compute the occurrence rates of planets around small mass stars and
the global detectability of the survey. This is a collective effort of the GAPS M
dwarfs group, which requires several steps to be completed over the next few
months, like the homogeneous analysis of the full sample and the identification
of activity signals in the ancillary photometric data from the APACHE and EX-
ORAP programs. I illustrate the methods and initial results of this work, as well
as report the results of similar analysis performed by other groups on different
samples, to explain how our results will confirm and expand our knowledge of
the architecture of planetary systems around small mass stars.

In Chapter |8] T conclude by summarising the results of my PhD work, com-
paring them with the current scenario of M dwarf exoplanet research, and out-
lining the ongoing studies and future perspective of my work as part of the
GAPS community.



Chapter 2

M dwarfs planetary
systems: detection
techniques and statistical
properties

Due to the many observational advantages which facilitate the detection of rocky
planets in close orbits around them, M dwarfs have become increasingly popular
as target for surveys for extrasolar planet search. These advantages are however
counterweighted by the difficulties both in detection and characterization of
exoplanetary systems caused by the stellar activity of the host stars, which for
some observational techniques produce signals comparable to those from actual
planets, leading to possible misinterpretations.

In this Chapter, I describe the most important techniques of extrasolar plan-
ets detection, focusing on their application to low-mass stars. I then discuss the
problematic of stellar noise and its influence on the search for exoplanets, as
well as the main statistical properties derived from the observed samples of M
dwarfs exoplanetary systems.

2.1 Detection techniques

With an open debate on whether or not our own Solar System contains a ninth
planet (Millholland and Laughlin) 2017, and references therein) only some hun-
dreds of AU aprt from us, it’s not surprising that the detection of exoplanets
orbiting around stars distant tens of light-years is a difficult task at best.

Due to their intrinsic faintness and proximity to their host stars, exoplan-
ets’ light is usually overwhelmed by the stellar luminosity, leaving the direct
observation all but straightforward. Up to date, only 20 planets over more than
SSO(E] have been directly imaged, and all of them in very particular orbital and
evolutionary configurations.

IDefining as planets objects with M < 13 Mj; source: NASA Exoplanet Archive - 06
October 2017.
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Among the indirect techniques for exoplanet detection, one of the most im-
portant and successful is the Radial Velocity (RV) method, which is responsible
for the first confirmed discovery of an extrasolar planet orbiting a main-sequence
star (Mayor and Queloz), |1995)), along with the confirmation and mass measure-
ments of most of the sub-stellar mass companions detected with the transit
method. That is in fact the second most important technique, which enabled
the Kepler satellite (Borucki et al., |2009)) to discover the vast majority of the
exoplanets known today.

In this section I will illustrate the radial velocity, transit, and microlensing
techniques, with particular focus on the first, since it is also the method used
for planetary discovery and characterization throughout this thesis. The other
two are briefly presented for further information, due to their importance in the
study of M dwarfs planetary systems. For a complete review of the techniques
for detecting extrasolar planets see |Perryman| (2011)) or, for a more practical
guide, Bozza et al.| (2016)).

2.1.1 The radial velocity method

As planetary bodies orbit around a star, their gravitational pull causes it to
orbit in a reflex motion around the centre of mass of the system. Due to the
extreme host star - planet mass ratio, the centre of mass usually lies inside the
star itself, but this motion can nevertheless be measured, as its component along
the line of sight can be detected from the Doppler shift of the star’s spectral
lines.

Orbit derivation

The Keplerian orbit in the 3D space of a body around the centre of mass of
the system is completely described by the seven parameters a,e, P, tp,i,Q, w,
where:

e ¢ is the semi-major axis of the elliptical orbit;

e ¢ is the eccentricity of the ellipse;

P is the orbital period;
e tp is the time of the pericentre passage;

e j is the inclination of the orbit with respect to the reference plane, which
is commonly chosen to be the plane of the sky, i.e. ¢ = 0° correspond to
a face-on orbit;

e () is the longitude of the ascending node, which is the angle on the reference
plane between a reference direction and the the node where the object is
moving away from the observer;

e w is the argument of the pericentre, which is the angle on the orbital plane
between the ascending node and the pericentre.

The period P and the semi-major axis a are connected by Kepler’s third law,
which in the case of the absolute orbit of a star around the barycentre of the
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system is:
4 2
pP? = GL/Q?’, (2.1)
where e
M=—2__ 2.2
(M* + MP)2 ( )

where Mp and M, are the mass of the planet and star respectively.

I will now describe how the orbital parameters can be retrieved from the
radial velocity information.

The position z of the star along the line of sight is defined as:
z = r(t)sinisin(w + v(t)), (2.3)

where r(t) is the distance from the pericentre and v(t) is the true anomaly, i.e.
the angle on the orbital plane between the current position of the object and the
the direction of the pericentre, which can be derived from the orbital elements
by means of the eccentric and mean anomalies, E(t) and M (t):

y e 1/2
tan % = <i+e) tan @, (2.4)
M(t) = E(t) — esin E(t), (2.5)
Mty = 2t~ 1), (2.6)

where Eq. is Kepler’s Equation.
From Eq. 2.3] deriving with respect of time and performing some algebraic
substitutions, the equation for the radial velocity v, can be derived as:

vp(t) = K[cos(w + v(t)) + ecosw], (2.7)

where K is the radial velocity semi-amplitude, which can be derived from the
orbital elements as:

K <27TG)1/3 Mp sini 1 28)

P ME/S (1—e2)1/2

where the assumption of Mp << M, is taken into account.

From just radial velocity measurements it is impossible to determine the
longitude of the ascending node €2, because different values of 2 represent the
same orbit rotated around the line-of-sight axis, which are of course indistin-
guishable from pure radial information. The other important limitation of the
RV method is that neither the real mass of the body orbiting the star nor the
inclination of the orbit can be determined, but only their combination Mp sin,
the minimum mass.

The seven orbital parameters that define the orbit are thus reduced to three
observables, P, e, tp, along with K = f(e, P, Mp sini). In addition to them, two
other quantities are usually considered to define the full radial velocity curve of
the star with respect of the observer: the systemic velocity v, which defines the
barycentre motion of the system with respect to the observer, and a linear trend
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parameter d, which can be used to take into account long term accelerations,
due to instrumental drift or unidentified long-period companions. Eq. then
becomes:

vr(t) = K[cos(w + v(t)) + ecosw] + v + d(t — to). (2.9)

It’s worth mentioning that this derivation is for the radial velocity of the
star: if we were to measure the radial velocity of the planet itself, e.g. in the
case of high resolution spectroscopy of atmospheric features (e.g. Brogi et al.,
2014)), the semi-amplitude would be larger by a factor given by the mass ratio
Kp = M,/Mp * K,, while the other parameters would be unchanged, a part
from w which would differ by .

In the case of a multiplanet system, the total radial velocity of the star can
be approximated as the sum of the radial velocities due to the pulls of the single
planets, plus the two common terms ~ and d(t — ¢y) which are due to systemic
and instrumental effects. The resulting total radial velocity for a system with
np planets is then:

Urgot () = > v k() + 7+ d(t —to), (2.10)
k=1

where v, ;(t) = Kg[cos(wy + vk (t)) + ek coswy] is the stellar RV due to the kth
planet.

To detect the periodic signals embedded in the radial velocity curve of a
star, a variety of different techniques are used. We will discuss in details some
of the most common in Chapter [3]

Radial velocity measurements

The radial velocity of the star with respect to the observer can be measured
from the displacement in the star’s spectral lines, due to the relativistic Doppler
effect:

AX = Aobs — Aem- (2.11)

For a source emitting at a wavelength A, and moving with velocity v at an
angle # with respect to the line of sight, the observed wavelength, Aops, is given
by (e.g. Lang} [1980)):

(1+ Bcosb)

/\obs = )\emWa

(2.12)

where 8 =v/ec.
In the non-relativistic case, as it is the stellar reflex motion, and considering
the radial velocity, i.e. 6 = /2, we get:

vy = (AAi) c. (2.13)

The radial velocity curves due to the presence of extrasolar planets have
usually very small amplitudes, K ~ 1 — 10 m s~!, and thus require a very high
wavelength resolution to detect the lines displacement. If a spectrograph can
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resolve two monochromatic beams with spectral separation d\, then

A
R= < (2.14)
is its resolving power, which is a dimensionless quantity that is larger for higher
resolution. The resolving power R is often improperly called ”spectral reso-
lution”, which is in fact the quantity dA. Typical spectrographs used for RV
exoplanet detections have resolving powers R ~ 50,000 — 100, 000.

From Eq. and it is possible to derive the velocity resolution of the
spectrograph, i.e. the error with which the spectrograph can measure velocity
shifts of a spectral line. The total error on the radial velocity, o,y, is further
reduced by a factor o< 1/v/Njines by taking into account Njjnes different spectral
lines for the Doppler measurements. It also depends on the signal-to-noise ratio
S/N as oy, o< (S/N)7L.

Two other main problems for precise RV measurements are stability and
wavelength calibration. High stability is achieved by controlling vibration, tem-
perature and pressure of the instrument with cryostats and vacuum chambers.
The precision in wavelength needed for planet detection is obtained by simulta-
neous calibration, because the standard use of a calibration lamp observed right
after or before the target observation is limited by the change in optical path
and time difference. The main calibration techniques are:

e The Telluric Method: it simply consists in using the Earth’s atmo-
sphere’s telluric absorption features as a reference spectrum (Griffin and
Griffin, 1973). Despite it being straightforward to implement and inex-
pensive, it suffers from the limited wavelength range covered by strong
enough telluric lines and from the intrinsic variability of the atmosphere,
which limit the accuracy to ~ 20 m s~! (Gray and Brown, [2006)).

e The Gas Cell Method: the direct improvement of the telluric method
is to use a controlled gas instead of Earth’s atmosphere, placing it in
an absorption cell in the optical path of the telescope. This cell can be
temperature and pressure stabilized to avoid variation in the absorption
features. Early instruments used Hydrogen-Fluoride (HF) gas (Campbell
and Walker}, [1979)), but several difficulties arose because it had still a
small wavelength coverage, and also for safety reasons being the HF highly
corrosive. A much safer alternative is to use molecular iodine (I3), first
applied to radial velocities by |[Marcy and Butler|(1992), which solved many

of the problems of HF, and allowed to reach accuracies up to ~ 3 m s™!,

e Simultaneous Th-Ar With the advent of optical fibres, it became pos-
sible to observe both the calibration lamp and the target, recording the
adjacently on the CCD detector at the same time. The precision this
technique allow to achieve is exemplified by the HARPS and HARPS-N
spectrographs (Pepe et all 2000; |Cosentino et al., 2012)) which employ a
thorium-argon emission lamp. The main advantages of the simultaneous
Th-Ar calibration are that without any absorbing elements there is no
photon loss, and that a very broad spectral range is covered, ~ 2000 A.
There are nonetheless some critical points to this technique too, like the
fact that the lamp ages, and when replaced will introduce an offset with
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respect to the previous data collected. Moreover strong emission lines can
spill into adjacent orders, contaminating the stellar spectrum. The latter
problem is particularly serious when these spilling are in correspondence
to spectral lines crucial for the data analysis, as it happens for the case of
the Ca IT H & K activity index, as I will discuss in Sec. [6.2]

Other contributions to Doppler shifts

The displacement of the spectral lines, given by Eq. is not in the real case
only given by the line-of-sight velocity of the target, but includes also other
effects, both regarding the source star and the observer. The magnitude of
these effects variates, and in some cases they may be less critical or even safely
ignored when deriving the relative radial velocity, which is the key to detect
extrasolar planets orbital signals. Instead they of course must all be taken into
account to determine the absolute line-of-sight motion of an object.
Some of these effects are:

e Earth motion: our spectrograph itself is not a non-moving reference
frame, because it is (hopefully) fastened to Earth’s surface, and so bound
to move with it during its rotational and orbital motions. So, it is best
practice to correct the radial velocity measured to refer them to the solar
system barycentre which, if not non-moving, is at least in constant rec-
tilinear motion in space. If unaccounted for, Earth rotation and orbital
motion cause perturbation up to ~ 0.5 and ~ 30 km s~! respectively;

e Stellar space motion: the secular evolution of the host star parallax
and of its proper motion cause a change in the systemic radial velocity .
Also known as perspective acceleration this can be calculated as (Dravins
et al.| |1999):

i

= 2.15
e (2.15)

v, = —A
where A is the astronomical unit, p is the proper motion and 7 is the
parallax of the star.

This effect is particularly significant for long term monitoring of interesting
targets, because the modulation in the systemic velocity can be mistaken
for a long period planetary signal. In example, in the case of the GJ15A
system, treated in Chap. @ the perspective acceleration is dv,/dt ~ 0.69
ms! yr_l.

e Line shifts: various physical effects change the position and shapes of
the stellar spectral lines, such as the gravitational redshift, which can be
calculated as (Lang, [1980):

GM,
R,c’

vy

(2.16)

This effect is of the order of ~ 500 km s~! for M dwarfs, but usually consti-
tutes only a constant effect and can be ignored for relative RV derivation.
Other more pressing effect for RV planet detection the line shifts and
distortions due to convective motions and surface features due to stellar
activity, but, due to their central importance in the study of M dwarfs we
will discuss them thoroughly in Section [2.2
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Most of these effects are usually taken into account into the pipelines for
RV derivation themselves, since they can be easily derived from the information
about the target, like its parallax and proper motion. The Earth motion is
also taken into account, even considering the perturbations due to other solar
system planets, and very precise data are provided by institutions like JPL (e.g.
Konopliv et al.l |2006) or IMCCE (e.g. [Fienga et al., |2009)).

2.1.2 The transit method

The transit method consists in detecting the drops in the luminosity of the
host star due to the periodic eclipses caused by the planets crossing in front
of it, also called transits. From the depth and shape of these transits many
key system parameters can be derived. The idea of detecting extrasolar planets
from the drops in stellar luminosity predates the first exoplanet by more than 40
years, being first proposed by Struve| (1952)), who also estimated the likelihood
of transits occurrence. This probability can be approximated as a function of
the stellar radius, Ry, and semi-major axis of the planet’s orbit:

R, 1AU
Prtransit = 00046 ( ) ( > . (217)

R@ a

From Eq. is evident how the detection of hot planets in close orbits is
strongly favoured. As an example, the probability of observing the Earth at its
1 AU orbit is only 0.46%. This is why transit surveys like Kepler, which aimed
to discover Earth-like planets in an Earth-like orbits, have to monitor more than
an hundred thousands objects to detect just a handful of such exoplanets (e.g.
Jenkins et al.| [2015).

The relative flux deficit in the mid of the transit can also be easily calculated,
and it roughly depends only on the planet-star radius ratio (Seager and Mallén-

Ornelas), 2003)):
Af  (Ry\’
— ~ | = 2.18
f <R*> ? ( )

where f is the star flux and Af is the difference between the flux in and out of
transit. This is of course just a first approximation, because for a more precise
measurement of transit depth additional effects, as limb darkening, should be
taken into account. The clear outcome of Eq. [2.18]is nonetheless that the transit
technique allow to measure the planetary radius, from the planet-star radius
ratio, given that stellar radii are known from stellar physics with uncertainties
of roughly ~ 10% (e.g. Ribas|, 2006).

The transit duration, tr, can also be easily derived from the planet’s and
star’s radii and orbital parameters, and in the case of a circular orbit, and
cosi < 1 is given by:

PR R,\? a\?
i+ 22 (2 1
tr = — \/( +R*> (R*> , (2.19)

which gives another measurement of the radius ratio R,/R,. Other planetary
and stellar quantities can be derived model-independently from the transit char-
acteristics, such as the stellar bulk density (p., [Sozzetti et all |2007)), and the
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planetary surface gravity (g, [Southworth et al., 2007).

Since to observe a transit the planets impact parameter with respect to the
line of sight, b, has to be smaller than the stellar radius, b = acosi < Ry, the
orbital inclination has to be ~ 90°. For this reason, when the transit information
is combined with radial-velocity observations, from both the planetary radius
(from Eq. and mass (from Eq. derived with the assumption of i = 90°)
the planetary density can be derived, and this gives basic knowledge of the
internal physical structure.

2.1.3 The gravitational microlensing method

The deflection of light rays from background objects due to the presence of a
massive object along the line of sight, also called gravitational lensing, was the
first observational confirmation of Einstein’s General Relativity (Dyson et al.,
1920). Several decades later, the regime of microlensing, in which the deflected
images are unresolved (Paczynski, (1986), was studied in its applications on
stellar mass scales and therefore exoplanetary systems.

Gravitational microlensing occurs when a star (i.e. the lens) passes in front
of another more distant star (i.e. the source), and its gravitational field acts
like a lens, magnifying the light of the background star. If the lens star host
a planetary systems, and one of the planets passes in a favourable position,
the gravitational field of the planet itself can contribute to the lensing effect,
producing a distinct feature in the magnification curve.

The gravitational lensing effect depends on the disposition of the lens and
source objects in space, as well as on the mass of the lens. Due to the rela-
tive motion of involved objects with respect to each other, lensing events are
transients, lasting for weeks or days, and require the random alignment which
have very small probabilities to occur: there is roughly a 10~7 probability of
detecting the microlensing signal of any given planet.

For this reason, very dense star field have to be monitored in order to max-
imize the number of potential sources. This is done usually by observing the
Galactic bulge. The lensing is most effective when the lens is roughly at half
distance with respect to the source, which means distances of ~ 4 kpc, in the
case of a bulge star source. In these conditions the lens star is usually invisible.

In these requirements lie both the main strength and weakness of the gravita-
tional microlensing method: the advantage is that it allows to detect exoplanets
that lies at great distances, which are mostly unreachable for other techniques
of detections, while the detriment is that the observations can not be repeated,
because a favourable lensing alignment for the same planetary system is al-
most impossible to occur ever again. Also the great distance, and the fact that
the host star is usually undetected make any follow-up observation with other
methods impossible.

Nevertheless the gravitational microlensing technique has contributed to the
current knowledge of exoplanetary systems, due to its ability of detecting plan-
ets mainly at distances of 1 —10 AU, a region of the parameter not well sampled
by the other techniques. This method is also significant for M dwarf plane-
tary systems studies, because a lower planet-to-star mass ratio increases the
microlensing effect due to the planet. Also the abundance of M dwarfs with re-
spect to other main sequence stars produce a much higher probability of random
alignment than for other type of systems.
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2.2 M dwarfs stellar noise

I already discussed in Sec. some source of errors for RV planet detection,
such as an imperfect wavelength calibration or the Earth motion. These and
similar effects are usually referred to as “human” errors because, even if they
are not directly caused by the observers, they can be treated to minimize their
effect and produce better RV data.

The other and more wicked category of errors is that of the “stellar” errors,
which are in fact Doppler shifts caused by physical phenomena taking place on
the target star. To call those “errors” is somewhat a stretch, because these de-
viation from the pure Keplerian RV signal are in fact measurements of different
phenomena, but if undetected they can mimic or twist planetary signals beyond
recognition. Furthermore, contrary to “human” errors, there is nothing we can
do to minimize them (a part from selecting particularly well behaving targets,
of course). The only thing we can do is to model this physical phenomena and
subtract them from our RV data. And this is the tricky part.

2.2.1 Identifying stellar signals

With the improvement of spectrographs down to meter-per-second precision,
the stellar noise problem surfaced in all its magnitude: to monitor a potential
host star with such exquisite precision lead to detect several stellar phenomena
which produce shifts in the RV. The main effects are:

e Stellar oscillations: cause small shifts in the measured RV of ~ 0.5 m s~ ! in

dwarf star (while are much more significant in giants and subgiants). The
period and amplitude of the oscillations increase with increasing mass for
main sequence stars (Christensen-Dalsgaard, [2004) and they act on short
time scales, ~ 5 — 15 min, and thus can be easily averaged out by taking
longer exposures (Udry and Mayor} 2008));

e Stellar granulation and supergranulation: caused by the convective outer
layers of dwarf stars, have however a small effect on the stellar spectra
since their effect largely compensate between granules and intergranular
lanes, which have opposed velocities (Dumusque et al., 2011b));

e Changes in the convection pattern: associated with the stellar magnetic
cycle, cause shifts of the order of ~ 1 m s~! that follow their long time
scales (e.g. 11 yr for the solar cycle), and so cause problems only in the
search for long period planets, whose periods can be similar to those of
activity cycles;

e Short-term stellar activity: in the form of spots, faculae, and plages, causes
the most disturbance to RV planet detections: all of these phenomena con-
tribute in generating RV signals of the order of several meter-per-seconds,
which shows distinct periodicities corresponding to the stellar rotation
periods (i.e. some tens of days for a typical dwarf star). The amplitude
of the RV signal due to stellar spots can be estimated, as a function of
the spot filling factor, f, and the projected rotational velocity of the star,
vsini, as (Hatzes| [2002):

Ary[m s7!] ~ (8.6vsini — 1.6) f*7. (2.20)
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For spots and plages with lives longer than the rotation period, AT > Py,
the signal due to stellar activity would appear periodic. However, due to
the erratic nature of stellar spots, which change in shape and migrate on
the stellar surface, combined with the stellar differential rotation, many
stars will present multiple complex signals at different periods, which could
strongly conceal the presence of planetary signals, or on the other hand
be mistaken for planets themselves (as we will discuss in Sec. .

Activity indicators

Of course the stellar activity is not known a priori, and so different diagnostics
should be used in order to infer the presence of the stellar RV signals. T will
briefly discuss some of the most common.

The surface magnetic activity of the star, which creates the spots and plages,
can be traced from the emission feature in the core of the Ca IT H & K lines. This
emission is concentrated in the active regions, and thus may show a modulation
corresponding to the rotational period. One common way to measure it is
through the Spk index (e.g. Baliunas et al., 1985, and references therein):

H+ K

__Arr 2.21
C3900 + Ca000 (221)

Suk
where H and K are the fluxes in the cores of the Ca II H and K lines, while
Cs900 and Clogo are the fluxes of the continuum around 3900 Aand 4000 A.
Another common way to measure the calcium emission is through the activity
indicator log(Rjk), which includes a correction for the stellar energy distri-
bution, allowing a more straightforward comparison between different spectral
types (Noyes et al., [1984):

log(Rijk) = log [1.34 x 10~ *CeeSuk] (2.22)

Cot =1.13(B—V)® =3.91(B — V)? +2.84(B — V) — 0.47. (2.23)

Another characteristics of the active regions is the spectral line distortion
caused by stellar spots. This is due to the temperature difference between spots
and the surrounding photosphere, which correspond to a colour and luminosity
difference, causing line asymmetry. This asymmetry is usually quantified by
means the line bisector span (BIS SPAN), since [Voigt| (1956]) showed its appli-
cation to measure the convection in the Sun: it is the locus of median points of
the spectral line, and its distortion can be calculated in different ways, e.g. the
the difference in slope between the upper and lower half of the bisector. Instead
of studying the bisector of single spectral line, a common way to operate is to
derive it from the cross-correlation function (CCF) of the whole spectra (even
if some studies call for caution, e.g. Dall et all 2006). Another indicator to
quantify the line distortion is the full width at half maximum (FWHM) of the
CCF.

The Balmer Hea is another common indicator of stellar chromospheric ac-
tivity: the Ha photon emission of magnetically active regions alters the depth
of the Ha absorption line, in an activity-dependent way correlated with the
rotational period. Some studies also suggest this to be a more suitable activity
indicator for M dwarfs than the Sgk index, due to their lack of flux around the
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Calcium lines (Robertson et al. |2013]).

The RV signal due to active regions depends mainly from the luminosity
contrast between cool spots and the surrounding hot photosphere. This contrast
ratio is colour dependent and can be easily calculated from the black body law,
as: he/kAT.

c s

5 - !7 (2.24)

F, ~ ehe/RAT, —q
where F}, and T}, are the flux density and temperature of the photosphere, while
Fs and Ty are those of the spot. This of course implies that the RV signal
caused by active regions would be wavelength dependent, while a real planetary
signal should instead be constant in amplitude for every wavelength. Thus
one method to distinguish between planetary signals and activity-induced RV
shifts is to monitor the host star in different wavelength (usually optical and
infrared) and check for the correspondence of the signal’s amplitude: if at longer
wavelengths the signal (if any) has a smaller amplitude, than rest assured that
it’s not a planet.

All of these diagnostics are not in anyway 100% accurate: even if there is no
apparent modulation in the line bisector corresponding to the candidate planet’s
period does not mean that the planet is real, as well as even if a planetary signal
correspond to the stellar rotational period it does not mean that the planet does
not exist. Indeed nothing forbids planets to orbit in synchrony with the stellar
rotation (but in this case amazing care should be taken before claiming the
discovery).

2.2.2 Correcting stellar signals

Once the presence of stellar activity RV signals has been identified, there can
be different way to deal with it and subtract it from the RV time series, in order
to recover the potential underlying planetary signals.

If the rotational period has been identified, from the activity indicators or
from photometric monitoring of the star, one of the simplest way to account for
stellar activity is to fit a sine wave with period corresponding to the rotational
period, and study the RV residuals as it would be done for multiplanet systems
(see Eq. . The main drawback of this technique is that, even if related
to the stellar rotation, the activity RV variation is not always strictly periodic,
and can produce additional signal at many other periodicities. A way to deal
with this is to discard any periodicity which is present both in the RV and in
any activity indicator.

Another simple method is to look for correlation between the RV and any ac-
tivity indicator: if a significant correlation is found, the RV could be “corrected”
for the presence of the activity signal by fit the linear trend found between the
RV and the indicator and subtracting it from the data. This is also a relative
inexpensive technique, but due to the complex nature of chromospheric activity
stellar induced RV do not always correlate with the activity indicators.

There are many more sophisticated techniques to deal with stellar activity,
some of which I will discuss in detail in Chapters [ and [6} To show a more wide
view of the problem in the next section I will describe some cases of exoplanets
discoveries questioned or disproved by stellar activity studies.
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2.2.3 Examples of systems affected by stellar activity
GJ674

GJ674 is a nearby M2.5 dwarf star, at a distance of only 4.5 pc. It was observed
as part of the HARPS hunt for exoplanet in the southern hemisphere. [Bonfils
et al.| (2007) identified in the RV time series two periodic signals, at P, = 4.69
d and P, = 35 d, with amplitudes corresponding both to a minimum mass of

Yet, in the very same work, [Bonfils et al.| (2007) demonstrated the longer
period signal to be caused by photospheric activity of the star. They found a
clear 35 d periodicity both in the differential photometry of the star and in the
time series of the Call H & K activity index, concluding it to correspond to the
rotation period of GJ674. They also discussed that a single spot is consistent
with both the photometric and spectroscopic activity signals, and it can also
produce the observed 35-d RV signal. The other shorter period signal, instead,
was confirmed to be of Keplerian nature.

But the identification of RV signals caused by stellar activity is not always
this straightforward.

GJ581

GJ581 is a M3 dwarf star, at a distance of 6.25 pc from the Sun, which was
thought to harbour four planets, with periods P, = 5.36 d, P, = 12.91 d,
P; = 66 d and P, = 3.15 (Mayor et al., [2009, and references therein). Other
two planets (P = 433 d and P, = 36.5 d) were successively claimed (Vogt et al.,
2010), but planet g was quickly contradicted (e.g.|Gregoryl 2011; Hatzes) [2013)),
while planet f remained trusted. The attention towards the system remained
great, since GJ581 d laid inside the habitable zone (see Sec. , which would
have made it among the first potentially habitable exoplanets discovered.
However, Baluev]| (2013a)) casted doubt over the actual Keplerian nature of
the 66 d periodic signal. Baluev showed that the significance of the signal
drops when a red noise model is taken into account. One year later, Robertson
et al.| (2014)) investigated in details the effects of stellar activity on the RV
time series of GJ581. They analysed the correlation between the RV and the
Ha activity index, Iyg,. They initially found no significant correlation between
the two completes datasets, but identified the stellar rotation period of 125
d. At further analyses, they found that the Iy, showed different behaviours
in three chunks of the 6-years long observations, with stronger signals in the
first and last chunk, and almost two times smaller in the middle one. They
deduced that the star probably passed from an active to a quiescent phase and
back. In the active epochs the RV—1Iy, correlation was much higher than on
the whole datasets, and, once individually corrected the RV by subtracting the
best fit RV—1Iy, relation, they re-analysed the datasets to look for the fate
of the planets: b, ¢, and e were almost unaffected, maintaining their known
periodicities and amplitudes, but the power of the signal of planet d dropped as
a result. They also observed that the significance of the 66 d signal decreases
during the “quiescent” epoch, contrary to what expected by a real planetary
signal which should always increase in power by adding more observations. Thus
they concluded the assumed planet d to be “an artifact induced by the stellar
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rotation rather than an exoplanet” E|

This story comes with a moral: you should never blindly trust any activity
indicator, but always perform multiple checks. Planet d signal was considered
to be truthful because the star showed very low photometric variability, and
thus the possible presence of active regions was discarded. But activity is not
always associated to photometric variability, and in some cases Ha emissions
can be produced even in absence of high contrast spots (Kirster et al., 2003)).

Kapteyn’s star

Another M dwarf which raised a fierce debate over the presence of potential
habitable planets and the correct way to deal with the influence of stellar activity
on RV signals is Kapteyn’s star, a high-proper motion halo star, which at 3.9
pc is the nearest halo star to the Sun. |Anglada-Escudé et al.| (2014) detected
two planetary signals in the combined HARPS, HIRES and PFS RV time series,
with periods of P, = 48.6 d and P, = 121.5 d. The orbital period of planet b
put it inside the circumstellar Habitable Zone, with the additional appeal due
to the extreme age of the halo star (~ 11 Gyr, [Kotoneva et al.l 2005)).

Once again |Robertson et al.[(2015b]) questioned the presence of the habitable
planet, denying the activity analysis performed by Anglada-Escudé et al. based
on the Syk index and on the photometric monitoring of the star, and again
used the Ha index to re-examine the influence of the chromospheric activity on
the planetary system. They also found the stellar rotational period to be 143 d
~ 3 times the orbital period of planet b. Their conclusions were similar to those
on the GJ581 system, that is that the HZ planet was just an artifact due to
stellar activity. |Anglada-Escudé et al.| (2016b)) firmly rejected this conclusion,
and performed a new analysis of the Iy, using the same data asRobertson et al.
(2015b) but a more statistically sound techniques: using both a frequentist and
a Bayesian analysis, they claimed there to be no evidence of the 143 d rotational
period, and the correlation between the RV and the Iy, was far less strong than
suggested by Robertson et al., thus concluding that the presence of the planet
explained the data more easily than the activity correlation.

The Kapteyn’s star’s case well exemplifies how different analysis techniques
can produce opposite results, and how easily a different way of treating the
stellar activity can mean the disappearance or survival of an exoplanet. M
dwarfs have proven to be arduous to study, because the exact nature of their
magnetic activity is far from understood, but they are not the only ones for
which exoplanets have been questioned or disproved (e.g. the “ghost” planet
Alpha Cen Bb, Rajpaul et all 2016 and references therein).

2.2.4 Activity relationships

For solar-type stars there are well known relationships between the activity
indicators, the rotational velocity, and the stellar parameters, due to the fact
that most of them are linked by the stellar dynamo which governs the star
magnetic fields. It is also known how the stellar rotation slows and the activity
dwindles as the star grows old. To study the activity behaviour a common

2It’s worth noticing that this was not the end of the debate on this controversial sys-
tem: |Anglada-Escudé and Tuomi| (2015) questioned the statistical validity of the analysis of
Robertson et al., and were in turn opposed by |[Robertson et al.| (2015a)).
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approach is to consider the relationship between pairs of fluxes of the lines of
different activity indicators, like the Call H & K pair I discussed above, or other
like the Na Dy, Dy doublet or Mg I b triplet.

Even if low-mass stars are now insistently monitored in search for planets,
their atmospheres and magnetic activity is poorly understood, mainly due to
the intrinsic faintness of the optical spectra of these stars. Nonetheless some
studies were performed on the connection between rotation, activity, and age in
early-M dwarfs, although with different results (e.g. [West et al.l 2015; [Messina,
et al., 2014).

Recently, Maldonado et al.| (2017)) and |Scandariato et al.| (2017) studied the
activity indicators behaviour in the M dwarf sample monitored by the HADES
programme (see Section for a description of the HADES programme). The
analysed sample could have some biases, being selected for RV studies, but they
anyway found some interesting results, i.e. that most of the relations known
to hold for F-G-K stars hold also for early M dwarfs: Maldonado et al.| (2017)).
found that there seems to be a positive correlation between activity and rotation
velocity, that the chromospheric emissions is roughly constant throughout the
spectral range studied and that the cooler stars of the sample (M3 type) show
lower rotation levels than the earlier types (M0); [Scandariato et al.| (2017)) assert
that, while the Ca IT K & K emission is linearly correlated with activity, the Ha
could not be a good indicator at very low activity levels, when the absorption
by filaments dominate the line profile.

2.3 Properties of M-dwarf planetary systems

As shown by Equations [2.8] and both radial velocity and transit signals are
larger for cooler dwarf stars, which have smaller masses and radii.

In spite of this advantage, of the 3500 extrasolar planets known to date,
only 287 orbit around an M-dwarf star, with 54, 174 and 37 planets discovered
with the radial velocity, transit and gravitational microlensing methods respec-
tivelyﬂ Even if M dwarfs themselves have a very high frequency in the Solar
neighbourhood (e.g. [Winters et all 2015), planets discovered around M dwarfs
constitutes a small fraction of the total exoplanetary population. One of the
reasons of this bias is the intrinsic faintness of cool dwarf stars in the V' band,
which limited the possibility to get the high signal-to-noise ratios required for
high-resolution spectroscopic observations, and also excluded them from mag-
nitude limited photometric catalogues like the Kepler survey: of the 200 000
monitored by the Kepler spacecraft, only ~ 2% have M spectral type (Gaidos
et al., 2016).

The period distribution of planets discovered with both the radial velocity
and transit techniques is shown in Figure we can see how both the dis-
tributions peak around ~ 2 d. Of course the raw distribution of the observed
exoplanetary properties cannot be taken as equivalent to the intrinsic statistics,
because observational biases indeed play a major part in sculpting the observed
characteristics. Thus specific precautions must be taken into account to infer it
(as discussed in Chapter [7)).

3NASA Exoplanet Archive, Confirmed Planets - 09/10/2017
4Figures and in this Section have been produced with the Exoplanet Orbit
Database website (Han et al.| [2014).
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Figure 2.1: The period distribution of exoplanets orbiting M dwarfs: in yel-
low are shown those from transit observations and in orange those from radial
velocity.

In the next Sections I will discuss the general properties of the observed pop-
ulations of extrasolar planets around M-dwarf hosts, as well as briefly introduce
the topic of planetary habitability and its implications for planetary systems
around cool stars.

2.3.1 Population analysis

Bonfils et al| (2013a)) analysed the M dwarf sample observed as part of the
radial velocity search for southern extrasolar planets with the ESO/HARPS
spectrograph (Mayor et al.l [2003). The sample was composed of 102 M dwarfs
closer than 11 pc, with small projected rotational velocity to avoid fast rotating
stars, observed over the course of 6 years, from 2003 to 2009.

From the statistical analysis of this survey they derived the occurrence of
M-dwarf planets, with different behaviours for different regions of the m sini-P
parameter space. Their study, even if based on a limited sample with only 14
planets detected, points towards a much higher abundance of super-Earths with
respect to giant planets, with an occurrence rate f ~ 0.37 for msin¢ € [1,10] Mg
and f ~ 0.01 for msini € [100,1000] Mg, despite the fact that their sample
indeed contained GJ 876, a star already known to harbour two giant planets
(Marcy et al., 2001)).

This behaviour can be seen also in the distribution of observed minimum
masses of RV exoplanets, depicted in Figure and was already suspected
from previous studies (e.g. [Endl et al., [2006]).

Bonlfils et al.| (2013a)) also found that small mass planets are more abundant
toward longer periods, even if the detectability decreases with increasing periods,
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Figure 2.2: The msini distribution of RV exoplanets orbiting M dwarfs.

both for the smaller semi-amplitude for equal masses (Eq. and for the
difficulty to adequately sample longer time spans.

[Tuomi et al.| (2014)) studied a similar, if smaller, sample of M dwarfs observed
with both the HARPS and UVES spectrographs (Dekker et all, [2000). They
nonetheless detected more planets than Bonfils et al| (2013a) did in a larger
sample, and thus obtained a somewhat larger estimates for the planetary occur-
rence rates for masses msini € [3,10] Mg, f = 1.0872:85. All the other trends
were confirmed: the lack of short period giant planets, and the possibility of an
abundance of low-mass long-period planets (even if this was not conclusive due
to the lack of such planets in their sample).

The exoplanets statistical properties in the Kepler M dwarfs sample were
analysed by |Gaidos et al.| (2016). One of the main obstacles in such a statistical
analysis of selected stellar samples from the Kepler survey, is that most of faint
stars observed by Kepler lacked of precise spectral and distance information to
have well constrained spectral classes. (Gaidos et al.,|2016) had thus to perform
a statistical classification to avoid contamination of the sample due to giant or
different mass stars. Their final sample was composed of 4216 stars with colour
index r — J > 2.2, in which they identified 106 planets candidates. From this
they derived a very high occurrence fraction for small planets, f = 2.2 £ 0.3
for R, € [1,4] Rg, consistent with the results of similar analysis of transiting
planets. This is much higher than the number found for solar-type stars
. This trend seems to be corresponding to an opposite trend in the
occurrence of large planet (Gaidos and Mann| 2014]).

They also studied the intrinsic planet radius distribution in their sample. For
comparison in Figure 2.3 the general observed radius distribution for transiting
exoplanets is shown. |Gaidos et al.| (2016) found the distribution to peak at
~ 1.2 Rg, reaching zero around 4 Rg. They tested the hypothesis that longer
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Figure 2.3: The R, distribution of transit exoplanets orbiting M dwarfs.

period planets should have larger radii, expected from formation models (e.g.
Luger et all 2015)), but found no evidence for distinct radius distributions for
long and short period planets.

The period distribution is essentially flat in logarithmic scale, as derived
from previous analysis for both small-mass and solar-type stars (e.g. [Howard
et al. [2012)).

A visual representation of the inferred period and radius distribution of Ke-
pler planets is shown in Figure[2.4] from the study of[Dressing and Charbonneau
(2015), which performed a similar analysis to |Gaidos et al.| (2016).

Another characteristics of exoplanet hosts, is the dependence of giant planet
occurrence on stellar metallicity, where the former is known to increase for in-
creasing metallicity, both for solar-type and M-dwarf stars (e.g. [Santos et al.|
2005; |Gaidos and Mann| 2014). For small planets the relation is much more
uncertain: |Gaidos et al. (2016)) found no evidence for a difference in metallic-
ity between planet hosting M dwarfs and lone stars, although the analysis was
limited by the large uncertainties correlated with photometric based metallic-
ities. This is in agreement with other studies both on RV and Kepler planets
(e.g. [Sousa et al., |2008; Mann et al., 2013)), even if other authors disagree (e.g.
Buchhave et al.l [2014; [Wang and Fischer), [2015)).

The analysis of the Kepler M-dwarf systems also highlighted how small mass
planets usually reside in high-multiplicity systems, with mutual inclination close
to zero. This results in a high fraction of multiplanet system, with however a
lower probability of intersecting the line of sight producing the transit, due to
the lower range of inclinations covered by the planets in each system.

Several studies analysed the occurrence rate of exoplanets that can be in-
ferred from the current microlensing detections: |Gould et al.| (2010) found a high
occurrence rate for giant planets in a selection of unbiased high-magnification



24 CHAPTER 2. M DWARFS

Planet Occurrence (%)

4.0
0.42
(90%)
3.5
=
§3.0
4.2
x (88%)
® 2.5
S 6.4 9.3 10 12 9.6 4.5
& (89%)  (89%) | (88%) | (87%) | (86%) | (82%)
X 2.0
@ 6.7 13 14 12 8.3 10
c (88%)  (87%) | (85%)  (82%) | (T7%)  (68%)
8 15
a 5.7 10 13 16 6.4 10 19
(83%)  (80%) = (76%) | (70%) = (59%) @ (48%) | (35%)
1.0
(54§§) (550'9) (3199/) (2192/) (1191/)
0.5 S ) Recovery < 15%
1 10 100
Log,, Occurrence Period (Days)

-5.00 -4.00 -3.00 -2.00 -1.00

Figure 2.4: Planetary occurrence rate in the period-radius parameter space.
The upper number in each cell indicates the occurrence rate, while the lower
number indicates the Kepler pipeline sensitivity. (Dressing and Charbonneaul,

2015)

microlensing events, while Sumi et al.| (2010]) found a distribution function of the
planet-to-star mass ratio consistent with the one found found for solar-type stars
from RV surveys (Cumming et al., 2008). Even if these results seem to clash
with the the results from the other methods I presented, which implied a much
smaller frequency of giant planets around M dwarfs, |Clanton and Gaudi (2014)
determined that the measured distributions are in fact consistent, correspond-
ing to a frequency of f; = 0.029'_*'8:8%%, for planets with 1 < msini/My,p < 13
and 1 < P/days < 10%. Moreover |Clanton and Gaudi (2016) demonstrated that
the observed distribution of giant exoplanets from various methods, including
RV and microlensing, can be explained by a simple joint power-law distribu-
tion, which also predicts the observed abundance of low mass planets orbiting
M dwarfs.

One of the main common results of the analysis of the observed populations
from different techniques is the lower occurrence of giant planets around small-
mass stars than around solar-type stars. This feature was in fact predicted by
theoretical studies of planetary formation via core-accretion: [Laughlin et al.
determined that several effects contribute to hinder the formation of
giant planets in M dwarfs protoplanetary disks, like the shorter life-time and
lower surface density of the disk itself, which impede the accretion of a gaseous
envelope.
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Figure 2.5: Circustellar habitable zone as function of stellar mass for zero-age
main sequence stars, with the assumption of Earth-like planet and atmosphere.
The solid and dashed line indicate the transition region between freely-rotating
(on the right) and tidally-locked (on the left) planets. (GrieBmeier et al.,[2009)).

2.3.2 M dwarfs habitability

Concluding this overview of the main characteristics of planetary systems hosted
by M dwarfs, I will spend a few words on the topic of habitability and habitable
zone.

The Circumstellar Habitable Zone (CHZ, or simply HZ) was defined even
before the discovery of the first exoplanet, by |[Kasting et al.| (1993) using one-
dimensional climate models to assess the region in semi-major axis space in
which the surface temperature of a rocky planet is compatible with the presence
of liquid water, i.e. Tyurface € [Tt, Th,] where Tt and Ty, are the freezing and boiling
temperatures of water, respectively. This depends on the specific assumptions
on the planetary atmosphere composition and pressure, as well as on the stellar
luminosity and spectra. The circumstellar habitable zone, as calculated from
the definition of [Kasting et al| (1993)), is shown in Figure from |Griefimeier
et al.| (2009)).

Being M dwarfs much fainter than solar-type stars, their HZ is much closer
to the central star. This means that potentially habitable planets are much
easier to detect around M dwarfs than around solar-type stars. This is of course
one of the main reason of the increasing interest in M dwarfs planetary systems
discovery and characterization.

The exact boundaries of the HZ are somewhat difficult to define, since dif-
ferent climatic and geologic mechanisms could be invoked to shift the inner or
outer limit in one direction or the other. |[Kopparapu et al.| (2013al) updated the
HZ limits derived by [Kasting et al.| (1993), using again a one-dimensional radia-
tive—convective, cloud-free climate model, even if some more complex surface
climate models have been proposed (e.g.|Vladilo et al., [2015]).

An interesting value for habitability studies is 74, the frequency of habitable
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planets which can be calculated for different types of host stars. Using the
model by [Selsis et al.| (2007)), Bonfils et al.| (2013a)) estimated the frequency of
habitable planets around M dwarfs to be ng = 0.41f8:?§, for planetary masses
msini € [1,10] Mg. Instead [Tuomi et al.| (2014)), using the updated definition
by Kopparapu et al.| (2013b]), calculated an occurrence rate of habitable planets
of ng = 0.217 0z, for planetary masses msini € [3,10] Mg, consistent with
the findings of Dressing and Charbonneaul (2015), who found ng = 0.24101%
and ng = 0.21'_"8:(1)(13 for Earth-size planets and super-Earths, respectively, on the
same sample as for (Gaidos et al.| (2016) if with somewhat different assumptions
on stellar parameters and detection efficiency.

However, the topic of cool stars habitability should be addressed with some
caution, because there could be drawbacks due to the proximity of the habitable
zone to the host star. Some useful examples can be taken in the vast literature
on M dwarfs habitability triggered by the discovery of the seven super-Earth
system around Trappist-1 (Gillon et al.| 2017)):

e the closer orbit of the potentially habitable planets to the host stars will
make them subject to a much higher UV flux than today’s Earth, and this
could be a serious hazard for the development of surface life, even caus-
ing atmospheric losses in the case of strong stellar chromospheric activity
(O’Malley-James and Kaltenegger, 2017, and references therein);

e in the case of ultra-cool dwarfs, the high pre-main sequence luminosity
may cause the planet to experience a phase of runaway greenhouse prior
to its entrance in the HZ, causing the loss of large quantities of surface
water (Bolmont et al.| [2017, and references therein);

e rocky planets at close distance from the host stars, are effected by strong
tidal forces, which would potentially lock their rotation in a few million
years. This can be seen in Fig. [2.5] where the habitable zone for M-
stars lies on the left of the tidal locking limit (solid line). Tidal locking
would remarkably change the surface climate, and thus mostly invalidating
the typical habitable zone models, which assume an Earth-like planetary
rotation (Kopparapu et all[2017, and references therein).

Another thing to take into account is the relation between the position of
the habitable zone as a function of the stellar mass and the rotation period of
the star. We have seen in Sec. how the chromospheric activity can conceal
or mimic planetary signals with orbits corresponding to the stellar rotation
period (or its harmonics). This is particularly problematic when one of these
periodicities lies inside the circumstellar habitable zone, calling into question
the existence of potential habitable planets, as in the case of GJ581d (see Sec.
2.2.3)). For this reason |Newton et al.| (2016 collected a wide sample of rotation
periods of field stars as well as of Kepler targets, and compared them with the
limits of the habitable zone calculated as from the prescriptions of [Kopparapu
et al.| (2013a)): the result can be seen in Figure where the Kepler sample is
treated like an ensemble distribution instead of individual objects, due to the
high uncertainties of stellar parameters for Kepler targets, as discussed in the
previous Section. Considering also the harmonics signals from stellar activity,
we can see how M dwarfs with masses in the range 0.25 Mg < M, < 0.5
Mg will have strong contamination in the radial velocity signals for periods
corresponding to the CHZ, virtually hindering the presence of habitable planets.
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Figure 2.6: Comparison between the stellar rotation period and the circumstellar
habitable zone, as a function of the stellar mass or spectral type. The gray
shaded area represents the distribution of rotation period of Kepler targets,
while the different symbols indicate data from different surveys (see

for complete references).

Nonetheless none of this issues should be taken at face value, as most of the
studies agree that there could be several mitigating circumstances, and life could
still emerge in such conditions. But again, caution should not be forgotten.
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Chapter 3

Searching for planetary
signals in Doppler time
series: a performance
evaluation of tools for
periodograms analysis

In Chapter [2] T outlined the complexity of the topic of exoplanet search around
M-dwarf hosts. The presence of overlapping signals from multi-planet systems,
mixed with quasi-periodic perturbations of stellar origins pose a formidable
challenge in the analysis of radial velocity time series for the detection of low-
amplitude Keplerian signals. Even if complex high-level analysis techniques
have been developed to overcome or at least to confront with this problematic,
most of the studies still rely on simple methods for the identification of periodic
signals in the data, first of all periodogram analysis techniques.

In this Chapter, I report my simulation and analysis study of the perfor-
mances of the most common tools used for periodogram analysis of RV data
sets. This work has been published on MNRAS as [Pinamonti et al.| (2017)).

3.1 Introduction

The growing evidence from transit (e.g., Kepler) and radial-velocity (e.g, HARPS,
HARPS-N) surveys points towards a high occurrence rate of low-mass (< 30
Mg), small-size (< 3 Rg) planets (e.g., Mayor et al., |2011; [Howard, 2013, with
a large fraction of late-type M dwarfs hosting habitable-zone terrestrial-type
companions (see, e.g., Winn and Fabrycky| 2015, and references therein). The
combined statistical inferences from HARPS and Kepler indicate that planets in
the range between Super Earths and Neptunes are not only very common, but
they are often found in multiple systems, tightly packed close to the central star,
and almost perfectly coplanar when seen in transit (e.g., Batalha et al., [2013;
Rowe et al., [2014; [Fabrycky et al., [2014). The observational evidence is posing

29
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a formidable challenge for planet formation and evolution models, but it is also
inducing a fundamental change of perspective in radial velocity (RV) observing
strategy. The ubiquitousness of multiple systems with low-mass components
requires a very significant investment of observing time for a proper modelling
of the complex signals. Usually, multi-year campaigns with hundreds of RVs are
presented in discovery announcements of Super Earths and Neptune-like planets
(e.g., Bonfils et al., [2013b; |Astudillo-Defru et al., [2015]). In addition, the anal-
ysis of low-amplitude signals is often complicated by stellar activity, that can
induce false positive signals mimicking the RV signature of a low-mass planet,
and induce systematic effects comparable in magnitude to (and even exceeding)
the amplitudes of the sought after Keplerian signals (e.g., [Pepe et al., 2013).

In the search for low-mass planets with spectroscopic surveys, the first step in
the investigation of unevenly spaced RV time series relies on the identification of
statistically significant periodic signals via a variety of implementations of a pe-
riodogram analysis. The Lomb-Scargle periodogram (LS, [Lomb}, [1976; [Scargle,
1982), which performs a full sine-wave fit over a large grid of trial frequencies,
has historically been the first tool adopted for the task. More recently some
authors have extended the LS formalism to include weights for the measure-
ment errors and constant offsets for the data in the Generalized Lomb-Scargle
(GLS) periodogram (Zechmeister and Kiirster}, [2009), and generalizations based
on Bayesian probability theory in the Bayesian Lomb-Scargle and Bayesian Gen-
eralized Lomb-Scargle periodograms (BLS, BGLS) (Bretthorst, |2001; Mortier
et al.} [2015]). Due to the high fraction of low-mass multiple-planet systems, and
also to the presence of activity related signals in the data, the correct iden-
tification of multiple, low-amplitude signals is of course a central issue in RV
time series analysis as applied to exoplanet science. However, all the above
algorithms fit only a single sine-wave, or Keplerian signal, and multiple signals
must be detected via subsequent fits and residual analysis. To overcome some
of the shortcomings of standard periodograms when dealing with data contain-
ing two or more periodicities Baluev| (2013b)) has developed the multi-frequency
periodogram FREquency DEComposer (FREDEC).

In this work we expand on the study by [Mortier et al.[(2015)) and carry out
a set of detailed numerical experiments aimed at 1) gauging the relative effec-
tiveness of the GLS, BGLS, and FREDEC algorithms, including completeness
and false positives, and 2) understand their biases and limitations when applied
to the systematic search of single and multiple low-amplitude periodic signals
produced by low-mass companions, using M dwarfs as choice of reference for the
central star. The performance evaluation in the presence of representative com-
plex signals element constitutes a novel analysis that has not been undertaken
before, to our knowledge. This comparative study should not be interpreted as
a way of ranking the intrinsic effectiveness of a periodogram analysis method
against another. Rather, it has to be seen as one of the steps that will help
towards the definition and implementation of the most aggressive and effective
strategies (e.g., |Dumusque et al.|2017; [Hara et al.|2017, and references therein)
for a robust identification of terrestrial planetary systems with state-of-the-art
instrumentation (e.g. HARPS, HARPS-N) that guarantees meter-per-second
accuracy, as well as next-generation facilities for extreme precision RV mea-
surements, such as ESPRESSO. In section [3.2] we describe the numerical setup
adopted in our study, while the main results of our suite of simulations are pre-
sented in Section We provide a summary and discussion of our findings in



3.2. SIMULATION SETUP 31

Section [3.41

3.2 Simulation setup

3.2.1 Assumptions and Caveats

The suite of simulated catalogs of RV observations described below and uti-
lized in the analysis has been produced using a set of working assumptions and
simplifications. In particular:

e The comparative performance evaluation of GLS, BGLS, and FREDEC
is expressed in terms of the dependence of the efficiency of signal recovery
(parametrized through the theoretical false alarm probability FAP) on the
main orbital elements it is expected to depend upon, i.e. orbital period
P, eccentricity e, RV semi-amplitude K, and the ’signal-to-noise’ ratio
K /o, where o is the single-measurement RV error. The adoption of the
theoretical FAP rather than its calculation via bootstrap methods was
dictated by the need to keep processing time within reasonable boundaries
given the computational resources at our disposal;

e RV measurements are affected by a random (Gaussian) noise component.
In one experiment, a simple synthetic stellar activity signal was added
to the RV data. This was done as a metric of comparison with recent
literature works, while a full-scale study of the effect of correlated stellar
noise is left for future developments. We also did not consider the presence
of outer companions, stellar or planetary, that would introduce long-term
RV drifts;

e Up to two low-mass planets where simulated. The growing evidence for
the existence of compact multiple systems with a number of planets signif-
icantly exceeding 2 naturally calls for relaxation of this assumption. Our
aim is to identify proxies for interpreting in a simple manner any differ-
ences in behaviour of the three algorithms that might arise in the case
of two-planet systems that might be used in a future work for easing the
understanding of the efficiency of periodogram analyses carried out with
a variety of methods in cases of even more complex RV signals.

e In the simulations we included the elements of the window function ap-
propriate for reproducing the gaps in the data due to the seasonality of
the observations as well as the alternation between day and night. The
number of RV measurements per season (a few tens) was that typical
of current RV surveys, rather than that used in very intensive observa-
tional campaigns (with hundreds of datapoints) focused on few targets.
No prescriptions were made for either the generation of gaps in the data
due to long stretches of bad weather, or the generation of RVs with large
uncertainties as if obtained under not optimal weather conditions.

3.2.2 Synthetic catalogs

We created several catalogs of synthetic RV time series. Each time series consists
of N radial velocity measurements y; distributed over a number Ny of observing
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seasons, their respective times ¢;, and the associated errors o; (i = 1,...,N).
The Keplerian RV signal induced by the j** planetary companion is evaluated
from Eq. as discussed in Sec. 2.1.1]

From the orbital parameters the planets’ minimum mass M, ;sini; can be
recovered inverting Eq. 2:8

M, jsini; o KPP M2 (1~ €2)V/2, (3.1)
where M, is the mass of the primary. The value of M, and -y were kept constant

to M, = 0.5M and v = 0.0 m s~ !, respectively, throughout our study.

The instrumental noise was modelled as purely white, with the single-measurement

error o; drawn from a Gaussian distribution with standard deviation of 1.5 m

s~1, which is representative of typical values of internal errors in Doppler time-
series of relatively bright M dwarfs. The generation of the synthetic systems and
relative RV signals was carried out with a set of prescriptions detailed below.

Single-planet circular orbits catalog

The first catalog consists of 10000 synthetic systems composed of a single com-
panion on a circular orbit (e = 0.0). The orbital parameters and RV amplitudes
where drawn from the following distributions:

P: log-uniformly distributed over the interval [10.0, 365.25] d;
K: uniformly distributed over [1.5,5.0] m s™1;
To: uniformly distributed over the range: [0, PJ;

Given the range of K and the adopted value of M, the corresponding inter-
val of minimum planetary masses is between ~ 3 Mg and 30 Mg. All 10000 RV
time series were generated with NV = 60 observations uniformly distributed over
Ny = 3. The season duration was set close to 6 months, with a daily observing
window of approximately 12 hr.

Single-planet eccentric orbits catalog

The second catalog is composed of 10000 synthetic eccentric systems and their
relative time series. The probability distribution function adopted for e was the
Beta distribution, following the recipe of |[Kipping (2013]):

Psle;a,b) = e 1 —e)’ 7t (3.2)

B(a,b)

with @ = 0.867 and b = 3.03. The remainder of the simulation setup was
identical to that described in §3.2.2]

Multi-planet circular orbits catalog

The third catalog is composed of 10 000 synthetic two-planet systems on circular
orbits, and their relative time series. To generate each pair of companions, we
first use the same P distribution as in the first two catalogs, and then assign
the orbital period P’ of the second planet following the distribution of period
ratios observed for Kepler candidates by [Steffen and Hwang (2015)):
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Figure 3.1: Period ratio distribution function, with Pv and Py the period of the
planet with the larger and smaller amplitude, respectively.

P(R) o R, (3.3)

where R = P,/P;, P, and P, being the periods of the inner and outer planet,
respectively. The relation is valid for R 2 2. We do not require P = P,, so the
probability density function for P’ is:

(£)7"*°, it P < PJ2,
P(P;P)= A\ —1.26 (3.4)
(%) 7, P =P
P’ was also required to be in the interval [10.0,365.25] d. All other parameters
in the simulated catalog were generated following the same prescriptions as in
§3.:2.2] The resulting period ratio distribution is shown in Fig. [3.1]
We denote the largest and smallest amplitude Ky; and K, respectively, and
the corresponding periods Py and P,,. The distribution function of amplitude
ratios is shown in Fig. [3:2]

Multi-planet eccentric orbits catalog

The last catalog generated encompassed a set of 10000 eccentric two-planet
systems, and their corresponding RV time series. As done in §3.2.2] the e values

for both orbits were drawn from the Beta distribution (Kipping, [2013). In

order to avoid unrealistic configurations corresponding to clearly dynamically
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Figure 3.2: Amplitude ratio distribution function, with Ky and Ky, the larger and
smaller amplitude, respectively.

unstable orbits, the masses, orbital separations, and eccentricities of a pair of
synthetic planets were generated in order to fulfil the analytic Hill-stability
criterion (Giuppone et al. [2013, and references therein):

2
a [a
(Ml + ,u2a—;> <M1’Y1 + p2y2 i) > o’ + 343 4y pna®/3, (3.5)

with p; = m;/my, a = p1 + pe, a; the semi-major axis of planet ¢ and ; =
/1 — e?. Systems violating this criterion were discarded.

Since the stability criterion penalizes highly eccentric orbits, in order to avoid
a statistically insignificant sample of highly eccentric wide systems, we cut the
eccentricities distribution at the e = 0.5 level, which includes roughly 90% of
the systems.

In order to study the sensitivity to the P/2 harmonics of eccentric orbits,
we raised the period ratio lower limit in Equation to R = 2.5, to avoid
overlapping with signals from planets in 2:1 resonance.

3.3 Results

The comparative study of the efficiency of the three period search algorithms
presented here is carried out applying sequentially GLS, BGLS, and FREDEC
to each of the four simulated datasets described in §3.2.2] Indeed, other studies
in the past (e.g. Walker et al., [1995; Nelson and Angel, 1998; Cumming et al.,
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1999; [Eisner and Kulkarnil 2001} [Endl et all [2002; [Cumming] 2004; Narayan
et al.| [2005; [Endl et al. |2006; |Cumming et al., 2008 Bonfils et al.l 2013a;
Faria et al., 2016]) have focused on gauging the sensitivity of RV planet searches
to single-planet architectures utilizing periodogram analysis tools applied to
synthetic as well as actual datasets in a variety of situations (large/small number
of observations, periods shorter/longer than the duration of the observations,
small and large companion masses). The systematic performance evaluation of
GLS, BGLS, and FREDEC in the single planet case is useful in this context
as it provides the opportunity to define and train on grounds that are better
understood the comparison metrics to be used later for the comparative analysis
of multiple circular and Keplerian signals, which has not been investigated in
the past.

For the purpose of maximizing the homogeneity of the analysis, we have set
the maximum value of FAP considered for evaluation of a signal at 10%, driven
by the in-built FAP < 0.1 limit in FREDEC (see Baluev, [2013b, section 4.2).
For GLS, the FAP has been calculated following Eq. 24 and 25 in |Zechmeister
and Kirster| (2009). For BGLS, we followed [Mortier et al.|(2015) and adopted as
FAP value the relative probability between the two highest peaks. In practice,
statistically significant detections are considered only those with FAP below the
threshold FAPy,, = 1 x 1075.

To further quantify the quality of the results of the different algorithms we
also calculated for each time series the true fractional error between the best
output period P,,; and the true simulated one P,;:

]Di - Pout

AP =
P

, (3.6)
and considered a correct identification of a given period when AP < 0.1. For
FREDEC we considered a planetary system as correctly identified if all the input
periods were recovered in the output set with a fractional error lower than 10%,
even in the presence of additional output periodicities, as well as we considered
as wrong solutions that did not contain the input periods, even if they contained
some of their harmonics.

To compare the algorithms we describe their performances by means of two
global performance metrics: the completeness C' = Neopr/Neat identifies the
fraction of correctly identified planets signals N.o, with respect to the total
simulated planets in the catalog Neat; the reliability R = Neowr/(Neorr + Nep)
is the ratio of correct detections to the total of correct plus false alarms Ngp.
Finally, we quantify dependencies of the performance on the relevant parameters
by using simple scaling relations expressing, for example, the detection efficiency
as a function of the ratio K/o between planetary signal amplitude and single-
measurement, uncertainty. All the analysis is carried out using FAP < FAPyy,.

3.3.1 Sanity check on white noise

The standard experiment to gauge the false alarm rate in the presence of pure
white noise due to the statistical FAP threshold adopted for each algorithm
should give expected results (e.g. 1% of false positives for a FAP of 1%). We
have generated 10000 time series with pure white noise, N = 60, and N, = 3,
and run the three algorithms sequentially. We show in Figure the fraction
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Figure 3.3: Number of false positives found in 10000 white noise realizations as a
function of the FAP threshold: black circles for the GLS, dark grey triangles for BGLS,
and light grey squares for FREDEC. The dashed line is the theoretical expectation.
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Table 3.1: Circular orbits catalog results

C FP fraction R

GLS 94.0% 0.3% 99.6%
BGLS 87.9% 0.0% 100.0%
FREDEC 87.8% 0.4% 99.6%

of false alarms as function of FAP threshold.

We can see that all three curves are systematically lower than the dashed line,
corresponding to the ideal relation between FAP and number of false positives.
All three algorithms appear robust against false positives, within the limits of
the FAP definition for each method.

3.3.2 Single-planet circular orbits catalog

We applied GLS, BGLS, and FREDEC on the circular orbits catalog computing
the periodograms at 10? logarithmically spaced periods over the interval [1,10?]
d.

In Table are shown the overall C' and R values for the three algorithms,
along with the fraction of false positive signals found in the catalog. All methods
show very high C values, GLS performing slightly better (~ 6%) than BGLS
and FREDEC. Reliability levels are virtually at 100% for all methods, given the
extremely low fraction of false positive signals. There is however a significant
discrepancy in the level of concordance between the three methods, that is
the fraction of detected systems that is common: only 80% of all detected
signals is in common between GLS, BGLS, and FREDEC. These effects are
best understood by looking at the structure of the dependence of the FAP on
K /o in the three cases.

As shown in Fig. M (upper two panels and bottom left panel), the FAP
decreases approximately log-linearly with increasing K/o, as expected, BGLS
highlighting a steeper dependence, and much larger spread in (statistically sig-
nificant) FAP values in any given bin in K/o. Furthermore, we notice that for
BGLS very high FAP values are obtained even for K/o 2 3, which is not the
case for GLS. FREDEC also highlights a systematically different behaviour with
respect to GLS, stemming from its simultaneous multi-frequency identification
approach. In this case, the small fraction of high-FAP systems that is recorded,
independently of K/o, corresponds to systems in which more than 1 signal is
identified by FREDEC. No such cases are seen below the FAPyy,, level.

The bottom right panel of Fig. quantifies the dependence of detection
efficiency on K/o. For GLS, K/o ~ 1.5 is enough for correct recovery of the
signals with > 95% efficiency, while this result is achieved by BGLS at K/o ~
2.0. Unlike the other two methods, FREDEC never reaches close to the 100%
efficiency level, due to the systematic effect described above, that identifies ~ 5%
of low-FAP systems, independently of K/o. Overall, GLS appears ~ 10% more
efficient than the other two algorithms, even in the limit of K/o a~ 1. The
results obtained here are in agreement with the findings of |(Cumming] (2004]),
but highlight slight differences between the three algorithms.

We show in Fig. the behaviour of FAP with P for GLS, BGLS, and
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Figure 3.4: Dependence of the FAP on the K/o, for top left) GLS, top right) BGLS
and bottom left) FREDEC applied to the circular orbits catalog. The black dashed
line represents the 10~ FAP level. bottom right) Detection efficiency as a function of
K /o, for the circular orbits catalog. The solid back line is for GLS, the dashed black
line for BGLS, and the dotted black line for FREDEC. The grey solid line indicates
the 95% level of detections with FAP < FAP¢p,.
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Figure 3.5: Dependence of the FAP on the orbital period for the three algorithms
applied to the circular orbits catalog. Line coding as in Fig.

FREDEC. No clear dependence of the FAP on the period of the detected signals
is derived. This confirms the behaviour found by |(Cumming| (2004)) using the
LS periodogram coupled to a Keplerian fit, i.e. that the detection threshold
is independent of P, for P shorter than the time span of the observations.
However, a clear loss in sensitivity for BGLS is seen for periods around 180
d. This effect is related to the simulated length of the observing seasons, and
is neither observed in GLS nor in FREDEC. The feature in correspondence of
~ 180 d disappears from the BGLS analysis in the limit of higher sampling and
unequal duration of each observing season (results not shown).

3.3.3 Single-planet eccentric orbits catalog

All of the three algorithms fit pure sine Waveﬂ We applied them (with the same
boundaries in trial period as before) to a catalog of eccentric signals, to gauge
their different biases and limitations (such as spurious detections of harmonics
produced by eccentric signals) in the correct identification of P and K as a
function of the eccentricity. In the analysis we distinguished between high and
low eccentricity signals, the threshold being set to e = 0.5.

Also in this case, we find that GLS and BGLS are in excellent agreement
on the output values of the first periodogram analysis when both their signals
are significant. Table shows again C, R and fraction of false positives of
the different algorithms based on the analysis of the eccentric catalog. We can

Zechmeister and Kiirster| (2009) presented also a fully Keplerian version of the GLS peri-
odogram. The algorithm is significantly heavier computationally than its circular version, and
it would have required applying Keplerian fits to the data analysed with BGLS and FREDEC
as well in order to keep homogeneity, thus making this study impractical given the available
computational resources.
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Table 3.2: Eccentric orbits catalog results

C FP fraction R
GLS 86.1% 0.9% 99.0%
BGLS 80.0% 0.2% 99.8%
FREDEC 76.0% 0.8% 98.9%
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Figure 3.6: The ratio Kou/Kin as function of K/o, for the e < 0.5 and e > 0.5
samples.

see that both C' and R are lower than for the circular orbit catalog, while the
fraction of false positives is higher. The behaviour of the individual algorithms
is the same as before, with GLS being the most complete, and BGLS the most
reliable. As expected, most of the incorrect identifications come from time
series in which no significant period is found and/or those with particularly
high eccentricity. We next take a closer look at the results of the individual
algorithms.

We show in Fig. the ratio Koyut/Kin of the fitted amplitude to the input
K value expressed as a function of K /o for two regimes of eccentricity for GLS.
The derived K is systematically underestimated for the high-e subsample. It is
worth noticing that the result is opposite to that observed by [Shen and Turner|
in their analysis of eccentric RV signals. In that work, a systematic
overestimate of the fitted K values is a result of force-fitting Keplerian orbits
with non-zero e even in the limit of K/o ~ 1, for which systematically large, and
statistically not significant, eccentricities are obtained. The results for BGLS
(not shown) are essentially identical.

|Cumming| (2004)) observed a quick decrease in detection efficiency for sys-
tems with e 2 0.6, finding that for too high eccentricities it is impossible to
reconstruct the planetary signals. We derive in Fig. [3.7| (top panel) a very simi-
lar result for all signal detection algorithms. For both GLS and BGLS detection
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efficiency drops to 50% at e ~ 0.4, and no signals are detected (even with the
largest K /o values) for e 2 0.6. As for FREDEC, the behaviour is also similar
to that of GLS and BGLS, with its detection efficiency reaching zero for e ~ 0.6
(Fig. [3.7). However, an even steeper dependence of the algorithm on e is seen,
with the efficiency already lower by a factor of two with respect to GLS and
BGLS at e ~ 0.4.

As force-fitting a full Keplerian orbit to a low-amplitude signal often results
in badly constrained (and artificially high) e values, in practice signal subtrac-
tion is often carried out assuming a circular orbit. We carried out a GLS and
BGLS analysis (with the same FAP thresholds as before) on the residuals to
a circular-orbit fit to learn about the possible distortions in the time series in-
duced by this approximation, particularly in the limit of high eccentricities for
which residual power at first and higher order harmonics is expected.

From the results of the residual analysis we notice that the fraction of signif-
icant signals found increases with increasing e (Fig. bottom panel), up to
the eccentricity limit set by detection efficiency dropping to zero. For GLS, in
70% of these systems the significant signal in the residuals is the first harmonic
(P/2) of the input period. For BGLS this happens in 55% of the cases. As for
FREDEC, twice as many multiple significant signals are identified with respect
to the circular orbit case. In this sample, the first harmonic at P/2 is found in
49% of the cases, with a mean eccentricity of (e¢) = 0.41 which is significantly
higher than the average on the subsample and on the whole catalog.

Finally, for all algorithms we tested whether increasing the length of the RV
monitoring (up to 5 observing seasons) and/or doubling the number of obser-
vations per seasons (40 instead of 20) allowed to improve a) detection efficiency
and/or b) mitigate the underestimation of the K value. No statistically signifi-
cant changes in the behaviour shown in Fig. and Fig. were detected.

3.3.4 Additional experiment: correlated noise

As an additional experiment, we tested the performance of GLS and BGLS on a
catalog with a more realistic stellar noise model. We added a simple correlated
stellar activity signal, modelled with the analytical recipe by [Aigrain et al.
(2012). Our model considered 200 stellar spots, a realistic value for an M dwarf
(Barnes et al., 2011a), and a rotation period of 30 d; no differential rotation
was included. We generated different spot distributions and sizes, in order to
produce stellar activity signals with amplitudes K, ranging between 1.5 m s~!
and 5 m s~!. The planetary parameters were generated as in the circular orbits
catalog of Sec. [3.2.2

We compared the results with an analogous catalog with the same planetary
signals but no stellar activity, in order to quantify the decrease in detection effi-
ciency of the planetary signals present in each time series. For both algorithms
we used the same measure of relative detection efficiency utilized by [Vanderburg
et al.| (2016) (Rg/n, see their Eq. (1)). For GLS this is the square root of the
ratio between the periodogram power measured with and without the stellar
signal included, while for BGLS the quantity is the ratio between two Bayesian
probabilities. An analogous experiment was not carried out using FREDEC,
as no direct output in terms of periodogram power can be obtained from the
software in its release.

Vanderburg et al.| (2016]) found that the presence of correlated stellar noise
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Figure 3.7: Top: Detection efficiency above the 10~2 FAP threshold as function
of eccentricity. The solid back line is for GLS, the dashed black line for BGLS,
and the dotted black line for FREDEC. The grey solid line indicates the 95%
level. Bottom: histogram of the fraction of significant periods identified in the
residuals as function of eccentricity. Line coding is the same as in the upper
panel.
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Figure 3.8: Top: Relative detection efficiency as function of the amplitude ratio
K./Kp. The dots and errorbars indicate the binned means and standard deviations.
Bottom: Relative detection efficiency as function of orbital period. The upper line is
for the time series with K,/Kp < 1, the lower one for K, /Kp > 2.
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Table 3.3: Multi-planet circular orbits catalog results

C FP fraction R
GLS 73.1% 21.2% 77.5%
BGLS 61.0% 28.7% 68.0%
FREDEC 72.8% 8.5% 89.5%

produces a systematic degradation of Rg/n at all orbital periods investigated,
with a stronger effect in the neighbourhood of the stellar rotation period and its
first two harmonics. As we can see in the bottom panel of Fig. [3.8] our analysis
using GLS confirms the systematic effect. Furthermore, the simulations allow
us to quantify the dependence of the loss of detection efficiency as a function
of the amplitude ratio K,/Kp (kept constant at K,/Kp = 2 by [Vanderburg
et al. (2016)). The result is shown in the upper panel of Fig. in which we
plot the relative detection efficiency as function of K, /Kp. We can see that for
K,/Kp ~ 2 the detection efficiency integrated over all periods drops by about
30%.

The effect at the stellar rotation period and harmonics, discussed by [Vander-
burg et al.| (2016), is not present in our analysis. The drop in Rg/n observed by
Vanderburg et al.| (2016) was due to the subtraction of the fitted stellar activity
signal from the RV dataset, translating in additional dilution of the planetary
signal. Instead, we did not use any mock activity indicators to correct the RVs
for the stellar signals, but simply studied the results of the periodogram anal-
ysis. It’s also important to remember that the magnitude of the effect at P,
and its harmonics depends on the stellar spot configuration, but investigation
of these aspects is beyond the scope of this experiment.

The results with BGLS (not shown) follow similar trends, with the probabil-
ity of the peak in presence of stellar activity being typically 10? and 10? times
lower at K,/Kp ~ 2 and K, /Kp ~ 3, respectively.

3.3.5 Multi-planet circular orbits catalog

For GLS and BGLS, analysis of the multiple-planet simulations in the case of
circular orbits proceeded (adopting the same periodogram setup as before) up
to the period search in the RV residuals after removal of the second planetary
signal. For FREDEC, up to 3 significant peaks were recorded.

We start by comparing directly the output periods of the GLS and BGLS
algorithms. The first most significant period is identified by both GLS and
BGLS in 100% of the cases, thus both algorithms return the same results as
in the single circular orbits catalog (see Section . As expected, the same
result is obtained in the analysis of the residuals after removal of the first and
second significant periodicity, whenever the identified periods are the same for
both algorithms (thus giving the same output structure of the post-fit residuals).

As we can see in Table the levels of completeness and reliability for the
correct detection of both injected planets are significantly lower than in the one
planet case (see Table. Interestingly, BGLS shows the worst C' value for this
catalog, thus proving its difficulties in dealing with multiple signals, as stated by
Mortier et al.| (2015). Both GLS and BGLS are prone to a large number of false
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positives, thus decreasing their R value. While completeness for FREDEC is
similar to that of GLS, its R is significantly higher on the face of a much smaller
number of false positives. This is likely due to the simultaneous multiple period
search approach intrinsic to FREDEC.

The top panel Fig. [3.9] captures, for three methods, the effect on the global
efficiency of detection of both signals on the ratio of amplitudes Ky/Ky,. Ef-
ficiency never rises above ~ 80% for either of the three algorithms. This value
is maximum at Ky/ Ky, &~ 1, the loss of ~ 20% being due to the sample of sys-
tems with similar amplitudes, both close to the single-measurement precision.
At Ky /K = 3, efficiency is lower by a typical factor of 2 to 3, quantifying the
difficulty in identifying correctly a second planet with K, ~ ¢ in the presence of
a larger-amplitude signal, within the simulated observational scenario. Among
the three methods, BGLS appears to suffer the most, performing typically a
factor 1.3 to 2 with respect to GLS and FREDEC. We next turn to discuss
some detailed features of the analysis carried out with each of the algorithms.

No significant signals are detected by GLS in 5.7% of the systems. This
occurs when both the input amplitudes are small, typically with K/o < 1.8 in
both cases, and with the amplitude ratio being typically close to unity. There
is no clear dependence on the periods, or their ratio. For 18.6% of the systems
only one significant period is identified. The input periods of this subsample
are usually both long (typically ~ 150 d), and the ratio between the largest
and the smallest amplitude is typically ~ 2. In Fig. we show the period
distribution for the output and input for this subsample: the distribution is
almost the same, except for a clear aliasing effect for a significant fraction of
systems with the strongest signal at ~ 1 yr, which are identified instead as being
systems at 6 months of orbital period. The above results highlight some of the
potential limitations for detection of these specific architectures of multiple-
planet systems.

GLS finds 2 significant periodicities in 75.1% of the time series. In the
overwhelming majority of cases (96%) two input signals are both identified
correctly. In the remainder of the cases, incorrect identification of one or both
periods is related to systems in which aliases created by the window function
and its harmonics are detected. In only 0.65% of the cases a third additional
significant period is found after removal of the first two. This small sample is
dominated by short-period aliases.

In the BGLS analysis the fraction of 0, 1, 2, and 3 detected periods (with FAP
< 1073) is 10.3%, 27.5%, 61.9%, and 0.3%, respectively. The global features of
the sub-samples in the four cases are essentially identical to those discussed for
the GLS cases. It is worth noticing the significant increase in null detections
and in detections of only one period, which explains the lower C value for BGLS
in this experiment.

In the FREDEC analysis the fraction of 0, 1, 2, and 3 detected periods (with
FAP < 1073) is 18.7%, 0.0%, 80.8%, and 0.6%, respectively. The distributions
of amplitudes and periods in the cases of no detections are similar to those of
GLS and BGLS, although with somewhat larger average ratio of amplitudes
and K /o ~ 1.5 for the smallest of the two amplitudes in a system. The fraction
of systems with two detected period is characterized by slightly longer periods
and smaller amplitudes with respect to the GLS and BGLS cases, and a slightly
lower fraction (90%) of systems with both periods correctly identified is also
recorded. Similarly to GLS and BGLS, incorrect identification of one or both
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Figure 3.9: Top: Detection efficiency above the 1073 FAP in the multiple-planet,
circular orbits case. The solid back line is for GLS, the dashed black line for
BGLS, and the dotted black line for FREDEC. The grey solid line indicates
the 95% level. Bottom: The same, for the multiple Keplerian orbits case. Line
coding is the same as in the upper panel.
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Figure 3.10: Period distribution for GLS, on the multi-planet circular orbits catalog.
The light grey area shows the output and the dark grey the strongest input signal, for
the subsample with only one significant period identified.

Table 3.4: Multi-planet eccentric orbits catalog results

C FP fraction R
GLS 65.0% 26.3% 71.2 %
BGLS 55.2% 33.1% 62.5 %
FREDEC 62.2% 12.4% 83.4 %

periods is related to systems in which aliases are detected that are created by
the window function and its harmonics. Contrary to GLS and BGLS, in the
0.6% of cases with three significant periods detected, the sample is dominated
by longer-period aliases (e.g., 1 yr).

3.3.6 Multi-planet eccentric orbits catalog

The analysis of the multiple eccentric orbits catalog was performed as in the
previous section. The completeness and reliability levels of the algorithms are
listed in Table and as we can see are both lower than for the previous
catalog. Again BGLS shows the lowest C value, and also in this case FREDEC
and GLS have comparable C' values but the former has higher R, and half has
many false positives. The lower completeness levels translate in larger values of
null detections and detections of only one significant period.
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The dependence of the number of detected systems on the main parameters
(amplitude, period, eccentricity) follows generally the same behaviour observed
in the previous experiments, for all methods. In particular, the mean amplitude
increases with increasing number of signals found (as in Sec. and the aver-
age eccentricity of both planets is lowest (~ 0.15) when all signals are correctly
identified (as in Sec. . As in the multiple circular orbits case, the overall
behaviour of detection efficiency for all three methods is mostly sensitive to the
amplitude ratio, as demonstrated by the plot in the bottom panel of Fig.
The impact of eccentric orbits is quantified in an additional efficiency loss of
10%-20%, slightly increasing towards larger Ky/ Ky, values.

There is however one difference: in the circular catalog the average period
increased when more signals than in the input were found, while in this case it
decreases. This is likely because the excess of signals recovered is due to poorly
reconstructed orbits, which for the circular catalog is mainly due to not optimal
sampling (and thus long periods), while for the eccentric catalog the extra signals
found are also due to harmonics of the eccentric orbits, whose impact becomes
more significant with better orbit sampling. As a matter of fact, the fraction
of cases when in addition to both the input signals one or both the harmonics
are detected is 72.2%, 77.8%, and 86.3% for the GLS, BGLS, and FREDEC
respectively, thus dominating over spurious detections.

3.4 Summary and discussion

In this paper we have carried out an extensive suite of numerical experiments
aimed at a direct performance evaluation of three commonly adopted algorithms
(GLS, BGLS, and FREDEC) in the search of significant periodicities in radial-
velocity datasets, indicative of the presence of planetary companions. Using
simple scaling relations (detection efficiency) and global performance metrics
(completeness, reliability, false positives fraction) we have gauged the strengths
and weaknesses of the three period search algorithms when run on a variety
of classes of Doppler signals (one and two planets, circular and fully Keple-
rian orbits) of low amplitude (1 < K/o < 3), with representative realizations
of observational strategies, different measurement noise prescriptions (simple
Gaussian noise, stellar correlated noise), and adopting as reference an M dwarf
primary. The main results can be summarized as follows:

e The degree of completeness and reliability are very high for GLS, BGLS,
and FREDEC in the single-planet, circular orbit case, with GLS being
slightly more complete than the latter two methods. As a consequence,
the fraction of false positives is very low. The overall detection efficiency
is close to 100% for all methods as long as K/o 2 2, with a sharp decrease
below 50% in the limit K/o ~ 1. Also in this case, GLS appears to
be slightly (10 — 15%) more efficient than BGLS and FREDEC in signal
recovery when RV amplitudes get close to the single-measurement error;

e The effect of eccentricity on correct signal identification by all methods is
significant, as expected. A typical loss of 10% in completeness is found,
with GLS returning again the largest C' value. Reliability of detections
remains however close 100% given the mild increase in false detections.
The latter are a clear function of increasing e, as long as detection efficiency
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remains above ~ 50%. The loss in efficiency of period recovery is a steep
decreasing function of e, dropping to zero for all algorithms for e 2 0.6.
However, FREDEC shows a higher sensitivity to this parameter, with
detection efficiency reduced by up to a factor of 2 in regime of intermediate
e;

e A preliminary investigation of the levels of degradation of detection effi-
ciency in presence of stellar correlated noise indicates efficiency losses of
20% to 40% in the range 1 < K, /Kp < 3 for GLS, and decrease of 2 to 3
orders of magnitude in the Bayesian probability of a detection for BGLS
in the in the same K,/Kp interval.

e The difficulty in correctly identifying multiple planets is quantified through
a typically reduced completeness level between 70% (circular orbits) and
60% (for Keplerian orbits), with BGLS performing slightly worse (10%)
with respect to the other two methods. Within the realm of the simulation
scenario, and based on an analysis of the dependence of detection efficiency
on the amplitude ratio Ky/K,,, the limitations induced by sub-optimal
orbit sampling (particularly in the case of eccentric orbits) indicate as the
most challenging architectures those containing signals with very similar
amplitudes and K/o < 1.8. In configurations containing two long-period
companions with dissimilar amplitudes, the one with the lowest K value is
not detected in a significant fraction of cases (particularly for Ky/Kp, 2
2). Degradation in the degree of reliability is also clear, on the face of large
fractions (~ 30%) of false detections. In this respect, FREDEC appears
more reliable than GLS and BGLS, with a false positive rate ~ 10%.

The results presented in this paper complement and extend the comparative
analysis of period search tools for planet detection in RV datasets carried out by
Mortier et al.| (2015)). Our study encompasses a wide range of single-planet ar-
chitectures, it includes a preliminary assessment of the effects of increasing levels
of stellar correlated noise, and it addresses for the first time some of the com-
plications induced by multiple-planet architectures. The most most important
lessons learned are the following: 1) even under idealized, best-case conditions
(one planet, circular orbits, white noise, well-sampled orbits) different period
search algorithms do not perform in an exactly identical fashion, particularly
when it comes to the regime of signal amplitudes close to the single-measurement
error; 2) in the presence of more complex signals, the most conspicuous element
to underline is the different behaviour in the identification of false alarms: the
standard approach of successive signals removal and investigation of the residu-
als (using GLS and BGLS) appears to be prone to as much as 3 times the amount
of false positives obtained by an approach in which all statistically significant
signals are searched simultaneously (using FREDEC), even in the idealized case
of perfectly circular orbits.

The analysis presented here is by no means exhaustive. Within the scope of
this work, our results nevertheless underscore the urgent need for strengthening
and further developing sophisticated analysis techniques for the simultaneous
identification of low-amplitude planetary signals in the presence of stellar activ-
ity. This is a crucial topic in the case of low-mass M-type hosts, for which stellar
noise is often coupled to complex planetary RV signals induced by small-mass
multiple systems, as testified by the significant literature presenting disputes on
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the nature, interpretation, and sometimes existence of multiple planets around
some of our nearest low-mass neighbours (e.g., GJ581, Kapteyn’s star. See
|[Anglada-Escudé et al.| (2016b)), and references therein). This is a particularly
sensitive issue as M dwarf primaries constitute the fast track to the identification
of potentially habitable terrestrial-type planets, whose abundance, albeit with
large uncertainties, appears to be very high (e.g. Dressing and Charbonneaul,

2013; [Kopparapul, [2013} Bonfils et all [2013albt Tuomi et all [2014; [Anglada-|
Escudé et al., [2016a)).

It will be certainly necessary to use the largest possible set of observational
constraints, including simultaneous photometric measurements for determining
rotation periods and activity signals, and spectroscopic indicators and/or RV
measurements at different wavelengths for mitigating and (hopefully) removing
activity signals (e.g., [Vanderburg et al| (2016), and references therein). It will
be equally important, however, to pursue aggressively advances in the path
to the determination of the complete information content of RV datasets, via
techniques that not only shy away from the standard residual analysis and
implement global model fitting approaches (e.g., Hara et al||2017; [Dumusque|
, but also through the application of improved methodologies for
the simultaneous, robust identification of credible signals in time series (with
very small fractions of false alarms), of which algorithms such as FREDEC
constitute possible seeds. This necessity is expected to become pressing very
soon, with facilities for ultra-high precision RV work such as ESPRESSO, that
will seek to find (multiple) planetary signals with amplitudes even orders of
magnitude smaller than other sources (primarily stellar in nature) of correlated
RV variations.




Chapter 4

High-performance
algorithms: tests and
applications

As pointed out in Chapters 2] and [3] the analysis of high-precision radial ve-
locity data in search for Keplerian signals from small-mass exoplanets is often
hampered by the presence of similar-amplitude stellar signals, also referred to
as stellar jitter or stellar noise. These Doppler signals due to the stellar chro-
mospheric and magnetic activity can conceal planetary signals, distort the mea-
sured orbital parameters or mimic altogether the Keplerian signal, leading to
false detections.

As we have seen in Sec. different analysis techniques can lead to
opposite conclusions in the analysis of radial velocity signals, and thus cast
doubts on the very existence of planetary companions. In Sec. [3.3.4 we have seen
how simple periodogram analysis algorithms are strongly impaired by quasi-
period stellar signals. An optimal model to deal with stellar signal does not
exist to date, and various different methods have been proposed thus far.

In this Chapter, I will illustrate the technique developed by the research
group I am part of for the search of planetary signals around moderately active
small mass stars, as well as its application both on synthetic data sets with
simulated stellar activity signals (Sec. and on real RV data in the detection
of an extremely small mass exoplanet candidate (Sec. . The techniques
applied on synthetic RV data in Sec. are the same as those used in Chapter
[6] in the analysis of the GJ15A system, and thus I discuss them in details.

4.1 Radial velocity fitting challenge

I will here outline the structure and main results of the Radial Velocity Fitting
Challenge, as described in |Dumusque| (2016]) and [Dumusque et al.| (2017). The
Challenge consisted in several teams blindly analysing a set of real and simu-
lated RV and activity indices time series, containing both planetary and stellar
activity signals. Each group used their own techniques to recover the candidate
planetary signal and distinguish them from stellar signals.

ol
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The use of synthetic data is demanded by the necessity to compare the
results of the different methods, as well as with the true signals present in the
time series, which are of course unknown for real observations. Nonetheless, real
time series from known exoplanet host stars are used as part of the challenge
data sets, to check the realism of the simulated stellar activity.

The systems analysed as part of the challenge represent the typical stellar
activity levels and orbital architectures for inactive G-K dwarfs, which are the
main targets of high-precisions extrasolar planets searches, and have also bet-
ter understood chromospheric and magnetic activity than smaller mass stars.
The general results presented here can anyway be applied to M dwarfs systems
analysis as well.

4.1.1 Simulated data sets

I will now briefly summarize the simulation techniques used to generate and
main properties of the systems analysed as part of the challenge. A more thor-
ough and detailed description of the data sets can be found in Dumusque, (2016)).

15 systems were generated, containing more than 50 planetary signals. The
crux of the problem was of course the realism of the planetary and stellar signals
injected in the data. For planetary signals this was easily accomplished, since the
Doppler shift from the Keplerian motion of a planet is straightforward (see Sec.
and realistic orbital parameters can be easily derived from the observed
distribution of planets. To simulate realistically the stellar signals is instead
more arduous.

To achieve a realistic representation of the different kinds stellar activity, as
detailed in Sec. [2:21] real observations of solar type stars were used. The sig-
nals induced by stellar oscillations and granulations, as well as the instrumental
noise, were generated by fitting the signals recovered in the high-cadence obser-
vations of the G8 dwarf 7 Ceti (Teixeira et al. 2009) using the technique from
Dumusque et al.| (2011b)) which consists of fitting the signal in the frequency
domain and then return in the time domain changing the phases to produce dif-
ferent time sampling than the original data. The simulated data were checked
with observations of different quiet solar-type stars (G8 to K5): a good agree-
ment was found between the rms of the observed and simulated data, showing
the goodness of the adopted procedure.

The signals from active regions, i.e. stellar spots and plages, were simulated
using the SOAP 2.0 code (Spot Oscillation And Planet, Dumusque et al., [2014)
which estimates the photometric and RV variations, as well as the BIS SPAN
and FWHM (as defined in Sec. , induced by a given configuration of active
regions and stellar rotation. SOAP 2.0 was further modified to produce also an
estimate of the calcium activity index, log(Rjk ), which is not calculated by the
published version of the code. Nevertheless due to the assumptions made in this
estimate, only the time variation of the calcium index is correctly reconstructed,
and not the total amplitude of the oscillations, but the latter is not crucial in
the analysis of the rotation period and of the activity influence on the RVs.

The observational calendar from publicly available HARPS observed stars
were used for the simulated observations, and signals from detected Kepler and
HARPS planetary systems were injected in the time series along with the stellar
activity. Some simulated planetary signals were injected in some time series, as
well as some detected planets were not included in the respective systems. Also
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the periastron passage time Tp was altered, to avoid the recognition of known
systems by the participating teams. This procedure was used to generate 10
planetary systems, containing 45 planets.

In addition to those, 5 datasets composed of real measurements from the
HARPS spectrograph were used in the challenge, which included known plan-
etary signalsﬂ Again some expedient were performed to prevent the teams
from recognizing the real data, like shifting the initial date of the time series or
inverting the time of the observations.

One of the systems was later discarded due to an error in the generation
of the RV time series. The complete data set consisted then of 14 systems,
containing 51 planets in total.

The 14 systems produced for the RV fitting challenge contained several hun-
dreds of data points each, with planetary signals much shorter than the data
time span, typically of 3—4 years. This data sets well represent the high cadence
observations of bright solar-type stars, while they are quite different from the
typical survey-level observations of M dwarfs, as those simulated in Sec. or
discussed in Chap. [7}

4.1.2 Implemented analysis techniques

Here I report the analysis procedure and algorithms applied by the research
group I am part of during the RV fitting challenge, as reported in Appendix
B of Dumusque et al.| (2017). Our group is referred during the course of the
challenge as Team 1, or the Torino Team, for the affiliation of most of the
members to the Osservatorio Astrofisico di Torino. The team was composed by
M. Damasso, A. Sozzetti, R. D. Haywood, A. S. Bonomo, M. Pinamonti, and
P. Giacobbe. I took part in the analyses of several systems, mainly assisting
M. Damasso in the signals identification and model selection (Step 3 and 5,
discussed below).

The following description outlines also the main features of the analysis
techniques I will employ in the next Chapters of this thesis.

The step-by-step approach

1. Pre-treatment phase: removing long-term trends of stellar origin: when
generating the data of the RV fitting challenge [Dumusque| (2016)) consid-
ered magnetic cycles and their effect on the different observables, that is
log(Ryk), BIS SPAN and full width at half maximum (FWHM) of the
CCF. In this case, strong correlation between log(Rjy) and FWHM, and
between log(Rpk) and RV are expected (Lovis et al. 2011a; Dumusque
et al., [2011a; [Lindegren and Dravins, 2003). To test those correlations,
the Torino team calculated Spearman’s rank correlation coefficients and
found, in most cases, a very strong correlation between these observables,
that is p > 0.9. In the case of significant correlation, that is p > 0.5, team
1 detrended the RV and the log(Rj;k) using linear fits between log(Rjk)
and RV, and log(Rj; ) and FWHM, respectively (Meunier and Lagrange,

1One of the planets present in the real time series adopted for the challenge, oo Cen Bb,
was later discovered to be an artifact due to the sampling and the incorrect modelization of
the stellar activity (Rajpaul et al.| [2016])
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2013). Detrending the RV and the log(Rj; ) allows suppressing almost en-
tirely the long-term activity effect induced by magnetic cycles, and there-
fore leaves only the short-term activity effect, that team 1 further modelled
using GP. In the case of systems 9, 10, and 11, RV were detrended with
a linear fit as a function of time, as significant long-term signal, probably
due to a binary, was still visible after correcting for magnetic cycle effect.

. GP regression of the actwity index log(Rjx): to model log(Rfx) with

a GP, team 1 used the combination of a rational quadratic (RQ) and a
quasi-periodic (QP) covariance function (Pont et al., [2013; Rasmussen and
Williams), |2006)):

sin[n(t — t')/6)]
a 212 )

t—t 2\ ¢
X < +()> —+ O'tzgtt/, (41)

krq.qp(t,t') = A? exp (

202

where t and ¢ represent epochs of observations, 6 the stellar rotation
period, oy is the uncertainty of the measurement at time ¢, and d; is the
Kronecker’s delta. When there is no a suitable guess about the timescale
over which the data are varying, the RQ kernel can be assumed as a
reasonable choice, because it is intended to model the data by accounting
for many different timescales. In fact, it is equivalent to an infinite sum
of squared exponential (SE) kernels:

N g2 (t—t)
ks (t,t") = h*exp [ IE ] , (4.2)
with different length-scales [ (Rasmussen and Williams, [2006), with the
inverse squared timescales {2 distributed according to a Gamma distri-
bution with parameters o and 8 = [72. When a — oo the RQ kernel
converges to the SE kernel. The function krq qp(t,t") describes the de-
gree of correlation between each pair of measurements at times ¢ and t’,
reducing to uncorrelated noise, that is white noise, when ¢ = t/. This form
of covariance function is suitable for data sets spanning a few years. For
example, for the long-term photometry data set of HD 189733, |Pont et al.
(2013) discussed the choice of a krq,qr(t,t’) instead of a simpler expo-
nential decay covariance function to model observed signal due to stellar
activity.

The best-fit values of the covariance function hyper-parameters were ob-
tained using an MCMC analysis. Initial guess for hyper-parameter 6 was
derived by performing a periodogram analysis with the Generalized Lomb-
Scargle algorithm (GLS, Zechmeister and Kirster, [2009)). After a burn-in
phase, typically consisting of 1500 steps per chain, team 1 maximized the
following log-likelihood function:

1 1
Ing = *g In(27) = 5 In(det K) — or" - K™ -1, (4.3)

where K is the covariance matrix built from the covariance function in
Eq. and r is the detrended log(Rji). The best-fit estimates of the
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hyper-parameters, inferred from their posterior distribution, were used as
guess values for the subsequent modelling of the RVs, as explained below.
Team 1 derived stellar rotation periods from the posterior distribution of

6.

. First identification of significant signals; GLS analysis of the RV time se-

ries: the Torino team applied the GLS algorithm to search for significant
signal in the originals RVs. Team 1 explored the frequency space below the
Nyquist frequency and estimated peak significance using p-values deter-
mined through a bootstrap with replacement analysis consisting of 10000
random shuffles of the data by keeping the time stamps fixed. Team 1 se-
lected for further considerations only peaks with p-values < 1072, except
for system 14 and 15, because of the lower number of data points.

Team 1 iteratively removed sinusoidal fits from the data, with periodicity
corresponding to the periodogram peaks, and obtained guess values for
the orbital period of the candidate Keplerian signals. Team 1 looked at
the window function to discard aliases.

As a general rule, only significant RV signals with period shorter than the
data time span were considered, except for system 7, where a signal with
longer period that the data time span was modelled with a Keplerian in
the global fit, despite the inability of characterizing reliably the potential
orbit. Moreover, the approach followed by the team was conservative,
that is aimed at avoiding as much false positives as possible, favouring the
analysis of signals with the highest semi-amplitudes.

. RV model and MCMC analysis: after the analysis of the GLS periodogram,

and the identification of significant signals that could be due to planetary
candidates, the Torino team performed a global fit of the RVs with a
model consisting of Keplerian orbits and correlated noise, to account for
short-term stellar activity signals. This correlated noise is modelled using
the GP covariance function seen in Eq. The training of the GP on
the log(Rjyk) gives initial guess for the GP hyper-parameters used when
fitting the RVs. Doing so, team 1 assumes that short-term activity signals
seen in RV and log(Rj;k) have similar covariance.

The general Keplerian model fitted to the RVs is described by:

MNplanet
ARVkep(ti) = Y ARViep;(ti) +7
j=1
Mplanet
Z K [cos(v(ti, Toj peri., Pj) +w;) + e cos(w;)] + 7.
j=1

(4.4)

Instead of fitting e; and w; separately, team 1 introduced:

Cj = /e - cos(wj) Sj = /e - sin(w;), (4.5)

to uniformly sample the eccentricity parameter space (Ford, 2006). Short-
term stellar activity is fitted simultaneously by the GP applied to the RV
residuals obtained by subtracting the Keplerian model from the raw RV
data. The best-fit is found by maximizing the log-likelihood seen in Eq.
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Note however that in this case the array r represent the RV residuals.
The MCMC analysis used a number of random walkers, typically in the
range 50-150, and was characterized by a burn-in phase, in general con-
sisting of 1500 steps. For each fitted parameter the team adopted non-
informative, uniform priors. The hyper-parameters of the covariance func-
tion were constrained within a range with reasonable finite lower and upper
limits comprising the best-fit estimates found in the analysis of log( Rk ),
except for the semi-amplitude term A of the covariance function, which
for the RVs is necessarily different from that of log(Rpk) and was only
imposed to be positive. No upper limits were fixed for Tp; peri. and semi-
amplitude K, while orbital periods were constrained over ranges of rea-
sonable semi-amplitude centred on the guessed values obtained from the
GLS periodogram analysis. To test the convergence of the different chains,
team 1 used the Gelman-Rubin statistics described in [Ford (2006). The
best estimate of each parameter is derived using the median of its pos-
terior distribution, with their asymmetric uncertainties derived from the
16th and 84th percentile (1o uncertainty).

5. Model selection: the GP analysis requires a significant computational ef-
fort. Due to the relatively short timescales of the RV fitting challenge,
team 1 could only test a limited number of different models for each sys-
tem. Team 1 performed a Bayesian selection based on the truncated pos-
terior mixture (TPM) method described in [Tuomi and Jones| (2012). In
some cases, team 1 tested models with an equal number of planets, but
fixing or not the eccentricity to zero. In few other cases, when signals
could be of planetary or stellar nature, team 1 compared models with dif-
ferent number of planets, limiting the analysis to circular orbits. Finally,
when the Bayesian analysis showed to be inconclusive, team 1 selected the
model with fewest parameters, following the principle of Occam’s razor.
Note however this was not the case for system 15, because the three can-
didate signals appear to be well modelled by a sinusoid, even if the true
nature of one Keplerian was flagged as doubtful.

Algorithms and tools

Here is a list of the different tools that team 1 used to perform the analysis:

e Spearman’s rank correlation coefficients were evaluated with the R_.CORRELATE
function, which is part of the IDL library.

e Linear fits (log(Ryk) vs. FWHM and log(Rj) (or time) vs. RV), and
estimation of the GP hyper-parameters and Keplerian parameters were
performed using the publicly available EMCEE Affine Invariant MCMC
Ensemble sampler, developed by [Foreman-Mackey et al. (2013)El

e The search for sinusoidal modulations in the log(Rf;x) and RV data were
performed with the generalized Lomb-Scargle (GLS) algorithm developed
by |Zechmeister and Kiirster| (2009).

2See also http://dan.iel.fm/emcee/current/
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4.1.3 Results

In total eight teams took part to the RV fitting challenge. The approaches used
can be distinguished in two main categories: fives teams, including us, used
Bayesian modelling to select the best solution for each system, while the other
three did not, and instead used pre-whitening or other techniques to deal with
the multiple signals present in the time series.

The complete results and analysis techniques adopted are thoroughly dis-
cussed in [Dumusque et al.| (2017). I will briefly discuss some of the main points
which are of interest as part of my PhD work.

Many of the methods applied to the challenge required as a first step the
identification of the rotation period of the host star, as was the case for ourselves
and other three teams. The detected rotation periods were correct most of the
time. Even so, in some cases (20 — 45%) an harmonic of the stellar rotation
period was recovered instead of the period itself. This could cause problems
since periodic signals observed at multiples of the rotation periods (e.g. 2P,
3P,.t) are not expected to be due to stellar activity, and therefore are assumed
to be planets. This problem could be avoided if the stellar rotation is known by
other means, like from the photometric monitoring of the star, or if it can be
derived from the average calcium activity levels which is known to be related
with the rotation period (Mamajek and Hillenbrand) 2008]). This remark the
importance of knowing the exact rotation period in order to correctly treat the
stellar activity signals. Unfortunately, the different teams recovered the wrong
rotation periods in different systems, so no conclusive evidence is found as for
the origins of such mistakes.

As a criterion of the strength of a planetary signals in its time series, [Du-
musque et al.| (2017)) defined the K/N ratio, as:

K,
K/N = RVPI v/ Nobe, (4.6)

where K is the semi-amplitude of the planetary signal, Nops is the number
of observations composing the time series and RV, is the rms of the RV
time series corrected for the correlation with the log(Rjyk) plus a second-order
polynomial which take into account the magnetic cycle and potential long-period
companions.

The results of the different teams which analysed the complete data set of
the challenge is shown in Fig. The recovered signals are colour coded by
comparison with the true signals present in the data. The code goes as follow:

e Dark green: a signal actually present in the data is recovered, and the
team is certain enough of its presence that would have published it;

e Light green: a signal actually present in the data is recovered, but the
evidence for its presence is not strong enough for a publication;

e Yellow: a signal actually present in the data is recovered, and the team is
certain enough of its presence that would have published it, but the period
or semi-amplitude of the signal is not correctly identified;

e Gray: a signal actually present in the data is recovered, but the evidence
for its presence is not strong enough for a publication, and the period or
semi-amplitude of the signal is not correctly identified;
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Figure 4.1: K/N ratio for all the planets present in the entire data set of the
RV fitting challenge, as announced by the different teams which performed the
full analysis of all the systems. See text for the complete description f the colour
coding. (from |Dumusque et al., 2017)
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e White: a planet with K/N > 7.5 is not detected by the team;
e Cyan: a planet with K/N < 7.5 is not detected by the team;

e Orange: a signal that is not present in the data is recovered, but the
evidence for its presence is not strong enough for a publication;

e Red: a signal that is not present in the data is recovered, and the team
is certain enough of its presence that would have published it. The red
points are further labelled in three different kinds: unexplained false pos-
itives (plain red), signals corresponding to the rotation period of the star
when the period itself was correctly identified (hatched red) and signals
corresponding to the rotational period when the wrong period was iden-
tified (starred red).

The second and third type of false positives (red dots), could have been
avoided by exploiting the additional information usually available on the host
star to better constrain the stellar rotation, or by ignoring potential signals near
the rotation period itself, and thus were not considered in the general discussion
of the results of the RV fitting challenge.

From Fig. is clear how the number of detections drops below K/N = 7.5,
which was thus concluded to be a good estimate of the lower limit for confident
detections. Below this threshold the detection rate swiftly decreases, down to
~ 20%, and no method was able to detect confidently signals below K/N = 5.

Our team announced three planets at the stellar rotation period which in
fact proved to be false positives. This showed how sometimes the GP regression
technique we used was not able to fully model the stellar activity, and some
signal remained around the rotation period. This point out that a great care
should be taken when analysing signals close to the modelled activity signal of
the star, and supplementary tests (which we couldn’t run for lack of additional
time to invest in the challenge) should be used to verify the planetary nature of
ambiguous signals.

It’s worth noticing that, while teams 1 (ourselves) and 3 detected most of the
signals above the K /N = 7.5 threshold, that was not the case for teams 6,7 and
8. The main difference between the analysis techniques adopted by these teams
is that teams 1 and 3 used a Bayesian framework for model selection, while the
others did not. Also teams 2, 4 and 5 used methods based on Bayesian statistics,
but due to the short time scale for the challenge, were not able to analyse the
full data set provided. On the systems they analysed, a similar behaviour than
of teams 1 and 3 was showed, with very few false positives and most planets
detected for K/N > 7.5. It thus seems that Bayesian techniques performs better
in the recovery of planetary signals despite the presence of stellar noise.

The results of the RV fitting challenge are of course not the final word on the
subject, since many factors could have altered the performances of the different
methods and teams, like the short time scale for the challenge along with the
individual availability of the participants, or the preliminary status of some of
the adopted techniques. Also the wide range of systems characteristics and huge
number of parameters involved make difficult to asses strong conclusions from
the results. For these reasons, it is clear how more focused tests, like the one
presented in Chap. [3| can integrate the results of extensive analyses such as the
RV fitting challenge.
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Figure 4.2: RV time series of GJ273, from |Astudillo—Defru et a1.| (]2017[).

4.2 GJ 273: avery low-mass planet in a compact
multiple system

In March 2017, [Astudillo-Defru et al| (2017) announced the discovery of twelve
planets around five M dwarfs from the HARPS M dwarf sample
. One of these systems in particular was fascinating: GJ273 was claimed
to host one Earth-like planet and a super-Earth just inside the habitable zone,
being one of the closest multi-planet systems to our Sun, and the second closest
system hosting potentially habitable planet after Proxima Centauri
[Escudé¢ et al.| |2016a)). For these reasons we decided to further investigate the
public RV time series of this system, applying to them the analysis techniques
described in Sec. T2

I report here the outline of the analysis I performed alongside Mario Damasso.
The details and complete results of this study will be the content of Damasso,
Pinamonti et al. (in prep.).

4.2.1 The known system

|Astudillo-Defru et al.| (2017) studied 280 RV points of the GJ273 system, col-
lected with the HARPS (south) spectrograph (Mayor et al., [2003) at ESO/La
Silla Observatory. The dataset has a standard deviation of 2.75 m s~!, which is
almost 3 times greater than the average uncertainty, thus suggesting the pres-
ence of stellar or planetary signals in the data. The RV data are shown in Fig.

The stellar parameters for the studied stars were recovered from the litera-
ture, and the fundamental are listed in Table

A GLS periodogram analysis was performed on the data, iterating until the
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Table 4.1: GJ273 main properties. (For complete references see |Astudillo-Defru
et al., [2017)

Parameter GJ273
Spectral Type M3.5

Tog [K] 3382 + 49
[Fe/H] [dex] 0.09 £0.17
Mass [Mg] 0.29
Radius [Ro)] 0.293 £ 0.027
L./Lg 0.0088 £ 0.0066
Prot [d] 99

a (J2000) 07":27:24.49°
d (J2000) +05°:13":32.8"”
V [mag] 9.872

J [mag] 5.714 £ 0.032
H [mag] 5.219 4 0.063
K [mag] 4.857 £0.023
7 [mas] 262.98 +1.39

e [mas yr—1] 572.51 £ 1.50
ps [mas yr=!]  —3693.51 4 0.96

residuals showed no significant signal under a 1% FAP level. The final Keple-
rian solution was corrected fitting the model with the YORBIT code (Ségransan
et al.,[2011). To discriminate between planetary and stellar signals, a GLS anal-
ysis was performed also on the log(Rj;x ) activity indicator, and every periodicity
found in both time series was discarded as stellar-induced.

Astudillo-Defru et al.| (2017) detected four periodic signals in the RV time
series, at 5, 20, 420, and 700 d. The two longest periodicities were associated to
the stellar magnetic cycle, since they disappeared when the RVs were corrected
for the P ~ 2000 d signal found in the Calcium index. The other two signals did
not appear in the activity index time series, and were very different from the
rotation period of the star (Pot ~ 99 d), so they appeared to be of planetary
nature. A further test of their nature was to check that the two signals were
coherent across the entire time series, which was done by splitting the dataset in
several parts with roughly the same number of RVs and analyse them separately.
A power excess was found in the periodograms of all the epochs, thus confirming
the stability of the two planetary signals.

The RV data were then fitted with a YORBIT model for two planetary
signals, obtaining the final solution for the orbital parameters of the two planets
GJ273b and GJ273c as listed in Table The phase folded RV curves over
the two planets’ periodicities are shown in Fig.

As previously mentioned, planet b, with its semi-major axis a, = 0.09110 +
0.00002 AU is well within the inner edge of the habitable zone, calculated tak-
ing into account the likely tidal locking of the planet following the recipe by
Kopparapu et al.| (2016)). Hosting the second closest known planet in the HZ,
after Proxima Centauri b, GJ273 is a fascinating star, even further considering
it is a much quieter star than the flaring Proxima Centauri.
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Figure 4.3: Phase folded RVs for the 18.7 d (top) and 4.7 d (bottom) periods,
along with the best fit Keplerian solution (solid line). The colour scale represent
the observing epochs. (from |Astudillo-Defru et al., [2017)
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Table 4.2: Published solution for the Keplerian model for the GJ273 system
from |Astudillo-Defru et al.| (2017]).

Ky [m s™] 1.611:12
b 186498+ $:00%
Ao,y at BJD= 2456238.2124 d 229.6133
mysini, [ Mg | 2.897927
Ke [ms™] 1.06+013
feld 1723
Ao, at BJD= 2456238.2124 d 75675
mesinic [ Mg | 1184918

4.2.2 Candidate planet detection

Due to the fascinating super-Earth in the habitable zone, and being the two
planetary signals quite small (K, ~ 1.6 m s™!, K. ~ 1.1 m s~!) we decided
to re-analyse the public RV time series of the systems, applying our technique
as described in Sec. In particular we wanted to test how our GP mod-
elling of the stellar activity, which proved to be very reliable throughout the RV
challenge, would affect the two planets orbital parameters.

We followed the step-by-step approach described in Sec. with the
following modifications:

e on the contrary to the RV challenge, for this system the rotation period was
known from the literature to be ~ 99 d, thus during Step 2 we narrowed
the uniform prior of the # parameter in a small interval around 100 d;

e we omitted Step 3 and accepted the preliminary results of the GLS analysis
by |Astudillo-Defru et al.| (2017);

e during Step 4, we tested only a two planet plus stellar noise model, and
used the published orbital parameters as initial guess for the model in
the MCMC analysis, but used non-informative priors to allow the random
walkers to explore freely the parameter space;

e we omitted Step 5, since only one model was tested.

Due to the low significance of the eccentricities reported by |Astudillo-Defru
et al.| (2017)) we tested a model with both planets in circular orbits.

The results of the two planet and stellar noise model are listed in the central
column of Table As we can see the orbital parameters didn’t change very
much, remaining within 2-o of the published solution. The GP model seems
to correctly fit the stellar activity signal, and the best-fit value of the 6 hyper-
parameter is very close to the published value of the rotation period of GJ273.

Even if no large variation of the two planets parameters was recorded, still an
interesting feature emerged: in the analysis of the RV residuals, after subtracting
the planetary and stellar signals, we found in the GLS periodogram a clear
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Table 4.3: Planetary parameter best-fit values obtained through a joint mod-
elling of Keplerian signals and correlated stellar noise, using Gaussian process
regression.

Two-planet model Three-planet model

Parameter Best-fit value Best-fit value
holm s77] 3.05703 3.041042
Al 9632 o7+2!

w 0.847545 0.82+0:11

¢ [d] 98.41‘;:; 96'44—_160.0
Ky [ms™!] 1.4951'8:(1)3(; 1.5331-8:%8%
By [d] 18639570 0030 18.638210 003

To,» [BID—2450000]

myp siniy, [ Mg |

7517.707931

2.72701%

7517.657039

2.7970 1%

K. [m s
Pe [d]
To,. [BJD—2450000]

mesini. [ Mg |

0.080

0~908t0.0§9
0.00030
4.7228070 0008

7504.107011

0.092
1.0451 0007

.080
0~933f8.0§2
0.00028
4.7228870 00028
0.11
7504.1970 15

0.092
1.07415003

Ky [m S_l]
Py [d]
To,q [BID—2450000]

mgsinig [ Mg |

0.44300%
8641240002
7504.7379:49

0.621012




4.2. GJ273: A VERY LOW-MASS PLANET IN A COMPACT MULTIPLE SYSTEM65

0.10 4

0.08 4

ng

=}

=)
1

— - pvalue=0.1%
=1%
- =10%

GLS power

0.0 0.1 0.2 0.3 0.4 0.5
Frequency [cycle/day]

Figure 4.4: GLS of the residuals of the two planet plus stellar noise model, with
reference levels of FAP (dashed lines).

though small signal at P = 8.64 d. From a bootstrap analysis we derived a FAP
of ~ 6%. The GLS periodogram of the residuals and the 10%, 1%, and 0.1%
FAP levels are shown in Fig. [£.4] It’s worth noticing that [Astudillo-Defru et al]
never report a similar signal in their GLS analysis.

We then tested a three-planet plus stellar noise model, adopting normal
distributions as priors for the two known planets parameters, centred on the
best-fit values and using twice the mean uncertainty as standard deviation. For
the additional planet, hereafter planet d, we adopted a non-informative prior,
with the period in a [5, 15] d interval. The results of the analysis are listed in the
right column of Tab. We can see that there is no significant shift in planet
b and ¢ parameters, while a small but significant signal (K > 50) is recovered
for planet d. The Bayesian comparison between the two models, calculated
with the estimator by |Chib and Jeliazkov| (2001)), resulted in a strong statistical
evidence in favour of the three-planet model, with the Bayesian evidence Z
rising from log Z ~ —522 to log Z ~ —510 from the two- to the three-planet
model respectively.

The candidate planet GJ273 d is quite fascinating, with its amplitude K4 =
0.443 m s~ it would be one of the smallesf’] RV signals ever detected[] On the
other hand its presence is by no means clear: even if its amplitude is significantly
different from zero, and the Bayesian evidence support its presence, the very
low amplitude of the signal, especially if compared to the amplitude h of the
stellar model, ~ 7 times large, and the uncomfortably large FAP of the signal
as seen in the residuals are still enough reasons to be distrustful.

3Source: NASA Exoplanet Archive - 18 October 2017
41t was i fact the smallest, until the recent announcement in August 2017 of the four-planet

system around 7 Ceti .
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Table 4.4: Numerical simulation of GJ273d results.

C FP fraction R

RV residuals

GLS 18.9% 2.2% 89.6%
BGLS 24.2% 2.4% 90.9%
FREDEC 10.7% 20.0% 35.0%
Planet d injected

GLS 20.2% 6.6% 75.3%
BGLS 17.9% 4.5% 79.9%
FREDEC 23.8% 14.4% 62.2%
Planet d absent

GLS 0.3% 7.3% 4.0%
BGLS 0.3% 6.6% 4.1%
FREDEC 0.1% 7.6% 0.9%

Thus we decided to statistically investigate the presence of the candidate
planet d in the RV time series.

4.2.3 Statistical validation

Such a small amplitude signal could be just an artifact due to the observational
epochs or due to the treatment of the stellar activity.

To validate the presence, as a genuine planetary signal, of the P; = 8.64 d
signal first seen in the residuals of the two-planet plus stellar noise model, we
decided to generate different realizations of the GJ273 RV time series, and study
them with the three periodogram algorithms discussed in Chapter 3| (Pinamonti
et al., |2017)). The comparison of the results of the different algorithms, applied
on a statistically large sample of data, could help clarify the effective presence
of the planetary signal.

First we generated a catalog of 10000 time series, each obtained by sub-
tracting from the HARPS time series a realization of the two-planet plus stellar
noise model, with each parameter normally distributed around the best-fit value
(from the middle column of Table and standard deviation equal to the mean
uncertainty. Then the datasets were analysed applying the three algorithms,
GLS, BGLS, and FREDEC. The results were described by means of the two
performance metrics C' and R, and of the False Positives fraction, to compare
the results to those of Sec. [B.3] with the difference that we defined as “input”
signal the candidate signal P; = 8.64 d. Thus the completeness C' was calcu-
lated as the fraction of systems in which the 8.64 d signal was recovered with
FAP lower than the threshold, and we considered as “false positive” any sig-
nificant signal with a period P # P,;. Due to the expected low significance of
the signal, we adopted a higher FAP threshold then in the previous Chapter:
FAP < 10%. The results of this first analysis are listed in the upper panel of
Table .4

We can see that the completeness C' is low for all three algorithms, with
BGLS showing the best performance. This is to be expected at such regimes
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of K/o ~ 1/1, which, even if not investigated in Chap. |3| can be extrapolated
from Fig. the FAP dependence on K /o has a constant slope for GLS and
FREDEC, while it tends to smooth at low K /o for BGLS. Thus low amplitude
signals have a higher significance for BGLS. The low R value for FREDEC is
also expected, due to the presence of spurious multi-frequency solutions, which
are recovered by FREDEC independently of the K /o level (bottom left panel
of Fig. .

Due to the overall low detection fraction of the candidate signal at P = 8.64
d for all the algorithms employed, the second step was to generate a comparison
catalog, of synthetic time series with all the three planetary signals injected,
along with the GP model for the stellar signal. The time series where generated
from the three-planets plus stellar noise model, with each parameter normally
distributed around the best-fit value (from the right column of Table and
standard deviation equal to the mean uncertainty. The epochs and measure-
ments errors where those of the original HARPS time series. The single data
points where then normally displaced within their error bars. From each time
series the signals of the known planets and stellar activity were subtracted as
in the previous case. The results are listed in the middle panel of Table

The completeness C is again around ~ 20% for all three algorithms, roughly
equal to the value for GLS and BGLS in the previous case. There is a reversal
between GLS’s and BGLS’s C' values, with GLS performing slightly better than
the other one, while FREDEC performs ~ 13% better than in the previous
case, even if still showing the lowest R value, which can be ascribed to the
same reasons as before. Fluctuations as such are to be expected at such small
amplitudes, and the different relative performances of the three algorithms can
be associated to the different modelling of the errors in the simulations: we can
see that the mean rms of the residuals of the two planets plus stellar models is
somewhat higher (1.10 > 0.99 m s™!) in the simulations than in the real data.
This could be due to overestimate of the instrumental errors ory, which we used
to displace the generated data points prior to the model subtraction.

The last experiment was to study a set of synthetic time series analogous to
the previous case but with only the two known planetary signals injected. Again
the residuals were generated subtracting the two planet plus stellar noise model
as before. The results are listed in the lower panel of Table We can see
that the signal is almost never recovered (C' ~ 0% for all the algorithms) and
that is watered down by a much larger number of False Positives (i.e. spurious
signals with P # 8.64 d).

The absence of similar P = 8.64 d signals in the third catalog suggests
that the detected periodicity is not an alias of the observational sampling, nor
a spurious signal caused by the GP treatment of the stellar activity. On the
other hand the similar features observed in the real data residuals and synthetic
three planet catalog suggest that the candidate planet d is in fact of planetary
nature. Due to the uncertain nature of such small signal, however, we are still
performing some additional test to ascertain the detection, as well as to study
the nature of a P ~ 2.3 d signal which could be present in the data (the peak
just below the FAP= 10% line on the right of Fig. [.4).
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Chapter 5

(Global Architecture of
Planetary Systems

After several studies on synthetic and archival data sets, the final part of my PhD
work was carried out as part of the GAPS consortium, to detect and characterize
planetary systems around M dwarfs from observational data collected with the
HARPS-NQTNG spectrograph as part of the HADES survey. Most of the
techniques mastered during the studies described in the previous Chapters were
applied in these analysis, the results of which are described in details in the
following Chapters.

In this Chapter, I describe the main characteristics of the HARPS-N spec-
trograph, and then outline the structure and main results of the GAPS collab-
oration, and of the HADES RV programme.

5.1 HARPS-NQTNG

The HARPS-N (High Accuracy Radial velocity Planet Searcher for the Northern
hemisphere, |Cosentino et al., [2012)) spectrograph, was installed at the Telescopio
Nazionale Galileo (TNG), at the Observatory of the Roque de los Muchachos
in La Palma Island, in April 2012. Its design was based on the HARPS spec-
trograph installed at the ESO 3.6m telescope in La Silla, and it is specifically
planned to optimise the precision of the radial velocity measurements. Its main
scientific goal is the detection and characterization of terrestrial mass planets,
with a particular focus of the Guaranteed Time of Observation on the confir-
mation of transiting planets observed by the Kepler spacecraft.

It is an Echelle spectrograph, and several precaution have been taken into its
construction to minimize the spectral drift and to maximize the radial velocity
accuracy. A schematic view of the instrument setup and its coupling to the
telescope are shown in Fig.

To guarantee the highest possible stability the instrument is set under ex-
treme precision temperature control, given by a liquid nitrogen CFC (continuous
flow cryostat) supplied by ESO, inside a vacuum chamber to avoid pressure per-
turbation, on the ground floor of the observatory to avoid vibration due to the
telescope motion, and it is fed with octagonal fibre to optimise the light scram-
bling in the detector feed. The octagonal fibres exemplify the improvement
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Figure 5.1: HARPS-N general schematic view. (from Cosentino et al., 2012)

made with respect to its predecessor HARPS south: the southern instrument
was sensitive to the de-centring of the star with respect of the circular fibre,
which caused a shift in the RV of the order f 3 — 4 m s™!, due to the non-
optimal scrambling of the light; with the adoption of octagonal fibres, this effect
has been reduced by about a factor of 10 (Chazelas et al., |2010[)E|

Two fibres are used for simultaneous reference of the spectra, and both of
them are calibrated at the start of each observing night. As shown in Fig. [5.1
the Front End Unit (FEU) collimates the incoming light from the telescope and
from the Calibration Unit (CU) into the fibres. The CU contains the Th-Ar
lamp used for calibration (see Sec. for the details of the simultaneous
calibration technique).

In Table is shown a summary of the main characteristics of the instru-
ment.

The HARPS-N spectrograph is also supplied with a automatic Data Re-
duction System (DRS, [Sosnowska et all [2012), which carries out a complete
reduction of the acquired data within just a few seconds after the end of the
exposure. First the full spectra is reduced with dark and bias correction, flat-
fielding, cosmic ray correction, and wavelength calibration, using the optimal
extraction method by . The DRS then computes the RV of the tar-
get from the Cross-Correlation Function (CCF) of the spectra (e.g. [Pepe et al.
, which is calculated by multiplying the observed spectra by a template
mask (e.g. in the case of M dwarfs analysis an M2 binary mask composed of
9000 wavelength intervals) and then fitted with a Gaussian function whose peak
corresponds to the RV. This procedure is implemented over each of the diffrac-
tion order of the Echelle spectra, and the final RV value is the flux-weighted

1In May 2015 the HARPS circular fibres were also replaced with octagonal fibres, to better
stabilize the illumination of the detector (Lo Curto et al., |2015).
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Table 5.1: HARPS-N main characteristics (from |Cosentino et al., [2012)

Spectrograph type Fibre fed, cross-dispersed Echelle spec-
trograph

Spectral resolution R = 115000

Fibre field FOV =17

Wavelength range 383 nm — 690 nm

Total efficiency e = 8% @ 550 nm (incl. telescope and
atmosphere @ 0.8” seeing)

Sampling s = 3.3 px per FWHM

Calibration ThAr + Simultaneous reference (fed by
2 fibres)

CCD Back-illuminated 4k4 E2V (CCd231
(graded coating)

Pixel size 15 pm

Environment Vacuum operation - 0.001 K tempera-

ture stability
Global short-term precision 0.3 m s~* (10E-9)
Global long-term precision  better than 0.6 m s=! (2x10E-9)

Observational efficiency SNR = 50 per extracted pixel on a Mv
=8, TExp =60 s
Wavelength accuracy 60 m s~! (2x10E-7) on a single line

mean of all the different values.

5.2 The GAPS project

The ”Global Architecture of Planetary Systems“ (GAPS) is an Italian Large
Project, aimed to the search and characterization of exoplanetary systems around
host stars of different characteristics: as discussed in Chapter 2} M dwarfs plan-
etary systems show different properties with respect to Solar-like star systems,
and similar differences may arise also from different stellar characteristics, as
metallicity or environment.

The GAPS project started with an open call to Italian scientists involved in
the field of exoplanetology in order to join their specific knowledge and expertise
to optimize the science return of HARPS-N open time. The second objective
was to create a coordinated community working together to reach a significant
impact in the international context of exoplanetary science. The GAPS project
was competitively selected by INAF’s TNG Time Allocation Committee as long-
term program, starting its observations with HARPS-N in August 2012. The
consortium currently includes 61 scientists from 14 INAF structures and Italian
universities, plus 18 external collaborators working at research institutes and
universities across Europe and the United States. Another key aspect of the
project was the training of young researchers in the field of exoplanetology,
with several fellowships and some PhD students, such as myself. Such young
astronomers were deeply involved in the research projects, and wrote as first
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Figure 5.2: The structure of the GAPS sub-programs, with the average number
of dedicated nights for each semester.

authors many of the GAPS papers.

The scientific goal of the project was to understand the architectures of plan-
etary systems and their properties, as well as their dependence on the host star
characteristics. For this reason the adopted strategy was to divide the observ-
ing time obtained with the HARPS-N spectrograph at the TNG (Telescopio
Nazionale Galileo) in different sub-programs, each of them focused on the study
of a well-defined class of stars. Along with this detection programs, part of
the time was also invested in the study of known planetary systems, to better
characterize their properties due to the outstanding capabilities of HARPS-N.

The 4 main subprograms were the following:

o F-G-K Stars Hosting Planets: this subprogram focused on the search for
additional low-mass planets in known systems with giant planets, both
long-period, aiming to determine the frequency of scaled versions of our
own Solar System, and hot-Jupiters, to study their multiplicity properties;

e Early M Dwarfs: this subprogram targeted low-mass dM0-dM3 stars, and
was carried out in concert with the Spanish EXOTEAM group (I will
discuss it in more details in Sec. ;

e Open Clusters: this subprogram consisted in the search for close-in plane-
tary companions to stars belonging to nearby clusters, to verify the impact
of a crowded environment on the planetary formation process;

o Metal Poor Stars: this subprogram studied a sample of low-metallicity
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GAPS Observation Summary (August 2012
to September 2016)
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Figure 5.3: Schematics of the use of GAPS observing time from AOT26 to
AOTS33.

stars, to test the effect of metallicity variations on the formation of small
mass planets;

The subprograms and the typical time allocation during the observing semester
is shown in Figure Also as part of the project were performed some char-
acterization studies of Rossiter-McLaughlin effect, asteroseismology and star-
planet interactions.

The GAPS observations at TNG started in August 2012 (AOT26), and since
then ~ 2500 observing hours have been allocated, resulting in ~ 7000 collected
spectra of a sample of ~ 300 stars. The first observing semester was affected
by a failure of the HARPS-N detector, which caused a significant loss of ob-
serving time. After those first problems the losses due to technical reasons were
extremely low (~ 2%). The statistics of the observing nights is shown in Fig-
ure[5.3] As part of the GAPS projects, also ancillary photometric observations
were collected, mostly by means of the APACHE (Sozzetti et al. [2013) and
EXORAPEl surveys.

The GAPS programme has produced a large amount of scientific results,
with 15 publications on refereed journals (without counting the results of the
HADES survey, which I will discuss later) and a lot more still in preparation.
Due to the several uncertainties in the detection of low amplitude planetary
signals in the presence of significant stellar noise, even if most of the targets
were selected for their low activity levels, it was decided for a cautious approach
on new planets announcements. For this reason the promising systems were

2EXOplanetary systems Robotic APT2 Photometry
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intensively monitored, in order to collect large amount of data and to constraint
as tightly as possible the orbital parameters of the new-found planets.

I will now discuss a handful of the main results of the GAPS project. A
more complete overview can be found in |Poretti et al. (2016]) and Benatti et al.
(2017) and references therein.

5.2.1 Results overview

The first planetary system announced by the GAPS consortium was XO-2S
(Desidera et al.l 2014), for which two planets were discovered: XO-2Sb with a
period P, = 18.157 + 0.034 d and minimum mass mysini, = 0.259 4+ 0.014
My, and XO-2Sc¢ with a period P, = 120.80 + 0.34 d and minimum mass
mesinig, = 1.370 £ 0.053 Mj. This system was of great interest because the
binary companion, XO-2N, was already known to host a transiting hot-Jupiter
with mass m = 0.57 & 0.06 My (Burke et al., [2007), which made it the first
binary system with known planetary systems around each component. For this
reason both stars were intensively monitored, and studied from different point
of view to examine this unique architecture, because, as I will discuss in the next
Chapter, binary stars are particularly informative laboratories to study plane-
tary formation and dynamical evolution. Both stars were extensively analysed,
and several differences were found in them which could be correlated with the
different architectures of the two planetary systems, as for example the much
higher metallicity of the hot-Jupiter hosting component XO-2N (Damasso et al.,
2015; Biazzo et al.| 2015)).

Another interesting system was HIP11952, which was considered to be the
most metal-poor planet-hosting star known, hosting two planets with masses
mp = 0.78 My and m. = 2.93 Mj (Setiawan et all [2012). This system posed
a severe threat to the core-accretion model of giant planets formation, which
predicts rareness of giant planets around metal-poor stars (e.g. Mordasini et al.,
2012). As shown in Fig. the combination of HARPS and HARPS-N mea-
surements, presented in Desidera et al| (2013), clearly ruled out the presence of
the claimed planets, supporting the current vision of planetary formation.

The study of Open Clusters produced the discovery of a long period eccentric
(e > 0.6) planet in the Pr0211 system, announced by [Malavolta et al.| (2016]).
The system was known to already host an hot-Jupiter, with period P, = 2.14 d
and minimum mass m; sini, = 1.88 M (Quinn et al.,|2012). This made Pr0211
the first multi-planet system in an open cluster ever discovered. This system,
with both an hot-Jupiter and a distant eccentric giant planet, is an interesting
laboratory to study the dynamical influence of crowded environment on the
architecture of planetary systems.

One of the most important results of the last year of the GAPS project was
the intensive study on giant planet migration history performed by [Bonomo
et al. (2017). Two are the main migration scenarios which can predict the for-
mation of hot-Jupiters: the disc-driven migration, in which the giant planet loses
angular momentum due to the friction of the protoplanetary disk itself, and the
high-eccentricity migration, in which the planet is excited in a high-eccentricity
orbit via various mechanism (e.g. the Lidov-Kozai oscillations, discussed in Sec.
6.5) and then has its orbit circularized by the tidal interaction with the host
star. This two scenarios would produce slightly different distributions of eccen-
tricities and semi-major axis for giant planets. For this reason |Bonomo et al.
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Figure 5.4: Comparison of the architectures of the XO-2 planetary systems,
with the Solar System as reference: the red solid lines represent the planets of
the XO-2N (upper panel) and X-2S (lower panel) systems, while the dotted lines
represent the Solar System inner planets (Damasso et al., 2015).
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(2017) carried out a thorough Bayesian analysis of a sample of 231 transiting
giant planets, using HARPS-N and archival RV data to better constraint their
measured eccentricity, as well as homogeneously re-determining the stellar, or-
bital and planetary parameters. For example, the high-eccentricity migration
predicts the final semi-major axis of the affected planet to be greater or equal
to twice the Roche limit. Such feature was recovered in the semi-major axis
distribution of the studied sample, shown in Figure [5.6] which peaks at 2.5 ag.
Other observed features also pointed towards the high-eccentricity migration
as the main architect of the observed hot- and warm-Jupiters, even if the disk
driven migration could still produce some of the observed systems.

5.3 The HADES programme

The Spanish consortium EXOTEAM, is a collaboration between the Spanish In-
stitut de Ciéncies de 'Espai (ICE/CSIC) in Barcelona and the Instituto de As-
trofisica de Canarias (IAC) in Tenerife, and pursued similar goal to the GAPS-M
subgroup in the study of exoplanetary systems around M-dwarfs hosts. For this
reason in July 2014 a Memorandum of Understanding was signed between the
two groups, starting the HADES (HArps-n red Dwarf Exoplanet Survey) pro-
gramie.

This coordinated effort has the goal to create a strong synergy between the
two groups expertise in data analysis and interpretation of detected signals,
as well as to optimise the observing schedule by adding 105 observing nights
from the Spanish TNG time to our observations, with a gain of 1525 additional
spectra.

The complete sample was constructed by selecting 106 targets from the
Lépine and Gaidos| (2013) and PMSU (Palomar/michigan State University |[Reid
et al.,|1995)) catalogs. As additional criteria the star were required to have spec-
tral type between dM0O and dM3, a visual magnitude V' < 12, and both to have
a high number of Gaia mission visits and to be part of the APACHE catalog.

Several targets were successively discarded, as they were discovered to be
ill-suited for planet search, due to close binary companions, fast rotation, high
activity and/or incorrect spectral type.

As mentioned in Sec. the simultaneous Th-Ar calibration was not used
in the M dwarf observations of the survey, since it could contaminate the stellar
spectra due to the faintness of the observed stars and the long integration times
required to reach high SNR levels (900 s).

All the stellar properties of the targets were derived from the HADES HARPS-
N measurements with the techniques from Maldonado et al.| (2015), which al-
lowed precise estimates of spectral types, metallicities and effective tempera-
tures, and lead to the aforementioned rejection of part of the initial sample.

The first published result of the HADES project was the discovery of a two-
planet system orbiting around the M1 star GJ3998, announced by |Affer et al.
(2016)). The two planets have periods P, = 2.64984+0.0010 d and P. = 12.741+
0.020 d, and minimum masses of mysini, = 2.46‘_"8:%% Mg and m.sini. =
6.121’(1):8@ Mg, i.e. both of them are expected to be super-Earths. The analysis
of the HARPS-N RV time series was performed with a procedure very similar to
that described in Sec. proving it to be effective in the discovery of small
mass planets in real data, considering that the two planetary signals have low
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K/N ratios, K/N < 7.5 (see Sec. for the definition of the K/N ratio).
Ancillary photometric observations were used to constrain the stellar activity
signals of the star, which were correctly modelled from the GP analysis. The
system time series showed periodic signals both at the stellar rotation period
of 30 d and at 42.5 d, which is probably due to the differential rotation of the
star. The latter signal was easily identified as non-planetary, due to its presence
in both the RV and activity indicators time series. The system has also been
recently target of Spitzer observations (Gillon et al., [2016)), aimed to detect the
inner planet transit, since its close orbit correspond to a high (~ 8%) transit
probability (see Eq. [2.17). While the data acquired are still under analysis,
preliminary results seem to exclude the transit of planet b.

The HADES programme recently led also to the discovery of small-mass
planets in the GJ625 and GJ3942 systems, announced in [Sudrez Mascareno
et al.| (2017a)) and [Perger et al.| (2017b)). GJ625Db lies just inside the inner edge
of the circumstellar habitable zone, thus could allow liquid water on its surface,
even if at such close distance from the parent star the surface temperature is
strongly dependent on the exact atmospheric structure and composition.

The last exoplanet detected by the HADES programme is a long-period
companion around the nearby M dwarf GJ15A, but I will discuss in details
this analysis, permormed by myself and several other members of the GAPS-M
subgroup, in the next Chapter.

Apart from the several planets discovered, with some more yet to be an-
nounced, the HADES programme also focused on statistical studies of the sam-
ple stellar and magnetic properties. I already discussed in Sec. [2.2.4] the studies
by Maldonado et al.| (2017)) and [Scandariato et al.| (2017)) which analysed from
a statistical point of view the activity indicators and stellar parameters of the
whole sample, while [Perger et al| (2017a) performed an initial study of the
global exoplanet detectability and occurrence rate in the survey sample, but I
will come back to this in Chapter [7]

The first studies on the HADES systems (Affer et al. |2016; [Perger et al.,
2017a)), also analysed the performances of the DRS pipeline on the M dwarfs
time series. The M2 binary mask used by the DRS could be not optimal for M
dwarfs, which have heavily blended spectra, that could affect the RV precision.
The studied alternative was to calculate the RV with the TERRA pipeline
(Template-Enhanced Radial velocity Re-analysis Application, |Anglada-Escudé
and Butler, 2012)). To compute the RV, TERRA generate a template by co-
adding all the high S/N spectra, after a first RV correction based on a least-
squares fit with the highest S/N spectra, ad uses this template for a second
computation of precise RVs for each spectra. This procedure can moreover be
customised by selecting which spectral orders to use in the computation.

Perger et al.| (2017a) compared the two methods by studying the RV rms
for each time series with the two methods: smaller rms should correspond to
more reliable measurements, assuming the same underlying signals. In Fig. [5.7]
we can see the distribution of the difference between the TERRA (RVr) and
DRS (RVy) rms, and it is clear how the TERRA RVs tend to show smaller
dispersions, with an average difference of —0.63 m s~!. For this reason the
TERRA pipeline was chosen to derive all the survey RV for all the subsequent
HADES studies, as it has previously been done by |Affer et al.| (2016).
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Chapter 6

GJ15A: A multiple wide
planetary system sculpted
by binary interaction

As part of my work within the GAPS community I analysed the HADES target
GJ15A, which proved to be the perfect playground to test and refine the knowl-
edge acquired in my previous study of analysis tools for the study of RV time
series. The presence of a stellar mass companion to GJ15A allowed me also to
approach the complex topic of dynamical interaction and orbital sculpture of
planetary systems by high-mass companions, which are widely thought to have
a crucial influence in modelling the current observed population of exoplanets
(e.g. Bonomo et al., 2017, and references therein).

In this chapter, I report in details my work of analysis of the GJ15A planetary
and binary system. This work has recently been submitted to A& Aas Pinamonti
et al.

6.1 Introduction

Extrasolar planetary systems always showed a huge variety of orbital archi-
tectures, ever since the very first exoplanet orbiting a main sequence star was
discovered (Mayor and Queloz, [1995)). In the following two decades the number
of known exoplanets grew up to more than 350@ mainly discovered from transit
(e.g., Kepler) and radial-velocity (e.g, HARPS, HARPS-N) observations, over a
wide spread range of masses, radii and orbital separations, aiming down to the
identification of small mass rocky Earth-twins (e.g. [Pepe et al.l [2011)).

Low mass M dwarfs are the most common of main sequence stars, compris-
ing ~ 70% of the stars in the Solar Neighbourhood (Henry et al.l 2006). Fur-
thermore, M dwarfs have become the most promising ground for the hunt for
low-mass, rocky planets (e.g. [Dressing and Charbonneaul, [2013; [Sozzetti et al.,
2013; |Astudillo-Defru et al. |2017)), due to their more advantageous mass and
radius ratios compared to solar-type stars.

Thttps://exoplanetarchive.ipac.caltech.edu/ - 18/09/2017

81


https://exoplanetarchive.ipac.caltech.edu/

82 CHAPTER 6. GJ15A

There is a solid evidence, arising both from HARPS and Kepler observations,
that Super Earths and Neptunes usually reside in multiple systems (e.g. \Udry
et al.l [2017; [Rowe et al.| [2014, and references therein).

The nearby M1 dwarf GJ15A was studied by [Howard et al.| (2014), who
found a short-period super-Earth orbiting the star: they measured a period of
11.44 d and an amplitude of 2.94 m s~!. They also studied the activity signals
of the host star, identifying the rotational period of the star to be 44 d, both
from the Syk index analysis and also from the precise photometric light-curve,
collected with the automatic photometric telescope (APT) at Fairborn Obser-
vatory (Eaton et al., [2003). GJ15A has also a known M3.5 binary companion,
GJ15B, identified astrometrically by [Lippincott| (1972) from a small fragment
of its orbit, with a measured orbital separation of 146 AU, and an orbital period
of 2600 yr.

In this framework we present the clear detection of a long-period eccentric
super-Neptune planet around GJ15A, from 5 years of high-precision Doppler
monitoring with the HARPS-N high-resolution (resolving power R ~ 115000)
optical Echelle spectrograph (Cosentino et al.,[2012)) at the Telescopio Nazionale
Galileo (TNG), combined with 15 years of archival RV data from the LCES
HIRES/Keck Precision Radial Velocity survey (Butler et al.|[2017). The HARPS-
N data were collected as part of the HADES (Harps-n red Dwarf Exoplanet
Survey) programme, a collaboration between the Italian GAPS (Global Archi-
tecture of Planetary Systems, |Covino et al.) 2013} Desidera et al., |2013; |Poretti
et al.,|2016]) ConsortiunEI7 the Institut de Ciencies de I’Espai de Catalunya (ICE)
and the Instituto de Astrofisica de Canarias (IAC). We also confirm the presence
and update the amplitude of the GJ15A b RV signal, significantly reducing its
minimum mass, while confirming the orbital period measured by Howard et al.
(2014). Our findings are also discussed in the light of the recent non-detection
of GJ15A b in the CARMENES visual RV time series by |Trifonov et al.| (2017)).

With tens of exoplanets orbiting binary stars observed to date (e.g. Eggen-
berger}, 2010)), including a confirmed wide binary system with planetary com-
panions orbiting both components (Desidera et al., 2014)), it is debated how the
presence of stellar companions influenced the distribution of planetary orbital
parameters. For this reason, we derived new orbital parameters for the stellar
companion GJ15B, using HARPS-N RV measurements along with astrometric
measurements from the WDS (Washington Double Star, Mason et al., 2001)
catalogue, and performed several numerical simulations to test the dynamical
influence of GJ15B on the planetary system.

We describe the Doppler and photometric measurements collected for the
analysis in Sect. and then, in Sect. we describe the host star and
binary companion updated properties. The complete analysis of the RVs and
activity indices of the system is presented in Sect. We then analyse the
binary orbit and the perturbations produced on the two planets orbits in Sect.
[6-5] We summarize and discuss our findings in Sect. [6.6]

6.2 Observations and catalog data

As part of the HADES RV programme, GJ15A has been observed from BJD
= 2456166.7 (27th of August 2012) to BJD = 2457772.4 (18th of January 2017).

2http://www.oact.inaf.it/exoit/EX0-IT/Projects/Entries/2011/12/27_GAPS.html
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The total number of data points acquired was 115, over a time span of 1605 days.
The HARPS-N spectra were obtained using an exposure time of 15 minutes, and
achieving an average signal-to-noise ratio (S/N) of 150 at 5500 A. Of the 115
epochs, 49 were obtained within the GAPS time and 67 within the Spanish time.
Since the simultaneous Th-Ar calibration could contaminate the Ca II H & K
lines, which are crucial in the analysis of stellar activity of M dwarfs (Forveille
et al), 2009; Lovis et all 2011a)), the observations were gathered without it.
However, to correct for instrumental drift during the night, we used other GAPS
targets spectra, gathered by the Italian team during the same nights as the
GJ15A observations using the simultaneous Th-Ar calibration.

The data reduction and RV extraction were performed using the TERRA
pipeline (Template-Enhanced Radial velocity Re-analysis Application, Anglada-
Escudé and Butler, [2012), which is considered to be more accurate when applied
to M-dwarfs, with respect to the HARPS-N Data Reduction Software (DRS,
Lovis and Pepe, 2007)). For a more thorough discussion of the DRS and TERRA
performances on the HADES targets see [Perger et al|(2017a). The rms of the
TERRA RVs is 2.69 m s~!, while the mean error is 0.62 m s ~'. The TERRA
pipeline also corrected the RV data for the perspective acceleration of GJ15A,
dv./t =0.69 m s~! yr—1.

We also use in our analysis the HIRES-Keck binned data for GJ15A, down-
loaded from the LCES HIRES/Keck Precision Radial Velocity Exoplanet Sur-
vey. The HIRES time series spans 6541 days, from BJD = 2450461.8 (13th of
January 1997) to BJD = 2457002.7 (11th of December 2014). These data were
newly reduced with respect of the original RVs used by [Howard et al.| (2014),
and also new data have been observed with the HIRES spectrograph since the
paper came out. For a full description of the catalog and data reduction see
Butler et al.| (2017). We discard the last data point of the HIRES time series
(BJD = 2457002.7, since it is almost ~ 10 m s~! off with respect of the rest of
the data. We thus use in our analysis 169 HIRES RVs, showing a variation of
3.26 m s~ ! and an average error of 0.84 m s~!. The RV dataset from the Keck
archive was already corrected for the perspective acceleration of the host star.

We combine the HARPS-N and HIRES RV datasets, obtaining a 290 points
time series, spanning 7310 days. The complete RV time series has rms = 3.08 m
s~!, mean error = 0.71 m s ~!. Figure shows the combined RV time series,
with the respective mean RV subtracted from each dataset to visually compen-
sate for the offset expected between the measurements of the two instruments.

As a part of the analysis of the binary orbit performed in Section we ob-
tained with HARPS-N 5 RV data points of the companion star GJ15B, collected
from BJD = 2457753.9 (31st of December 2016) to BJD = 2457771.9 (18th of
January 2017). The rms of the time series is 1.26 m s~!, while the mean error
is 242 ms L.

As for every target in the HADES survey, GJ15A was also monitored pho-
tometrically by the EXORAP (EXOplanetary systems Robotic APT2 Photom-
etry) program, to estimate the stellar rotation from the periodic modulation in
the differential light curve.

The observations were performed by INAF-Catania Astrophysical Observa-
tory at Serra la Nave on Mt. Etna (+14.973°E, +37.692°N, 1725m a.s.l.) with
the APT?2 telescope, which is an 80cm f/8 Ritchey-Chretien robotic telescope.
The detector is a 2kx2k e2v CCD 230-42, operated with standard Johnson-
Cousins UBV RI filters. The IDL routine aper.pro was used to implement the
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Figure 6.1: Combined HARPS-N HIRES RV time series. As described in Section
we considered the HIRES data as split in two separate datasets for the
purpose of the RV analysis.
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aperture photometry. The data were collected from the 13th of August 2013
to the 15th of June 2017, for a total 242 and 233 data points, for the B and V
photometry respectively.

6.3 Stellar Properties of GJ15A and GJ15B

GJ15A is a high proper motion nearby (7 = 280.3 & 1.0 mas) early-M dwarf, of
type M1. We used the stellar parameters published by [Maldonado et al.| (2017)),
which were calculated applying the empirical relations by Maldonado et al.
(2015) on the same HARPS-N spectra from which we derived the RV time series.
This technique calculates stellar temperatures from ratios of pseudo-equivalent
widths of spectral features, and calibrate the metallicity on combinations and
ratios of different features. Although such techniques are mainly used for solar-
type stars, Maldonado et al.| (2015) proved them to be just as effective on
low-mass stars.

Howard et al.| (2014]) derived a rotational period of 43.82+0.56 d, both from
their Keck-HIRES measurements of the Sy index and their APT photometric
observations at Fairborn Observatory. Recently|Sudrez Mascarenio et al.| (2017b)
analysed the potential signatures of magnetic activity in the Call H&K and Ho
activity indicators of the HADES M-dwarfs sample: for GJ15A they computed
a mean level of chromospheric emission log Rj;;x = —5.27 +0.04, and a rotation
period P,y = 45.0 + 4.4 d, fully consistent with the value found by Howard
et al.| (2014]).

All the stellar parameters for GJ15A used in this work are summarized in
the left column of Table We can see that most of them are fully consistent
with the values used by Howard et al.| (2014]).

The stellar companion of GJ15A, GJ15B, is a type M3.5 dwarf whose orbit
was measured astrometrically by [Lippincott| (1972). For the purpose of our
orbital analysis in Sect. [6.5] we took 5 HARPS-N spectra of GJ15B during
the last observing season at TNG (see next Section) and we applied on them
the | Maldonado et al.| (2015)’s techniques to calculate updated stellar properties.
The derived values are listed in the right column of Tab.

6.3.1 Photometric analysis

In order to identify the potential modulation in the stellar photometry due to the
presence of active regions, we analyse with the GLS periodogram (Zechmeister
and Kirster, [2009) the B and V time series collected within the EXORAP
survey, composed of 242 and 233 points respectively, taken over five seasons
from the 13th of August 2013 to the 15th of June 2017. No evident periodicity
is found in either time series, in contrast with the findings of [Howard et al.
(2014) who found a clear signal at 43.82 days (their Figure 4), identified as the
rotation period of the star, with a corresponding signal seen in the Call activity
index. The discrepancy between the two analysis may be due to the different
photometric precision of the observations: the amplitude of the signal found by
Howard et al.| (2014) was only of 6 mmag, which is below the sensitivity of the
EXORAP survey for targets in the magnitude range of GJ15A.
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Table 6.1: Stellar parameters for the two stars GJ15A

and GJ15B
Parameter GJ15A GJ15B
Spectral Type M1 ® M3.5 &
Terr [K] 3607 + 68 * 3304+ 708
[Fe/H] [dex] —0.344£0.09*  —0.37+0.10%
Mass [Mo)] 0.38 +0.05 ® 0.15+0.02
Radius [Re] 0.38 +0.05 * 0.18 +0.03 &
log g [cgs] 4.87+0.04 ° 5.08+0.15 8
logL./Lg —1.655+0.112* —-3.070 £1.221 &
vsini [km s 1.09+0.79 °
log Rix —5.274+0.04 °
a (J2000) 00":18™:20.5° ©
§ (J2000) +44°:01':19" ©
B —V [mag] 1.55 4
V [mag] 8.13 ¢
J [mag] 5.25
H [mag] 448 *
K [mag] 4.02 f
m [arcsec] 0.2803 £+ 0.0010 ©
Lo [arcsec yrT) 2.888 ¢
us [arcsec yr—!] 0.409 °©

#Maldonado et al.| (2017)
P|Sudrez Mascarefio et al (2017b)
ESA| (1997)

Leggett| (1992)

Hgg et al.| (2000)

Cutri et al.| (2003)

& This work

o o

]

o
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6.4 Spectroscopic data analysis

In Figure an evident long period signal can be seen. Howard et al.| (2014)
identified in their HIRES data a hint of a long period decreasing trend, which
they included in their model as a constant negative acceleration of —0.26+0.09 m
s~ yr~1, and concluded it to be consistent with the orbit of the GJ15AB system
as calculated by |Lippincott| (1972). But considering also the new HARPS-N
data, it becomes clear how the long term RV variation cannot be modeled as a
linear trend.

Even if it could no longer be treated as a constant acceleration, the long
period signal could still be due to the binary reflex motion of GJ15A, so we
investigate this possibility. To model the possible RV signal due to the stellar
companion we follow the procedure used by Kipping et al.| (2011)) to study the
presence of a long-period companion in the HAT-P-31 system: they modelled the
long-period signal as a quadratic trend, and then derived a range of orbital pa-
rameters from the quadratic coefficients. The ratio between the semi-amplitude,
K, and period, Pp, of the companion signal is given by the second-order term
of the trend, 4, as (their Equation (4)):

Kp gl

PZ = I (6.1)
and, since K depends on the orbital period and on the mass of the two stars,
the orbital period can be derived as a function of the second order term and the
masses Pgp = P (¥, Ma, Mp).

From the fit of the complete RV time series we obtain: 4 = 3.95 x 1077 m
s~! day—2. Using the stellar masses listed in Table the resulting period is
Pp ~ 680 yr, which would correspond to a semi-major axis ap ~ 63 AU. This
solution is clearly unphysical, since the presumed semi-major axis is less than
half the observed orbital separation of the two objects.

Moreover, several high-contrast imaging surveys ruled out the presence of
additional co-moving stellar objects close to GJ15A: van Buren et al.| (1998)
excluded the possibility of objects with M, > 0.084 M, at separations of 9 — 36
AU, while Tanner et al.|(2010) ruled out objects up to a magnitude contrast of
AK, ~ 6.95 mag within 1”7 (3.57 AU) and AK, ~ 10.24 mag within 5" (17.8
AU).

The long-period signal observed in the RV time series is therefore very un-
likely to be caused either by GJ15B or by additional stellar companions. Instead
a long-period planetary-mass companion orbiting around GJ15A could be a pos-
sible explanation of the observed signal. We now investigate this hypothesis, by
analysing both the potential presence of a Keplerian signal in the RVs and the
stellar activity signals in the chromospheric indicators, which could also cause
long-period variations due to the star magnetic cycle.

6.4.1 The MCMC model

Bearing in mind that a signal tightly linked to the stellar rotation period is
clearly present in the RV data, as shown by Howard et al.| (2014), we have
selected the Gaussian process (GP) regression as a useful, and physically ro-
bust, tool both to investigate the presence of periodicities in the chromospheric
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activity indicators and to mitigate the stellar activity contribution to the RV
variability. The GP regression is becoming a commonly used method to sup-
press the stellar activity correlated "noise” in RV time series (e.g. [Dumusque
et al., 2017, and references therein), especially when adopting a quasi-periodic
covariance function. This function is described by four parameters, called hy-
perparameters, and it can model some of the physical phenomena underlying
the stellar noise through a simple, but efficient, analytical representation. The
quasi-periodic kernel is described by the covariance matrix

o m(t—1t)
K(t,t') = h? - exp _(t—t’)Q_Szn( 0 ) +
’ 272 2w?
+ (U?rlstr,data(t) + Ui2nst,jit) ' 6t,t" (62)

where t and t' indicate two different epochs.

This kernel is composed by a periodic and an exponential decay term, so that
it can model a recurrent signal linked to stellar rotation, also taking into account
the finite-lifetime of the active regions. Such approach is therefore particularly
suitable when modelling signals of short-term timescales, as those modulated
by the stellar rotation period.

About the covariance function hyperparameters, h is the amplitude of the
correlations; 6 represents the rotation period of the star; w is the length scale of
the periodic component, linked to the size evolution of the active regions; and
A is the correlation decay timescale, that can be related to the active regions
lifetime. In Eq. Tinstr.data(t) 18 the data internal error at time ¢ for each
instrument; Oinstr,jit is the additional uncorrelated ’jitter’ term, one for each
instrument, that we add in quadrature to the internal errors in the analysis
of the RV datasets to take into account additional instrumental effects and
noise sources neither included in oipstr data () nor modelled by the quasi-periodic
kernel; d¢ ¢/ is the Kronecker delta function.

In the GP framework, the log-likelihood function to be maximized by the
Markov chain Monte Carlo (MCMC) procedure is:

1 1
Inf = _g In(2r) — 2 In(det K) — 577 - K~ -7, (63)

where n is the number of the data points, K is the covariance matrix built from
the covariance function in Equation , and 7 is the data vector.

We use the publicly available emcee algorithm (Foreman-Mackey et al.,{2013)
to perform the MCMC analysis, and the publicly available GEORGE Python li-
brary to perform the GP fitting within the MCMC framework (Ambikasaran
et al.| 2014). We used 150 random walkers to sample the parameter space. The
posterior distributions have been derived after applying a burn-in as explained
in [Eastman et al| (2013) (and references therein).

6.4.2 Analysis of the activity indexes

We first investigate both the HIRES and HARPS-N Call H&K and Ha index
time series, in order to test the potential stellar origin of the long period variation
seen in the combined RV times series shown in Figure No long period trend
is found in either the HIRES or HARPS-N datasets. [Suarez Mascareno et al.
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(2017b) found a magnetic-cycle type periodicity at Peycle = 2.8 £ 0.5 yr in the
HARPS-N Call H&K and Ha indexes, even if we don’t find any similar signal in
the respective HIRES time series. Nevertheless the period of this cycle is far from
the time span of the long-period signal we care to investigate, so it could not be
the origin of it. Another clue of the stellar origin of the long-period modulation
of the RVs could be the correlation between the activity indexes and RV time
series, which we computed via the Spearman’s rank correlation coefficients. No
significant correlation was identified (|p| < 0.5 for all the indexes).

These suggest that the long-period signal is not due to the star magnetic
cycle or chromospheric activity, and reinforces the hypothesis of it be due to a
wide-orbit planetary companion.

To further test the effect of the activity of GJ15A, we then investigate the
stellar activity behaviour over the four seasons covered by HARPS-N observa-
tions by analysing chromospheric activity indicators based on the Ca IT H and
K, and Ha spectroscopic lines. They were extracted using the definition of the
line cores and of the reference intervals given in |(Gomes da Silva et al.| (2011)).
We analyse here only measurements obtained from HARPS-N spectra because
they represent an homogeneous dataset. By spanning more than 1600 days, the
HARPS-N data alone can provide robust insights into the long- and short-term
stellar activity variability. The average S/N was 18 for the Call H&K index
and 213 for the Ha.

We performed an analysis of the activity indicators based on a Gaussian
process (GP) regression, as detailed in the previous Section. By adopting the
same covariance function (Eq. we use to model the stellar contribution
present in the RV variations in the following section, our primary goal is to
investigate some properties of the stellar activity and use them to constrain
some parameter priors in the analysis of the radial velocities. This represents a
reasonable expectation, because neither the activity indicators nor the RVs have
been pre-whitened, and the variability patterns in the former could be present
with similar properties in the latter, as was noticed by |Affer et al. (2016) during
the analysis of another HADES target. In this sense, results from the analysis
of the activity indicators can be used to train the GP regression of the RVs, by
keeping unchanged the way the stellar activity contribution is modelled. Here
we use Eq. to describe the variability correlated with the stellar rotation
period P, by adopting a uniform prior for the corresponding hyperparameter
6 which is constrained between 40 and 60 days (the list of priors is shown in
Table . The posterior distributions of the model parameters are shown in
Fig. and the best-fit estimates are listed in Table We note that the
estimates of the stellar rotation periods are well constrained but slightly different
for the two activity indicators. The value found from the Call H&K index is
very similar to that found by [Howard et al.| (2014) for the Call H&K S-index
derived from HIRES spectra. The hyper-parameter 6 found in the analyses of
the two time series is in very good agreement with the rotation period found
by [Sudrez Mascareno et al.| (2017b) with a GLS analysis of the activity indexes
time series of GJ15A.

6.4.3 Analysis of the combined RV time series

First we study the HARPS-N RV time series for confirmation of the presence of
the GJ15A b signal found by [Howard et al.| (2014). We perform a GLS analysis
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Figure 6.2: Posterior distributions of the fitted (hyper-)parameters of the GP
quasi-periodic model applied to the time series of Call H&K (upper panel) and
Ha (lower panel) activity indexes. The vertical lines denote the median (solid)
and the 16" — 84! percentiles (dashed).
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Table 6.2: Priors and best-fit results for the Gaussian process regression analysis
of the chromospheric activity indicators extracted from the HARPS-N spectra

of GJ15A.

Jump parameter prior Best-fit value
Call H&K Ha
h U(0,0.5) 0.0020+0.0002 (7.1 4 0.6) x 10~*
A [days] U(0,10000) 62113 90418
w U(0,1) 0.06815:052 0.07040.006
9 [days] (40, 60) 44.7%55 49.340.2
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Figure 6.3: GLS periodogram of the complete HARPS-N RV dataset
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Figure 6.4: a) Evolution of the GLS orbital parameters as a function of the
number of HARPS-N RV measurements; b) evolution of the GLS orbital pa-
rameters as a function of the number of simulated data. The error bars on the
final points are shown as references.
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to identify any periodicity in our data in P € [2,100] d. In the periodogram,
shown in Fig. we can see that the P = 11.44 d period of planet GJ15A b is
clearly recovered. As a confirmation of the coherence of the signal throughout
the entire HARPS-N time series, Fig. shows the evolution of the period,
amplitude and phase recovered by the GLS periodogram as a function of the
number of observations: we can clearly see how from ~ 70 forward the period
and phase of the signal remain stable, with small oscillations of the order of the
final error on the parameters, even if the remainder of the observations covers
almost one and a half years. We also studied the periodogram of the Call H&K
and Ho HARPS-N time series, and found no significant signal at periods close
to the inner planet period Py, thus confirming its planetary nature as announced
by Howard et al.| (2014).

It’s worth noticing that, as can be seen in Fig. [6.3] the final amplitude
recovered by the GLS periodogram on the HARPS-N dataset, K}, = 1.824+0.31
m s~1, is smaller than the one published by Howard et al.| (2014)), Ky gow =
2.9440.28 m s~!. The decreasing behaviour of the amplitude recovered by GLS
with increasing number of observation is not unexpected, as the sampling of the
signal strongly influence the periodogram structure and fit, and we tested that
a similar behaviour can be observed also in simulated datasets with the same
epochs as our HARPS-N time series but containing only the planetary signal
and white noise, as shown in[6.4b. The lower amplitude value than that found
by [Howard et al.| (2014) can also be explained similarly, since the HARPS-N
time series is composed of five years of continuous high-cadence observations of
the target, while the dataset used by Howard et al.| (2014) consisted in mostly
sparse measurements with an intensive high-cadence monitoring only in the last
seasons, which could affect the signal recovery. Moreover it’s worth noticing
that the HIRES data from the now public LCES HIRES/Keck archive have
been reduced with a different and more effective technique (Butler et al. [2017)
than the data used by [Howard et al.| (2014)), and performing a GLS analysis of
the two time series we obtain the same peak periodicity but an amplitude K
~ 23% smaller in the new archive data.

Since no other short period signal emerges from the GLS analysis of the RVs,
we focus our attention on the study of the long-period signal, which we assume
to be due to a planetary-mass wide-orbit companion.

To estimate the orbital and physical parameters of the known planet GJ15A b
and the candidate companion, hereafter GJ15A ¢, we have performed a Markov
chain Monte Carlo analysis of the RVs.

Following the prescription of [Howard et al. (2014)), we model the RVs dividing
the HIRES dataset in a pre-upgrade and a post-upgrade sublist, due to the
HIRES CCD upgrade occurred on August 2004. Each subsample is then treated
as an independent dataset, with its own zero-point offset and additional jitter
term.

In this case, the 7 in Eq. represents the RV residuals, obtained by
subtracting the Keplerian signal(s) from the original RV dataset.

The general form for the models that we tested in this work is given by the
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equation
MNplanet .

ARV () = Yinstr + 3, ARViepj(t) + ARV (t) +

j=1
+ A-R‘/(t)(activity7 short—term) —

Mplanet
= vinstr. + Y Kjlcos(v; (¢, ¢j, To g, Py) + wj) + € cos(wy)] +
j=1

+ARV(t) +GP (6.4)

where nplanet = 1,2; v is a function of time ¢, time of the inferior conjunction
Tp,;, orbital period Pj, eccentricity e and argument of periastron wj; Yinstr is
the RV offset, one for each instrument; ARV(L‘) is the residual acceleration;
GP is the stellar noise modelled with the Gaussian Process. Instead of fitting

separately e; and wj, we use the auxiliary parameters Cj = ,/ej - cosw; and
Sj = /€ - sinwj to reduce the covariance between e; and wj. Our analysis

assumes a circular orbit for the planet GJ15A b, relying on the result of Howard
et al.| (2014]), who concluded the eccentricity ep to be consistent with zero.
Except for very few parameters, for our analysis we assumed uniform priors.
Our choice for the range of A is justified by the results obtained from the GP
analysis of the Call and Ha spectroscopic activity indexes (see Table 7 and
from a preliminary, quick MCMC test on the data, which showed that the chains
were converging towards values not far from the expected stellar rotation period.
For the semi-amplitudes K of the Doppler signals we used the modified invariant

scale prior:
1 1

T K — KoIn(l + Kpnag/Ko)'

following the prescription in |Gregory| (2010). For the orbital period of GJ15A b
we used a normal distribution centred on the best-fit value found by [Howard
et al| (2014) (circular case), adopting twice the uncertainty as the standard
deviation. For the orbital period of the candidate planet GJ15A ¢ we used a
logarithmic prior to assume all the orders of magnitude equally likely.

f(K)

(6.5)

Table [6.3] summarizes the best-fit values for each of the 19 free parameters
of our model, together with the details of the prior distributions used to draw
the samples. The posterior distributions of the model parameters are shown in
Fig. [6.5

About the best-fit values for the free parameters, we first note that the
semi-amplitude of the Doppler signal induced by GJ15A b is even lower than
the estimate obtained from the GLS periodogram, differing from the estimate
of [Howard et al| (2014) (2.9440.28 ms~!) for more than 3.5-0, resulting in a
lower minimum mass. In addition to the previously discussed effect, this is a
consequence of our global model, where planetary signals are fitted jointly with
a term describing the stellar correlated noise, and also explains the lower values
of onires,jit required by our fit.

Our dataset does not cover a complete orbit of the outer planet GJ15A c,
then we cannot reliably constrain the eccentricity, which appears to be signifi-
cant within less than 1.5-0 (e < 0.33 at a 68% level of confidence). Our estimate
for the minimum mass of GJ15A ¢ places this companion in the group of the
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oo oMo

Figure 6.5: Posterior distributions of the fitted (hyper-)parameters of the two-
planet model, where the stellar correlated noise has been modelled with a GP
regression using a quasi-periodic kernel. On the y-axis is shown the logarithm of
the product between the likelihood and the prior. The vertical red lines denote
the median (solid) and the 16t — 84" percentiles (dashed).
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so-called super-Neptunes, as are generally referred planets in the [20,80] Mg
mass range.

Fig. [6.6] shows the RV curves folded at the best-fit orbital periods for the
known planet GJ15A b and the detected outer companion GJ15A ¢. In Fig. [6.7]
we show the RV residuals, after the two Keplerians have been removed, with
superposed the best-fit stellar correlated, quasi-periodic signal.

It’s worth noticing that [Howard et al.| (2014)) also tested an eccentric single-
planet model for the orbital solution of GJ15A b, which resulted in an eccen-
tricity of e, = 0.12¥50% but was discarded for lack of statistical evidence to
justify the additional parameters. For this reason, we test also a two-planet
model with a prior for the eccentricity of the inner planet a normal distribution
centred on the value found by [Howard et al.| (2014)). No significant change is
observed in the posterior distribution of GJ15A ¢’s orbital parameters, nor of
GJ15A b’s period and semi-amplitude (not shown). We thus decide to maintain
the hypothesis of circularity for the inner planet’s orbit.

As for the GP hyperparameters, the stellar rotation period 6 assumes a
value which is in agreement with that expected, and the highest uncertainties
than those for the activity indicators (Tab. should be due to the longer
timespan covered by the RVs, which include HIRES data. The longer timespan
should also explain why the active-region evolutionary timescale A sets on a
value less than those found for the activity indicators. Without any ancillary
data available as photometry, covering the same timespan of the RVs, we cannot
conclude if the value for )\ is actually physically robust, but a value not far from
the rotation period seems not unreliable, as it was observed before in previous
studies of different systems (e.g.|Affer et al.,2016)). Also, the h hyper-parameter,
corresponding to the mean amplitude of the stellar signal, is fully compatible
with the expected value derived by |Suarez Mascareno et al.| (2017b) from the
mean activity level of the star, log Ry, that is Kep = 1.9 £ 0.4 m s™1.

6.5 Binary orbital interaction

The orbital eccentricity of the outer planet, GJ15A ¢, is quite uncertain: as
shown in Fig. the posterior distribution has no clear peak, only constraining
the eccentricity towards small values, with a 68% probability to be < 0.33 and
99% probability to be < 0.66. This would normally point towards the adoption
of a circular orbit as best fit solution for the system, lacking a significant evidence
of eccentricity.

But this would be to reckon without the stellar companion.

The presence of GJ15B cannot be ignored, especially when studying a wide
orbit such as that of GJ15A c.

We thus investigate how the dynamical interaction with the companion star
could influence the GJI15A system. One of the main mechanisms to excite
exoplanets eccentricities is the Lidov-Kozai effect, in which the presence of an
external perturber causes oscillations of the eccentricity, e, and the inclination,
i, with the same period but opposite phase. It was originally studied by |Lidov
(1962) and Kozai| (1962) to compute the orbits of high inclination small Solar
System bodies, like asteroids and artificial satellites, and it is strongly dependent
on the eccentricities and mutual inclination of the involved objects.

Thus, in order to better estimate the strength of Lidov-Kozai oscillations in
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Table 6.3: Planetary parameter best-fit values obtained through
a joint modelling of Keplerian signals and correlated stellar noise,
using Gaussian process regression.

Jump parameter prior Best-fit value

h [ms™!] U(0,10) 1.7910-23

X [days] U(20,150) 36.015:¢

w Uu(0,1) 0.59751%

6 [days] U (40, 60) 46.9799

Tjit, HTRES —pre [M 8~ '] u(0, 5) 1.5440.66

Ojit, HIRES—post [ms~ ']  U(0,5) 1'02143]‘.12

Oiit, HARPS—N [m s~ !] U(0,5) 1.5040.14

YHIRES—pre [m s~ ] 1(-100,100) 2.1641.49

YHIRES —post |m s~ 1] U(-100,100) 2.24+1.06

YHARPS_N [ms 1] U(-100,100) 0.7841.11

Kp [ms™1] Modified scale invariant ~ 1.6840.18
Ko=1; Kynqe=10

Py, [days] N (11.4433,0.00322) 11.441240.0016

To.p [BJD-2 450 000]
€b
K. [ms™1]

In P. [In days]

(6994, 7008)

Modified scale invariant
Ko=1; Kinaz=100

U(1n 2000, In 12000)

6996.01+0.22
0 (fixed)

+1.93
2.8877 03

+0.25
9.03%456

836212371 [days]

—1934
To,. [BID-2450000] U(0,12000) 31857575
Vee - coswe U(-1,1) 0.0575-59
Ve - sinwe U(-1,1) -0.2810-38
—1 —1 +0.00069
dV,/dt [m s~ day ™1 U(-0.1,0.1) -0.0001271- 09069

Derived quantities®

€c

we [rad]

My b sini (Mg)
ap,b (AU)
Mp,csini (Mg)
ap,c (AU)

+0.27
0217475

i0.33 (68.3"" percentile)

+1.91
-1.15% 5795

+0.46
3.06" 54

+0.0034
0.0727 " 1038

+38.2
44.47797%

+1.1
587717

2 Derived quantities from the posterior distributions.

We used the following

2
equations (assuming Mg + mp = Mg): Mpsini = (Kp - M3 - V1 —€2 -
1

1 1
PP)/(2nG)3; a =
constant.

2
(M - G)% . Pp3]/(27r)%, where G is the gravitational
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Figure 6.6: Phase folded RV curves for a) GJ15Ab and b) GJ15Ac. Each
curve shows the residuals after the subtraction of the other planet and the
stellar correlated signal. The red curve represents the best-fit Keplerian orbit,
while the red dots and error bars represent the binned averages and standard

deviations of the RVs.
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Figure 6.7: Upper panel: best fit stellar quasi-periodic signal (blue line)
compared to the RV residuals. Lower panels: blow-up of the high-cadence
HIRES/KECK observations (left) and of the last HARPS-N observing season
(right).

the GJ15A planetary system, we need to understand as precisely as possible the
orbit of the stellar companion GJ15B.

6.5.1 Orbital modeling from astrometry and RV data

The first obstacle in the dynamical analysis of the system was the poorly con-
strained orbital parameters of the companion. Lippincott| (1972)) estimated a
period of 2600 yr from ~ 100 yr of astrometric measurements, which cover less
than 4% of the orbit.

Dealing with a similar case of an eccentric planet hosted by a wide binary
system, [Hauser and Marcy| (1999) developed a technique for constraining long-
period binary orbital parameters, combining astrometric and radial velocity
measurements. The method is based on the fact that, being Newtonian mechan-
ics deterministic, knowing the instantaneous full position and velocity vector,
[z,y,2, V3, V,,, V2], of one mass with respect to the other, you can compute the
exact orbit of the system. Therefore, even by observing a small fragment of the
orbit, we should be able to gather all the orbital parameters of the stellar com-
panion. Of course astrometry, which is restrained in the plane of the sky, cannot
provide the complete 3D information needed for this analysis, so additional data
from radial velocity, to compute the third component of the velocity vector, and
parallax distance, to convert astrometric positions in Cartesian coordinates, is
necessary.

Following the procedure of [Hauser and Marcy| (1999), we downloaded 122
astrometric observations of the GJ15 system from the WDS catalogue, spanning
from 1860 to 2015. The variations of the position angle 6 of GJ15B relative to
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Figure 6.8: Position angle (a) and angular separation (b) of GJ15B with respect
to GJ15A. Position angle is measured from north towards east. The red lines
in both panels represent the second order polynomial fits.
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GJ15A and the angular separation p are shown in Fig. To derive 6 and p
at a specific time, along with their derivatives df/dt and dp/dt which we need
to calculate the velocity component in the plane of the sky, we fitted the data
with a second order polynomial:

Oar = ag + byt + Cgtg, (6.6)

prtc = a, + byt + c,t?. (6.7)

From these we can easily derive dfg;/dt and dpgt/dt as:

dBs
= by + 2cpt .
a 0 + 2¢ot, (6.8)
dpis
e b, + 2¢,t. (6.9)

Adopting the parallax value from Table [6.1] 7p = 280.3 = 1 mas, we can
derive the Cartesian position and velocity using their Equations (1)-(4):

2(AU) = Pht o s, (6.10)
Tp
y(AU) = 28 sin 05, (6.11)
Tp
1d dbsy .
V, = P cplszit cos Og; — i—fjj d?t sin gy, (6.12)
1 dpst . et dOsg
_ 1 Pfit 1
Vy P sin Og¢ + —T cos Ogy, (6.13)

thus we gained 4 of the desired physical components, [z,y, V,, V,], as a function
of time ¢, through 05 and pgs; (Eq. .

To obtain the third component of the velocity vector, V,, we use the com-
bined Doppler information of the two stars: from the same HARPS-N spectra
we used to obtain the RV time series for the planet detection, collected as il-
lustrated in Sect. [6.2] we extract the absolute radial velocities with the DRS
pipeline. We use the DRS pipeline instead of TERRA since the latter only
produce relative RV, which cannot be used in the comparison of two different
objects. For GJ15A we take all the 115 HARPS-N epochs, and subtract from
the absolute RV the planetary and stellar signals, as derived in Sect. For
GJ15B we use the 5 spectra we took on January 2017, as described in Section
The two datasets are illustrated in Fig. To derive the binary orbit
we need to know all the position and velocity components at the same instant.
Therefore we fit the two RV time series with first-order polynomials. From the
difference of the two linear fits we obtain the relative line-of-sight velocity V. of
GJ15B with respect to GJ15A. We can then select an epoch, and compute the
values of [z,y, V,V,, V;] for that time.

The selected epoch to derive the binary orbit is BJD = 2457754.5, that is
January 1st 2017, which is well in between all the datasets, and close to the
GJ15B RV time series, which is the shortest and most uncertain.

The last missing piece of the puzzle is, of course, the line-of-sight separation
z, which cannot be measured, but can be constrained imposing the condition
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Figure 6.9: Radial velocities of (a) GJ15A (after subtracting the planetary and
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polynomial fits.
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Figure 6.10: Orbital parameters of GJ15B as a function of the line-of-sight
separation z with GJ15A.

of a bound orbit for the binary system, which is expected due to the similar
spectral type and proximity of the two stars. The condition of bound orbit
translate into a condition on the total energy of the system:

1 45 GMsMp

E=—-uv

0 6.14
5 . <0, (6.14)

where pp = G(Ma+Mg),v = /VZ2+ V2 + V2 and, of course, r = /22 + y? + 22.
From this we get a range of acceptable z values —400 < z < 400 AU. From every
value of z is possible to compute all the orbital parameters [P, e, i, w, Q, Tp| for
the binary system (see Hauser and Marcyl (1999, Eq. (7)-(15)). The results are
shown in Fig. As we can see, there is a wide variety of possible orbits, with
completely different eccentricities and orientations, even with the bound orbit
constrain, and this is still insufficient for any meaningful dynamical analysis.

The procedure by [Hauser and Marcy| (1999)) provides the orbital solution for
every single value of z, but does not in any way distinguish between the more
probable configurations. But those orbital configurations are not all equally
likely: from theory and observations of binary systems we know the expected
distributions for different orbital parameters. From this information we can
extract some priors to help us identify the most probable orbital configuration
for the system, that is the best fit value of the line-of-sight separation z.

To do this we perform a Monte Carlo simulation in which the priors on
the orbital parameters are injected via rejection sampling. Not all the a priori
distributions of the orbital parameters are known, so we restricted the prior
selection to the parameters that have a strong impact on the outcome and for
which a good information is available. Due to the central role played by the
eccentricity of the perturber in the Lidov-Kozai perturbation, we apply a prior
on e, to have the best possible constraint on it. We select the eccentricity
distribution from Tokovinin and Kiyaeva/| (2016]), who studied a sample of 477
wide binaries within 67 pc from the Sun with median projected separation of
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Table 6.4: Best orbital parameters for the GJ15 binary system from the MC
simulation with priors on period and eccentricity.

P [yr] 1230J_r91)‘;’8
a [AU] 9372

e 0.537032
i [deg] 54T
w [deg] 27

Q  [deg] 230199
Tp [yr] 7140759

~ 120 AU, very close to that of the GJ15 system. The aforementioned prior is:
fle) =1.2e 4+ 0.4. (6.15)

The second choice is a prior on the orbital period, in order to penalize long
period poorly bound orbits. The chosen prior is the one suggested by |Duchéne
and Kraus| (2013) for low-mass binary stars, that is a log-normal distribution,
with a =~ 5.2 AU and Olog P & 1.3.

The results of the Monte Carlo simulation are illustrated in Fig. [6.11} As we
can see there are three main peaks in the distribution. The third one, on the far
right, represents orbits almost unbound, so it can be ignored, both because, as
we said, the two stars are expected to be in a binary system, and because, even
if bound, such wide orbits would have no influence whatsoever on the dynamics
of the planetary system we intended to study. The latter can be said also on
the peak on the left, which correspond to a period of P = QQOOOfiggggo yr, and
a semi-major axis of a = 640f§é80 AU, again too distant from the planetary
system to have a significant influence.

We thus use the central peak of Fig. to derive the orbital parameters
best solutions and error bars. To do this we fit a truncated normal distribution
in the range z € [—200,200] AU, and use the mean value p, to calculate the
corresponding best solution orbital parameters as described before. The upper
and lower errors on the orbital parameters are calculated by taking p, + o, and
w. — o, and deriving the corresponding values of [P, e, i, w, 2, Tp]. The orbital
parameters solutions and errors are listed in Table [6.4]

6.5.2 Lidov-Kozai Interaction modeling

The results of the previous section show that the most likely orbit of the stellar
companion GJ15B has a high eccentricity, e = 0.53. This is a further clue that
strong orbital perturbation could affect the planetary system.

The interaction mechanism studied is the Eccentric Lidov-Kozai effect (com-
monly referred to with the literature-coined acronym EKL). This mechanism
applies to hierarchical triple-body systems, and consists in eccentricity and in-
clination oscillations on timescales much larger than the orbital period of the
influenced body. We can safely ignore the mutual interaction between the two
planets of the GJ15A system, except in the event of close encounters, and thus
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Figure 6.11: Distribution of z resulting from the Monte Carlo simulation with
the e and P priors injected.

treat their interaction with the binary separately, as three body systems.

The EKL mechanism is very sensitive to the mutual orientations of the orbits
of the perturber, i.e. the companion star, and of the influenced body, i.e. the
planet. We have derived i,w, Q2 of GJ15B, but we do not know either 7 or )
of the two planets GJ15A b and GJ15A ¢c. Thus, some assumptions are to be
made about their orbital orientation. To compare the results of the dynamical
interaction model with the posterior distribution found by the MCMC analysis,
we calculate the fraction of time spent by the system below e = 0.33 and e = 0.66
(f(e < 0.33) e f(e < 0.66)), which can be considered a proxy of the probabilities
to observe the system with eccentricities under those thresholds (e.g. |Anderson
and Lail [2017)).

We perform some preliminary tests to verify the various mechanisms which
could be involved in the dynamical evolution of the system: we prove that the
inner planet, GJ15A b, is too distant from GJ15B for any significant interaction,
so we focus our efforts to study the orbit of the newly discovered GJ15A c; we
also check for the influence of dissipative tides, which could lessen the orbital
eccentricity, and find that they act on much longer timescales than the EKL
mechanism, so we neglected them in our analysis.

We denote the orbital parameters of GJ15B with the subscript 5 and the ones
of GJ15A ¢ with .. All the EKL integrations were performed with a timescale of
~ 10 Myr. Since we cannot rule out planet-planet scattering events to have oc-
curred in the early phases of the system’s evolution, we consider different values
of the initial eccentricity e.o = 0.0,0.1,0.2,0.3,0.4. The other unknown is the
longitude of the ascending node of the outer planet {2.. However, the longitude
of the ascending node influences the EKL interaction mainly by changing the
relative inclination the two orbits, 8, which derives from the parameters of the
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two orbits as:

0 = arccos(sini. cos Q. sinip cos Qp+

sini.sin Q. sinig sin Qg + cosi.cosip), (6.16)

and thus can be ignored as long as 6 is conveniently sampled, which can be
obtained by changing i.. For our analysis we fix 2. = 0° and vary the planet
orbital inclination in the interval i, € [—5°,90°].

The results are shown in Figure In some cases the EKL oscillations
are so extreme that the numerical integration has to be stopped due to the
planet passing too close to the host star; the corresponding systems are clearly
unstable, and so we consider f(e < 0.33) = f(e < 0.66) = 0 to represent the
incompatibility with the observed case. We also considered as unstable the cases
in which the outer planet’s orbit becomes too close to the inner planet’s possibly
producing planet-planet scattering events, that is when:

ac(l — e max) < ap, (6.17)

where e, max is the maximum eccentricity reached during the EKL oscillations.
In these cases we also consider f(e < 0.33) = f(e < 0.66) = 0.

As we can see in both the panels of Fig. there are regions in the 4.
space that are unstable regardless of the initial eccentricity of the planet e o:
between 15° and 30° and around 0°. We can also see that the Lidov-Kozai
interaction is weak for i, ~ 90° and strengthen as i, decreases. The top panel
of Fig. [6.12] shows that for i. € [75°,90°] the resulting eccentricity ranges are
compatible with the observed values. The constraints for the e < 0.66 threshold
are somewhat looser, but pointing in the same direction.

Since as previously said we do not know the initial eccentricity of the system,
another way to consider the dynamical evolution is to consider the average of
the results of the single integrations. This can be seen in Fig. which
confirms the trends just discussed.

6.6 Discussion and conclusions

We present in this paper the fifth planet detected by the HADES programme
conducted with HARPS-N at TNG. This long period planet was found orbit-
ing the planet-host M1 star GJ15A, from the analysis of high precision, high
resolution RV measurements collected as part of the survey in conjunction with
archive RV data from the HIRES/Keck spectrograph.

The different trends observed in the two datasets suggest the presence of a
long-period companion, which is confirmed by the homogeneous Bayesian anal-
ysis of the combined RV time series. The known inner planet GJ15A b is also
recovered. The minimum masses derived from our analysis are M, sini, =
3.06709% Mg, and M, .sinidj, = 44.4735-2 Mg, for the inner and outer planet re-
spectively. The mass we find for GJ15A b is much smaller than the value found
by Howard et al| (2014), which was almost double due to the higher signals
amplitude. The smaller value we find, can be easily explained by the additional
information brought by the high-precision HARPS-N RVs, along with the new
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Figure 6.12: Fraction of time spent below the a) e = 0.33 and b) e = 0.66
thresholds. The different line styles and symbols correspond to different values
of ec,o: solid and plus signs - e. o = 0; dotted and asterisks - e. o = 0.1; dashed
and diamonds - e. o = 0.2; dash dot and triangles - e. o = 0.3; dash dot dot and
squares e.o = 0.4. The horizontal dashed grey lines indicate the corresponding
probability from the MCMC (a) 68%, b) 99%).
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calibration of the archival HIRES data published by Butler et al.| (2017). The
combined dataset is almost twice as large that the one analysed by
7 stretched on a significantly longer timespan, with better sampling
and precision. This, together with the simultaneous modelling of the stellar
activity signal, can explain the much smaller uncertainty on the minimum mass
of GJ15Ab. It also highlights the importance of taking into account the chro-
mospheric stellar activity for the correct identification of planetary signals. It’s
worth noticing that instead the orbital period P, is almost unchanged from the
previous estimate.

With its period of ~ 23 yr, GJ15A ¢ is the longest-period sub-Jovian planet
detected up to date with the RV methocﬂ, the second being HD 10180 h (Lovis
et al} [2011b)) with a period of ~ 6 yr and a minimum mass of 65.74 Mg, (Kane
and Gelino, 2014). With the confirmed presence of two widely spaced planetary
mass companions, GJ15A is now the multi-planet system closest to our Sun, at
a distance of only 3.57 pc.

In a very recent work, Trifonov et al|(2017) have published an RV analysis
at optical wavelengths of the GJ15A system as part of the CARMENES survey.
The RVs derived from the visible arm of CARMENES showed no evidence
of the presence of GJ15A b, thus the authors concluded it to be an artifact
due to the stellar noise. The authors also identified a long-term trend in the
combined Keck+ CARMENES dataset which they proposed as due to a distant
low-mass companion. As discussed in Sec. [6.4.3] our HARPS-N data alone
clearly confirm the presence of the 11.44 d period due to GJ15A b, albeit with a
reduced amplitude and mass, and the analysis of the combined HARPS-N+Keck

Shttps://exoplanetarchive.ipac.caltech.edu/|- 28/09/2017
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datasets makes a decisive case for the existence of the long-period low-mass
giant GJ15A ¢ based on a 5-yr time-span of HARPS-N observations, partly
overlapping with the Keck time-series. The orbital elements for GJ15A ¢ derived
in this work have larger formal uncertainties than those reported in [Trifonov
et al.| (2017)) due to the likely much longer orbital period inferred for the planet,
but the inferred companion mass is fully in agreement with the preliminary
CARMENES estimate.

Things notwithstanding, however, the reason why CARMENES does not
see the signal of GJ15A b is not fully clear, but the higher quality, and much
longer timespan, of the HARPS-N data, combined with our modelling of the
stellar activity quasi-periodic signal could be a possible explanations for the
non-detection based on the CARMENES data alone: in Fig. [6.14h we can
see the last season of HARPS-N observations, that overlaps with most of the
CARMENES data, compared to our two-Keplerian plus correlated stellar noise
model. This season is clearly dominated by activity-related variations in the
optical HARPS-N spectra, while the internal errors for HARPS-N are typi-
cally 3 times smaller than those of CARMENES (0.6 m s™! vs. 1.8 m s™1).
We nonetheless tested the effect of combining the HARPS-N and CARMENES
datasets: the GLS periodogram, shown in Fig. [6.14b, clearly peaks on the 11.44
d period of GJ15A b, and remarkably resembles Fig. recovering the same
amplitude as that recovered on the HARPS-N dataset alone. We also tested
our two planet + stellar noise model described in Sec. on the complete
dataset obtained combining the HIRES, HARPS-N and CARMENES time se-
ries, and we obtained values of the system parameters entirely in line with those
presented in Table Given the intrinsically higher quality of the HARPS-N
data, that drive the GP regression modelling and in which the coherence of the
signal from the inner planet GJ15A Db is clearly present, we decide to stick to
the results in Table for the purpose of our analysis.

Trifonov et al.| (2017)) also stated, as an argument in favour of the non-
Keplerian interpretation of GJ15A b, that the 11.44 d signal disappeared when
analysing the last two years of HIRES observations, subsequent to the time
series used by Howard et al.| (2014)). Studying the same time span of data, we
observed that, when ignoring the outlier described in Sec. the 11.44 days
signal is still clearly visible in the GLS periodogram.

The CARMENES visual arm contains a spectral region extending all the
way to 0.95 um, i.e. a significantly redder spectral range than that covered by
HIRES and HARPS-N. As the amplitude of activity induced RV variations is
known to be chromatic (Reiners et al., [2010)), the non-detection of the 11.44 d
signal in the CARMENES time series could be an indication of a wavelength
dependent-amplitude of the signal, that would clearly indicate its stellar origin.
However, the CARMENES visual arm spectral range still importantly overlaps
with that of HIRES and HARPS-N and thus it must be affected by stellar
activity in a similar way. Based on the higher RV precision of HARPS-N,
allowing a detailed modelling of quasi-periodic stellar signal (as shown in Fig.
, and on the coherence of the period and phase of the signal over the 20
yr time span covered by the combined HIRES and HARPS-N time series, the
Keplerian origin of the signal still seems the most straightforward explanation
for the observed data. It would be however interesting to carry out a systematic
study on both CARMENES and HARPS-N time series of this target, adopting
the same strategy outlined by [Feng et al.| (2017) for Tau Ceti, that is to study
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separately the RVs derived from different regions of the spectra, for a systematic
investigation of potential differences in the amplitude of the 11.44 d signal, as
a function of the wavelength, but this lies well beyond the scope of this paper.

Dwarf stars are known to turn up much more frequently in multiple systems
than they do in isolation, with a binary fraction as high as ~ 57% for Sun-like
stars (Duquennoy and Mayor} [1991]) and somewhat lower for M dwarfs (Bergfors
et al., 2012). Many young binaries possess either circumstellar or circumbinary
disks (e.g. Monin et all 2007, and the existence of stable planetary orbits in
binary systems was postulated well in advance of the first exoplanets discoveries
(Dvorak, 1982).

Early studies proposed different mass-period relations for planets around bi-
naries and single stars (Zucker and Mazeh, [2002)) but in the following years the
evidence of such diversity decreased (e.g. Desidera and Barbieri, [2007}; |Eggen-
berger, |2010)), until most recently Ngo et al.| (2017 claimed not to be any dif-
ference of planetary properties between the two kind of systems. On the other
hand, recent works like Moutou et al.[(2017) find statistical evidence for a much
higher binary fraction in extrasolar systems hosting eccentric exoplanets than
in the ones hosting only circular planets: this points towards the confirmation
of the role of stellar multiplicity in orbital excitation of planetary systems, as
predicted by theoretical studies which suggested a strong orbital influence of
stellar companions on planetary systems, via mechanisms such as the eccentric
Lidov-Kozai (EKL) oscillations.

Our numerical analysis of the EKL effect proved the strong influence of the
GJ15B on the planetary system. We show that for a narrow range of initial incli-
nation, 75° —90°, the outer planet maintains a low eccentricity orbit, regardless
of the initial status of the system was due to possible planet-planet-scattering
events. We also pointed out the presence of a forbidden ranges of inclination,
15° —30° and ~ 0°, in which the Lidov-Kozai interaction become so strong that
no stable orbit can be achieved, regardless of the initial eccentricity of GJ15A c.

The orbital parameters of GJ15A ¢ have still large uncertainties due to the
observation time-span shorter than the orbital periods, and the semi-amplitude
K. is significant only at a 3-o level, although the strong combined observational
evidence from RV and imaging leaves no doubt as to the presence of a long-
period planetary-mass companion. Additional RV observations in the years to
come will, however, be very helpful to better constrain the orbit, and thus the
mass of GJ15A c.

Our knowledge of this system will be also greatly improved by the results
published in future Gaia data releases. For a circular orbit and assuming the
minimum mass value for GJ15A ¢, the expected astrometric signature on the
primary is 570 pas. Gaia astrometry will only cover ~ 20% — 25% of the full
orbit. However, based on the |Torres| (1999) formalism curvature effects in the
stellar motion should typically amount to 20 — 30 pas yr—2, thus they should
be easily revealed by Gaia, that for such a bright star as GJ15A will be able
to deliver end-of-mission proper motion accuracies < 10 pas yr~! (e.g. (Gaia
Collaboration et al., [2016).

Yet even with the orbital solution now available, our analysis shows how
interesting dynamical studies can be performed on the system, which, due to
the presence of the eccentric binary companion, is an excellent playground to test
orbital interaction mechanisms and their influence on the evolution of planetary
systems.
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Chapter 7

HADES statistical analysis
- occurrence rate and global
detectability

The statistical knowledge of vast samples of systems can shed light on the com-
plexity of the formation processes and evolutionary histories of stars and plan-
etary systems. As I discussed in Sec. [2.3.1] several studies were performed
aiming to compute the occurrence rate of extrasolar planets of different kinds
around low-mass stars, with the general results pointing towards a high num-
ber of low-mass planets orbiting at different distances from their hosts, and a
scarcity of high-mass giant planets. The HADES programme M dwarfs catalog
was selected aiming to fully characterize the population of exoplanetary sys-
tems on a consistent sample of stars with well known properties. In Sec. [5.3]1
described the structure of the survey and outlined its first results.

In this Chapter, I illustrate the statistical properties of the studied M dwarf
sample, as well as describe the preliminary statistical analysis performed to
study the detection efficiency of the survey. I then outline the robust Bayesian
approach which has been selected to thoroughly characterize the planetary pop-
ulation statistics and global detectability of the survey, and discuss the reference
case of similar analysis to which our results will be compared to. The final re-
sults of this ongoing analysis will be the content of Pinamonti et al. (in prep.).

7.1 Stellar sample statistics

In Fig. is shown the distribution of visual magnitudes V for the stars of the
sample, in the range [8.1,12.0] mag, with a mean magnitude of (V) ~ 10.7 mag.

From the start of the HADES programme in August 2012 to October 2017,
4214 spectra were collected, with an mean number of observations per star of
53.3 and a median of 35.0. The distribution of observation per target is shown
in Figure All spectra were taken with a minimum integration time of 900
s, which could be extended in case of bad seeing up to 1200 s for faint target.
These resulted on SNR in the range [23,163] at spectral order 46, due to the
magnitudes of the sample objects (Perger et al. 2017a).
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Figure 7.1: Distribution of visual magnitudes for HADES targets.
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Figure 7.2: Distribution of number of observations for HADES targets as of
October 2017.
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Maldonado et al.| (2017) computed the stellar parameters for the HADES
targets, applying the spectral ratios method from Maldonado et al (2015) to
the stellar spectra. In the case in which more than one spectra of the same star
was available (i.e. most of the targets), a single high-SNR spectra was obtained
combining the single observations with the technique from [Scandariato et al.|
(2017). The distributions of the masses and radii of the stars in the sample
are shown in Fig. [7.3] The complete set of stellar parameters for the HADES
targets is listed in Table

The only previous RV survey aimed to exoplanet detection and characteriza-
tion around low-mass stars, complete down to super-Earth and Neptunes, was
the HARPS M dwarfs survey, which observed 102 targets over the course of 6
years (Bonfils et al] [20134). In Sec. 2.3.1]I discussed the statistical results of
that survey. Since 2013 many more observations of M dwarfs have been carried
for the survey as part of a ESO Large Programme, also studying many transit-
ing systems from the K2 survey (Howell et al [2014). Even if many system have
been studied and discovered as part of the survey (e.g. [Astudillo-Defru et al.|
, there has not been any updates on the statistical analysis, so the best
reference for M dwarfs population properties from ground based RV surveys
remains the work from Bonfils et al.| (2013a)), along with the analysis by
which I will discuss in details in Sec. [7.3.1]

The average number of observations in the Bonfils et al| (2013a)) study was
20, and it was considered as a lower limit for planetary detections in the HADES
programme (Perger et al., 2017a). Up to October 2016, 48 stars were observed
more than 20 times each.

On the contrary to the HADES programme, the HARPS M survey selected
targets over a wide range of spectral types, increasing the number of parameters
to be taken into account for a meaningful statistical analysis. In Figure[7.4] are
shown the distributions of spectral types for the two surveys.
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Figure 7.3: Distribution of masses (upper panel) and radii (lower panel) for
HADES targets, as computed by Maldonado et al.| (2017).
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7.2 Observation strategy statistical study

Perger et al.| (2017a) studied the results of the HADES programme up to March
2016 and used the inferred planetary distribution from other studies to eval-
uate the expected number of detected planets. A planetary population was
simulated, and synthetic RV time series were generated adopting the actual ob-
servation epochs from the survey and modelling the uncertainties to reproduce
the observed errorbars and rms. The planetary characteristics distributions
adopted were a combination of those derived in various studies of surveys both
from transits and RVs.

In particular the distribution of the orbital periods, P, is adapted from the
statistics of Kepler planets by [Fressin et al| (2013) and |[Dressing and Char-
bonneau| (2015), for high and low mass planets respectively, resulting in the
following distribution:

P(By)dP, = D - 10%+1os(Po) telog® () g p (7.1)

with @ = —4, b = 2.205, ¢ = —0.835, and D = 3.13 for M, > 30 Mg and
a=—2,b=0.954, c=—0.637, and D = 1.04 for M,, < 30 Mg.

The mass distribution implemented was instead that derived by Mayor et al.
(2011), who studied a sample of inactive late-F to late-K dwarfs observed with
HARPS, which can be expressed as:

P(M,)dM, = 1.40 - M, >*0dM,. (7.2)

Finally, [Perger et al| (2017a) adopted as eccentricity distribution the one
derived by Kipping| (2013)) (see Eq. , while the multiplicity distribution is
again taken from Dressing and Charbonneau| (2015)), resulting in an average of
1.70 planets per star.

To average out numerical errors, 1000 realizations of the sample of 78 sys-
tems were generated. The RV time series were then analysed with the GLS
periodogram, adopting a 0.1% FAP threshold. The found signal was succes-
sively subtracted, assuming circular orbits, and the residuals re-analysed until
no significant signal was found.

The distribution of detected planets parameters is shown in Fig. com-
pared to the simulated distributions. As can be seen, the detection rates reaches
its highest level for masses between 5 — 25 Mg and periods between 10 — 25 d.
The histograms show also the number of false positives detected by the analysis,
showing how the reliability of detections drops for masses < 3 Mg and periods
<3d.

From these distributions [Perger et al.| (2017a) derived the global detection
rate of the survey, and estimated it to be ~ 1.9%, corresponding to a total
number of detected planets equal to 2.4 + 1.5. This was well in agreement
with the total of three planets detected back then by the programme: GJ3998 a
and b (Affer et al., [2016) and GJ3942b (Perger et al., |2017b, which was in
preparation at the time of the analysis). By now we are already stretching
the limit of these estimate, with the additional detection of GJ625b (Sudrez
Mascarefio et al) [2017a) and GJ15A ¢ (see Chap. [f]), leading to a total of five
planets detected, with some more on their way. Even if GJ15A ¢ should not be
accounted for while testing the accuracy of the detection rate estimate by [Perger
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et al.| (2017a)), because lies outside of the simulated period range of [0.5,418] d,
it is still clear how the final performances of the survey will depart from this
first estimate of the detection rate, consequently changing the estimate of the
planets occurrence rate.

7.3 Complete HADES statistical study

Now that the GAPS project and HADES programme are ending, one of the
objectives of our M dwarfs exoplanet survey is to go beyond the preliminary
statistical analysis of the sample (Perger et al., [2017a), and to perform a com-
plete Bayesian analysis of the survey. The focus of [Perger et al.| (2017a) study
was to gauge the efficiency of the survey and derive the best observing strategy
for the HADES and similar programmes, while the aim of our analysis is to
compute the effective planetary frequencies around the observed systems. The
landmark for our statistical analysis is the work by Tuomi et al.| (2014)), who
studied a sample of M dwarfs with UVES and HARPS radial velocities time
series in order to calculate the occurrence rates of planets around small mass
stars.

7.3.1 Landmark Bayesian analysis

Tuomi et al.| (2014]) used Bayesian statistics to estimate the occurrence rate and
detectability function of extrasolar planets around M dwarfs. I will here briefly
describe their analysis method, which will be the foundation of our study of the
HADES statistics.

Tuomi et al.| (2014]) analysed the datasets in their sample with a Delayed
Rejection and Adaptive Metropolis (DRAM) sampling algorithm (Haario et al.)
2001)) using a statistical benchmark model with a first order moving average term
to account for stellar noise (Tuomi et al., [2013)). This technique has proven to
be most effective in the identification of planetary signals in RV time series,
and was successfully applied in the RV fitting challenge (see Sec. by Mikko
Tuomi and Guillem Anglada-Escudé (Team 1). As detection criteria for a k
Keplerian signals model Tuomi et al.| (2014)) required its posterior probability to
be at least s times greater than that of the k—1 signals model. Two thresholds in
s were selected, one for strong detections s = 10* and one for Signals Requiring
Confirmation (SRC) s = 150.

For each time series of their sample, they assumed the observed number of
planet in a given period-mass interval Ap ps can be expressed as:

fobs,i(AP,M) = focc,i(AP,M) *Pi (AP,M)v (73)

where the subscript ¢ indicates the ith system, fooc; is the occurrence rate
of planets around the ith star, and p; is the detectability function, i.e. the
possibility of a planet in the parameter interval Ap s to be detected in the
1th time series. fops; is simply computed as the number of planet detected
from each time series in each parameter interval. The tricky part is to correctly
estimate p;.

Assuming that k; Keplerian signals were detected in the ith dataset, Tuomi
et al.[(2014)) estimated the detectability function p; by analysing with the DRAM
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algorithm the time series imposing a k + 1 signals model. In this way following
the regions of the (P, M) parameter space that the parameters of the hypo-
thetical k 4+ 1th planet, which cannot be significantly detected in the data, it
is possible to identify all the regions of the parameter space were the detec-
tion technique is not able to detect significant signals. The areas that were
not explored by the Markov chains are in fact the areas where signals detection
could have been possible, if significant signal were present in the data. The
detectability function can therefore be approximated as:

pi =1 —p;, (7.4)

where p; is equal to one in the regions of parameters space explored by the
k + 1th Keplerian, and zero otherwise.

The observed frequency of planets in the whole sample of N datasets can be
computed by the sum over i of Eq. [T.3}

fobs(Ap,ar) Zfobsz (Ap.m)

=t (7.5)

)

= focc(Ap,m) [ sz (Apn)

assuming the occurrence rate f,.. to be common for all stars in the sample,
foce = focc,i for all 4. This is expected to be the case for a well defined sample
as the HADES sample (see Fig. [7.3).

Since fobs(Apar) is known and the square brackets term can be easily cal-
culated, Eq. allows to calculate the occurrence rate of planets across the
(P, M) parameter space. The global detection probability function of the sample
can instead be computed simply dividing the square brackets term by V.

For these estimates to be accurate there needs to be at least one planetary
signal in most (P, M) grid points, thus Tuomi et al.| (2014)) chose a 4 x 3 grid
over the [1,10%] d and [3,100] Mg, intervals.

Tuomi et al.| (2014)) applied this technique to the 41 systems of the VLT-
UVES M dwarf ESO survey (Zechmeister et al.,2009), collecting also the public
HARPS-TERRA spectra when available. They discarded any system with less
than four measurements in the combined datasets, while the others, even if un-
dersampled, were taken into account since due to the use of Bayesian statistical
techniques they could still bring meaningful results. To compute the detection
probability of the sample [Tuomi et al.| (2014) used both the detected signals
(s = 10%) and SRC (s = 150), while, to avoid bias due to the possible presence
of the false positives, excluded the SRCs from the computation of the occurrence
rates. As I mentioned in Sec. [2.3.1] even if analysing a smaller sample than
Bonfils et al.| (2013a)) they achieved a better precision in their estimates due to
the exploitation of Bayesian statistics.

7.3.2 HADES team approach

To apply the Bayesian analysis technique by Tuomi et al.| (2014) to our HADES
sample, a few steps and variations are required.
The first step is of course to re-analyse the full sample in a homogeneous
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way, in order to identify all the planetary signals present in the data, excluding
stellar activity and aliases due to the observational windows. Of the full survey
sample, we choose to ignore all the objects with less than 10 obs, which don’t
have enough data points for a meaningful analysis. This leaves a sample of 56
objects with > 10 obs, comparable to that of Tuomi et al.| (2014). This analysis
will be composed of the following steps, to be carried out by different members
of the GAPS M-dwarf group:

e RV periodic signals and aliases identification, performed with the GLS
periodogram, in order to identify all the periodic signals present in the
data, below the two FAP thresholds (1%, 0.1%) in order to identify two
subsamples of weak and strong identifications respectively, corresponding
to [Tuomi et al.| (2014) detections and SRCs;

e Activity index analysis, to look for periodic signals studying the GLS
periodogram on the Syx index, FWHM, and other activity indicators

described in Sec.

e Periodic signals comparison: cross-match study between the periodicities
identified in the previous, in order to discard signals due to stellar activity,
and to produce the final lists of planetary candidates and SRCs.

As a support to the analysis of the activity indices, the full sample will be
studied in order to identify the stellar rotation periods in the photometric data
from the APACHE and EXORAP programs. This will be done in parallel by
the two groups in order to achieve two analysis as homogeneous as possible. The
complete set of rotation periods for the whole sample would help to confirm the
evidence of stellar signals from the activity indices. In support to the photo-
metric analysis, a complete analysis of the survey spectroscopy to compute the
rotational periods of the stars has been led by the Spanish EXOTEAM group
(Suarez Mascareno et al., 2017b). The comparison between the photometric
and spectroscopic analysis will allow a fine knowledge of the sample rotation
and thus a great awareness about the stellar activity signals hidden in the data.

The final step will be the estimate of the detection probability p; and planet
occurrence rate focc, following the recipe by [Tuomi et al.[(2014) described in Sec.
7.3.1] which I will perform myself. Instead of the DRAM sampling algorithm
used by Tuomi et al.[(2014)), I will apply in an analogous way our MCMC code
described in Sec. For the 27 targets with more than 70 observations, the
GP will be used to model the stellar activity in the RV time series, using the
rotation periods from the photometry and spectroscopy to guide the analysis.
For the rest of the sample, since they have not enough data for a robust GP
analysis, will be simply pre-treated subtracting the eventual linear correlation
with the activity indices and by considering in the RV time series fit the presence
of uncorrelated stellar jitter.

7.3.3 Preliminary results

Since both the complete homogeneous analysis of the HADES time series to
detect all the planetary candidates and stellar signals and the implementation
of the MCMC code for the computation of the Bayesian detection probability
and occurrence rate are still in the making, I will here present some preliminary
results, derived with a more standard if less comprehensive approach.
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Planet Detection (M)

Mass (M, )
Detection frequency

2 1 Logperiod (yr)  ° !
Figure 7.6: Detection probability in the HADES sample, as a function of mass
and period. The black dots represent the confirmed planets (listed in Table,
while the black squares represent the SRCs (listed in Table [7.3)

The detection probability is calculated following the standard recipe (e.g.
[Endl et al., 2001; Dumusque et al., [2011b; Mortier et all |2012)) of injecting
trial circular orbits into the observed time series. Only the targets with more
than 10 observations were taken into account for this analysis, resulting in a
sample of 56 systems. Since the method assumes the datasets to contain only
uncorrelated noise, first of all I subtracted from the respective time series the
signals of the known planets GJ15A b (see Chap. @, GJ3998b and ¢, GJ625 b,
and GJ3942b (see Sect. [5.3). Also the time series were corrected for any
long-period linear trend present in the dataﬂ The time series could, of course,
still contain stellar activity signals or eventual undetected planets, thus when
generating the trial planetary orbits in the data, after the signal injection each
datapoint was normally displaced with standard deviation equal to either the
measurement error or the rms of the time series, whichever was larger.

The explored ranges were [1.5,365.25] d for the period and [1,636] Mg for
the mass, covered by a 50 x 50 grid. For each mass-period couple 10 orbits
uniformly distributed in phase were analysed with a GLS periodogram, and if
all of them were recovered below a 0.1% FAP level the planet were considered
to be detected.

The combined detection probability for the sample is shown in Fig.

1Since the HARPS-N data only covers the ascending part of the orbit of GJ15A ¢, it was
treated as a linear trend for the purposes of this analysis.
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Table 7.2: Planet detected in the HADES datasets.

Planet Py my Sin i,
(d] Meg)]

GJ3998b  2.65 2.46
GJ3998c 13.74  6.12
GJ625b  14.63  2.82
GJ3942b 6,91 7.1
GJI5Ab 11,44  3.06

Table 7.3: SRC recovered from the preliminary GLS analysis of the HADES
datasets.

Target ID P,  mysing

[ [Me]
M17 31.8 5.85
M76 9.05 9.86
M80 19.5 13.11
M82 33.1 4.27
Mo1 13.4 9.06
M96 15.5 6.22
M101 472 34.3
M105 25.1 224
M106 25.1 5.26

A first estimate of the planet frequency, focc, can be assessed by means of a
binomial distribution (Faria et al., |2016):

N,

P(d | N?fOCC) = m occ

(1 = foee)V 74, (7.6)

where IV is the number of targets of the survey and d is the number of detected
planets. The mode of the distribution can be used to express the expected
value of planetary frequency, with the uncertainties corresponding to the 68%
range in the distribution. The whole HADES sample is composed of N = 56
targets, around which have been confirmed so far a total of d = 5 planets, as
discussed in Sec. with the masses and periods listed in Table We can
use these confirmed planets for a preliminary estimate of the occurrence rate in
our sample.

We see in Fig. [7.6] that all the five planets detected in the HADES sample lie
within the fops > 0.50, that correspond to a occurrence rate of foec = 0.18f8:8§,
for periods P < 0.1 yr and masses M > 2 Mg.

In addition to the confirmed planets, we ran a preliminary GLS analysis
to identify other promising signals, with FAP < 0.1%. The resulting signals’

periods and masses, excluding those corresponding to the host star’s rotation
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period, are listed in Table [7.3] Since these signals are yet to be thoroughly
studied and tested for the possible influence of stellar activity as discussed in
the previous Section, they should not be considered as solid detections. They
can be instead classified as SRCs, as defined in Sec. If we take into
account also these SRCs, considering that all but one of them lie in the same
period and mass interval defined before, in Eq. the occurrence rate would
rise t0 foce = 0.467000.

A qualitative comparison of these preliminary results with the findings of
Bonlfils et al.| (2013al) and [Tuomi et al.| (2014), discussed in Sec. seems
to suggest that, if considering only the confirmed planets, the HADES sample
shows a lower occurrence rate than estimated from the other two studies, which
could be a hint of a lower occurrence of exoplanets around early-type M dwarfs
with respect to later-types as those analysed by [Bonfils et al.|(2013a)). On the
other hand, if taking into account also the SRCs, which could be confirmed by
the ongoing analysis, the occurrence rate become fully compatible with those
presented in the literature.



Chapter 8

Summary and conclusions

The work I presented in this thesis was aimed to increase our knowledge of the
formation and evolution of planetary systems, through an extended approach to-
wards the detection and characterization of planetary systems around M dwarfs
by means of high-precision Doppler monitoring. This has been carried out fol-
lowing two main paths of research: (i) the detailed study of the performances of
low- and high-level tools for the analysis of RV time series, based on the analysis
of synthetic datasets, focusing on the detectability of small-mass planets around
small-mass stars, and on the effects of RV stellar signals due to chromospheric
activity and the best methods to treat them; (ii) the analysis of real RV time
series of cool stars, both from the literature and collected within the GAPS
programme with HARPS-N at TNG, with the application of the mastered tools
for the detection of multi-planet system in the presence of stellar noise and
instrumental effects.

In this final Chapter, I summarise the main results of the studies I performed
as part of my PhD thesis, and then discuss the potential future developments
and prospects in the of exoplanetary systems around small mass stars, since
many aspects are still to be investigated, and exciting new opportunities will
soon be opened by incoming instruments and surveys.

8.1 Summary of results

8.1.1 Tools for data analysis

Several tools are currently used to analyse RV time series for exoplanets de-
tection around M dwarfs. The basic techniques include different types of pe-
riodogram analysis to identify promising periodicities which could be due to
planetary Keplerian signals. As discussed in Sec. 2:2] RV time series are also
affected by stellar activity signals, which could easily mask or mimic planetary
signals, leading to missed or false detections (Sec. . For this reason it
is fundamental to develop robust tools for data analysis, in order to best dis-
tinguish between genuine planetary signals and aliases due to stellar activity
or other observational effects. Since the true nature of real observational data
is usually not completely understood, the best way to thoroughly test analy-
sis algorithm is on simulated time series, which can be completely controlled,

129
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studying the effect of different combinations of input periodicities and noise
structures on the recovered signals.

This perspective leads the studies described in Chapter 3| and the first part
of Chapter [4] (Sec. , which approach the topic from two opposite and com-
plementary directions.

In Chapter [3|I analysed in details the three main algorithms for periodogram
analysis, GLS (Zechmeister and Kiirster} |2009), BGLS (Mortier et all [2015)),
and FREDEC (Baluevl, [2013b)), applying them on low-cadence RV observations
of M dwarfs with characteristics similar to the typical survey datasets, e.g.
similar to those of the HADES sample (Sec. . The performances of these
tools were tested on several types and combinations of signals, with Keplerian
signals from single- and multi-planet systems as well as some basic modelling
of stellar activity. The complexity of the simulations was kept low on purpose,
in order to better study the influence of a small number of parameters on the
algorithms results. As detailed in Sec. [3.4] this extensive numerical analysis
permitted to learn the precise performances of the three tested tools in different
regimes of simulated signals, also comparing the results with several similar
if less complete analysis from the literature (e.g. |Cumming, 2004; Shen and
Turner, 2008; [Vanderburg et al. [2016). It is worth noticing that the detailed
analysis of tools performances on multi-planet simulated time series was never
performed before in the literature. The overall performances of GLS, BGLS, and
FREDEC are quite similar, with all of them showing a completeness C' ~ 100%
for K/o 2 2 on signal-planet circular-orbit systems (Sec. , with losses of
~ 10% in completeness for eccentric orbits (Sec. and up to ~ 40% in
the presence of simple models of correlated stellar noise with K, /Kp = 1 (Sec.
[3.3.4). At the same time I pointed out the discrepancies due to the different
frameworks adopted by the algorithms: the Bayesian framework of BGLS result
in a slightly higher reliability than the other algorithms when dealing with
single signals both from circular and eccentric orbits, but at the moment is still
hindered by the presence of multiple overlapping signals, in which case loses
~ 10% in both C' and R values with respect of GLS (Sec. and [3.3.6)).
The multi-frequency approach of FREDEC, instead, results in a much smaller
(~ 1/2) fraction of false positive detections when studying multi-planet systems,
even if similar completeness levels to those of GLS (Sec. and [3.3.6). Given
the different performances in different simulation regimes, none of the three
algorithms seems to be always preferable over the others in the analysis of real
complex datasets. Rather a combined application of several tools can give a
more wide view of the underlying signals in the studied time series, even if none
of them can produce robust results in the presence correlated and quasi-periodic
noise.

An opposite approach was followed in the work described in Sec. in
which the research group I am part of, as part of a RV fitting challenge (Du-
musque, 2016), blindly analysed a set of complex synthetic time series, simulat-
ing high-cadence observations of stars hosting multi-planet systems with up to
seven planets each and different levels of stellar noise precisely reproduced from
models and observations of different targets (Sec. . For this analysis we
developed a suite of analysis techniques revolving around a MCMC fitting of the
orbital data using Gaussian Process (GP) regression techniques to model the
stellar activity quasi-periodic signals (Sec. . I took an active part in the
analysis, mainly contributing to the identification of promising periodic signals



8.1. SUMMARY OF RESULTS 131

and to the selection of the best-fit models for several of the analysed systems.
As discussed in Sec. our methodology was between the most successful in
recovering the correct planetary signals present in the data. The results of the
challenge outlined a threshold for clear detection of planetary signals in noisy
time series, corresponding to K/N ~ 7.5 (Eq. . This study also pointed
out how model-selection methods based on Bayesian statistics seem to perform
better when dealing with RV data affected by strong stellar noise (see Fig. .
Another important lesson told by the challenge is the pivotal importance of
a correct identification of the stellar rotation period, which correspond to the
main periodicity of stellar activity signals: for some of the systems, the lack of
ancillary observations to help constrain the rotation period led to uncorrected
identification by our and other teams, which in turn resulted in false positives
detections or rejection of genuine planetary signals.

8.1.2 Study of M dwarfs planetary systems

After the detailed studies of analysis tools performed on simulated datasets, I
applied the gathered knowledge to the observational data of different M dwarfs
systems, either collected as part of the GAPS and HADES programmes, or from
publicly available RV archives. The two main stars I studied were GJ273 and
GJ15A, both hosting known planetary systems (Astudillo-Defru et al., 2017
Howard et all 2014)). Due to the intrinsic peculiarity of each systems, the two
analyses developed in very different direction, with the study of GJ273 focusing
on the confirmation of a small mass planetary candidate, as discussed in Sec.
and the analysis of the GJ15A, reported in Chapter [6] encompassing a more
wide study of different aspects of the system, including the dynamical interaction
between the binary companion GJ15B and the detected outer planetary-mass
companion GJ15A c.

The GJ273 system was fascinating due to the presence of an Earth-mass
planet in the habitable zone (P, = 18.65 d, my sini, = 2.89 Mg ), and we thus
decided to apply on its public RV time series our analysis techniques, in order
to see if the GP modelling of the stellar activity would produce changes in the
orbital parameters of the planets. Some variations were, in fact, recovered,
very small even if significant, but the main results was that we found in the
GLS periodogram of the RV residuals of our model hints of the presence of an
additional very low mass companion at P = 8.64 d (Sec. ; this signal had
however a high FAP ~ 6%, which made us wary about its actual presence in the
data. We tested an three-planet plus stellar noise model which resulted in the
confirmation of the period P, = 8.64 d and a semi-amplitude k, = 0.44 m s~!.
Even if the Bayesian model comparison favoured the three-planet model over
the previous one, we remain doubtful, also due to the very-low amplitude of
the signal and the value of K/N ~ 7.5 close to the detectability threshold. For
these reasons I performed a series of numerical experiment, in which I applied
the three algorithms discussed in Chapter [3] to both the residual time series of
the systems and different synthetic datasets (Sec. . Generating different
realisations of the the two-planet model residuals, the rate of recovery of the
candidate third planet, expressed trough the C' and R values defined in Sec.
B:3] was in line the results obtained analysing a set of simulated time series,
generated from the three planet model recovered with the MCMC analysis, also
containing the GP modelization of the stellar noise. On the contrary almost
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no signal at P ~ 8.64 d was recovered when analysing similar time series but
generated without the third planetary signal injected. This suggests that the
identified signal is in fact of planetary nature, but we are still cautious on its
nature, and more in depth analysis will follow in the future on this fascinating
system.

The GJ15A system was known to host a short-period super-Earth (P, =
11.44 d, mysind, = 5.35 Mg) identified from Doppler measurements from the
HIRES spectrometer. The published data also presented a descending long-
period trend which was imputed to the binary companion GJ15B (Howard et al.,
2014). The HADES HARPS-N observations, however, showed an opposite as-
cending trend (Sec. . This convinced us to perform a thorough analysis to
verify the nature of this long-period signal: after ruling out the effect due to
GJ15B and possible undetected stellar companions (Sec. , we applied our
MCMC+GP method on the activity indicators and RV time series, modelling
the planetary and stellar signals in the data, resulting in the identification of the
long-period signal as super-Neptune mass planet (P. ~ 8400 d, msini, = 44.4
Mg). Even if the recovered orbit for planet GJ15A ¢ shows a very small if
any eccentricity, which is usually a clue of orbital perturbation, we decided to
study the dynamical influence of GJ15B by means of the Eccentric Lidov-Kozai
mechanism (Sec. [6.5). To better constrain the perturbing effect of the stel-
lar companion, I derived a new orbital solution for the binary, combining the
HARPS-N RV measurements of the two stars with astrometric data from the
ADS archive (Sec. [6.5.1)). A set of numerical simulation of the EKL oscillations
were then performed taking advantage of the newly derived orbit for GJ15B
(Sec. . This analysis shows how only a small range of initial inclinations
for the planetary system (ig = 75° —90°) produce the observed low-eccentricity
orbit for GJ15A ¢, otherwise the EKL oscillations are likely to excite it in highly-
eccentric states, or even make the system unstable (ig = 0°,15° — 30°). This is
in good agreement with recent estimates of the stellar inclination i, ~ 70° —90°
(Suarez Mascareno et al.l 2017b|), which can be used as a proxy of the incli-
nation of the protoplanetary disk and thus of the initial state of the planetary
system. It is important however to remind that these conditions do not result
into constraint on the current inclination of the planetary orbits, since the EKL,
even in its less effective regimes, produce oscillation in the orbital inclination of
~ 20°.

As T discussed in Sec. the derivation of the underlying planetary fre-
quency is one of the main goal of any exoplanetary detection survey, as well as
constraining the detectability function of the survey itself. In order to produce
similar and robust estimates for the HADES sample, I am leading the ongoing
statistical analysis of the survey dataset, as described in Chapter [7} This anal-
ysis is modelled on the Bayesian technique developed by [Tuomi et al.| (2014)),
which allows to precise estimate of the detectability function (Sec. [7.3.1]). T am
currently adapting our MCMC+GP algorithm to their technique, in order to
apply it on our M dwarfs sample, while all the GAPS-M subgroup is analysing
the HADES RV time series in order to uncover any yet to be detected candidate
planetary signal present in the data (Sec. . Some preliminary estimates of
the detectability function and the planetary frequency can already be obtained
from the sample, taking advantage of more standard if less effective techniques

(Sec. |7.3.3)).
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8.2 Future prospects

In the ever-growing field of exoplanetology, the possibilities for future inves-
tigations in the study of cool planet-hosting stars are manifold. The different
analysis techniques studied as part of my PhD work can be easily applied on dif-
ferent M dwarfs RV datasets, as well as on different types of host, which could
benefit from the advanced techniques developed to try to solve the complex
puzzle posed by small-mass stars. Also in the near future new instruments will
become available for exoplanets observations, opening new exciting possibilities
for studies such as those presented in this thesis.

I will here briefly overview some of the various possible future developments
and applications suitable for my PhD work.

8.2.1 Further application of analysis techniques

After completing the Bayesian analysis of the HADES sample statistics, the
most straightforward application of my work will of course be offered by set of
potential additional planetary candidates detected during the analysis, such as
those pointed out in Sec These systems could be thoroughly studied by
applying on them the complete algorithm described in Sec. potentially
leading to their confirmation or disproof, thus also refining the estimates of
planetary frequency fp derived from the survey.

Another direction could be to apply the developed Bayesian technique for
survey analysis to the other samples collected as part of the GAPS programme,
described in Sec. such as the metal-poor sample, since the exoplanetary
population orbiting metal-poor stars is still uncertain, due to the low detection
rates in most of the dedicated surveys (e.g. [Faria et all [2016, and references
therein).

Also, as proved by the analysis of GJ15A presented in Chapter [6] the anal-
ysis of archival RV time series (e.g. Butler et al., |2017) and their combination
with recent Doppler observations can be of great impact in the detection of long-
period planetary companions to known planet-hosting stars. These studies are
crucial in understanding the global planetary population in multiple systems,
since usually the long-period tail of the distribution is poorly sampled due to
the difficulties in obtaining the long time spans required to properly sample such
wide orbits. Even the orbit of GJ15A ¢, even if clearly detected in our data, is
still poorly constrained and will greatly benefit from future additional observa-
tions. As mentioned in Sec. the study of wide-orbit planetary companions
will also greatly benefits from astrometric observations, in particular the orbital
solutions in the future Gaia data releases, which should allow the identification
of the orbital signatures of ~ 1000 — 1500 extrasolar planets orbiting M dwarfs
within 100 pc from the Sun (Sozzetti et al., [2014).

8.2.2 Future opportunities

One of the greatest opportunities for M dwarfs planetary studies in the near fu-
ture will be offered by the Transiting Exoplanet Survey Satellite mission (TESS,
Ricker et al}2014)), which is scheduled to launch in early 2018. This mission will
perform a two-year all-sky photometric survey, monitoring more than 200,000
bright nearby stars, most of which will of course be small mass M dwarfs. This
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mission is expected to find thousands of transiting planets smaller than Nep-
tune (R < 4 Rg), mostly with period P ~ 10 d. These detections will open
great possibilities for Doppler follow-up and RV confirmation of the candidate
planets detected. The great advantage with respect to the Kepler mission will
be that the TESS targets will be much closer and brighter than those observed
by Kepler, fostering high-precision spectroscopic measurements. The RV moni-
toring will allow precise mass and density derivation for these planets, as well as
potential detections of non-transiting or longer-period companions, greatly ex-
panding our knowledge of the populations of planets orbiting nearby small-mass
stars. Also, and maybe above all, TESS transiting planets will provide a great
reservoir of candidates for atmospheric characterizations with JWST (Greene
et al., 2016).

The other important progress in the study of M dwarfs planetary systems
will be brought by the advent of high-resolution spectrographs allowing high-
precision simultaneous RV measurements in the optical and infrared ranges, such
as GIARPS (Claudi et al., |2017)), the combination of the HARPS-N (Cosentino
et al., 2012) and GIANO (Oliva et all [2006]) spectrographs. GIARPS will
open a unique possibility for simultaneous high-precision RV monitoring in over
the visual and near infrared wavelength range from 0.390 um to 2.5 um, due
to the upgrade of the GIANO-B spectrograph with an absorption cell which
will allow to reach internal errors as low as 3 m s~! in the NIR wing of the
spectra. This will produce two main improvement in the study of M dwarfs
exoplanets: 1) cool stars are usually faint at optical wavelength, thus limiting
the possibility to acquire high SNR spectra, while instead much brighter in the
NIR; 2) the RV signals due to stellar activity are dependent on the wavelength
of observation, being due to temperature contrast between active and inactive
surface regions, thus NIR RVs will be less effected by stellar noise. The latter
will also produce an efficient way to discern between planetary and stellar signal:
RV modulations due to orbiting planets are of course wavelength independent,
thus if the amplitude of an observed periodic signals lessen going from VIS
to NIR RV it is probably caused by the star chromospheric activity. Other
NIR and combined VIS-NIR spectrographs are on the way, such as SPTROU
(Delfosse et al., 2013) and NIRPS (F. Wildi, |2017)), or already operating, such
as CARMENES (Quirrenbach et al., 2014). Examples of the effectiveness of
infrared RV techniques have already been shown in the literature, using non-
simultaneous VIS and NIR RV observations to confirm or retract previously
detected planets (Gonzélez—Alvarez et al., [2017; [Huélamo et al., [2008)).
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