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Abstract

For the past 30 years the field of exoplanet science has grown rapidly; from the
first detection of a planet around a main sequence star in 1995 to now over 5800
confirmed detections. One particularly interesting finding from these many discov-
eries is that our own Solar system does not seem to be the blueprint of all planetary
systems; rather the diversity in exoplanets observed so far have challenged most

planet formation models.

While many efforts remain to try and detect planets in different regions of
parameter space, much of the focus has now shifted to characterizing planets in
more detail. One way that we try to understand planets is by categorizing them
based on their compositions. Whilst planet radii are now fairly-routinely found from
transit observations, we still lack mass measurements for many planets. Finding the
masses of exoplanets in specific regions of parameter space can help to inform our
models of planet formation and evolution. The planet masses which we do have are
primarily from radial velocity (RV) observations. But even where we have these
follow-up RV observations there remain many open questions about the best ways to
model these data and how we can use it to learn about the demographics of exoplanet

populations.

In this thesis I focus on using RV observations to understand exoplanets. In
Chapter 3 I use new observations to characterise a new planet, TOI-544 b, and
confirm the discovery of a second planet in the same system. TOI-544b has an
unusual composition, a possible water-world, and is a top candidate for future
atmospheric studies. In Chapter 4 I use archival data of a sample of known small

planets to test how modelling choices impact the planet masses we find. For each
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planet I complete a homogeneous analysis with a variety of modelling choices, from
this I find that just one change in model choice can impact planet mass up to a factor
of 4 even for identical data sets. In Chapter 5 I use these new homogeneously-derived
planet masses to show that the inferred compositions are consistent with predictions
and propose the top candidates for future study. And finally, in Chapter 6 I use
my own RV observations to search for previously-unknown planets which could be
causing the migration of gas giants into unusual orbits, finding that some of my

sample have potential companions.
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Impact Statement

Just a few decades ago it seemed impossible that the alien planets popular in science
fiction could be anything other than just that; fiction. Now though, the study of exo-
planets has enabled us to detect a wide diversity in planets in unusual systems across
our galaxy. This area of research has opened up many new questions in how these
planets come to be and how similar, or different, are they from our own Earth. By
detecting and characterising exoplanets we can contribute to many areas of science:
the study of star and planet formation; Earth and planetary science/geosciences;
astrobiology and the search for life; and even solar physics. The interdisciplinary
nature of this field allows for significant impact on the wider scientific community.

In this thesis I contribute directly to the scholarly research in exoplanets: Chap-
ters 3 and 4 are both peer-reviewed works published in academic journals. Chapters
5 and 6 will also be submitted for publication soon. Chapter 3 presents a new
planet which I characterised with ground-based observations. This unique planet
has the potential to help answer questions on the types of planets we find outside
of our solar system. Additionally, future observations of this planet may reveal it
to harbour a large ocean, something which is an attractive candidate in searches for
life. This search for potentially-habitable conditions would be of both scientific and
public interest. In Chapters 4 and 5 I demonstrate the importance of homogeneity
in our analysis of observations to find exoplanet masses. This is the first time such a
large-scale homogeneous analysis of archival data has been completed for exoplanet
masses. Finally, in Chapter 6 I present new observation data of a sample of giant
planets in unusual orbits. These new data are now publicly available and so can be
used by the community for many different scientific projects going forward.

More widely, the study of planets outside out Solar system is one of great public
interest, with stories of strange new planets often being highlighted in national news.
By continuing to contribute to this fascinating area of research I also contribute to
the wider public understanding of these planets and, in turn, our understanding of

our home planet.
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The measured mass and orbital period for all confirmed exoplanets
which have mass and radius measurements (as of 20/03/2025 ac-
cording to the NASA Exoplanet Archive, planets with only a mass
limit are excluded). The different colours represent common group-
ings of exoplanet categories. Orange shows the hot Jupiter planets
(orbital periods less than 10 days and radii greater than 10 Rg),
yellow the warm Jupiters (same radii but orbital periods between
10 and 200 days), and blue for the cold Jupiters (same radii but
orbital periods greater than 200 days). The purple colour shows the
population of small planets (radii less than 4 Rg) and pink is for
intermediate between small and giant (radii between 4 and 10 Rg).
The grey squares show the positions of solar system planets. Note
that error bars are not included on this plot. The sparsity of planets
of short period and intermediate mass is visible in the left of the plot.
This under-density in detections is often referred to as the Neptune

desert. . . . . . e

Reprinted from Van Eylen et al. (2018). Radius as a function of
orbital period. In grey, data points and uncertainties by Fulton et al.
(2017) are shown, while the sample described in Van Eylen et al.
(2018) is shown in red. In many cases, the uncertainties are smaller
than the symbol size. The bottom plot highlights the part of the

sample where the radius gap occurs, around 2 Rg. . . . . . . . . ..
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Left: in the centre is a graphic of a star and planet system, where both
objects orbit a common centre of mass. As the star is moving away
from the observer on Earth, the light moving towards the observer
is red shifted - the lines on the spectrum in the lower part of the
image are shifted towards the red end. The graph at the top shows
a simplified view of the radial (i.e. the line-of-sight) velocity of the
star. Right: the same set up but for the opposite time in the orbit,
when the star is moving towards us and the light is blue shifted. By

measuring this periodic shift from red to blue, observers can infer

the presence of a planet causing this ‘wobble’ of the star. . . . . . .

Reprinted from Perryman (2018). An elliptical orbit in three di-
mensions. The reference plane is tangent to the celestial sphere, i
is the inclination of the orbit plane, and the nodes define the inter-
section of the orbit and reference planes. Q is the longitude of the
ascending (receding) node, measured in the reference plane. w is the
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the ascending node. The true anomaly, v(t ), is the time-dependent
angle characterising the object’s position along the orbit. The right-
handed x y z coordinate system has x towards east (increasing «),
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surements and activity indicators of TOI-544. The right and left
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Chapter 1

Introduction to Exoplanets

Exoplanet studies have fundamentally changed our view of our own solar system.
With over 5800 confirmed detections of planets orbiting other stars' it has become
increasingly clear that the blueprint of our solar system is not standard across the
galaxy. In fact, the very first exoplanet detected around a Sun-like star, 30 years ago
now (Mayor and Queloz, 1995), was of a type not seen at all in our solar system.
By continuing to discover new exoplanets in exciting parameter space regimes we
can begin to build up a picture of how unique our Earth really is — how different can
these alien worlds be from our home planet? Simultaneously, increasing work on
the characterisation of these systems, particularly at a population level, is starting
to allow for greater understanding of how planetary systems might be formed and
evolve over time. But there are still many unanswered and emerging questions in
this relatively-young area of research.

While stars have spectral types and galaxies can be classified into types, exo-
planets lack such comprehensive definitions. Within our solar system there are 3
general categories we might place each planet into: rocky planets (also called terres-
trial planets), ice giants, and gas giants (Winn and Fabrycky, 2015). Of course there
are also a host of dwarf planets, asteroids, trans-Neptunian objects etc. but here we
focus on just the planets. Based on the physical characteristics of each planet — such
as mass, radius and density — we can neatly fit every planet into a category with no

ambiguity. Additionally, the location of the different types of planets with respect

Mttps://exoplanetarchive.ipac.caltech.edu/
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to the Sun also point to a formation mechanism that preferentially produces small
planets close to their star with giant planets further out (Mizuno, 1980; Pollack et al.,
1996). So we might think that other stellar systems will have a similar make up in
terms of the types and locations of planets. However, this has not been the case for
any currently detected exoplanet systems (Winn and Fabrycky, 2015; Zhu and Dong,
2021). Figure 1.1 shows the distribution in mass and orbital period of all confirmed
exoplanets which have measured masses and radii. There is a huge variety in these
parameters — the masses vary by 5 orders of magnitude and the orbital periods by
6. Also shown are the solar system planets. The addition of these data points shows
two things: the exoplanets detected do not occupy the same parameter space as those
in our solar system; and there are many planets in between the typical groupings of

solar system planets.

1.1 Small exoplanets

Of the 5856 confirmed exoplanet detections to date? about 4400 of these have a
radius measurement. Of these confirmed planets with measured radii, around 75%
of them are what we might consider small planets — with radii less than 4 Earth
radii, or, in other terms, smaller than Neptune, and around 16% of these could
be called giant planets — roughly 10 times the size of the Earth and larger (i.e.,
around Jupiter or bigger). The remaining 9% comprise intermediate size planets.
Population studies have shown that small planets are numerous across the galaxy
(e.g. Winn and Fabrycky, 2015; Zhu and Dong, 2021), but their nature remains
somewhat of a mystery. In fact, of the detected small planets, only 516 have
a measured mass — that’s only 9% of the total confirmed exoplanets. In order
to find the bulk density and thereby begin to estimate planet compositions, it is
essential to have a mass measurement. So if we want to do demographics studies
we need more measurements of small planet masses. In addition to this, the mass
measurements we do have come from a wide range of sources: including different

methods of deriving masses e.g. from radial velocity observations, transit-timing

2 As of 20/03/25
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Figure 1.1:
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The measured mass and orbital period for all confirmed exoplanets which have
mass and radius measurements (as of 20/03/2025 according to the NASA Ex-
oplanet Archive, planets with only a mass limit are excluded). The different
colours represent common groupings of exoplanet categories. Orange shows
the hot Jupiter planets (orbital periods less than 10 days and radii greater than
10 Rg), yellow the warm Jupiters (same radii but orbital periods between 10 and
200 days), and blue for the cold Jupiters (same radii but orbital periods greater
than 200 days). The purple colour shows the population of small planets (radii
less than 4 Rg) and pink is for intermediate between small and giant (radii
between 4 and 10 Rg). The grey squares show the positions of solar system
planets. Note that error bars are not included on this plot. The sparsity of
planets of short period and intermediate mass is visible in the left of the plot.
This under-density in detections is often referred to as the Neptune desert.
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variations, and astrometry (Perryman, 2011). Each research group may use different
telescopes, different choices and assumptions in modelling, and different statistical
techniques to derive an actual planet mass. This can lead to the problem of a single
planet having multiple published mass measurements — sometimes with significant
differences between them. So not only do we need more measurements of planet
masses, we also need to ensure that the masses we already have are consistent with
one-another if we want to do statistics at a population level.

Putting aside the problems for a moment, what do we already know about the

nature of small exoplanets from theory and observations?

1.1.1 Mass-radius relations

To try and understand the compositions and characteristics of small planets, we can
place planets on a mass-radius diagram. This allows us to both look at the population
as a whole and compare it to planets in the solar system. As the detections of small
exoplanet masses and radii increased, teams began to investigate the mass-radius
relationship for small exoplanets. This is to try and answer the question of what can
we learn about a planets’ composition from its mass and radius? If all small planets
follow a single relation then it should be relatively easy to extrapolate what mass we
expect for a planet of specific radius and vice versa. If the planets follow multiple,
fairly well-defined, relations then we can use these as a way to categorise planets
into types.

An early attempt to construct this mass-radius relationship was presented in
Seager et al. (2007). Here they constructed a theoretical mass-radius relation for
solid exoplanets using interior models of cold planets which they assumed are made
primarily of iron, silicates, water and carbon compounds. They found several key
results. Firstly, that planets are not likely to be formed of anything more dense than
iron and the smallest planets theoretically possible have radii corresponding to a pure
iron composition. Secondly, they found that several different populations of planets
could occupy this ‘small’-planet parameter space. There could be super-Earths
(Earth-like rocky cores without significant atmospheres), sub-Neptunes (Earth-like

rocky cores with hydrogen-helium, H-He, envelopes), water worlds (made of a
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significant portion of water ices), and potentially carbon planets. However, Seager
et al. (2007) suggest that it is only possible to distinguish between planets with
significant H-He envelopes and those without. They say that there are significant
degeneracies in the theoretical compositions of planets and so from mass and radius
alone it would be challenging to tell the actual composition of planets with different
mass fractions of materials. Swift et al. (2012) then provided an update to this work
by deriving mass-radius relations for different materials using equations of state

which account for the pressures likely experienced within planets.

Some other works have focused on finding an empirical mass-radius relation-
ship, rather than theoretical ones. Weiss et al. (2013) analysed the mass, radius and
incident flux of 138 exoplanets and found a breakpoint in the mass-radius relation
at 150 Mg. For planets above their 150 Mg breakpoint they note that increasing
incident flux also increases the planet radius — these larger planets become inflated at
higher temperatures. In fact, they find that for these larger mass planets, the incident
flux is more important for predicting a planet’s radius than the mass (Weiss et al.,
2013). Conversely, the lower mass planets below 150 Mg show the opposite effect:
the radii decrease on average as incident flux increases. Therefore, for these planets,
the mass is more important for predicting the radius of the planet. However, it is
noted that the 150 Mg was chosen by-eye from plotting the mass-radius diagrams

for their sample, rather than for a physically-motivated reason.

Looking specifically at the mass-radius relation for small planets, Weiss and
Marcy (2014) aimed to find the mass-radius relation for 65 exoplanets below 4 Rg.
To do this they found the weighted mean densities of planets in bins of 0.5 Rg. They
found that at 1.4 Rg, there was a maximum in density of 7.6 g cm~> (for reference the
Earth has density 5.51 g cm™>) and that, on average, the density of planets increases
with increasing radius up to 1.5 Rg. The suggested reason for this is because rock
is slightly compressible and so accreting additional material will cause the density
to also increase. However, between 1.5 - 4 Rg the density of planets actually tends
to decrease with increasing radius — this can only be sufficiently explained with

the addition of volatile materials. Adding a small percentage by mass of hydrogen
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and helium can significantly increase the size of a planet without increasing its
mass (thereby reducing the density). The mass-radius relations in Weiss and Marcy
(2014) are consistent with the theoretical prediction of Seager et al. (2007), however
there is a very large reduced y? value, potentially indicating a large scatter in planet

compositions at a given radius.

In order to select the planet sample the only selection criteria used by Weiss
and Marcy (2014) was that R, <4 Rg and the planets must have a marginal mass,
a mass upper-limit or a mass determination. However at the time this work was
done there were very few mass measurements of exoplanets less than 4 Rg and even
fewer for less than 1.5 Rg. To overcome this they chose to also include solar system
planets within their analysis, however it is noted that the equivalent-size solar system
planets are on much wider orbital separations than the exoplanets within the sample

(typically 100s of days compared to 10s of days).

A slightly different approach was taken by Hatzes and Rauer (2015) who
investigated the mass-density relationship for planets, rather than the mass-radius.
Their results suggested that the boundaries between objects should be set at: < 95
Mg, for low mass planets, giant planets at masses greater than this but < 60 Myypicer,

and stellar objects at above 60 Myypicer (Hatzes and Rauer, 2015).

Following this, Bashi et al. (2017) re-investigated the empirical mass-radius
relationship, similar to the methodology in Weiss et al. (2013). They found that the
transition between large and small planets occurs at a mass of 124 + 7 Mg or radius
of 12.1 + 0.5 Rg. Similarly to Weiss et al. (2013), Bashi et al. (2017) found that
for low mass planets the radius increases as a function of mass but for higher mass

planets there is a very weak relation between mass and radius.

Chen and Kipping (2017) created a publicly available tool to calculate a planet’s
mass (or radius) given its radius (or mass). They used a probabilistic relation
conditioned on 316 objects which spanned a range of masses and radii, from the
smallest planets up to stellar-type objects. The tool also enabled them to categories
planets into 4 types based on the breakpoints in their relation: the Terran worlds,

Neptunian worlds, Jovian worlds, and stellar worlds. The transition from Terran to
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Neptunian worlds is found to be around 2 Mg, which is lower but consistent with
previous theory works such as Lopez and Fortney (2014).

More recent works have made use of the increasing number of detected ex-
oplanets with both mass and radius measurements. Some works have focused on
the possibility of using machine learning methods to categorise exoplanets into
types based on a mass-radius relation e.g. Ulmer-Moll et al. (2019); Mousavi-Sadr
et al. (2023). Some look to Bayesian mixture models and probabilistic mass-radius
or mass-density-radius relations (Neil and Rogers, 2020; Parviainen et al., 2024).
Others have focused on collating databases of exoplanet mass and radius measure-
ments which are reliable and up-to-date, enabling reanalysis of previous mass-radius
relations. Some of these are described in Otegi et al. (2020) and Sousa et al. (2024).

Many of the works mentioned above have results which are compatible with
each other, but not exactly the same. There are several possible ways to make
progress in finding a specific mass-radius relation for exoplanets. First, greater
understanding from the theoretical side is required: the analysis of materials at high
temperatures and pressures is crucial for the calculations of planet compositions
and interiors (Swift et al., 2012). More detections of planet mass and radii are also
required at a range of parameter space regimes: how does orbital period impact the
possible planet compositions? Can we directly compare solar system and exoplanet
mass-radius relations? Finally, as more observations of small exoplanets are made
possible, we need to ensure that the parameters we derive are both precise and
accurate to ensure the demographic relations found are not being biased (Sousa

et al., 2024; Otegi et al., 2020).

1.1.2 The radius valley

Another factor which must be accounted for when attempting to categorise planets
into types is the detection of the small planet radius valley. This significant discovery
came following the NASA Kepler mission (Borucki et al., 2010) which detected
thousands of small exoplanets. For the first time it was possible to look at exoplanet
demographics (in radius space), and when doing so, an interesting pattern emerged:

there is a distinct bi-modality in the distribution of small planet radii. This small
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planet radius valley describes the region in the size distribution of exoplanets where
few planets exist, specifically between approximately 1.5 and 2.5 Rg (Fulton et al.,
2017; Van Eylen et al., 2018). This lack of detections in the valley cannot be due
to observation bias and so must have some physical origin. This is because we
can detect planets both above and below the valley — if it were simply a result of
not being able to detect smaller planets then we wouldn’t see the lower peak of
detections below the valley. Figure 1.2 shows the radius versus orbital period of
the planets detected by Kepler. The grey points show the data and uncertainties
calculated in Fulton et al. (2017) and the red data points and uncertainties show the
sample analysed in Van Eylen et al. (2018). The analysis in Van Eylen et al. (2018)
uses a smaller but more precise set of planet radii and orbital periods then those
used in Fulton et al. (2017). These more precise parameters are found by making
use of asteroseismology to find the stellar parameters, see Van Eylen et al. (2018)
for details. Looking at the lower plot, which focuses on the specific region where
the valley is located, the gap in detections is clear — especially for the more precise
sample shown in red. It is also clear that there is a dependence on orbital period for

the location of the valley: there is a downward slope towards longer orbital periods.

A variety of theories have been proposed to explain the radius valley, including
photo-evaporation (Lopez and Fortney, 2013; Owen and Wu, 2013; Owen and Wu,
2017), and core-powered mass loss (Collier Cameron and Jardine, 2018; Gupta and
Schlichting, 2019, 2021). Both theories predict that planets form as a rocky core
surrounded by a layer of atmospheric hydrogen and helium, typically referred to
as sub-Neptune planets, and located above the valley in period-radius space. The
volatile layers are then removed from the planet, leaving behind a bare rocky core
— known as super-Earth planets which are located below the valley in period-radius
space. In the photo-evaporation case it is the X-ray and extreme ultraviolet radiation
from the star which causes this atmospheric loss. In the core-powered mass-loss case
the suggestion is that the leftover internal heat from the planet formation causes the
outgassing of the atmosphere from the planet itself. The photo-evaporation model

is consistent with the observation that the location of the valley moves downward (in
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Figure 1.2: Reprinted from Van Eylen et al. (2018). Radius as a function of orbital period.
In grey, data points and uncertainties by Fulton et al. (2017) are shown, while
the sample described in Van Eylen et al. (2018) is shown in red. In many cases,
the uncertainties are smaller than the symbol size. The bottom plot highlights
the part of the sample where the radius gap occurs, around 2 Rg.



1.1. Small exoplanets 44

radius) at longer orbital periods, this would mean that larger planets can be stripped
of their atmospheres closer to the host star as they are receiving a higher level of
incident-flux. Additionally, the location of the valley is found to shift to a larger
radius for more massive host stars, (Ho and Van Eylen, 2023). This is in agreement
with both the photo-evaporation and core-powered mass-loss models. It is very
possible that the radius valley forms as a combination of both mechanisms, though
in a comparison done by Rogers et al. (2021), it seems that the photo-evaporation
case may be the dominant mechanism in shaping the valley.

Whichever mechanism is dominant in causing the radius valley, both agree that
there seems to be two categories of small planets: those above and below the valley.
These have been to referred to as sub-Neptunes and super-Earths, respectively (Bean
etal., 2020). This agrees with many of the mass-radius relations discussed in Section
1.1.1 which separate small planets into groups based on mass-radius, mass-density,
or mass-radius-density. The work of Seager et al. (2007) (ten years before the
observation of the radius valley) suggested the existence of a population of super-
Earth like planets which were distinct from those harbouring volatile layers. Weiss
and Marcy (2014) put the turning point in their mass-radius relation at around 1.5 Rg,
just at the location of the lower boundary of the radius valley. These consistencies
may seem very promising in our search of a way to categorise exoplanets. However,
there is an important additional possibility which we have yet to include, the existence

of water worlds.

1.1.3 What about the water worlds?

Planets with large amounts of water/ice have been predicted by theorists as acommon
outcome of planet formation models (Kuchner, 2003; Léger et al., 2004; Bitsch et al.,
2019) but for many years the detection capabilities were not able to search for direct
observational evidence of them. Now though, multiple groups have reported that the
densities of some small planets are consistent with a composition containing a large
(>10% by mass) fraction of water (e.g. Piaulet et al., 2022; Cadieux et al., 2022;
Diamond-Lowe et al., 2022). This would be an interesting result as detecting a close-

in planet with a large fraction of water would suggest that it formed further out in
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the disk (beyond the snow line, the minimum distance from the star at which water
could condense) and then migrated inwards (Seager et al., 2007). Additionally,
the detection of a water world for studies of astrobiology and potential searches
for life on exoplanets is very appealing (Madhusudhan et al., 2023; Mitchell and
Madhusudhan, 2025).

Zeng et al. (2019) demonstrated that, at a theoretical level, the building blocks
of planet materials in planet-forming disks could produce water worlds. They
also show that the radius valley can be produced by having populations of rocky
planets and water worlds — rather than being due to atmospheric escape. However,
one complication is that the theoretical models predict mass-radius relations to
be very similar for a variety of compositions i.e. there is a large degeneracy in the
interpretation of planet compositions. For example, the mass and radius expected for
a rocky planet with a thin atmosphere of H-He is almost identical to one composed
of a rocky core with a large layer of water. Aguichine et al. (2021) provided an
updated set of mass-radius relations for theoretical water world compositions which
included the effects of the high irradiation many observed exoplanets experience.
Luo et al. (2024) demonstrated that the water contained within a planet may not
be on the surface, but rather can be mixed within the mantle and even core. This
would imply at the predicted radius of water world planets of a certain mass could

be overestimated (Luo et al., 2024).

The idea of water worlds in the observation community gained further attention
after Luque and Pallé (2022) showed that for a sample of small exoplanets orbiting
M dwarf stars, the mass and radius align exactly with the theoretical composition
track for a planet made of 50% rock and 50% water. However, later work by Rogers
et al. (2023) suggested that the composition track used was not suitable for this case
and that the population could alternatively be explained by atmospheric boil-off pro-
cesses. An investigation by Chakrabarty and Mulders (2024) then used simulations
of planet evolution to show that > 20% of planets without H-He atmospheres around
M dwarf stars could be water rich. But following this, the works of Parviainen et al.

(2024); Parc et al. (2024) both found no statistical evidence for a third population
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of small planets. Most recently, Dainese and Albrecht (2025) used several statis-
tical methods (including a Gaussian mixture model, and a machine-learning based
approach to finding planet composition) to investigate whether small planets can be
clumped into two or three groups. For all their methods, a two group scenario was
preferred over a three-group scenario, suggesting no robust evidence for a separate
population of water worlds around M dwarf stars (Dainese and Albrecht, 2025).
The uncertainty on whether water worlds really exist, and if so, are they only
found around M dwarf stars, has led to many researchers questioning: where are the
water worlds? See Kempton et al. (2023); Chakrabarty and Mulders (2024) for dis-
cussions on this topic. Currently, the era of exoplanet atmospheric characterisation
is upon us, with observations from telescopes like JWST providing possible water
world candidates (e.g. Damiano et al., 2025). As these observations continue we

may be able to begin answering these questions on the existence of water worlds.

1.1.4 The path forward

So the questions remain: what different categories of compositions exist for planets
between the sizes of Earth and Neptune? Does this vary for different stellar types
(specifically M dwarf stars)? And how do these compositions play into the existence
of the radius valley? To answer these questions there are several approaches that
one could take.

Firstly, detecting and characterising planets which could have unusual compo-
sitions (including potential water worlds) and/or planets inside or close to the edges
of the radius valley can allow for additional constraints on explanations of small
planet compositions. The unambiguous confirmation of a planet with a water-rich
composition, particularly if it orbits an M dwarf star, would be strong evidence
for the existence of a population of water worlds. Alternatively, detecting signs
of atmospheric escape from a planet inside the radius valley could point towards
the atmospheric loss scenario, suggesting that small planets fit into two categories
rather than three. Either way, studying small planets in and around the radius valley,
especially across a range of stellar types and ages, can help inform models of small

planet formation and evolution.
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Secondly, an important area of focus is in ensuring the observational data we
already have is both precise and accurate. The methods used to find planet radii are
generally consistent between groups, especially for large survey missions to detect
exoplanets such as Kepler or the transitting exoplanet survey satellite (TESS, Ricker
et al., 2014). However, the same is not true for the observational techniques used
to find exoplanet masses. Even in cases where the same method of observations
is used, there are many ways to model the data to actually measure a planet mass.
This results in there being multiple published masses for a single detected planet.
For population studies this is a major problem: how do you choose which planet
mass to use? And is it statistically valid to use multiple methods of analysis in a
single demographics study? An understanding of how impactful the homogeneity
(or inhomogeneity) of exoplanet mass measurements is on population level statistics

is becoming increasingly important as we detect more and more planets.

Some works have already attempted to tackle this problem of inhomogeneity.
Dai et al. (2019) performed a homogeneous analysis of the masses (and composi-
tions) of 11 hot-Earth planets using archival data. Many small planets have since
been observed and characterised and so this sample could be expanded upon. Some
recent surveys have chosen to tackle this issue as new data comes in, such as Polanski
et al. (2024) who have a custom analysis pipeline which is followed for all new data.
Others have been by designing their survey in a more unbiased way, as presented
by Teske et al. (2021). However, there remains a wealth of archival data which has
not been analysed in a homogeneous way. A reanalysis of archival data of exoplanet
masses done in a consistent would be hugely beneficial for demographics studies.
In addition, this would allow for better understanding of just how big an issue this

is: how much do planet masses change based on modelling choices?

1.2 Giant exoplanets

Improvements in instrumentation have allowed for increasingly lower mass planets
to be discovered and characterised, yet there is still much to learn from giant planets.

By observing the physical properties of giant planets we can test whether they match
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the predictions of planet formation theory (Fortney et al., 2021). Additionally, these
planets are key targets for atmospheric characterisation studies with both ground-

and space-based telescopes (e.g. Seidel et al., 2023; Balmer et al., 2025).

Prior to the detection of exoplanets, theories of planet formation focused on
the solar system as the expected outcome. It was thought that planets formed from
a cloud of gas and dust which then collapsed into a disk. In the outer parts of the
disk, beyond the snow lines, more icy materials would be available and so larger
planets would grow (Dawson and Johnson, 2018). Whereas in the inner disk, fewer
materials would be available for planetary growth and so smaller planets would form
(Dawson and Johnson, 2018). The discovery of hot Jupiter planets — giant planets

close to their host star — then challenged these theories of planet formation.

There are several suggested origins for hot Jupiter planets. The first being in situ
formation, where these giant planets form at their present close-in locations (Dawson
and Johnson, 2018; Fortney et al., 2021). This formation could be as a result of
either core accretion or gravitational instability. Core accretion models suggest that
arocky proto-planetary core accretes material from the surrounding proto-planetary
disk, allowing it to gain a large amount of mass (Pollack et al., 1996; Chabrier et al.,
2014). Alternatively, gravitational instability would suggest that the proto-planetary
disk made of gas and dust fragments into clumps of bound material which form
protoplanets (Boss, 1997; Durisen et al., 2007). Both of these theories have issues
at such close locations to the host star though. For core accretion, it would be very
challenging to build up large enough cores to trigger the massive growth of these
giant planets with limited material available (Fortney et al., 2021). For the case of
gravitational instability, the close proximity of the host star means that the conditions
of the gas in this region would prevent such formation mechanisms from occurring
(Rafikov, 2005). So although in situ formation is a possible formation mechanism,

it is not regarded as the most likely (Fortney et al., 2021).

It seems likely then that giant planets form further out in the protoplanetary
disk, beyond the snow line (Pollack et al., 1996; Alibert et al., 2005). The observed

population of hot Jupiters must then have migrated inwards through their lifetime.
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Figure 1.3: Reprinted from Fortney et al. (2021). Origins hypotheses for hot Jupiters: in-
situ formation, disk migration, and high eccentricity tidal migration.

There are two main mechanisms proposed for this migration: disk-driven migra-
tion, and high-eccentricity migration. In disk-driven migration, the planet smoothly
migrates inwards by exchanging angular momentum with the surrounding protoplan-
etary disk (see e.g. Goldreich and Tremaine, 1980; Lin and Papaloizou, 1986). In
high-eccentricity migration, the planet first attains a very high eccentricity through a
mechanism such as planet-planet scattering (Rasio and Ford, 1996) or secular chaos
(Takarada et al., 2020). This means that the periastron distance will now be very
short and so when the planet reaches this close point to the star it will be effected
by the tidal dissipation forces. This will cause the planet orbit to circularise at this
much closer orbital distance (Rasio and Ford, 1996; Wu and Murray, 2003). The

two scenarios are shown graphically in Figure 1.3.

Thankfully, these two different migration mechanisms have differing predic-
tions on the properties of giant planets you would expect to observe. This means
that by detecting and characterising the properties of hot Jupiter planets we can
investigate which migration scenario is more likely. So far, observations of some
hot Jupiters point to the high eccentricity migration case, but others point to disk
driven migration. To make progress in understanding which mechanism is dominant

requires further observations of giant planets close to their host stars.
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1.2.1 The problem with warm Jupiters

While some progress has been made in understanding the formation and migration
pathways of hot Jupiter planets, it is the warm Jupiters (giant planets with orbital
periods between 10 and 200 days) which pose the biggest challenge to our under-
standing (Dawson and Johnson, 2018). If warm Jupiters form beyond the snow
line and migrate inwards then it is likely they follow one of the proposed migration
pathways for hot Jupiter planets. However, neither disk driven migration no high
eccentricity migration can account for the properties of observed warm Jupiters

(Petrovich and Tremaine, 2016).

Disk migration predicts the planets to have low eccentricities after migration,
but this appears to be in contrast with observations of highly eccentric warm Jupiters
(Jackson et al., 2021). Some planets may have increased their eccentricities through
scattering events after their disk migration was complete, but even such a scenario
cannot generally explain the higher end of observed warm Jupiter eccentricities

(Petrovich, 2015).

The high-eccentricity migration model suffers from the opposite challenge as
disk migration models: the observed warm Jupiter eccentricities are generally too
low to get close enough to their star to further shrink their orbits (Jackson et al.,

2021).

Nevertheless, high-eccentricity migration models can be ‘rescued’ by invoking
Kozai-Lidov oscillations (Takeda and Rasio, 2005; Dong et al., 2013). Here, a
planet’s orbital eccentricity and inclination changes (oscillates) due to interactions
with a perturber. This implies that a planet can periodically reach a high eccentricity
(facilitating orbital shrinking) while being at a moderate or low eccentricity most of

the time (matching the observed eccentricity distribution of warm Jupiters).

If warm Jupiters are the result of Kozai-Lidov interactions, these planets must
have companions acting as a perturber. Furthermore, these companions need to be
massive enough and nearby enough to result in perturber-coupled high-eccentricity
migration (Dong et al., 2013). Therefore, detecting or ruling out the presence of such

companions for warm Jupiter planets is a direct test of this origin scenario. Jackson
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et al. (2021) completed detailed simulations to show that a well-designed ground-
based survey of known warm Jupiters could detect 77% of perturbing companions,
if they exist. One way forward in trying to understand the origins of warm Jupiter
planets would be to perform such a survey to see if warm Jupiters do have companions
capable of perturbations: if none are found then it would be a strong indication that

this is not a dominant evolutionary pathway for warm Jupiters.



Chapter 2

Methods

2.1 How to characterise an exoplanet

To work towards answering the outstanding questions in exoplanet science we need
a variety of observational methods to enable planet characterisation. In Chapter
1, I introduced the importance of exoplanet mass measurements in understanding
the demographics of small planets. Additionally, the combination of mass and
radius measurements allows for planet bulk densities to be calculated and therefore
potential compositions to be estimated. It is important to note that the way we
typically find exoplanet masses and radii are from separate methods — planet radii
from the transit method (explained in Section 2.1.1), and planet masses from the RV
method (explained in Section 2.1.2). In this thesis I focus primarily on the use of
the RV method to better understand the nature of exoplanets, for further information

on other detection methods see e.g. Kaushik et al. (2024).

In brief, other predominant methods of exoplanet detection and characterisation
include astrometry and direct imaging (now more-commonly referred to as high-
contrast imaging). Astrometry leverages the gravitational effect of a planet orbiting
a star, measuring the tiny movements of stars caused by this perturbation. It is most
sensitive to massive planets (the method itself is commonly used for binary star
systems). Direct imaging uses large-aperture telescopes fitted with coronagraphs to
image the planets directly. Currently this method is only sensitive the most massive

planets at large separations from their host stars, it is also preferentially suitable for
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younger systems where the planets are still self-luminous from formation.

2.1.1 Transits

The most common method of finding the radii of exoplanets is by using the transit
method. This is where the periodic dimming in brightness of a star as a planet
crosses in front of it, from our line of sight, is used to infer the presence of a
companion (Perryman, 2011). The dip in the light is proportional to the relative
areas of the planet and star (Borucki and Summers, 1984; Hale and Doyle, 1994).
This means that by fitting the light curve it is possible to estimate the radius of the
planet, given that the stellar radius is known. This method is enhanced with the
use of space-based instruments, which are not subject to the distortion caused by
observing through the Earth’s atmosphere (Bordé et al., 2003). These space-based
instruments enable greater precision for smaller transit measurements, consequently
allowing us to detect increasingly smaller planets (Borucki et al., 2010). However,
whilst the transit method is useful for detecting planets and finding their sizes, it is
not possible to use this method to find the mass of a planet. This sometimes results
in the use of mass-radius relations to assume a planet mass from its measured radius.
Given the difficulties discussed in 1.1.1, this is not an ideal way to characterise the

mass, and therefore density and composition, of planets.

2.1.2 Radial velocity

Of the observation methods which allow for mass characterisation, by far the most
successful is the RV technique. The RV method exploits the gravitational effect of
a companion planet on its host star (Lee, 2018). As the planet completes its orbits,
the star-planet system actually orbits a common centre of mass. In many cases
this centre-of-mass is within the star itself, causing a motion often referred to as a
‘wobble’ of the star. Given that the star is continually radiating in all directions, we
can also make use of the Doppler effect to measure the ‘wobble’. If the star happens
to ‘wobble’ towards an observer on Earth then any light radiated from the star will be
blue-shifted as viewed from Earth, and conversely as the star ‘wobbles’ away from

us the light is red-shifted (Lovis and Fischer, 2010) — see Figure 2.1. By taking a
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Figure 2.1: Left: in the centre is a graphic of a star and planet system, where both objects
orbit a common centre of mass. As the star is moving away from the observer
on Earth, the light moving towards the observer is red shifted - the lines on the
spectrum in the lower part of the image are shifted towards the red end. The
graph at the top shows a simplified view of the radial (i.e. the line-of-sight)
velocity of the star. Right: the same set up but for the opposite time in the orbit,
when the star is moving towards us and the light is blue shifted. By measuring
this periodic shift from red to blue, observers can infer the presence of a planet
causing this ‘wobble’ of the star.

spectrum of the star at different times during its periodic motion, we can detect the
radial (i.e. along the line-of-sight) velocity of the star. Provided there is no impact
from stellar activity, (see 2.4.2 for how this presents itself in RV observations) and
for a given orbital inclination, the greater the amplitude in RV, the larger the planet
mass compared to the stellar mass (Lovis and Fischer, 2010). Therefore, if we know
the stellar mass and can model the radial motion of the star, we can then estimate
the mass of the planet. Note that apparent mass, taken from RV measurements, is

related to the actual mass by m sini, where i is the inclination angle of the system.

2.2 RV instruments

RV instruments consist of a highly-stabilised spectrograph with high spectral res-
olution. Spectrographs used successfully for exoplanet detection date back several

decades (Baranne et al., 1996) when the very first-known exoplanets were being
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detected (Mayor and Queloz, 1995). The earliest generation of planet-finding spec-
trographs, such as ELODIE (Baranne et al., 1996), SOPHIE (Perruchot et al., 2008),
and CORALIE (Queloz et al., 2000), had precisions around the ~ 10 ms~! range.
As instrumentation improved and telescope apertures grew, a newer generation of
instruments emerged, able to reach increasingly lower RV amplitudes (i.e. lower
planet masses). These next-generation instruments include HARPS (Mayor et al.,
2003), and northern-hemisphere counterpart HARPS-North (Cosentino et al., 2012),
this is the High Accuracy Radial velocity Planet Searcher. HARPS is attached to
ESO’s 3.6m telescope in La Silla, Chile, and has been operating since 2003, making
it one of the most successful ground-based exoplanet detecting instruments. HARPS
is currently able to find radial velocity signals of the order or ~1 ms~! (Lovis et al.,
2006). Since reaching this ~1 ms~' amplitude limit, the improvements in RV sen-
sitivity have somewhat plateaued, this is mainly attributed to the impact of stellar
activity, see 2.4.2. However, significant instrumentation efforts are being made to
push to lower amplitudes. The current state-of-the-art instrument (in the visible
range) is ESPRESSO, the Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations, installed at the Very Large Telescope (VLT) and oper-
ated by the European Southern Observatory (ESO) (Pepe et al., 2010). ESPRESSO
is highly stabilised and has been built with the goal of reaching an RV-precision of
10 cms™! (the equivalent RV signal the Earth would cause on the Sun) within the

next decade (Pepe et al., 2010).

In general, RV observations are restricted by observational constraints (tele-
scope time allocation, observability of the star, local observing conditions etc) and
so data is not necessarily well-sampled in time, commonly with large time gaps
between groups of data points, meaning the phase coverage is not always ideal (Me-
unier, 2021). The way that spectra are taken and then used to find radial velocities
also varies somewhat from instrument to instrument. As an example, the HARPS
instrument first takes spectra of a target star as well as a reference calibration spec-
trum (in this case thorium-argon). Then to obtain the radial velocities themselves,

the HARPS processing pipeline performs a cross-correlation analysis between the
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spectra and a binary mask. The binary mask shows the expected line positions for

the particular spectral type. A symmetric Gaussian function is then moved until we

find the position of the maximum cross-correlation function (CCF) and this provides

the stellar RV (Meunier, 2021).

2.3 Masses from RVs
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Figure 2.2: Reprinted from Perryman (2018). An elliptical orbit in three dimensions. The

reference plane is tangent to the celestial sphere, i is the inclination of the
orbit plane, and the nodes define the intersection of the orbit and reference
planes. Q is the longitude of the ascending (receding) node, measured in the
reference plane. w is the fixed angle defining the object’s argument of pericentre
relative to the ascending node. The true anomaly, v(t ), is the time-dependent
angle characterising the object’s position along the orbit. The right-handed x y z
coordinate system has x towards east (increasing «), y towards north (increasing
0), and z away from the observer. The reference axis, y, contrasts with the use
of x, the vernal equinox, as adopted for the solar system.

The mass of the planet can be inferred from RV observations. Here, I present

a summary of the main points, following Perryman (2011, 2018). First, a Keplerian

orbit can be represented in 3 dimensions by seven parameters, a, e, P, 1,,i, Q, w,

as shown in Figure. 2.2. The size and shape of the elliptical orbit are described by
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a and e, the semi-amplitude and eccentricity, respectively. The orbital period, P,
is related through Kepler’s third law to both a and the masses of the objects. The
position of the object along its orbit at a specific time is described by ;. Lastly, the
three angles i, €2, w represent how the true orbit is projected onto the observed orbit.
The orbital inclination with respect to the reference plane is given by, i, and varies
from O to 180 °. Q is the longitude of the ascending node measured in the reference
frame, in Figure. 2.2 this is where z goes from negative to positive. Finally, w is the
argument of periastron, the angle of the object’s pericentre relative to its ascending

node, measured in the orbital plane and in the direction of motion.

Using Figure. 2.2 to represent the orbit of the star around the barycentre, we

can use trigonometry to find the z-coordinate of the star along the line-of-sight

z=r(t)sinisin(w+v), 2.1

where r(t) is the distance from the barycentre. Then

v, =z =sini[rFsin(w+v) + rvcos(w+v)] (2.2)

which can then lead to

v, =K[cos(w+V) + ecosw] (2.3)

where the semi-amplitude of the radial velcoity is then given by

2 a.sini
=—— . 24
P (1-€?)1/2 .
If we then take the general form of Kepler’s third law
4n®
2 3
= , 2.5
o’ 2.5)

where P is the orbital period, G is the gravitational constant, M is the total mass and

a is the semi-major axis, and
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M3
M=—2" 2.6
(M + Mp)2 (20)
we can substitute these in to Eq. 2.4 to find
2nG M, sini 1
k== r . @.7)
P ) (My+Mp,)?23 (1-€2)1/2

So from the radial velocity semi-amplitude, the orbital period, and eccentricity,
it is possible to find the mass of the planet, given that the stellar mass is also known.
In practice it is common to use an MCMC fitting of the radial velocity as a function

of time using the form
v, =k[cos(w+v(t))+ecosw]+y+d(t—ty), (2.8)

where vy accounts for the systematic velocity of the system relative to the solar
system barycentre and d is used to account for long-term linear trends, potentially
arising from instrument drifts. By finding best-fit values for these parameters it is
then possible to calculate an M), sini for a planet using equation (2.7) and if the

inclination is known then this can be converted to an actual mass estimate.

2.4 Sources of uncertainty

There are two main difficulties in obtaining precise RV measurements of small plan-
ets: the stability of the spectrograph over large time baselines, and astrophysical
sources of jitter. Improvements in instrumentation have allowed for greater spectro-
graph stability in recent years but the jitter is still a problem for ultra-precise RV's (on
the order of ms™!). In this case most of the jitter comes from the host star itself. The
stellar variability causes problems for RV measurements in that it can potentially
look like a planet (and result in false positives), it can hide planets which are there
(false negative), or it can affect the characterisation of a planet — particularly in terms

of planetary mass.
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2.4.1 Stellar activity

The difficulty in accounting for stellar activity in RV observations is that there are
a number of different activity mechanisms that vary over a range of timescales and

between different types and ages of stars (see e.g. Meunier, 2021, 2024, for reviews).

On the shortest timescales is the impact of stellar oscillations. The internal
pressure of stars fluctuates and produces acoustic waves, known as p-modes, which
cause ripples on the stellar surface (Bedding et al., 2001, 2010). These oscillations
typically last in the region of 5 - 15 minutes, meaning they can be averaged out with
sufficiently long observations —i.e. by ensuring RV observations are longer than 10

minutes (Dumusque et al., 2011).

On the slightly longer timescale of minute to hours is the impact of granulation.
Within stars, hot fluid cells rise up to the surface due to convection, before cooling
and sinking back to the stellar subsurface. These hot cells appear on the surface
as large bright regions, of size around a few hundred kilometres and lifetimes of
around 10 minutes (Bahng and Schwarzschild, 1961) — though supergranules have
been observed to be as large as 50 Mm and have lifetimes of a day (Del Moro et al.,
2004). Because the bright granules are very large compared to the inter-granular
lanes where the material cools and sinks down, the overall impact across the entire
star is of a net blueshift (Meunier and Lagrange, 2020). The impacts of granulation
on RVs and attempts to combat this effect have been investigated in many works
(e.g. Cegla et al., 2019; Meunier and Lagrange, 2020; Palumbo et al., 2022; Dalal
et al., 2023). It has been found that the signal can be averaged to decrease its impact
on exoplanet detectability by taking multiple (typically 2 to 3) RV observations per
night, but it is challenging to average out the effect completely due to the differing

timescales for different sizes of granules (Dumusque et al., 2011).

On longer timescales (on order of the stellar rotation period of the star), and
much more problematic for RV surveys is the impact of spots, plage and faculae.
Starspots are region on the stellar surface which are cooler, typically 1000 K cooler
(Schrijver, 2002), and therefore appear darker. These temporary regions are caused

due to temporal changes in the magnetic field lines of the star. The motion of charged
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particles within the stellar plasma creates a magnetic field and the differential rotation
between the core and envelope can cause the magnetic field lines to twist and break.
Starspots occur when the magnetic activity prevents the warm inner regions from
rising up to the surface. In photometry the presence of a spot on the stellar surface
can cause a periodic dimming in the total light from the star — reminiscent of an
exoplanet transit. This can cause confusion especially in case where spots are long
lived over several stellar rotation periods. But even more complex is the effect on
RV observations. As a star rotates, one half of the visible disk will be moving
towards the observer (therefore blueshifted) while the other half is moving away
and so redshifted. Typically, this red and blue shift would average out because the
two halves are always equal. However, a spot present on the surface of the star will
block some of the light from that region and therefore lead to asymmetries which
distort RV spectral lines, this distortion will also be present in the CCF and causes
increased uncertainties in the RV measurement.

Plage and faculae are bright regions present on the stellar chromosphere and
photosphere, respectively. The temperature difference is less than for spots (around
100 K) and so the photometric effect of these bright regions is not so significant.
However, they do have a noticeable impact on the spectroscopic observations. The
strong magnetic fields present in these regions inhibit the convection process which
causes granulation. This means that the net blueshift due to convection is suppressed
in these regions, causing RV variations of up to 10 ms~' (Meunier and Lagrange,
2020; Haywood et al., 2014). The impact of spots, faculae and plage on RV
observations has been studied extensively in the past decade (Lisogorskyi et al.,
2020; Zhao et al., 2024a; Yu et al., 2024; Siegel et al., 2024). In some cases
this analysis has even led to previous planet detections being reclassified as stellar

activity (e.g. Burrows et al., 2024; Gonzélez et al., 2024).

2.4.2 Mitigating stellar activity

Many attempts have been made to mitigate the impacts of stellar activity in RV
observations but so far no perfect solution exists.

Some methods seek to adapt the way that the RVs themselves are extracted
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from the raw spectra, either through new data reduction pipelines (Zechmeister et al.,
2018), or by taking a line-by-line approach (Cretignier et al., 2023; Dumusque, 2018;
Meunier et al., 2017), where individual spectroscopic lines and groups of lines are
analysed, rather than the entire spectrum at once.

Historically, attempts to subtract the impact of stellar activity involved mod-
elling the activity as a sinusoid and removing this (and subsequent harmonics of this)
from the RV data (Queloz et al., 2009; Hatzes et al., 2010), often in combination with
activity indicators from the spectra (Queloz et al., 2001; Desort et al., 2007). These
activity indicators can be measured directly from the star — such as the S-index which
is a measure of the emission in the core of the Calcium II H and K lines (Meunier
and Lagrange, 2013). Alternatively, activity indicators can be calculated from the
CCF in the process of finding RVs, such as the bisector span (BIS, Queloz et al.,
2001) which measures the difference in centre position of the CCF between the top
and bottom, or the full width at half maximum (FWHM) which measures the width
of the spectral line profiles (Queloz et al., 2009).

Zhao et al. (2022) led a community-driven investigation into the effectiveness
of different stellar activity mitigation techniques for radial velocities. They analysed
22 separate methods which had been applied to the same 4 datasets from different
stars. They found that no one method provided better reduction in noise (quantified
in this study as the root mean squared error, RMS) for all the stars tested. It was
however noted that the more recent methods provided lower RMS values then the
traditional linear decorrelation methods in nearly all cases (Zhao et al., 2022).

The subfield of extreme precision radial velocities (EPRV) has grown in the
past few years and now is the focus of multiple conferences and a community
research coordination network!. The researchers who contribute to this network
focus on many areas of improving the mitigation of stellar activity in RVs, including:
understanding the Sun as a star (e.g. Ford et al., 2024; Klein et al., 2024; Zhao et al.,
2023; Cegla et al., 2019) and using this to test mitigation techniques; finding new

activity indicators (e.g. Al Moulla et al., 2024; Siegel et al., 2022); using machine

'https://exoplanets.nasa.gov/exep/NNExplore/EPRV-RCN/
EPRV-RCN-welcome/
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learning methods (e.g. de Beurs et al., 2022; Perger et al., 2023; Liang et al., 2024;
Zhao et al., 2024b; Colwell et al., 2025); understanding the impact of joint modelling
with photometric data (e.g. Kosiarek and Crossfield, 2020; Tran et al., 2023; Beard
et al., 2025); finding the best way to plan RV observations (e.g. Newman et al.,
2023; Gupta and Bedell, 2024; Lam et al., 2024); and developing tools for Gaussian
process regression to be used (e.g. Gilbertson et al., 2020; Yu et al., 2024).

The main method for stellar activity mitigation that I use in this thesis is
Gaussian processes (described in Section 2.4.3). This is a relatively-new technique
with promising results and is becoming widely accepted within the EPRV community
as the solution of choice for most RV-observers (Aigrain and Foreman-Mackey,

2023).

2.4.3 Gaussian Processes

Some recent successes in mitigating stellar activity in RV observations have been
found using Gaussian processes (GPs) based on activity indicators measured from
the star at the time of observations. GPs are suitable for modelling functions where
the underlying physics is not well-understood and so can be very useful in this case,
see Rajpaul et al. (2015); Aigrain and Foreman-Mackey (2023) for full description
of using GPs for modelling stellar activity in RV signals.

In basic terms, we assume that there is a quasi-periodic nature to stellar vari-
ations — i.e. the presence of star spots (or faculae etc) vary as some function of
the rotation period of the star. We can use a GP to fit this function by specifying a
covariance kernel which defines an arbitrary element, C;; of that covariance matrix
(this describes how much different parameters are inter-related). There are a range
of different covariance kernels that can be used but a common choice is the Celerite
kernel (Foreman-Mackey et al., 2017) which has associated hyperparameters: L
(which is related to the characteristic length i.e. how much one data points can affect
a data point further away), P,,; (the rotation period of the star), B and C (which

together describe the amplitude of the GP). C;; is then defined using the following,

—|t,‘—t/| 27T|ti—l‘/|
Cij=B/(2+C)xexp T % COS | ——————

rot

)+(1+C) (2.9)



2.5. Structure of this thesis 63

Typically, priors for these hyperparameters are given to ensure B and C are both
positive, L is usually given a uniform prior with an upper boundary of a few days
(e.g. [0,10]), if the rotation period of the star is known then a Gaussian prior centred
on this value can be used, if not then a wide, uniform prior is used instead to restrict
this to reasonable values (e.g. [1,200]). We then simultaneously run a joint fit
of the orbital model for the planet alongside this GP i.e. we say that the RV as
a function of time is a function of the periodic motion of the planet + instrument
noise + stellar variations. The aim is to find optimal values for the hyperparameters
of the covariance kernel using the given data set. By fitting for the quasi-periodic
variability with a GP we can then subtract this from the data to leave a fit for just
the periodic motion of the planet, see Figure 2.3 for a visual example of this. The
reason for using a GP fit rather than just a series of sine functions is that it allows
us to quantify our error bars which would not be possible with a Fourier transform.
It also keep the number of parameters, and hyperparameters, to be modelled at a
reasonable level. Equally, a GP is not used to model the orbital motion of the planet

as we know mathematically that the motion should be described by a sinusoid.

2.5 Structure of this thesis

My scientific goals for my PhD have been focused on using the RV method to
better understand exoplanets, specifically in terms of their composition. Early on
in my PhD I became a contributing member of the KESPRINT consortium, an
international collaboration focused on the RV follow-up of exoplanet candidates
detected by space telescopes. As part of this collaboration I led the analysis team
of one of the targets we confirmed: TOI-544b. This paper, already published, is
presented in Chapter 3. In the modelling of this system I made a variety of different
(but equally valid) choices: I tried fixing the orbits as circular or allowing them to be
eccentric and tried using different combinations of additional data to mitigate stellar
activity. Whilst each model resulted in a planet mass which was within 1-o of each
other, it did open an interesting question: how much does model choice impact the

planet mass found? And in turn: how does this impact our understanding of the
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Figure 2.3: Reprinted from Rajpaul et al. (2015). GP model fit to SOAP 2.0 data, based on
a simulation of four rotating spots (each with radius 5% of the stellar radius) at
latitudes ¢ = 0°, 30°, 45°,6 0°, equally spaced in longitude, with time sampling
and noise levels taken from one season of a real HARPS dataset, plus an injected
Keplerian signal. Here the injected signal has an amplitude comparable to, but
period different from, the rotationally-modulated activity signals. The top
panel shows the model fit to the ARV time series, including residuals — the total
combined GP and Keplerian fit (black line) with 1-o- uncertainty shown in grey;
the bottom panel shows the Keplerian component of the fit.

mass-radius distribution of planets?

To begin addressing these questions I then focused on completing a homoge-
neous analysis of RV observations of exoplanet host stars. I reanalysed publicly
available RV observations in a consistent way for a sample of 85 small planets. I
modelled every planet with 12 different models to investigate how model choice
impacts the planet mass determined. The results of this RV re-analysis have been
published and are presented in Chapter 4. A follow-up paper will then present the
new planet masses and investigate how planet compositions link to the radius valley
— and whether there is a difference for planets orbiting FGK stars and M dwarf stars.
This paper in progress is presented in Chapter 5.

For the last project of my PhD, I have two of my own PI observing programmes
equalling more than 70 hours of telescope time. This project is observing a sample

of currently-known warm Jupiter planets to search for additional companions in the
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same system. Warm Jupiters are giant planets at intermediate distances from their
host stars, often with high eccentricities. One possible formation pathway is through
perturber-coupled high-eccentricity migration, where a second planet in the system
perturbs a warm Jupiter progenitor planet (at a larger distance from its host star) onto
a highly eccentric orbit which eventually circularises, causing the inward migration.
To test whether this theory is likely, my project is searching for companions which
could be capable of causing this migration. In Chapter 6 I present the analysis and

RV modelling of the first 5 targets from this study.



Chapter 3

TOI-544 b: a potential water-world
inside the radius valley in a

two-planet system

3.1 Abstract

We report on the precise radial velocity follow-up of TOI-544 (HD 290498), a
bright K star (V=10.8), which hosts a small transiting planet recently discovered by
the Transiting Exoplanet Survey Satellite (TESS). We collected 122 high-resolution
HARPS and HARPS-N spectra to spectroscopically confirm the transiting planet
and measure its mass. The nearly 3-year baseline of our follow-up allowed us to
unveil the presence of an additional, non-transiting, longer-period companion planet.
We derived a radius and mass for the inner planet, TOI-544 b, of 2.018 + 0.076 Rg
and 2.89 + 0.48 Mg respectively, which gives a bulk density of 1.93J:%'Z(5) gcm™3,
TOI-544 ¢ has a minimum mass of 21.5 £ 2.0 Mg and orbital period of 50.1 +
0.2 days. The low density of planet-b implies that it has either an Earth-like rocky
core with a hydrogen atmosphere, or a composition which harbours a significant
fraction of water. The composition interpretation is degenerate depending on the
specific choice of planet interior models used. Additionally, TOI-544 b has an orbital
period of 1.55 days and equilibrium temperature of 999 + 14 K, placing it within the

predicted location of the radius valley, where few planets are expected. TOI-544 b
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is a top target for future atmospheric observations, for example with JWST, which

would enable better constraints of the planet composition.

3.2 Introduction

The radius valley describes the region in the size distribution of exoplanets where
few planets exist, specifically between 1.5 and 2.0 Rg. This feature was first ob-
servationally identified in Fulton et al. (2017) and Van Eylen et al. (2018) and a
variety of theories have been proposed to explain this gap in planetary radii, includ-
ing photo-evaporation (Owen and Wu, 2017; Fulton et al., 2017; Van Eylen et al.,
2018) and core-powered mass loss (Collier Cameron and Jardine, 2018; Gupta and

Schlichting, 2019, 2021).

Photo-evaporation models argue that planets generally form with rocky cores
and atmospheric layers composed of hydrogen and helium (H-He) of around 1%
by mass. Such planets, with a rocky core and H-He atmosphere, are termed sub-
Neptunes and located above the radius valley in radius-period space. In some cases,
the intense X-ray flux from the nearby host star strips away these volatile gases,
leaving behind a bare rocky core, a so-called super-Earth planet, with a radius

placing it below the radius valley (Owen and Wu, 2017).

Core-powered mass loss models are similar in that they predict planets to form
with atmospheric layers and be located above the valley and subsequent atmospheric
loss reduces the radius and locates the planet below the valley. In the latter model,
the energy enabling the mass loss has come from within the planet itself; stored heat
from the formation of the planet escapes from the core and heats the atmospheric

layer from the inside, leading to gaseous escape (Gupta and Schlichting, 2019).

More specifically, Ginzburg et al. (2016, 2018) demonstrate that once the
protoplanetary disk has dispersed following formation, the loss of pressure support
triggers atmospheric mass loss. This causes planets to shed their outer atmospheric
layers until roughly comparable to the radius of the inner rocky core. After this stage,
planets with heavier atmospheres will not have sufficient energy available to lose

their entire atmospheres and so will cool and contract over time. However, planets
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with light atmospheres will continue to lose mass over time, provided that the escape
rate of molecules at the Bondi radius is high enough (Ginzburg et al., 2016). In
other words, there needs to be sufficient heat available for the gas in the planet’s
atmosphere to expand out to the Bondi radius. In the case of photo-evaporation
this heat comes from the the high-energy stellar flux which accelerates atoms in
the atmosphere. In the case of core-powered mass-loss the heat is provided mainly
though the thermal energy of the planet, plus the bolometric luminosity of the host
star (Nielsen et al., 2025).

Despite several attempts (e.g. Lopez and Rice, 2018; Owen and Wu, 2017;
Gupta and Schlichting, 2019; Estrela et al., 2020; Gupta et al., 2022; Ho and
Van Eylen, 2023) no significant observational evidence has been found that can
differentiate between models. There is also an additional complication in the fact
that the location of the radius valley seems to change based on other parameters,
in particular on stellar mass (see e.g. Petigura et al. (2022). Cloutier and Menou
(2020) calculated the occurrence rates of small planets orbiting low mass stars to
show that the location of the radius valley shifts to smaller sizes for decreasing stellar
mass. They also argue that for planets around lower mass stars the radius valley
may have a different formation mechanism or mechanisms, and highlight the need

for high-precision RV follow-up of a number of key targets including TOI-544 b.

Additionally, recent works have suggested that the observed distribution of small
planets (particularly those orbiting M-dwarf stars) is the result of a distribution in
core composition at formation. Specifically, Luque and Pallé (2022) argue that the
small planets around M dwarfs can be separated into super-Earths (with rocky cores)
and water worlds (with large fractions of ice or water layers). Other recent detections
have also seemed to provide evidence towards this divergence in core compositions.
Piaulet et al. (2022) presents a detailed study of Kepler-138 d, a small planet with a
bulk density which they argue can only be explained with a water world composition
(see also e.g. Diamond-Lowe et al. (2022); Cadieux et al. (2022)). However, Rogers
et al. (2023) use models which include atmospheric boil-off shortly after planet

formation to show that the group of water-world planets presented in Luque and
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Pallé (2022) are consistent with atmospheric loss models where a rocky planet with

a H-He atmosphere loses its atmospheric layers to become a stripped core.

In this context, we have performed follow-up high-resolution radial velocity
observations within the KESPRINT consortium ! of the small planet TOI-544 b
discovered by the Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2014).
The planet is particularly interesting since it is located in the middle of the radius
valley and has a short period of 1.5 days. It was recently validated by Giacalone
et al. (2022), where they present observations from the TESS follow-up programme,

who argued that TOI-544 b is a potentially interesting target for JWST.

In Section 3.3 we present the space-based and ground-based observations of
TOI-544, including the extensive RV measurements. In Section 3.4 we describe
our stellar parameter fitting method and results. In Section 4.7 we describe both
the transit fitting and the RV fitting and in Sections 3.6.1 to 3.6.4 we explore the
composition of the inner planet, its location in relation to the radius valley and
potential atmospheric observations of this planet. Finally, we present conclusions

in Section 3.7.

3.3 Observations

3.3.1 Space-based Photometry

As part of its all-sky survey, TESS observed the star TIC 50618703 in Sectors 6 and
32. The cadence of observations is 120 s, the time span of Sector 6 (32) is 2018
Dec 12 to 2019 Jan 06 (2020 Nov 19 to 2020 Dec 16), and 44/14691 (817/17977)
cadences were omitted due to bad quality flags in Sector 6 (32). After data reduction
though the standard Science Processing Operations Centre (SPOC, Jenkins et al.,
2016; Twicken et al., 2019) pipeline, likely transits were detected and the planetary
candidate was promoted to a TESS object of interest (TOI), named TOI-544, by the
TESS team. TESS observations of TOI-544 are shown in Figure 3.1.

Ittps://kesprint.science
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Figure 3.1: TESS light curves from Sector 6 (left) and 32 (right). SPOC light curves are
shown in the upper panel, with a full transit and noise model (see Section 3.5.1)
shown in blue. In the middle panel, TESS light curves are shown after subtract-
ing the best-fit GP model, and residuals are shown in the bottom row.

3.3.2 Ground-based photometry

Prior to the initial planet detection by TESS, the Wide Angle Search for Planets
(WASP) survey (Pollacco et al., 2006) observed the field of TOI-544 between 2008
and 2011, obtaining 18 000 photometric datapoints using Canon 200-mm, f/1.8
lenses with a 400-700 nm filter and CCDs with a plate scale of 13.7”/pixel. The
data have a typical 15-min cadence and covered an observing season of ~ 100
nights in each year. TOI-544 is by far the brightest star in the 48-arcsec extraction
aperture, with a V magnitude of 10.777+0.017. We make use of this archival data
by searching the resulting WASP lightcurves for a stellar rotational modulation,
adopting the methods described in Maxted et al. (2011). We find a significant
modulation at a period of 20 + 1 days and an amplitude of up to 3 mmag. In
the combined dataset the modulation is significant to a level of >99% confidence.
Figure 3.2 shows Generalised Lomb-Scargle periodograms, adapted as described in
Maxted et al. (2011), of the WASP data for TOI-544. The 1% false-alarm probability
is shown by the horizontal line and the panels to the right show the data folded on

the 20 day rotation period.
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Generalised Lomb-Scargle Periodograms of the WASP-South data for TOI-

544. The horizontal line is the estimated 1% false-alarm probability, data after
phase 0.5 are in grey. The right-hand panels show the data folded on the 20-d
rotational period.
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3.3.3 High-resolution HARPS and HARPS-N spectroscopy

We obtained a total of 108 high-resolution (R = /A1 = 115000) spectroscopic
observations of TOI-544 using the High Accuracy Radial velocity Planet Searcher
(HARPS) mounted on the European Southern Observatory (ESO) 3.6-m telescope at
La Silla Observatory. One hundred and six spectra were acquired between December
2020 and March 2022 as part of our large observing programme 106.21TJ.001 (PI:
Gandolfi). There are an additional 2 observations taken during April 2019 as part
of observing programme 0103.C-0442(A) (PI: Diaz). Each observation has an
exposure time between 1500 s and 2700 s, leading to a median signal-to-noise (S/N)
ratio of 53.7 per pixel at 550 nm (Table A.1), and a median RV uncertainty of
~1.6ms™!, as extracted using the SpEctrum Radial Velocity Analyser SERVAL (see
below; Table A.2).

TOI-544 was also observed using the High Accuracy Radial velocity Planet
Searcher for the Northern hemisphere (HARPS-N; Cosentino et al., 2012) mounted
at the 3.58-m Telescopio Nazionale Galileo (TNG) of Roque de los Muchachos Ob-
servatory in La Palma, Spain, between April 2019 and December 2020, resulting in
a total of 14 high-resolution (R = 115000) spectra from programmes CAT19A_162
and CAT19A 97 (PIs: Nowak and Casasayas-Barris). Each observation has an ex-
posure time between 1230 s and 2400 s, a median S/N ratio of 52 per pixel at 550 nm
(Table A.3), and a median RV precision of ~1.2ms~!, as extracted using SERVAL
(see below; Table A.4). We include these 14 observations in our RV analysis. The

total number of HARPS and HARPS-N spectra is thus 122.

Versions 3.8 and 3.7 of the Data Reduction Software (DRS; Pepe et al., 2002;
Lovis and Pepe, 2007) were used to reduce the HARPS and HARPS-N spectra,
respectively, and extract absolute RVs by cross-correlating the spectra with a K5
numerical mask (Baranne et al., 1996), along with three diagnostics of the cross-
correlation function (CCF), namely, the full width at half maximum (FWHM),
the bisector inverse slope (BIS), and the contrast. We also used the SERVAL
code (Zechmeister et al., 2018) to measure relative RVs and extract two additional

activity diagnostics, namely, the differential line width (dLW) and the chromatic



3.4. Stellar Parameters 73

index (CRX). SERVAL implements a template-matching algorithm that is suitable
to derive precise Doppler measurements for M- and late K-type stars when compared
to the CCF technique employed by the DRS (see, e.g., Luque et al., 2021; Serrano
et al., 2022; Goffo et al., 2023).

We finally extracted the Ha, Na D1 & D2, and Ca 1 S-index activity indicators
using the Template Enhanced Radial velocity Re-analysis Application (TERRA;
Anglada-Escudé and Butler, 2012). The standard deviation of the RV data is
~7.5ms~! for HARPS and HARPS-N and in both cases of using the SERVAL
and DRS codes. The absolute (DRS) and relative (SERVAL) RV measurements are
given in Appendix A, along with the stellar activity indicators and line profile diag-
nostics. For the analysis presented in Sects. 3.5.2 and 3.5.3 we used the SERVAL RV
measurements due to the lower jitter terms and root-mean-square of the fit residuals

with respect to the DRS RVs.

3.4 Stellar Parameters
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Stellar parameters for TOI-544 were calculated using BASTA (Aguirre Bgrsen-
Koch et al., 2022) run on the co-added HARPS spectra, as follows. First, Gaia
magnitude G, RA, DEC, and Parallax @ were taken from Gaia DR3 (Gaia Collab-
oration et al., 2021). T.g and [Fe/H] were determined using the empirical software
SpecMatch-Emp (Yee et al., 2017) which compares the observed data to a library
of FGKM stars. We also compared the Spec-Match-Emp results with SME? (Spec-
troscopy Made Easy; Valenti and Piskunov, 1996; Piskunov and Valenti, 2017).
SME computes synthetic spectra with line data from VALD? (Ryabchikova et al.,
2015) and a chosen stellar atmosphere grid, in our case Atlas12 (Kurucz, 2013),
which is fitted to the observed spectra. The macro- and micro-turbulent velocities,
Vimac and Ve, were held fixed to 1.5 km s~! and 0.5 km s~!, respectively (Gray,
2008). A more detailed description of the modeling procedure can be found in
Fridlund et al. (2017) and Persson et al. (2018). The results were in very good
agreement with SpecMatch-Emp within 1 0. Table 3.1 gives the spectroscopic
parameters for TOI-544 modelled with SME and SpecMatch-Emp, we select the
parameters using SpecMat ch-Emp for our modelling of stellar mass and radius.

An age and metallicity independent prior was placed on stellar mass following
the standard Salpeter Initial Mass Function, and reddening and dust were accounted
for using the ‘Bayestar’ dustmap (Green et al., 2019). A prior was also set
for [Fe/H] allowing for the parameter space to be searched only within an absolute
tolerance range of 0.5 dex of the input value. For the isochrones, we used the
latest version of BASTI (BAg of STellar Isochrones) (Hidalgo et al., 2018), set to
the ‘Diffusion’ science case, described in Pietrinferni et al. (2021), to account for
diffusion processes in low-mass stars.

BASTA determines model dependent parameters using a Bayesian approach,
detailed in Silva Aguirre et al. (2015) and following the formalism of Serenelli et al.
(2013).

We also used the Python isochrones (Morton, 2015) interface to the MIST

stellar evolution models (Choi et al., 2016) using the same inputs as for BASTA,

http://www.stsci.edu/~valenti/sme.html
3http://vald.astro.uu.se
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which resulted in very good agreement for the stellar mass and radius (within ~0.50").

We compared our results from BASTA with the software astroARIADNE?*
(Vines and Jenkins, 2022). This python code fits the observed spectral energy
distribution via broad band photometry to atmospheric model grids to obtain the
stellar radius. We fitted the bandpasses GGppGrp (Gaia eDR3), WISE W1-W2,
JHKg magnitudes (2MASS), the Johnson B and V magnitudes (APASS), and the Gaia
eDR3 parallax. We used the Phoenix v2 (Husseretal., 2013) and the Bt Sett1
(Allard et al., 2012) atmospheric models. The final radius was computed with
Bayesian Model Averaging and the errors with a sampling method for conservative
uncertainties as described in Vines and Jenkins (2022). In this way we obtained a
stellar radius of 0.630*9-2% R The stellar mass was computed with ARTADNE and

-0.017

the MIST (Choi et al., 2016) isochrones and was found to be 0.65 lf%.?)lzg M. Table
3.1 gives the stellar parameters derived from our analysis, as well as the comparisons

with ARIADNE, which are within 1 o of our results from BASTA.

3.5 Analysis and Results

3.5.1 Transit model

We jointly fit the SPOC Pre-Search Data Conditioning Simple Aperture Photometry
(PDCSAP) light curves from TESS Sectors 6 and 32 using the PyMC3 (Salvatier
et al., 2016), exoplanet? (Foreman-Mackey et al., 2019), starry (Luger et al.,
2019), celerite2 (Foreman-Mackey et al., 2017; Foreman-Mackey, 2018) soft-
ware packages.

To account for stellar activity signals and instrumental Systemics we included a
Gaussian Process (GP, Rasmussen and Williams, 2005) model, using a Matérn-3/2
covariance function. We placed Gaussian priors on the stellar mass and radius based
on the results in Table 3.1. We also placed Gaussian priors on the limb darkening
coeflicients based on interpolation of the parameters tabulated by Claret et al. (2012)
and Claret (2017), propagating the uncertainties in the stellar parameters in Table

3.1 via Monte Carlo simulation.

‘https://github.com/jvines/astroARIADNE
Shttps://docs.exoplanet.codes/en/stable/
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Visual inspection of the TESS lightcurves reveals quasiperiodic variability with
a ~1 ppt amplitude, and their Lomb-Scargle periodograms reveal peaks at ~8 and
~10 days, which are likely the first harmonic of the stellar rotation signal modulo
instrumental noise. We thus placed loose Gaussian priors on the GP amplitude and
timescale hyperparameters of 1.0+ 0.5 ppt and 10 + 5 days, respectively.

We used separate white noise parameters for each TESS sector to account
for the possibility of differences in photometric precision, which could potentially
arise from different background light conditions or different phases of the space-
craft’s operational lifetime. We used the gradient-based BFGS algorithm (Nocedal
and Wright, 2006) implemented in scipy.optimize to find initial maximum
a posteriori (MAP) parameter estimates. We used these estimates to initialize an
exploration of parameter space via “no U-turn sampling” (NUTS, Hoffman and Gel-
man, 2014), an efficient gradient-based Hamiltonian Monte Carlo (HMC) sampler
implemented in PyMC3.

We sampled four chains with 4500 tuning iterations and 3000 additional draws,
for a total of 12,000 samples after burn-in; the resulting chains were well-mixed
according to a Gelman-Rubin statistic (Gelman and Rubin, 1992) value of <1.01,
and the sampling error was <1%, suggesting a sufficient number of independent
samples had been collected.

The phase-folded TESS photometry from Sector 6 and 32, along with the best-
fit transit model, is shown in Figure 3.3 and the results of the transit fit are given in

Table 3.2.

3.5.2 Frequency analysis of HARPS data

We performed a frequency analysis of our RV time-series to search for the Doppler
reflex motion induced by the transiting planet discovered by TESS, spectroscopically
confirm its planetary nature, and possibly unveil the presence of additional signals
induced by stellar activity and/or additional orbiting companions. In order to avoid
having to account for the RV offset between the two spectrographs, we did not
include the 14 HARPS-N data points, and used only the 108 HARPS measurements,

which cover a baseline of ~1051 d (nearly 3 years), implying a frequency resolution
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Figure 3.3: Phase-folded TESS photometry from Sector 6 (top) and Sector 32 (bottom), with
the best-fit transit model in blue, the lower panel of each shows the residuals to
the best fit model. The larger black points show the data binned by a factor of
30.
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Figure 3.4: Generalised Lomb-Scargle periodograms of the SERVAL RV measurements

and activity indicators of TOI-544. The right and left columns cover two fre-
quency ranges encompassing the orbital frequency of TOI-544 c, the stellar
rotation frequency and its first two harmonics (left panels), and the orbital
frequency of TOI-544 b (right panels). The Doppler signals from the two plan-
ets are marked as vertical red dashed lines at f. ~0.02d™! (TOI-544¢c) and
f, ~0.646d™! (TOI-544b). Vertical, blue dashed lines indicate the stellar ro-
tation frequency (fro; ~ 0.051 d™1) and its first two harmonics (2 fro; 0.102d ™!
and 3 f. ~0.153d™"). The horizontal red dashed line mark the 0.1% false
alarm probability. The shaded yellow band highlights the frequency range en-
compassing the long-period activity signals that we significantly detected in the
the FWHM, contrast, dLW, Ha, and Na D1, and that are likely related to spot
evolution, along with their 1-year aliases (Sect. 3.5.2), last paragraph. From
top to bottom: the SERVAL RV measurements; RV residuals following the
subtraction of the Doppler reflex motion induced by TOI-544 c; RV residuals
after subtracting the signals of the star rotation, its first two harmonics, and
TOI-544 c; FWHM; BIS; contrast; dLW; CRX; S-index; Ha; Na D1; Na D2.
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of ~0.00095d!.

Figure 3.4 displays the generalised Lomb-Scargle (GLS; Zechmeister and
Kiirster, 2009) periodograms of the HARPS SERVAL RV measurements and of
the activity indicators in two frequency ranges. The panels to the left show the pe-
riodograms between 0.0 and 0.2d~!, a range that includes the frequencies at which
we expect to detect the Doppler signals induced by active regions corotating with
the star. The panels to the right display the periodograms in the range 0.59-0.71d"!,
which encompasses the transit frequency of TOI-544b. We note that the gap be-
tween these frequencies shows nothing of note and is excluded. For each panel,
the horizontal dashed line mark the false-alarm probability (FAP) of 0.1,%, as de-
rived using the bootstrap method (Murdoch et al., 1993; Kuerster et al., 1997). We

considered a peak to be significant if its FAP < 0.1%.

The GLS periodogram of the HARPS RV's (Figure 3.4, upper left panel) displays
its most significant peak at ~0.02 d~! (~50 d). This peak does not appear in any other
periodograms of the activity indicators®, providing evidence that the 50-d signal is
very likely caused by an additional companion, which we refer to as TOI-544c

throughout the chapter.

We removed the Doppler reflex motion induced by TOI-544 ¢ fixing period and
phase to the values derived from the periodogram analysis, while fitting for the RV
semi-amplitude and systemic velocity. The periodogram of the RV residuals follow-
ing the subtraction of the Doppler reflex motion induced by TOI-544 ¢ (Figure 3.4,
second left panel) shows 3 equally spaced peaks at ~0.051 d~! (~19.4d), ~0.102d"!
(~9.8d), and ~0.153d7! (~6.5d). The former is significantly detected also in the
periodograms of the dLW, CCF-BIS, S-index, Ha, Na D1, and Na D2 lines (Fig-
ure 3.4, lower left panels), implying that this is very likely due to stellar activity. We
interpreted the peak at ~19.4 d as the stellar rotation period, in excellent agreement
with the WASP results (Sect. 3.3.2). The two peaks at ~9.8 d and ~6.5 d are the first

and second harmonics of the stellar rotation period, which are likely caused by the

®We note that there are two peaks in the periodogram for Ha which are symmetrically located
around the peak at ~0.02d~!'. However, neither these are at the same frequency as the signal, nor
they are significant (FAP > 0.1 %)
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presence of spots equally spaced in longitude and/or by the non-coherent nature of
the activity-induced signal.

We removed the stellar signal by fitting 3 Fourier components at the stellar
rotation period and its first two harmonics. The GLS periodogram of the RV
residuals (Figure 3.4, third right panel) shows its strongest power at ~0.646 d™!
(~1.55d), the orbital frequency f;, of the transiting planet TOI-544 b. Although the
FAP of this feature anywhere in the frequency range of the periodogram is higher
than 0.1 Y%, the presence of a peak at a known frequency, i.e., the transit frequency,
provides strong evidence that this signal is due to planet b. We estimated the FAP at
the orbital frequency of TOI-544 b using the windowing bootstrap method described
in Hatzes (2019). Briefly, we estimated the bootstrap FAP over a Av =0.1d~! wide
frequency window centered on f;,. We successively narrowed the spectral window at
steps of 0.01 d~! for 10 additional bootstrap randomizations, down to Av =0.01d"".
The fit of the FAP versus window size, extrapolated to the intercept (i.e., the zero
window length), yields a FAP=0.004 % at f;,, spectroscopically confirming the
planetary nature of the transit signal discovered by TESS.

The periodograms of the FWHM, contrast, dLW, He, and Na D1 (Figure 3.4,
yellow strip) display significant peaks at frequencies < 0.01 d~! (> 100d), which are
equally spaced by about 1/365 ~0.0027 d~!, i.e., the seasonal sampling of our time
series. Hence, most of these peaks are 1-year aliases of true signals with periods
of about 100-250d. This range includes the evolution timescale of active regions
Ade = 1123% d, as inferred by our multi-dimensional Gaussian process analysis
(see Sect. 3.5.3), suggesting that these signals are associated to long-term stellar

variability and spot evolution.

3.5.3 Radial velocity analysis

We modelled the RV data using the code pyaneti (Barragan et al., 2019, 2022),
which implements a multi-dimensional GP to help account for the impact of stellar
activity. The implementation of GPs for this purpose is described in detail in Rajpaul
et al. (2015). Essentially, this method models the RVs and an activity indicator of

choice, assuming that the same GP, G(t;, tj), can describe both of them. We used the
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S-index as the activity indicator to model alongside the RVs. As the RVs and the
S-index of TOI-544 show a significant stellar rotation signal (Figure 3.4), we chose
the quasi-periodic (QP) kernel for the GP
.2 2
sin” [x (t;—;) /Pgp] (t;—1;)

2
G (t;,1;) = A%exp 21 | 3.1

where Pgp is the GP characteristic period (which here represents the stellar
rotation period), 4, is the inverse of the harmonic complexity (related to distribution
of active regions on the stellar surface), and A, is the long-term evolution timescale
(the lifetime of active regions on the stellar disk). The two-dimensional GP used to

model the system is then given by

RV =AoG+A1dG (3.2)

and

S-index = A,G + A3dG 3.3)

where Ag, A1, and A; are GP hyperparameters in the form of amplitudes that work
as a scale factor that determines the typical deviation from the mean function, and
dG is the time derivative of our GP function, G(t;,t;). From first principles, A3 =0,
see Rajpaul et al. (2015) for more details. We used the stellar parameters listed
in Table 3.1, and informative Gaussian priors on the orbital period and time of
mid-transit for planet b based on those found in the transit fit (Sect. 3.5.1). We
used the orbital period and time of inferior conjunction we derived from our GLS
periodogram to place uniform priors for planet ¢ (see Figure 3.4 and Sect. 3.5.2 for
description of this search). We adopted a uniform prior on Pgp centered on the
stellar rotation period found by the WASP photometry, and wide uniform priors on
the remaining model parameters. Pyanet i infers the systemic velocity (aka offset)
for each instrument, the exact values found by Pyaneti are given in Table 3.2.
We then performed a Markov chain Monte Carlo (MCMC) analysis, fitting for an
eccentric orbit for both planets. We sampled the parameter space with 500 Markov

chains and used the final set of 5000 steps with a thin factor of 10 to produce our
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posterior distributions, the total iterations during the burn-in phase was 5000, which

led to a total of 250000 independent points for each sampled parameter.

We find that TOI-544 b has an orbital period of ~1.55 days and a Ky, amplitude
(the radial velocity semi-amplitude) of 2.66 + 0.44 ms~!, equating to a planet mass
of 2.89 + 0.48 Mg. The eccentricity of TOI-544 b is found to be 0.35%0-13 and its

argument of periastron is 41 .232 degrees. TOI-544 c has a period of 50.1 + 0.2 days,
K. amplitude of 5.21 +0.57 ms~!, implying a minimum mass of 21.5 + 2.0 M.
The eccentricity of TOI-544 c is found to be 0.30 + 0.09 and argument of periastron

; +21
is 17714 degrees.

We assessed the significance of the eccentric solutions for the two planets by
creating 5000 sets of synthetic RV time-series that sample the best-fitting circular
solutions at the epochs of our real observations. We added Gaussian noise at the
same level of our RV measurement uncertainties and fitted the simulated time series
allowing for non-zero eccentricities. For TOI-544 b there is a ~3.5% chance that
a best-fitting eccentric solution with e > 0.35 could arise by chance if the orbit is
actually circular. As for TOI-544 c, the probability that noise can account fore > 0.30
is only 0.2 %. Assuming a significance level of 1%, the eccentric solution for TOI-
5440 is likely not real, while the eccentricity of TOI-544 ¢ is real. Therefore,
our adopted results are for the case where the inner planet is on a circular orbit
and outer planet is on an eccentric orbit, i.e., TOI-544 b has an orbital period of
~1.55 days and a K}, amplitude of 2.17 +0.36 ms™', equating to a planet mass of
My =2.89 + 0.48 Mg, TOI-544 ¢ has a period of 50.1 +0.2 days, K. amplitude of
5.36+0.55 ms~!, implying a minimum mass of M,sini. = 21.5 + 2.0 Mg. The
eccentricity of TOI-544 c is found to be e =0.32 + 0.09 and argument of periastron
is we = 12t113 degrees.

The priors used for all parameters are shown in Table A.6, and the results,
showing the median value and 68 % credible interval for each parameter, are given
in Table 3.2. The best fit model alongside the data are shown, as a function of time,

in Figure 3.5 and phase-folded for each planet in Figures 3.6 and 3.7.

We additionally chose to model the RV data using several other methods to



3.5. Analysis and Results 84

ensure the robustness of our results. Using pyaneti, we ran similar fits to the
one described above, but with: a) both planets on circular orbits; b) the inner
planet on a circular orbit and the outer planet on an eccentric orbit; c) a fit with
pyaneti but not multi-dimensional (i.e., fitting on only the RV data points); d) a
joint model including both transit and RV data. Our joint fit of transit and RV data
provides consistent results with the planet mass within 1 o of our other models (see

Table A.5).

We also make use of the radial velocity fitting toolkit Radvel (Fulton et al.,
2018). Using RadVel we ran fits for: a) a two planet system with no GP to
account for stellar activity; b) a 1 planet system (only the transiting inner planet)
including a GP using the Celerite quasi-periodic kernel (Foreman-Mackey et al.,
2017); c) a 2 planet system using the Celerite quasi-periodic kernel where both
planets are on circular orbits; d) the same kernel again but where both planets are
on eccentric orbits; e) a 2 planet system where we use the square-exponential GP
kernel (described in Fulton et al. (2018)). As well as this, we checked for possible
additional signals by fitting for a 3-planet system. We found that the third signal
is unconstrained and the BIC and AIC increase slightly over the 2-planet case —
therefore we do not believe there are signs of additional planets in the system. We
also changed the choice of priors in our models, in particular for the period of
planetc to ensure we are not biasing our results. For example, the Radvel fit for a
2-planet system with the square exponential kernel has a uniform prior on P of O to
100 days, and the RadVvel fit for a 2-planet system with the Celerite quasi-periodic
kernel has a Gaussian prior of 50.6 + 1.0 days. In all cases the results are consistent.
The resulting K semi-amplitude of TOI-544 b found from all models are shown in

Table A.S.

RadVel also allows for model comparison. We found that in models which
include more than one planet, a single-planet model is ruled out in every case -
providing greater assurance of the existence of the second planet. Specifically, for
a 1-planet system, the BIC is 1993.90 and AIC is 1965.46, and for 2-planet system

801.24 and 765.90 respectively. We also ran additional models using only the
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Best-fit 2-planet Keplerian orbital model for TOI-544. HARPS data shown by
orange circles, and HARPS-N data shown by blue diamonds, both shown as
a function of time. The best-fit model for the planet signals is shown in red,
the GP model in blue, and the combined planets and GP shown in black. The
dark and light shaded areas showing the 10~ and 20 credible intervals of the
corresponding GP model, respectively.

HARPS data points to ensure the HARPS-N points (which have a slightly higher

level of scatter) are not influencing our fit, and with RVs extracted with TERRA

rather than SERVAL, in all cases the results are consistent within 1-o-. As well as

this, we ran pyaneti fits with different activity indicators: FWHM, and contrast,

and combinations of indicators: S-index and FWHM, S-index and contrast, and

FWHM and contrast. In all cases the derived planet parameters are consistent with

our other models within 1-o-, however the GP hyperparameters are not all so well

constrained so we still use the model with the S-index as our adopted results.
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Figure 3.6: The phase-folded RV data from HARPS (orange circles) and HARPS-N (blue
diamonds) alongside the best-fit planet model for TOI-544b. The effect of
TOI-544 ¢ and the GP model have been subtracted. The lower part shows the
residuals from the fit. There appears to be no trends visible in the residuals.
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Figure 3.7: The phase-folded RV data from HARPS (orange circles) and HARPS-N (blue
diamonds) alongside the best-fit planet model for TOI-544 c. The effect of
TOI-544 b and the GP model have been subtracted. The lower part shows the
residuals from the fit. There appears to be no trends visible in the residuals,
and the augmented sinusoid representative of an eccentric orbit is present in the
phase-folded plot.
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% credible interval for each parameter.

Fitted Parameter

Median value

Planet Transit Parameters

Stellar Mass M, [M]

Stellar Radius R, [Ro]

Time of Mid-Transit Ty [BJDtpg —2450000]
Orbital Period Py, [days]

Ry /R

Impact Parameter b

ocp [ppm]

pcp [hours]

up

Uy

logose [ppt]

log os32 [ppt]

Planet Radius Ry, [Rg]
Semi-major Axis ap [AU]
Equilibrium Temperature T¢q [K]

Transit Duration 74 [hours]

0.631+0.018
0.623+£0.012
9199.031363*9.0006%
1.548352 +0.000002
0.0297 £ 0.0007
0.6670.03

707’:'8‘63

22.0J:32-_58

0.43+0.16
0.24+0.15
—0.159094+0. 00708
0157482, 20
2.018 +0.076
0.0225 +0.0002

999 + 14

1.21+0.03

Planet RV Parameters

Planet b

Orbital Period, Py, [days]

1.548352 +0.000002

Time of Inf. Conjunction, T¢onj,» [BIDTpp —2450000]  9199.0314 + 0.0007
Time of Periastron, Tperi,p [BJD1pB —2450000] 9198.6443 + 0.0007
Eccentricity, ey =0

Argument of Periastron, wy, [°] =0

ewlp, vepsinwy =0

ew2p, \ep coswy, =0

RV Semi-Amplitude, K, [m s™h 2.17+0.36

Planet Mass, My, [Mg] 2.89 + 0.48

Planet ¢

Orbital Period, P, [days] 50.089 +£0.24

Time of Inf. Conjunction, T¢onj,c [BJDtpB —2450000] 9212.0’:11'_%

Continued on next page

87

Table 3.2: Results of the transit and RV fit for TOI-544, showing the median value and 68
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Table 3.2 — continued from previous page.

Fitted Parameter

Median value

Time of Periastron Tperi,c [BJDtpB —2450000]

2.2
9205.4*32

. 0.08
Eccentricity, e, O.32t0.09
Argument of Periastron, w. [°] 11‘:1197
ewlc, vecsinwe 0.11+0.17
ew2, \eecoswe 0.52+008
RV Amplitude, K. [m s~! ] 5.36+0.56
Planet Minimum Mass, M, sini; [Mg] 21.5+2.0
Other Parameters
Offset RVyarps-N [kms™ l] -0.016 +£0.002
Offset RVyagrps [kms™ 1] 0.006 +0.001
Offset S-indexgarRpS—N 1.13+0.03
Offset S-indexyarps 1 254_'%%1
Jitter Term RVyaRPS—N»> OHARPS-N [M S_l] 275t1141‘§
Jitter Term RVyarps, 0HARPS [M S_l] 185t%3363
Jitter Term S-indexgArps_N 4557177
Jitter Term S-indexparps 42673
GP Hyperparameters

0.001
Ag 0.002:)_001
0.008
Aq O.OZSJ:O_005
0.025
Ay 0.076t0'016
A3 =0
A [days] 1123
0.091
Ap 0.519t0.074
Rotation Period, Pgp [days] 19.343+0.07%

3.6 Discussion

3.6.1 Composition of TOI-544b

The calculated density of TOI-544 b is pp =1.93*"3% o cm™3, which is not dense

-0.25

enough to be composed of entirely rock and iron, where densities are typically

between 3 g cm™> and 10 g cm™ (Zeng et al., 2019). This implies that a compo-

sition of a bare rocky-iron core can likely be excluded. TOI-544 b must have some
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Figure 3.8: Mass-radius diagram showing confirmed planets with mass uncertainties < 20%
in grey circles, with TOI-544 b shown as the black circle. Left: the coloured
tracks show different potential planet compositions from Zeng et al. (2019),
assuming a planetary equilibrium temperature of 1000 K. The dashed lines
show compositions of an Earth-like rocky core surrounded by a layer of H-He
in varying percentages by mass, the solid lines show water world compositions
with varying water mass fractions, the dotted lines show rocky and Earth-like
rocky compositions. TOI-544b is closest to the tracks with 100% H,O and
50% H,O with 50% rock. Right: the same as the left panel but the the dashed
lines show compositions of an Earth-like rocky core surrounded by a layer of
H-He in varying percentages by mass from Lopez and Fortney (2014) using
the models for a 10Gyr planet, with solar metalicity and flux of 10Fg, the
solid lines show compositions from Aguichine et al. (2021) of irradiated ocean
worlds with varying water mass fractions, and the dotted lines show the same
rocky and Earth-like rocky compositions from Zeng et al. (2019). TOI-544b
is closest to models with either 30% water mass fraction, or a rocky core with
a Hydrogen envelope of between 0.5 - 1%. The data is downloaded from the
NASA Exoplanet Archive.
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additional component to its composition, but whether it is in the form of water/ice
layers or a H-He atmosphere depends on which particular composition models are
used. Figure 3.8, left panel, shows the mass radius diagram for small planets (< 4
Rg, with mass uncertainties < 20 %) with TOI-544 b highlighted and composition
tracks from Zeng et al. (2019) shown in different colours. As noted in Rogers et al.
(2023), these models are often misinterpreted when used in mass-radius diagrams.
Specifically, there are a range of models available depending on the chosen temper-
ature, this temperature is often assumed to be the equilibrium temperature of the
planets but is actually the temperature at a pressure of 100 bars. In this case we
have used the incorrect temperature (equal to the planet equilibrium temperature of
~ 1000 K) in order to show a direct comparison to many other mass-radius diagrams
available in the literature. Using these models alone, it appears that TOI-544 b does
not fit the super-Earth (rocky/iron core) scenario, and that it also does not fit the
typical sub-Neptune composition of a rocky core surrounded by atmospheric H-He.
From these models it seems likely that TOI-544b is a water-world planet with a
sizeable fraction of H,O present. From the Zeng et al. (2019) models it seems that
a water fraction by mass of over 50% is possible for this planet. There are few other
planets detected in a similar area of parameter space, however we note that many of
the planets in this regime have multiple mass values listed on the NASA Exoplanet
Archive so their exact location on the mass-radius diagram depends on the specific
choice of literature parameters, and many have longer orbital periods, meaning it is

difficult to do a real comparison.

To further investigate the compositional nature of the planet, we use the dimen-

sionless parameter  from Zeng et al. (2021)

(RC/REB)
(M| Mg)025

4 (3.4)

where R¢ and M are the core radius and mass respectively, similar to the approach
taken in Nava et al. (2019). This parameter can be used to distinguish between the
3 possible compositions of small exoplanets — either rocky and earth-like (¢ = 1),

having significant amounts of ices ({ = 1.4), or icey cores with hydrogen/helium
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envelopes (¢ =2.2). For small planets the core radius and mass can be approximated
the planet radius and mass (in units of Earth radii and mass). The value of { for

TOI-544 b is 1.5, which suggests an ice dominated composition.

Another approach is noting that TOI-544 b is a highly irradiated planet
due to its short semi-major axis. We make use of the Structure Model
INterpolator (SMINT) 7 which obtains posterior distributions of H,O mass
fraction based on interpolation onto the Aguichine et al. (2021) model grids. Using
the stellar and planetary parameters listed previously, with conservative uncertain-
ties, we obtain an H,O fraction of 0.25 + 0.12. This is lower than the expected
H,O fraction seen in the mass-radius diagram. We note, however, that the models
from Zeng et al. (2019) do not account for the high level of radiation such a close-in

planet would receive.

However, whilst Zeng et al. (2019) models are commonly used in mass-radius
diagrams for small planets, Rogers et al. (2023) recommend using the mass-radius
relations for sub-Neptune compositions given in Lopez and Fortney (2014), which
assume a constant planet age, rather than the Zeng et al. (2019) models which assume
a constant specific entropy. In the right panel of Figure 3.8, we plot a mass-radius
diagram with composition tracks from Lopez and Fortney (2014) and Aguichine
et al. (2021). The dashed lines show compositions of an Earth-like rocky core
surrounded by a layer of H-He in varying percentages by mass from Lopez and
Fortney (2014). The solid lines show compositions from Aguichine et al. (2021) of
irradiated ocean worlds with varying water mass fractions. The dotted lines show
the same rocky and Earth-like rocky compositions from Zeng et al. (2019) which are
shown in the left panel. Setting TOI-544 b on this graph, we see that according to the
Lopez and Fortney (2014) models, a composition of an Earth-like core surrounded
by a layer of H-He of between 0.5 and 1% by mass can also explain the observed
mass and radius. The composition tracks from Aguichine et al. (2021) for irradiated
water-worlds suggest an alternative composition of TOI-544 b of a rocky core with

a layer of water/ice of around 30% by mass.

Thttps://github.com/cpiaulet/smint
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As discussed in Rogers et al. (2023), for individual planets such as TOI-544 b,
mass and radius alone are insufficient to uniquely constrain planet composition. In
order to break the degeneracy between the water-worlds and sub-Neptune models,
atmospheric observations of the planet are needed to rule out (or in) the potential
for H-He or H,O atmospheres. Fortunately, as described in Section 3.6.4, TOI-
544 b is an ideal candidate for atmospheric studies. Future observations, with for
instance JWST, should be able to help determine more definitively whether this is a
water-world or not.

From Figure 3.8 it can also be seen that TOI-544 b sits within an area of the
mass-radius diagram where few planets have been observed. Of the more than
5000 exoplanets confirmed to date, there are less than 200 small (< 4 Rg) planets
which have precisely characterised masses (uncertainties < 20%), and of those,
less than 30 are low mass (< 4 Mg). The majority of these small, low mass
planets with precise characterisation cluster around the composition tracks for rocky
silicates or iron composition — similar to an Earth-like composition. The most
similar planet is Kepler-307c, which is one of the only low mass planets that has a
similarly low density (seen to the top right of TOI-544 b in Figure 3.8). The mass of
Kepler-307c was determined through transit timing variations rather than through
RV observations. As there have been suggestions of a potential offset between the
two methods (Steffen, 2016; Mills and Mazeh, 2017), it is possible that these two
planets are not fully comparable. In general, there are few precisely-characterised
masses for small planets, and even fewer for potential water-worlds, meaning TOI-

544 b is an important addition to this region of parameter space.

3.6.2 Location in relation to the radius valley

In the most recent comprehensive study of the radius valley, Ho and Van Eylen
(2023) refitted Kepler data to find an empirical radius valley location, as a function
of various other parameters. In particular, they find a dependence on the location of
the valley as a function of stellar mass. Figure 3.9 shows the period-radius diagram
for confirmed Kepler planets orbiting stars with stellar mass < 0.8 M, fitted in a

homogeneous way in Ho and Van Eylen (2023). Additionally, planets with precise
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mass measurements from the NASA Exoplanet Archive which orbit stars with masses
< 0.8 Mg are highlighted, and TOI-544 b shown. TOI-544 b sits within the radius
valley region calculated for this specific stellar mass - using Equation 11 from (Ho

and Van Eylen, 2023):

logo(R,/Re) = Alogy(P/days)+ Blog,;,(M./Mg)+C 3.5)

with A = -0.09*092 B = 0.21*295 C = 0.35*3:92 and using TOI-544’s stellar mass
(see Table 3.1). TOI-544 b is more than 30~ away from the upper and lower bounds of
the radius valley (shown by the dashed lines). We also ran a number of fits for stellar
radius; we use the calculated stellar radii from 3.1, taking the most extreme cases
of the BASTA fit -10, and the astroARIADNE fit +10 (i.e.the smallest and largest
possible from our results), we find planet radii of 2.16 and 1.98 Rg respectively.
These values still put TOI-544 within the limits of the valley given in Ho and
Van Eylen (2023).

We also compare the location of the radius valley presented in Ho and Van Eylen
(2023) with other works. In particular, Petigura et al. (2022) also find that the location
of the valley varies based on stellar mass, finding a similar relation to Equation 3.5.
For a star of mass 0.5 - 0.7 Mg, Figure 8 in Petigura et al. (2022) shows that TOI-
544 b would be inside the valley. Cloutier and Menou (2020) also investigated
the location of the radius valley for low mass (mid-K to mid-M dwarf) stars and
similarly find that a planet such as TOI-544 b, with radius of 2.018 + 0.076 Rg and
orbital period of 1.55 days would be located inside the valley in the region they dub
“keystone planets”, see Figure 15 of Cloutier and Menou (2020).

The observational results for the location of the radius valley can be compared
with theoretical models such as in Owen and Wu (2017), which predicts that the
location of the valley also depends on the planetary core composition. If we assume
that planets form uniformly with an icey core — rather than a rocky one — then
the theoretical models predict that the radius valley will be shifted to a higher
radius for a given orbital period. This means that, for planets with icey cores -

sometimes referred to as water world planets - the location of TOI-544Db in the
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radius-period space would not put it inside the radius valley. Instead it would sit
below the valley, in a region which predicts planets with a sizeable water/ice faction
but without significant hydrogen/helium atmospheres, potentially having undergone
atmospheric loss.

Luque and Pallé (2022) argue that the radius valley distribution may in fact
be the result of two different core compositions of planets rather than purely from
atmospheric loss mechanisms, in the case of planets orbiting M dwarfs. They
state that small planets come in two distinct types: super-Earths with rocky/iron
composition, and water worlds with a combination of both rock and water/ices. This
interpretation is disputed by Rogers et al. (2023), who argue that the properties of
the sample of planets around M dwarfs studied by Luque and Pallé (2022) can also
be explained by the more traditional super-Earth sub-Neptune classifications which
arise from atmospheric loss models.

We note that at this stage there is no conclusive evidence either way to support
the water worlds versus atmospheric loss explanation of the radius valley, and further
investigation is needed to fully distinguish between the two theories. In particular,
confirmation of TOI-544 b as a water world or not (as well as other small planets)
would help to provide evidence for the formation mechanisms which carve the radius

valley.

3.6.3 Planetc

We searched the TESS lightcurves for signs of a transit of TOI-544 ¢ but none were
found. If we assume that both planets are at the same orbital inclination (which
may not be the case) then planet c would not be expected to transit given its impact
parameter of 5. As aresult, we can only constrain a minimum mass for TOI-544 ¢ of
21.5 + 2.0 Mg, for reference this is slightly higher than the mass of Neptune. Planet
c is found to have a non-zero eccentricity, and, if it is confirmed that TOI-544 b
has a large fraction of water within its composition, then it is likely that it must
have formed exterior to the snow-line, and then migrated inwards - this migration
could have been facilitated by TOI-544c. A full dynamical investigation of the

system architecture is beyond the scope of this chapter, but could be interesting in
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Figure 3.9: Period-radius diagram for a subset of confirmed planets orbiting stars with
masses < 0.8 Mg. Purple circles are confirmed Kepler planets fitted in a
homogeneous way in Ho and Van Eylen (2023). Blue circles show planets with
precise mass measurements from the NASA Exoplanet Archive. TOI-544 b is
shown by the black square. TOI-544 b sits within the expected location of the
radius valley (between the dashed lines) for this specific stellar mass - calculated
from Equation 11 in Ho and Van Eylen (2023).

the future, particularly if the composition of the inner planet is better constrained,
and it is possible that if the planets do not orbit in the same plane then planet ¢ could

in fact transit.

3.6.4 Potential atmospheric studies of TOI-544 b

We calculated the transmission spectroscopy metric (TSM, Kempton et al., 2018)
for TOI-544 b, finding a value of 163, much higher than the recommended threshold
value (90) from (Kempton et al., 2018) for planets with radii above 1.5 Rg, placing
TOI-544 b among the most appealing targets for transmission spectroscopy charac-
terisation with JWST (within the top 15 targets for similar planets, see Figure 3.10).

Moreover, the emission spectroscopic metric (ESM, Kempton et al., 2018) is found
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to be 16. Considering the Kempton et al. (2018) cutoff of 7.5, TOI-544 b lies among
the top 10 most favourable targets (see Figure 3.10). TOI-544 b is within the top 5
targets for both TSM and ESM for planets with radii between 1.5 and 2.75 Rg and
temperature between 800 and 1250K, as identified by the TESS follow-up atmo-
spheric working group. We also calculate the predicted S/N ratio for atmospheric
observations of TOI-544b with JWST (using the method in Niraula et al. (2017),
finding a value of 1.000. This puts TOI-544 b within the top dozen small planets with
temperature less than 1250K in terms of potential JWST observations. Atmospheric
observations should help to reduce the degeneracy between composition models for
this planet and determine whether a water world or a rocky and hydrogen composi-
tion is more likely, similar to a recent study of TOI-270d (Van Eylen et al., 2021)
for which transmission spectroscopy revealed a possible hydrogen-rich atmosphere

(Mikal-Evans et al., 2022).

3.7 Conclusions

We present the results of an extensive high-precision RV campaign of TOI-544.
We confirm the planet TOI-544b and derive a mass of My=2.89 + 0.48 Mg
which, combined with the planetary radius of R, =2.018 + 0.076 Rg gives a bulk

density of pp = 1.93J:%32 g cm™3.

The density of the planet means it most likely
has either a significant fraction of ice within its composition (around 30% by mass)
or is composed of an Earth-like rocky core surrounded by a layer of atmospheric
H-He (around 0.5 - 1 % by mass). TOI-544 b also sits within the expected location
of the small planet radius valley for FGK stars, although improvements in the
radius measurement with additional transit observations would help confirm this
further. The calculated TSM and ESM of TOI-544b put it within the top few
planets for atmospheric observations with similar size and temperature, meaning it
is an excellent candidate for future observations with JWST. We additionally confirm
the existence of a second, non-transiting planet within the system, TOI-544 c, with

a minimum mass of M.sini. =21.5 + 2.0 Mg. Both planets have well-characterised

masses (uncertainties of < 20%) and contribute to the small but growing number of
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Top panel: The transmission spectroscopy metric (TSM) against equilibrium
temperature of all small (R < 4Rg) confirmed planets with a mass measure-
ment, blue dots. The threshold given in Kempton et al. (2018) is shown by
the solid line. TOI-544 b is shown in the black circle, it is within the top 15
planets for TSM value. Bottom Panel: Same as above but for the emission
spectroscopy metric (ESM). TOI-544 b is within the top 10 planets for ESM
value. The data is downloaded from the NASA Exoplanet Archive.
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small planets with precisely characterised masses.
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Chapter 4

Homogeneous planet masses I:
Reanalysis of archival HARPS radial

velocities

4.1 Abstract

Empirical exoplanet mass—radius relations have been used to study the demographics
and compositions of small exoplanets for many years. However, the heterogeneous
nature of these measurements hinders robust statistical analysis of this population,
particularly with regard to the masses of planets. For this reason, we perform a
homogeneous and consistent re-analysis of the radial velocity (RV) observations
of 87 small exoplanets using publicly available HARPS RV data and the fitting
toolkit Pyaneti. For the entire sample, we ran 12 different models to investigate
the impact of modelling choices, including the use of multidimensional Gaussian
processes (GPs) to mitigate stellar activity. We find that the way orbital eccentricity
is modelled can significantly impact the RV amplitude found in some cases. We also
find that the addition of a GP to mitigate stellar activity impacts the RV amplitude
found; though the results are more robust if the GP is modelled on activity indicators
in addition to the RVs. The RV amplitude found for every planet in our sample using
all the models is made available for other groups to perform demographics studies.

Finally, we provide a list of recommendations for the RV community moving forward.
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4.2 Introduction

While many exoplanets have now been confirmed, significantly fewer have a mass
measurement. This means that efforts to characterise the planets and their planetary
systems in more detail is hindered. Planet mass measurements are important for
several reasons: combined with measurements of radius they provide a bulk density
estimate that can be used to constrain compositions (Rice, 2014; Goffo et al., 2023);
the predominant method for finding masses also provides information on system
architectures and multiplicity; and a precise mass measurement is essential for
atmospheric characterisation (Batalha et al., 2019; Di Maio et al., 2023). Despite
this importance, only 18%' of known small (R < 4 Rg) exoplanets have a mass
measurement, and even fewer have precise (uncertainty < 20%) mass measurements.
To fully understand the exoplanet systems we have detected so far, it is essential that
we have precise mass measurements.

Many current and future exoplanet-focused missions aim to characterise the
atmospheres of small planets. Around 30% of the observing time requested for
JWST in Cycle 3 was for the topic of exoplanets and discs, and a new Directors
Discretionary Time proposal is focused specifically on finding the atmospheric
components of small planets orbiting M type stars. Further ahead, the PLAnetary
Transits and Oscillations of stars mission (PLATO, Rauer et al., 2014) is due to
launch in 2026 with the aim of characterising the bulk properties (mass, radius,
and composition) of small planets orbiting bright stars. The Ariel mission will
also launch towards the end of the decade, and will focus on characterising the
atmospheres of around 1000 exoplanets (Tinetti et al., 2018). For all these missions,
it is essential to not only have precise mass measurements, but also to understand the
impact of homogeneous (or inhomogeneous) modelling on the planet masses found.

The vast majority of the existing mass measurements come from radial velocity
(RV) measurements.

Whilst these continuing efforts of the EPRV community have enabled many

more small exoplanets to gain precise mass measurements, there is a cost: each

! According to the NASA Exoplanet Archive Composite Planet Parameters Table Accessed 31-
07-2024
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exoplanet mass is typically found using one of a variety of methods. Specifically,
choices of whether or not a planetary orbit is fixed as circular or is allowed to vary in
eccentricity; whether or not a long-term trend parameter is included; and how stellar
activity in mitigated, namely through the used of GPs or other methods. There are
also potential impacts from differing data sets with different observational sampling
and cadence, and possible instrumental systematic uncertainties; see Montet (2018)
for discussions on RV survey biases. This inconsistency means that it is challenging
to perform robust statistical analysis using exoplanet masses. By changing a few
choices in the modelling of data for a single system, the extracted mass can vary

significantly.

To be able to complete statistical studies and truly understand the demographics
of these systems, we need a homogeneous analysis of exoplanet masses. Some
recent surveys have chosen to tackle this issue as new data comes in by performing
a homogeneous RV analysis (see e.g. Polanski et al. 2024) or by designing their
survey in a more unbiased way, as presented by Teske et al. (2021). Dai et al.
(2019) performed a homogeneous analysis of the masses (and compositions) of 11
hot-Earth planets using archival data, but since then many more small planets have

been observed with RVs meaning this very small sample could be expanded.

In this chapter we present a homogeneous analysis of the RV observations of a
sample of small exoplanets. This is the first time such a large-scale homogeneous
analysis of RV observations has been completed. We choose to focus on small planets
for multiple reasons: they are most likely to be impacted by model choices and
activity mitigation techniques; and they are a primary focus for upcoming missions
such as Ariel, the Extremely Large Telescope (ELT), and the future Habitable Worlds
Observatory (HWO). Additionally, the internal composition of small planets is not

well understood.

We focus specifically on HARPS data for several reasons: we want to have a
consistent choice of instrument rather than using data from multiple sources; HARPS
is one of the top performing high-resolution spectrographs, and was designed for

precision RV observations; also, it has been collecting RV for over 20 years, yielding
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a considerable archive of publicly available data 2. In an ideal world, there would
be one set ‘best method’ for modelling exoplanet RVs; however, much work is still
ongoing on this topic and the community as a whole has yet to reach a consensus.
Instead, we present here a variety of modelling choices commonly used by the
community as a comparison. We also provide recommendations for best practices
for teams modelling their own RV data. Finally, we make available our entire
workflow for this project, meaning that other teams can apply the procedures to their
own data sets, or complete their own homogeneous analysis of the same data but using
their method of choice. The final set of planet masses and a new, homogeneously

derived mass—radius diagram for small planets is presented in Chapter 5.

4.3 Sample selection

To reach our aim of producing a homogeneously derived sample of small planet
masses, we start by using the NASA Exoplanet Archive’. We query the archive for
all confirmed planets with a radius of less than 4 Rg and a declination (Dec.) of
below +20 degrees, taking the default parameters. We note that individual systems
within the Archive often have multiple published solutions; we choose to take the
default values at this stage for simplicity. We cut on Dec., even though this will
be done implicitly when we cross-reference with the HARPS archive; however, this
approach significantly reduces the number of systems we have to cross-check. This
leaves us with 1770 planets.

The next stage is to check which of these possible targets has RV data available
in the HARPS public archive. There are some challenges related to the fact that
this large archive spans several principle investigators and many observing seasons,
including instrument upgrades. In particular, inconsistent naming of targets makes
it difficult to accurately assess how many observations each star has. To overcome
this, we used the catalogue of HARPS observations in Barbieri (2023) who were
able to construct a table of HARPS RV for the entire 20 years; these authors checked

the coordinates of individual systems in order to properly match up any variation in

’https://archive.eso.org/scienceportal/home
3https://exoplanetarchive.ipac.caltech.edu/ Accessed 24-01-2024
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naming.

The final sample was made by cross-referencing our targets from the NASA
Archive with those of the HARPS archive. We removed any individual observations
that had a signal-to-noise ratio (S/N) of less than 25, and also set a minimum
threshold of at least 50 HARPS observations to ensure we have sufficient data epochs
to perform GP regression. For some targets, there is a large amount of data available,
but these are from observations of transits, which were typically obtained for studies
of planet obliquity (e.g. Knudstrup et al., 2024). In these cases, many observations
are taken over the course of one night and so the total number of observations
appears much higher; however, the phase coverage of these observations is not as
good. Additionally, the Rossiter-McLaughlin effect would have to be modelled for
these data (Rossiter, 1924; McLaughlin, 1924), which would unnecessarily increase
the complexity of our models. Therefore, we removed such data before modelling
(see B.1.1 for details). In the case of TIC 301289516, the removal of the in-transit
data means we are left with only 35 RV observations, which is below our minimum
threshold for modelling. Therefore, we removed this target from the sample. From
this, we have our final list of 87 small planets orbiting 44 stars. The total number of
planets orbiting the 44 target stars is 113; however, the extra 26 are not in the small
planet range (or do not have a published radius). We account for these planets in our

modelling but not in our model comparison analysis.

Figure 4.1 shows histograms of the targets in our sample. Panel (a) shows the
distribution in effective temperature of the 44 stars, and panel (b) the stellar mass.
These plots show that the sample covers a fairly wide range of stellar types, with
peaks around M-dwarfs and K-dwarfs. These are often specifically targeted in RV
surveys as the amplitude of the Doppler reflex motion of planets around less massive
stars is larger than for the same planet around a more massive star. The stars in the
sample are all brighter than V magnitude 15, and have a median brightness of V
magnitude 11. The stars are uniformly distributed across the southern sky with Dec.
ranging from +10 to -80 degrees. Panel (c) shows the distribution of the orbital

periods of the planets in our sample, and panel (d) shows the planet radii. The
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majority of planets have short (< 20 days) orbits, which is expected as these planets
are by far the easiest to detect in transits. The distribution of planet radii peaks at
around 2.0 - 2.5 Rg and drops off towards larger radii, as seen in demographic studies
of small planets. The lack of planets at very short radii (< 1Rg) is likely due to
observation biases. Interestingly, the radius valley is seen in our sample between 1.5
and 2.0 Rg, even with a relatively small sample. Our sample of planets is therefore
a reasonable representation of the wider distribution of small exoplanets found in
demographics studies; see Zhu and Dong (2021) for a review of exoplanet statistics.
We also show the number of planets per target star in our sample, in panel (e). The
majority of planets in our sample are in multi-planet systems, most commonly in a

two-planet system.

Finally, in panel (f), we show the number of observations per star available
within the HARPS data. The majority of our targets have below 200 observations;
however, 9 targets have more than this, with one target having over 650 epochs of

RV observations.

4.4 HARPS observations

For our analysis, we used RV measurements and activity indicators from the HARPS
spectrograph, which are based on publicly available reduced data from the ESO
archive, as described in Barbieri (2023). HARPS is a stabilised high-resolution
spectrograph with a resolving power of 110000, and is capable of sub-m s~! RV pre-
cision for bright, slowly rotating stars. The instrument is mounted on the ESO 3.6 m
telescope at the La Silla Observatory in Chile. The observations used in this study
all use the high-accuracy mode with a 1 arcsec science fibre on the science target.
The second fibre can be used for simultaneous wavelength calibrations. The stars
in this sample span a wide range of magnitudes and thus exposure times from a few

minutes up to an hour.

The data available through the ESO archive have been processed using the
online HARPS pipeline (Pepe et al., 2002), which includes the extraction of 2D

spectra that are flux corrected to match the slope of the spectra across echelle orders.
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Figure 4.1: Histograms showing the properties of the stars and planets in our sample: (a)
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RV information is extracted from the spectra by cross correlating with a binary
mask that matches the stellar type of the star (Baranne et al., 1996). The S/N cut at
25 enforced when cross referencing with the list of small, known planets from the
NASA Exoplanet Archive means that most RVs have precisions of 1-5ms~!. The
median RV uncertainty of this entire dataset is 1.7 m s~! but this increases up to
12.2ms™for some systems. We note that a few individual data points appear to
have very large uncertainties; it is possible that their S/N is incorrectly labelled in the
database and so they are not removed by the cut on S/N as they should be; however
these do not significantly affect our results. In the later analysis, we use activity
indicators based on the cross-correlation function (CCF). These are the bisector
inverse slope (BIS) and full width at half-maximum (FWHM). We use these activity
indicators as we find these are more robust for the largest sample of spectra than
chromospheric activity indicators, such as Ca II H&K, and He,, which may be more

sensitive to low data fidelity.

The only additional step to the data collection was to also do a sigma-clip on
the RV data. We used the astropy sigma-clip tool to cut out any RVs more than
3 sigma away from the median, with a maximum of two iterations of this. This
finds the median and standard deviation of the data and then removes points that
are more than three standard deviations above or below that median value. This is
done for two iterations. We visually inspected each system to see how many data
points have been removed. For most targets, the sigma-clipping does not remove
any data because the standard deviation is large anyway. For a few targets with many
(> 500) observations, it does remove more observations, but still leaves most for
the modelling. For one single target, we have only 49 RV observations left after
sigma-clipping, this is below our original threshold of 50 epochs, but we chose to

include it in the sample anyway.

For a few targets, we also needed to remove specific data points that were clear
outliers; see B.1.1 for details of this. After the sigma-clipping and removal of data
for specific targets, we are left with 6428 individual RV observations. The baseline

of observations ranges from approximately 60 to 6700 days, with a median baseline
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of around 600 days.

It is becoming increasingly common in RV analyses to use multidimensional
GPs to help mitigate the effects of stellar activity, see 2.4.3. There are a range of
different activity indicators that can be used. In our analysis, we chose to include

some of the most commonly used ones: the FWHM and the BIS.

While we have chosen to use HARPS data to ensure the consistency in the RV
instrument used, given the long time HARPS has been observing, there are some
offsets in the data. In particular, the HARPS fibre was upgraded in 2015, causing
a possible RV offset. It is recommended to account for this shift by modelling
the HARPS pre-upgrade data as if they were from a different instrument from that
providing the HARPS post-upgrade data. For this reason, we label all RV data as
either ‘HARPS _pre’ or ‘HARPS post’. Within the modelling, we set these as two
separate instruments — meaning we account for an offset between them. In most
cases, the data are all after the upgrade, but in a few cases, the data are from before

the upgrade or are a mixture of pre- and post-fibre-upgrade data.

4.5 Automating the process

One of the biggest challenges of this project was in the initial setup of the RV
modelling. We wanted to move away from an ‘artisanal’ approach of looking at one
system at a time, to automating a process to model many systems at once. This is
for two reasons: we want our method to be generally applicable to any system; and
we did not want to introduce any biases by manually setting the priors and input

parameters.

To overcome this, we first query the NASA archive to find the required param-
eters for each individual target: the stellar mass, radius, and temperature, and the
planet period, transit midpoint, radius, and mass. We use the composite parameters
table from the archive for these values. The planet orbital period and transit midpoint
(for non-transiting planets, this parameter has the same name but refers to the time
of conjunction) are used as priors in our RV modelling. The other parameters are

used for comparison in our results and discussion, but are not used directly in the
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modelling. We separate the HARPS archive data into individual files for each star,
applying our sigma-clipping and removal of specific data where necessary. For each
model, we create an input file for the fitting toolkit that can be used for all targets;
that is, we have one input file per model, as opposed to having one per target. This

significantly reduces the time needed to set up each model run.

4.6 Radial velocity modelling choices

Distinguishing between planetary and stellar signals in RV data remains a challenge
in exoplanet detection. The task is particularly difficult when dealing with active
stars, where stellar activity can produce RV signals that mimic or obscure those of
orbiting planets. Gaussian processes have emerged as one of the most powerful tools
for addressing this issue. GPs offer a highly flexible and semi-parametric approach
to modelling complex stochastic variations, such as those induced by quasi-periodic

stellar activity using tailored quasi-periodic kernels (see Barragan et al., 2022).

The benefits of using GPs extend beyond their flexibility. They can incorpo-
rate prior knowledge about the system, such as the expected periodicity of stellar
activity, and can be combined with other models to account for additional physi-
cal processes. This adaptability makes GPs particularly well-suited for analysing
spectroscopic time series of active stars, where traditional methods often struggle.
Indeed, numerous studies have demonstrated the effectiveness of GPs and their
variants —such as multidimensional GPs— in identifying RV signals of planets in
the presence of significant stellar activity (see Rajpaul et al., 2015; Barragan et al.,
2022). The multidimensional variant of GPs has demonstrated its effectiveness in
enhancing the precision of planetary detection, particularly in scenarios where activ-
ity indicators provide significant information about the underlying stellar signals (see
Barragan et al., 2019). This approach leverages the underlying relation between RV
data and activity indicators, allowing for a more accurate separation of planetary and
stellar signals. However, the advantages of this multidimensional GP framework di-
minish under certain conditions. Specifically, when the data suffer from suboptimal

sampling or are dominated by large amounts of white noise, the activity indicators
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may fail to capture information about the stellar signals. In such cases, the use of
a multidimensional GP does not offer any significant improvement over traditional
methods, as the lack of reliable activity information limits the framework’s ability
to accurately model the stellar signal (see Barragan et al., 2022).

A commonly employed kernel that allows stochastic periodic behaviour to be
modelled is the quasi-periodic (QP) kernel (as introduced by Roberts et al., 2013),
defined as

sin’ [ﬂ(li—fj)/PGP] (ti—tf)z}’ 4.1)

yap(li, 1)) =A23XP{— 20 T Ton
where A, the amplitude, is a parameter that works as a scale factor that determines
the typical deviation from the mean function, Pgp represents the characteristic
periodicity of the GP, A, denotes the inverse of the harmonic complexity (indicating
the complexity within each period), and A, represents the timescale of long-term
evolution.

Once we have our data files for each system, we then have to choose how we
model the RVs to find the planet masses. We chose to use the package Pyaneti
(Barragan et al., 2019, 2022) for all of our modelling, as it offers a variety of
options for the fitting and is partly written in fortran90, meaning it runs much faster
than an entirely Python-based code. Pyaneti is also a fairly common choice of
package within the RV modelling community and makes use of multidimensional
GPs (Rajpaul et al., 2015; Jones et al., 2017) to mitigate stellar activity. For a full
description of how pyaneti implements the QP kernel described in (4.1) within
the multi-GP framework, see Barragan et al. (2022). Other RV fitting toolkits
that make use of multidimensional GPs include PyORBIT (Malavolta et al., 2016,
2018) and S+LEAF (Delisle et al., 2022). In addition to our goal of providing a
homogeneously derived sample of small planet masses, we also wanted to investigate
how the choices in modelling affect the derived planet mass. For this reason, we
chose to run 12 different models on the data. We wanted to compare the impact
of using a GP versus no GP; the dimension of GP used; adding a long-term trend

parameter; and modelling orbits as circular or eccentric. See Table 4.1, which
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outlines all the models we used.

For all runs, we performed Markov chain Monte Carlo (MCMC) samplings
using the sampler included in pyanet i, which is based on an ensemble sampler
(Foreman-Mackey et al., 2013). We sample the parameter space with 200 Markov
chains. Each chain is initiated randomly with values within the prior ranges. We
create posterior distributions with the last 1000 iterations of converged chains with
a thin factor of 10. This generates distributions with 200000 independent points per

each sampled parameter.
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As well as the specific model choices, we also wanted to be consistent in our
application of priors for the modelling parameters. We chose to set a Gaussian prior
on both the orbital period, P, and time of conjunction, 7, listed in the NASA archive
using the 1o errors. Typically, these values have been found through transit fitting
of the planets. For several systems, there are no listed values of this in the archive,
and for these we manually checked the original publications and added in the values
ourselves; details of this procedure are provided in Appendix B.1.2. For all other
planetary orbit parameters, we chose to use wide uniform (uninformative) priors.
For the eccentricity of the planetary orbit, we set either an eccentricity fixed at zero
(for our circular model cases) or parameterised the eccentricity and argument of

periastron to

ew] =Vesinw, and ew, = Ve cosw.. 4.2)

This has the benefit of not truncating at zero, which is often a problem in modelling
eccentricities (Lucy and Sweeney, 1971). However, after running models including
eccentricity, we noticed that, in some cases, a very high eccentricity is found, which
seems unlikely for so many systems. This is likely due to the model fitting high-
eccentricity orbits to spurious outliers in the data (Hara et al., 2019). For this reason,
we also chose to run two additional models (models e and n, as described in Table
4.1), which put a prior on the eccentricity as a beta distribution. We used the form

of Van Eylen et al. (2019) for single-planet systems, as this is the more general case.

For the GP hyperparameters, we again used wide uniform priors. Except in the
case of the GP period, Pgp, where we set this based on the stellar type. It has been
shown that the GP period links strongly to the stellar rotation period (Nicholson
and Aigrain, 2022). For each star in our sample, we used the published stellar
effective temperature and converted this to a B-V magnitude; using the relation from
Mamajek and Hillenbrand (2008), we then estimated the maximum stellar rotation
period for a given stellar age. Taking the upper limit of 9 Gyr, we assigned maximum
rotation periods of 60, 50 , 40, and 20 days for stars with temperatures of < 4000K,
4000 - 5000K, 5000 - 6000K, and > 6000K, respectively. We also then set the

maximum timescale of evolution of active regions, A, to be twice this rotation
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Table 4.2: Priors used for all parameters in all models.

Parameter Prior Notes

Orbital Parameters

Mid-transit time, Ty, Nla,b] Where a is the mid-transit time

days from the archive, and b is the un-
certainty on that time.

Period, P, days Nlc,d] Where c is the period from the
archive, and d is the uncertainty
on that period.

eccentricity, e F10] For the circular model.

argument of periastron, ¥ [0] For the circular model.

omega

ewl Ul-1,1] For the eccentric model.

ew2 Ui-1,1] For the eccentric model.

RV amplitude, k, km/s UI0,0.5]

GP Hyperparameters

A0, kms™! U[0,0.5]

B0, kms~'d~! U[0,0.5]

Al, kms™! U[-0.5,0.5]

B1,kms~'d! U[-0.5,0.5]

A2, kms™! U[-0.5,0.5]

B2, kms~!d™! U[-0.5,0.5]

Timescale of active re- U[1,160] The upper limit is set to twice the

gions, A, days period of the GP

Inverse of Harmonic U[0.01,2]

Complexity, 4,

Period of GP, Pgp, days [0, 80] This is set based on the stellar ef-

fective temperature

period. We note that future work may benefit from using more physically motivated

GP hyperparameter priors based on stellar type and age.

The choice of priors for the multi-GP amplitudes was informed by the results

of previous analyses that reflect the underlying correlations between the RVs and the

CCF-derived activity indicators. (e.g. Barragan et al., 2019, 2022, 2023). Specif-

ically, previous studies observed that when the RV amplitudes (A9 and By) are

positive, the corresponding amplitudes for the FWHM are also positive, while those

for the BIS are negative. For this reason, we set Ag and By to be positive, and left

the amplitudes for the other hyper-parameters to vary more freely.
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4.7 Results and discussion

We remodelled 6428 HARPS RV measurements for 44 stars harbouring 87 small,
transiting planets. In this section, we summarise our findings and analyse the
impact of model choice when fitting RV signals. For three of our targets, TOI-269,
TOI-4399, and HD 3167, our models cannot provide a good fit to the available
data. TOI-269 is an active M dwarf star where a custom RV extraction was used
in the discovery paper alongside additional photometric data to provide a good fit
(Cointepas et al., 2021). TOI-4399 is a very young star with strong activity signals
and no published mass measurement (only an upper limit, Zhou et al., 2022). Our
modelling suggests that additional data are required for this system in order to fully
characterise the planetary mass. HD 3167 has only 50 RV observations but is a
four-planet system, which leaves only a low degree of freedom when fitting more
than 20 parameters, depending on the model choice. When modelling this system
with a GP, this issue is amplified and the degrees of freedom are too few to fit the
data well. For the following sections, we remove these three target stars from our
analysis, resulting in a total of 83 small planets orbiting 41 stars. For completeness,
the final results tables include the fits for these three planets.

The extracted RV amplitude, eccentricity, Bayesian information criterion (BIC),
and the Akaike Information Criterion (AIC) for all models for each planet are shown
online in Table B.1. Chapter 5 provides a homogeneous set of planet masses using
a consistent stellar characterisation method. Here we summarise the main findings

by comparing the impact of different modelling choices.

4.7.1 Impact of long-term trends

We compare the extracted K amplitude (RV amplitude) for each target with the
different models. Panel (a) of Figure 4.2 shows the extracted K amplitude for the
three models (a, b, and c), which have no GP added to mitigate stellar activity. The
difference between the models is that model (b) has a long-term linear trend added,
model (c) has a long-term quadratic trend added, and model (a) has no long-term
trend. The purpose of adding a long-term trend in RV modelling is typically to

account for potential changes in the instrument or telescope over long baselines,
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or to account for the impact of a longer-period unknown planet (or star) in the
system (e.g. Espinoza et al., 2019; Korth et al., 2023). In some cases, a significant
measurement of a long-term trend in RV data has been used to claim the discovery
of a planet candidate (Lubin et al., 2022). We wanted to test whether adding a
model of a long-term trend to all systems —regardless of whether we think there
is a potential for an additional planet— makes a difference to the extracted RV
amplitude. Panel (a) of Figure 4.2 shows that the addition of any long-term trend
makes only a very small difference to the K amplitude found for most targets. This
is likely because no trends are evident in the data for these targets. However, in a
few cases, a more noticeable difference is seen, and although the error bars typically
overlap, the median amplitude found can vary by 1 ms~! or more. The difference
between a linear and quadratic long-term trend is very minor, and the 1o error bars

overlap almost completely for all planets.

In panel (b) of Figure 4.2, we show a histogram of the root mean squared (RMS)
of the residuals for the three models (a, b, and ¢). The highest RMS of residuals
is for model (a), with no long-term trend added. The overall distribution is very

similar for all three models.

Panel (c) of Figure 4.2 shows a histogram of the difference in RV amplitude of
our models compared to the most simple model; that is, the RV amplitude for model
(c) minus the RV amplitude for the same planet for model (a). In both the linear and
quadratic trend cases, the distribution centres around 0 m s~ and almost all targets

have a difference within + 1 ms~!.

The amplitude of the trend itself for both the linear and quadratic cases is shown
in panel (d) of Figure 4.2. We note that the quadratic trend case has been multiplied
by 1000 to allow it to be visible on the same axes. For the linear case first (model b),
the amplitude of the trend is below 0.20 ms~! days~! in all cases, with most targets

exhibiting a value of lower than 0.05 ms~! days™'.

For the quadratic trend case,
all targets have trend amplitudes of below 0.35 X102 ms~! days~2, with almost all
targets showing values of less than half this amount. Based on these results, the

indiscriminate addition of a long-term trend to the model does not make a significant
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Figure 4.2: Impact of long-term trends. Panel (a): Comparison of the RV amplitude found

for each target for three different models, (a), (b), and (c). Error bars show the
1o uncertainty from the MCMC posteriors. Target names are given as TIC
IDs with the letter of the planet. Panel (b): Histogram showing the root-mean-
squared error of the residuals to the fit. Panel (c): Histogram showing the
RV amplitude found compared to model (a). Panel (d): Histogram showing
the amplitude of the trend found (for the linear trend in ms~! days~!, for the
quadratic trend in ms~! days~2). The asterisk marks cases where the value for
the quadratic trend amplitude has been multiplied by 1000 to plot on the same
axes. Panel (e): Histogram showing the 10~ uncertainty in the RV amplitude
found for the different models.
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difference on the planet mass found because the amplitude of the trend is very small.

Finally, in panel (e) of Figure 4.2, we show the distribution of RV amplitude
uncertainties for the three models (a, b, and ¢). The peak of the distribution in all
cases is around 0.6ms~!, with the highest uncertainties being of around Sms~!.
The difference between the three models is not significant, and it is likely that the

systems in our sample do not have an external high-mass companion, or that the RV

observations we have are not sensitive to the long-term trend.

4.7.2 Impact of eccentricity

When investigating how modelling orbits as circular or eccentric impacts the planet
masses found, we take the no-GP model and either set a uniform eccentricity prior,
model d, or we set the prior on eccentricity in the form of a beta distribution, model
e. Both of these cases are described in Sect. 4.6. Figure4.3 shows the results of
these models compared to the circular case (model a).

In panel (a) of Figure 4.3, we show how the RV amplitude changes for the three
models for each planet in our sample. For some very small planets, the eccentric
case gives an RV amplitude that is significantly different from the circular or beta
distribution case; for example for TIC 437444661 d, and TIC 4610830 f. Even for
planets where the 10 error bars overlap, the difference in the median value of RV
amplitude varies by as much as a factor of 3; for example, for TIC 4288299904,

it ranges from approximately 2ms~! to 7ms~!.

For all planets, the circular and
beta-distribution models, that is, (a) and (e), give the most similar results, with (d),
the eccentric case, giving the most different ones. Panel (b) in Figure 4.3 shows the
RMS of the residuals for the three models. The distributions for all three models are
very similar, with no significant differences between them.

When comparing the RV amplitude found for models (d) and (e) to that found
for model (a), as shown in panel (c) of Figure 4.3, we find that a uniform prior on
the eccentricity (model d) gives, on average, higher values of RV amplitude, and
therefore higher planet masses. For this eccentric case, the RV amplitude difference

is found to be slightly offset from O ms~! and has a much wider range, up to around

+ 6ms~'. For the beta distribution case, model (e), the amplitude difference centres
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around Oms~! and has a much smaller range of values, with almost all planets
showing a less than 1 ms~! difference in RV amplitude compared to the circular
case. The model with a beta distribution on eccentricity gives much more similar
RV amplitudes to the circular case, whereas the uniform prior on eccentricity gives
higher RV amplitudes on average. This highlights the importance of choosing the

prior on eccentricity with care.

We also performed this analysis for the 3D GP models, which have different
eccentricities: the circular case (model k), the case with a uniform prior on eccen-
tricity (model m), and the case with a beta distribution on eccentricity (model n).
We find very similar results: the beta distribution gives the most similar results to
the circular case. The model with a uniform prior on eccentricity tends to find higher

RV amplitudes on average.

The distributions of eccentricity values found for the models with a uniform
prior on e (model d) and a beta distribution (model e) are shown in panel (d) of Fig-
ure 4.3. For model (d), the distribution is almost flat, with eccentricity values ranging
all the way up to 0.9. For the beta distribution case, model (e), the eccentricities
found centre close to zero, with the highest value being 0.2, fairly closely following
the prior distribution set. Given the very high values of eccentricity found in the
case for model (d), we wanted to check that the wide priors set on the RV amplitude
were not contributing to this. We ran model (d) again for all targets but restricted
the RV amplitude to be less than 50ms~!. We found that the eccentricity and RV
amplitude did not change by more than 1% in any case, and so the wide priors on RV
amplitude are not the reason for the high eccentricities. In some ways, it is surprising
to find such high values of eccentricity, especially as we chose to parametrise the
eccentricity and argument of periastron as in Equation 4.2, which should help with
this issue. It is possible that the model is finding such high eccentricities due to

spurious data points (Hara et al., 2019).

Finally, panel (e) of Figure 4.3, shows the RV amplitude uncertainty for each
planet found with models (a), (d), and (e). The circular and beta distribution models,

(a) and (e), have the most similar RV uncertainties, both with distributions peaking



4.7. Results and discussion 119

below 1 ms~! and only a few higher outliers. For the eccentric case, model (d),
the distribution in RV amplitude uncertainty peaks at a higher value and has higher
outliers of up to 7ms~!.

Based on our results, it is clear that using a uniform prior on eccentricity is not
a suitable approach for modelling large sets of RV data. Instead, we suggest using
an informative prior distribution on the eccentricity, such as a beta distribution. We
note that the RV amplitude (and therefore planet mass) found for the whole sample
does not change much between simply fixing the orbits as circular and using a beta
distribution in eccentricity. However, we believe that the use of a beta distribution
is more physically motivated, as we would not expect every planet in our sample
to be on a perfectly circular orbit. Alternatively, the simultaneous modelling of

photometric data may help accurately constrain the eccentricity, though testing this

in more detail is beyond the scope of this chapter.

4.7.3 Impact of GP dimension

We compare the K amplitude found with different dimensionalities of GP: no GP,
model (a); a 1D GP (fitting just to the RVs), model (f); a 2D GP (fitting to the RVs
and an activity indicator, in this case the FWHM), model (h); and a 3D GP (fitting
to the RVs and two activity indicators, in this case FWHM and BIS), model (k). In
all cases, the models are for a circular orbit.

Figure 4.4 shows the results of these four models with different dimensions of
GP. In panel (a) we compare the extracted RV amplitude for all planets in our sample
with the different models. There are two things of note: the biggest error bars tend
to be from the no GP case, and the biggest differences also tend to be for the no GP
case. However, for nearly all the planets in the sample, the dimension of the GP
does not significantly change the extracted RV amplitude. Although we note that the
median value of RV amplitude for a given planet indeed does vary a little between
the models, which would have an impact on statistical studies of the population.

Panel (b) of Figure 4.4 shows the RMS of the residuals for the four models.
All the GP models have very similar distributions, with the no GP case having the

largest RMS values. Therefore, the inclusion of a GP indeed reduces the RMS of
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Figure 4.3: Impact of orbital eccentricity. Panel (a): Comparison of the RV amplitude
found for each target for three different models, (a), (d), and (e). Error bars
show the 1o~ uncertainty from the MCMC posteriors. Target names are given
as TIC IDs with the letter of the planet. Panel (b): Histogram showing the
RMS error of the residuals to the fit. Panel (c): Histogram showing the RV
amplitude found compared to model (a). Panel (d): Histogram showing the
value of eccentricity found. Panel (e): Histogram showing the 1o~ uncertainty
in the RV amplitude found for the different models.
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the residuals on average.

Panel (c) of Figure 4.4 shows the difference in RV amplitude found for each
model compared to the no GP case. Here, there is a slight shift seen for the 1D GP
case compared to the 2D and 3D cases. The 1D GP case finds slightly higher RV
amplitudes on average, and is most different from the other GP models.

Panel (d) of Figure 4.4 shows the difference in RV amplitude found for the 2D
and 3D GP models compared to the 1D GP case. The 2D and 3D GP models overlap
very well in terms of RV amplitude. They both show some differences from the
1D GP model (which would be at zero in this plot). The 1D GP model is the most
inconsistent of the three models.

Finally, in panel (e) of Figure 4.4, we show the uncertainty in the RV amplitude
found for every planet with each model. All models have a peak in uncertainty at
below 1 ms~!'. The no GP case has a slightly shifted peak uncertainty and also has
the highest outliers. The models including a GP show a very similar distribution in
RV amplitude uncertainty.

Based on these results, if using a GP, we would recommend using a multidi-
mensional GP that fits to an activity indicator. This is because the 2D and 3D GP
results seem the most robust compared to the 1D case; the 1D GP model finds the

biggest difference in RV amplitude.

474 Model comparison

We compared each of our models by computing the BIC and the AIC. Table B.1
gives the value of each of these for each model of every system. However, we note
that none of these metrics are perfect indicators of goodness of fit, and additionally,
the use of different data sets (in the case of the 2D and 3D GP models) means that
you cannot directly compare these metrics. Regardless, we provide this information
as an overview. For the models that use only the RV data, the lowest AIC model
for 78 planets is the 1D GP circular model (f), followed by the 1D GP model with
a uniform prior on eccentricity (g) for 11 planets. The remaining planets all prefer
a no GP model. For the 2D GP models, 85 planets prefer the circular model (h)

over the uniform prior eccentric model (j). For the 3D GP case, 80 planets prefer
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Figure 4.4: Impact of GP dimension. Panel (a): Comparison of the RV amplitude found for
each target for four different models, (a), (f), (h), and (k). Error bars show the
1o uncertainty from the MCMC posteriors. Target names are given as TIC IDs
with the letter of the planet. Panel (b): Histogram showing the RMS error of
the residuals to the fit. Panel (c): Histogram showing the RV amplitude found
compared to model (a). Panel (d): Histogram showing the RV amplitude found
for models (h) and (k) compared to model (f). Panel (e): Histogram showing
the 10 uncertainty in the RV amplitude found for the different models.
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the circular case (k), 18 the eccentric model with beta distribution (n), and 15 the
uniform eccentric model (n). In general, the circular models seem to be preferred by
the AIC, possibly because these have fewer parameters and so are not penalised by
the goodness-of-fit metrics; though in some cases the non-circular models are still

preferred.

To define our ‘best’” model for the adopted set of planet parameters for each
target, we first find the lowest AIC model from the models that use only the RV
data (models a to f). If the best model for a given target corresponds to the 1D GP
model, we take this as an indication that a GP is required for that specific target. For
the targets that require a GP, we assign the 3D GP with beta distribution as the best
model. Looking at panel (e) of Figure 4.4, the histogram shows the peak for the 2D
model to be at slightly lower RMS then the 3D model. However, we still assign the
3D GP model as the best model as it makes use of the most information, and this
difference in peak is very small. Future investigations may wish to compare whether
adding more data is always better. For the targets that prefer a no GP model, we

assign the no GP beta distribution model as the best model.

We note that the beta distribution models do not always give the ‘best’ fit
in terms of AIC and BIC. However, we choose these as our final models as the
treatment of eccentricity is the most realistic: not all planets in our sample will be
on circular orbits, and using a uniform prior for eccentricity gives spuriously large
eccentricity values. Additionally, the beta distribution is an empiric result based on
transit observations of small planets and so has good physical motivation (Van Eylen
et al., 2019). We chose the 3D GP case rather than the 1D or 2D case because the
1D GP case appears to be the least consistent with the others (in terms of extracted
RV amplitude), and because the 3D GP case makes use of the most information —in
the form of the FWHM and BIS indicators. We note that the 3D GP model will
always have a lower value of AIC compared to the 2D GP case because it has more
data points, but this is not why we chose this model. The fitted planet parameters

for the best model chosen for each target are shown in Table B.2.

Panel (a) of Figure 4.5 shows the RV amplitude of the best model for each planet
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in our sample compared to the default published value from the NASA Exoplanet
Archive (though we note that some planets do not have a published RV amplitude,
and that for many of those that do have one, the data are different from those used
here). For some planets, there is a significant difference between the two. Even
where the 1o error bars overlap, the difference in the median RV amplitude for a
given planet can vary by up to a factor of 2. This would have a big impact on the
calculated bulk density of the planet and therefore change the estimated composition.

Finally, in panel (b) we present a histogram of the RV amplitude uncertainties
for our best model compared to those of the default published amplitudes. It is clear
that these latter amplitudes have a lower uncertainty on average compared to our
best model. We discuss why this may be the case in Sect. 4.8 (most likely due to
additional data being used in the published works) and note that the aim of this work
is not to find the most precise planet masses, but rather to provide a sample where
the masses have been found homogeneously. Overall, this comparison shows that
a homogeneous approach finds a different distribution in RV amplitudes for some
targets (and therefore planet mass) compared to a heterogeneous sample.

Finally, in panel (c) we show a histogram of the RV amplitude differences from
our best model compared to the default published values (for targets that have this
published value). The distribution here does peak around O ms~!; however, some
targets have difference in amplitude of up to Sms~'. On the one hand, this is
reassuring as it seems that our results are broadly consistent with the literature. On
the other hand, there are still differences seen for some targets, which would have
an impact on the overall demographics of this sample. This highlights the need for
a homogeneous analysis approach if we want to study populations of planets rather

than individual systems.

4.7.5 TIC 98720809: A representative example

In this section, we show the full results for one example, TIC 9870809, a two-planet
system that has a very consistent RV amplitude found across all models with a GP.
For this target, we take the 120 HARPS RV observations (all post-fibre-upgrade)

and the priors found from the NASA Exoplanet Archive composite parameters table.
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Figure 4.5: Panel (a): RV amplitude found with the best model for each planet in our sample
(blue stars) compared to the default published value from the NASA Exoplanet
Archive (grey squares). Some planets do not have a published RV amplitude on
the archive. Panel (b): Histogram showing the RV amplitude uncertainty for our
best model compared to the uncertainties of the default published amplitudes.
Panel c: Histogram showing the RV amplitude of our best model for each planet
subtracted by the default published value.

This gives the priors listed in Table B.2.

Our best model for this target is the 3D GP model with beta distribution on the
eccentricity, and we focus on that specific case here. After the MCMC fitting, we
find the parameters given in Table B.3. Figure 4.6 shows the full time series data
for this target, with the best-fit model shown for the 3D GP with beta distribution on
eccentricity case. The impact of the GP is clear in this plot: the planet signal alone
would not reproduce the observations well without an activity model. In Figs. 4.7
and 4.8 we show the phase-folded RV data with best-fit model (including the GP)
for planets b and c, respectively. Finally, the full posterior distribution found for all

fitted parameters is shown in Figure B.1.
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Figure 4.6: Best-fitting two-planet orbital model for TIC 9870809. HARPS data shown by
blue circles as a function of time. The best-fitting model for the planet signals
is shown in red, the 3D GP model in blue, and the combined planets and GP
shown in black. The dark and light shaded areas show the 10~ and 20 credible
intervals of the corresponding GP model, respectively.

As a comparison, we now show the result plots for this same target but without
a GP added to mitigate stellar activity. Specifically, we show the no GP model with
a beta distribution on eccentricity, so that we can directly compare. In Figure 4.9 we
show the time-series data with this no GP model; the data are very clearly not well
fitted by this model, demonstrating the positive effect of the addition of a GP in this
case. In Figs. 4.10 and 4.11, we show the phase-folded RV data with best-fit model
(with no GP) for planets b and c, respectively. Again, it is clear that this model
does not fit the data well, and in this case the planet signals would not be recovered.
Finally, Figure B.2 shows the full posterior distribution of fitted parameters for this
no GP model. In this case, the RV amplitude found for both planets is not significant;
that is, it is within 1o~ of 0 m s~'and so using only this model with these data would

result in non-detections for both planets.

4.8 Caveats and recommendations

This work presented a number of challenges, which are mostly related to the use of
archival data. Barbieri (2023) discusses the possibility that some data and/or targets
are potentially missing from our sample, which could impact the RV amplitudes
found. We also note that we did not reprocess the raw observations to find the RVs
ourselves; this would likely reduce some of the challenges we faced and could be a

useful additional step in future work.
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Figure 4.7: Phase-folded RV data from HARPS (blue circles) alongside the best-fitting
planet model for TIC 9870809 b (with the effect of the other planet and the
GP model subtracted). The lower part shows the residuals from the fit. There
appears to be no trends visible in the residuals.

Another difficulty with using archival data is that we have no control of the
observing strategy. In some cases, the cadence and baselines of observations for a
target are not ideal for fitting GPs. Having long gaps between seasons of data makes
it harder for the GP to capture the stellar activity signal. In future we recommend
teams to think about trying to reduce the length of the gaps between their observing
seasons where possible. We also recommend that large RV surveys be designed to
mitigate the biases inherent to the observing strategy where possible, following the
work of Teske et al. (2021) for example.

Another caveat of our results is that we used only the RVs available from
HARPS. For some of our targets, there are additional data available from other RV
instruments. In some cases, this means that the published K amplitudes are more
precise than the ones we have found in our work. We would recommend that future
studies investigate the impact of adding additional data.

Finally, we note that some activity indicators or combinations of indicators may

be more capable of mitigating different manifestations of stellar activity than others.
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Figure 4.8: Phase-folded RV data from HARPS (blue circles) alongside the best-fitting
planet model for TIC 9870809 c (with the effect of the other planet and the
GP model subtracted). The lower part shows the residuals from the fit. There
appears to be no trends visible in the residuals.
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Figure 4.9: Planet model with no GP beta distribution on eccentricity for TIC 9870809.
HARPS data shown by blue circles as a function of time. The best-fitting model
for the planet signals is shown in black. The model does not fit the data well.

The typical activity seen in an M dwarf star is not the same as a G type star, and so
having a one-size-fits-all approach may not be the most effective. However, the aim
of this work is not to provide the ‘best’ RV amplitude for each small planet, but is
instead to create a database of homogeneously derived planet parameters that can
be used for demographics studies.

Based on the experience of this experiment, we propose a general set of rec-
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of the other planet subtracted). The planet signal is hardly visible.
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Figure 4.11: Phase-folded RV data from HARPS (blue circles) alongside the planet model

with no GP beta distribution on eccentricity for TIC 9870809 c (with the effect
of the other planet subtracted). The lower part shows the residuals from the
fit. The planet signal is hardly visible.
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ommendations for observing and modelling RVs of planet hosting stars in large

batches:

1. Avoid having multiple seasons of observations with large (> 1 year) gaps in

between if a GP is required to mitigate stellar activity signals.

2. Avoid modelling orbits as eccentric without a prior on the eccentricity (e.g.

in the form of a beta distribution).

3. If using a GP, it should be used in combination with at least one activity

indicator.

4. Using a heterogeneously derived sample of planet masses will likely induce
some biases when looking at a large sample: to complete demographics

studies, we recommend modelling planet masses in a homogeneous way.

5. As a community, we should collate a database of homogeneously derived

masses wherever possible.

Plenty of work still needs to be done to understand the importance of homoge-
neous mass analysis in exoplanets. In future work, it will be beneficial to look at:
the impact of how the RVs are extracted from the spectra; the potential systematic
difference between the RV fitting toolkits; and the degree to which a joint fit with
photometry changes planet masses. We also note that it would be important to test
the robustness of the RV amplitude found when changing the priors on the GP and

also the choice of GP kernel, particularly for different stellar types.

4.9 Conclusions

In this work, we re-fitted all publicly available HARPS RV observations for 44 stars
hosting small planets with a planet radius of smaller than 4 Rg. For each target
system, we used 12 different models to investigate how model choice impacts the
planet mass found.

We find that the addition of long-term trends to the model (either linear or

quadratic in nature) makes a difference in some specific cases but that overall this
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model choice has only a very small impact. Almost all targets have an RV amplitude

within 1 m s~ of that found with a model with no trend.

The impact of eccentricity is much more significant. We find that the RV
amplitudes found for fixed circular orbits differ (in some cases significantly) from
those found for orbits that are modelled as eccentric with wide uniform priors. We
recommend using a prior on the eccentricity, such as the beta distribution presented
in Van Eylen et al. (2019) to ensure that the model does not find very high values of

eccentricity.

Finally, we find that the addition of a GP, and in particular a multidimensional
GP that fits on RVs and activity indicators, indeed impacts the mass found. On
average, the RV amplitude found is within 1 ms~'of that found for the no GP case;
however this can vary by up to more than 6 ms~!. The 1D GP model, fitted just on the
RVs, is the most different from the others. Therefore, we recommend using either a
2D or a 3D GP model for active stars. A 3D GP model takes longer computationally
and so a 2D GP may be better where time is restricted and/or many targets need to

be modelled.

Overall, our results demonstrate the importance of considering homogeneity
in the analysis of RV observations to find planet masses. This will be particularly
important for future surveys, such as the PLATO mission, which aims to provide
a catalogue of accurate and precise planet parameters for many new systems. To
ensure this sample is accurate at the population level, it will be necessary for the

analysis to be done in a homogeneous way.

In Sect. 4.8 we describe some of the caveats of our work. In particular, we
note that the RV amplitudes found in this work may not be the most precise for each
individual planet in the sample. Rather, our aim is to provide a sample of masses
determined homogeneously. We also note that future work should investigate the
impacts of different models for different stellar types, and whether a joint model
with photometric data would be of benefit. In Chapter 5 we investigate how the
mass—radius distribution changes for our homogeneous sample from that seen for

the heterogeneous sample. We will also comment on the future characterisation
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possibilities of these small planets.



Chapter 5

Homogeneous planet masses 11:

Small planet demographics

5.1 Introduction

Precise and accurate planet mass measurements are essential for understanding the
composition of exoplanets, placing constraints on their formation pathways (Mor-
dasini and Burn, 2024), and to enable atmospheric observations (Batalha et al., 2019;
Di Maio et al., 2023). The most common method for finding exoplanet masses is
through precision radial velocity (RV) observations. However, the heterogeneity in
the modelling of these RVs leads to a sample of planet mass which is challenging
to use for statistical analysis and demographics studies. In 4 we show that making
just one different choice in the modelling can lead to differences in extracted RV
amplitude, even for identical data sets. In this chapter we take these new, homoge-
neously fitted planet RV amplitudes and use the derived planet masses they provide

to investigate how this new sample changes our view of small planet compositions.

We also aim to investigate how the compositions of small planets change in and

around the radius valley.

Others suggest that it could be the result of a variation in core composition at
formation (Burn et al., 2024) with some evidence of a new class of small planets
which contain significant fractions of water in their composition, e.g. Osborne et al.

(2024); Piaulet et al. (2022); Diamond-Lowe et al. (2022); Cadieux et al. (2022).
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This class of water-world planets is also supported by planet formation models which

predict the formation of many such planets (Chakrabarty and Mulders, 2024).

Recent works have given evidence that the location of the radius valley changes
as a function of host star mass (Ho and Van Eylen, 2023; Petigura et al., 2022;
Cloutier and Menou, 2020). And more specifically, that the radius valley is less
empty for M dwarf stars compared to FGK stars (Ho et al., 2024). Luque and Pallé
(2022) suggest that, for M dwarf systems, this is actually a difference in density rather
than radius, arguing that a population of water-world planets explain the observed
trends. However, Parc et al. (2024) find no evidence of a distinct population of water-
worlds. And Bergsten et al. (2023) find no signs of a difference in the occurrence
rates of Earth-size planets around FGK and M dwarf stars. The ongoing questions
over the nature of small planet compositions and the cause of the radius valley are
confused by two things: the degeneracies in theoretical planet compositions; and

the heterogeneous sample of planet mass and densities used in analyses.

For this work we wanted to attempt to answer these specific questions: are
planets below the radius valley consistent with rocky compositions, and are those
above consistent with a rocky plus H-He atmosphere? And, in addition, is there a
difference in this for planets orbiting M dwarf stars compared to FGK stars? To help
answer these questions we use our new homogeneously-derived set of planet masses
and densities and theoretical composition tracks (in mass radius space) to compare

these to.

In Section 5.3 we present the homogeneous planet masses derived from the
radial velocity amplitudes in Osborne et al. (2025), in Section 5.4 we describe how
these planet masses fit into our view of planet compositions in and around the radius
valley. Finally in Section 5.5 we provide a prioritised list of important targets for

future atmospheric characterisation.

5.2 Stellar Parameters

One important factor to consider in deriving the masses of planets is that the planet

mass found is dependant on the stellar mass. If our sample of stellar masses is not
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sufficiently precise and accurate then it will introduce additional uncertainties in
the planet masses which we derive — as described in Weeks et al. (2025) . For this
reason we carefully consider which measured stellar masses to use for our sample.
We chose to use the community database provided by Sousa et al. (2021) which
provides stellar parameters for exoplanet host stars. For some of the stars in this
catalogue the parameters are found in a homogeneous method, though for a few of
our sample this is not the case. Specifically, M dwarf stellar parameters are not
found in the same method as FGK stars. However, this is still the most complete
and most homogeneous catalogue of exoplanet host stars available to us. Table 5.1

gives the stellar parameters used for all stars in our sample.

Table 5.1: Stellar parameters used for the stars in our sample, from Sousa et al. (2021). The
name of the star, mass in solar masses, mass uncertainty, magnitude in V band,
and effective temperature in K, are all given.

Name Mass /Mg Masserror/ MgV Magnitude Teff/ K
CoRoT-7 0.846 0.009 11.73 5336
K2-32 0.808 0.007 12.31 5322
GJ 1132 0.417 0.077 13.5 3270
GJ 1214 0.377 0.072 14.47 3109
HD 106315 1.244 0.028 8.95 6591
HD 136352 0.886 0.005 5.65 5659
HD 3167 0.836 0.008 8.94 5286
K2-18 0.443 0.031 13.5 3587
K2-3 0.499 0.021 12.17 3788
LHS 1140 0.346 0.041 14.15 3131
K2-138 0.846 0.008 12.21 5313
K2-233 0.717 0.007 10.7 4802
K2-266 0.624 0.013 11.81 4184
K2-265 0.884 0.006 11.19 5453
K2-229 0.779 0.006 10.98 5125
GJ 143 0.688 0.015 8.14 4497
TOI-125 0.815 0.006 11.02 5259
TOI-270 0.41 0.026 12.62 3539
L 98-59 0.385 0.028 11.7 3420

GJ 357 0.388 0.024 10.91 3458
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Table 5.1 continued from previous page

Name Mass /Mg Mass error/ MgV Magnitude Teff/K
HR 858 1.2 0.009 6.38 6360
TOI-700 0.421 0.032 13.08 3480
EPIC 249893012  1.096 0.007 114 5567
LHS 1815 0.482 0.023 12.2 3678
TOI-1130 0.685 0.022 11.4 4609
HD 108236 0.883 0.101 9.2 5720
TOI-421 0.833 0.005 9.9 5316
TOI-763 0.882 0.014 10.16 5450
TOI-776 0.486 0.021 11.5 3765
HD 110113 1.889 0.012 10.05 5732
HD 183579 0.964 0.014 8.68 5788
GJ 367 0.465 0.03 10 3651
HD 137496 1.09 0.015 5799
HD 73583 0.684 0.119 9.67 4511
TOI-1062 0.865 0.012 10.25 5328
TOI-220 0.801 0.01 10.4 5298
TOI-431 0.76 0.013 9.12 4850
TOI-500 0.698 0.019 4621
TOI-544 0.647 0.033 11 4369
GJ 3090 0.48 0.022 11 3701
TOI-836 0.648 0.031 9.9 4552
TOI-1052 1.195 0.014 9.5 6146

5.3 A new sample of homogeneous planet masses

We use the RV amplitudes derived in Osborne et al. (2025) and our stellar masses
from 5.2 to derive the masses of the 83 small planets in our sample. In Osborne
et al. (2025) we did not model planet radii for our sample, and so for each of our
planets we use the radius published in the Composite Parameters table on the NASA
Exoplanet Archive. We note that it is possible that the planet radii could introduce
some heterogeneity in our analysis, however typical transit surveys have standardised
pipeline which should reduce this impact, e.g. in the case of TESS Ricker et al.
(2014).
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Table 5.2 gives the extracted mass of each planet in our sample, plus the planet

radius, orbital period, and eccentricity.

5.4 The radius valley

To investigate how these planet masses and radii relate to the radius valley we
calculate the location of the upper and lower boundaries of the radius valley. We do
this for each individual target as the valley location changes based on stellar mass
(Ho et al., 2024). We use Equation 11 from Ho and Van Eylen (2023) to calculate
the specific planet radius needed at the observed orbital period to be at the valley
boundaries. We then assign each planet to be either ‘below’, ‘above’, or ‘inside’ the
valley by comparing this predicted radius with the observed radius. We also split
our sample into M dwarf and FGK hosts, with a cut at stellar effective temperature
4000 K. This is because some works have suggested that different stellar types may
host different populations of planets (see e.g. Neil and Rogers, 2018). In the left
panel of Figure5.1 we show the radius period distribution of planets orbiting M
dwarfs in our sample, colour coded by location relative to the valley. The right hand
panels show this same sample and colour coding but now in the mass-radius plane.
Figure 5.2 shows these same plots but for our sample of planets orbiting FGK host

stars.
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Figure 5.1: Planets in our sample which orbit M dwarf stars. Left: planet radius versus
orbital period. The yellow solid lines show the upper and lower boundaries
of the radius valley (calculated for the median stellar mass of the sample).
The planets are colour coded by their location relative to the radius valley,
calculated for their specific stellar mass. Right: the same sample of planets
with the same colour coding, this time in mass-radius space. The coloured
lines show theoretical composition tracks: pink lines from Lopez and Fortney
(2014), purple lines from Aguichine et al. (2021), and green from Zeng et al.
(2019).

5.4.1 Below the valley

Now we can focus in on just the planets below the valley, in Figure 5.3, left panel,
we show a zoom in of the planets classified as below the valley. We also include
three theoretical composition tracks: for an Earth-like rocky composition, a pure
iron composition, and a pure rock composition (Zeng et al., 2019). The pure rock
and pure iron compositions are provided as a comparison and do not represent a
likely actual composition. The first thing to note is that all of these planets below
the valley are consistent with ‘rocky’ compositions i.e. their mass and radius do
not require any addition of volatiles to be explained. Secondly, there does seem to
be some variation within these rocky planets: some seem closest to an Earth-like
composition while others are more likely to be iron-poor (i.e. closer to the pure
rock line). Given the size of the error bars and the close proximity of the tracks it is
difficult to say conclusively that there are multiple groups within this population. In

previous works focused on FGK-type stars it has been suggested that the distribution
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Figure 5.2: Planets in our sample which orbit FGK stars. Left: planet radius versus orbital
period. The yellow solid lines show the upper and lower boundaries of the radius
valley (calculated for the median stellar mass of the sample). The planets are
colour coded by their location relative to the radius valley, calculated for their
specific stellar mass. Right: the same sample of planets with the same colour
coding, this time in mass-radius space. The coloured lines show theoretical
composition tracks: pink lines from Lopez and Fortney (2014), purple lines
from Aguichine et al. (2021), and green from Zeng et al. (2019).

in the amount of rock/iron in a planet core could correspond to the stellar metallicity
(Adibekyan et al., 2024) and/or stellar age (Weeks et al., 2025), this may also be the
case for M dwarfs.

In Figure 5.3, right panel, we show the planets in our sample which orbit FGK
type stars and are below the radius valley. Here, again, all planets are consistent
with a rocky-like composition, with some variation in the proportion of rock/iron.
We note that one planet has a significant difference from the others and appears to
be extremely dense, however the uncertainties on this mass are also very large and
so the planet is less than 10~ away from a pure iron composition.

One difference between the planets around M dwarf and FGK stars in our
sample is that the planets around FGK stars appear to be more massive on average
than those around M dwarfs. All of the planets below the radius valley orbiting M
dwarfs in our sample are below 3 Mg. Conversely, the majority of planets below
the radius valley orbiting FGK stars in our sample are above 3 Mg. Otherwise, the

distributions of planets in these two sample do appear very similar, and in both cases
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Figure 5.3: Left: Planets in our sample which orbit M dwarf stars and are below the radius
valley. Planet mass versus radius for the planets which are below the radius
valley shown in Figure5.1. Right: Planets in our sample which orbit FGK
stars. Planet mass versus radius for the planets which are below the radius
valley shown in Figure 5.2. Lines show theoretical composition tracks for solid
planet scenarios.

the planets do not all fall along a single composition track.

5.4.2 Above the valley

Now we move on to planets located above the radius valley. Here we split each
sample (M dwarf and FGK host stars) into two separate mass-radius diagrams.
This is so that in one we can plot the composition tracks which are consistent
with an Earth-like core surrounded by atmospheric layers of H-He from Lopez and
Fortney (2014). And in the other we plot the composition tracks for planets with a
combination of Earth-like rock and water from Aguichine et al. (2021). Figure 5.4

shows the two mass-radius diagrams for the planets orbiting M dwarf stars.

The first thing to note is that not all of the planets are consistent with a ‘sub-
Neptune’-like composition. One planet (lower centre of the plot) is consistent with
an Earth-like composition, which is not predicted for a planet above the radius valley.
However, this planet, LHS 1140 b, has recently been analysed in Cadieux et al. (2024)
where thy use ESPRESSO data rather than the archival HARPS data. Cadieux et al.

(2024) find a lower mass for this planet in their new analysis which would put it at a
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Figure 5.4: Planets in our sample which orbit M dwarf stars and are above the radius valley.
Planet mass versus radius for the planets which are above the radius valley
shown in Figure 5.1. Left: pink lines show Earth-like rocky core surrounded
by a layer of H-He in varying percentages by mass from Lopez and Fortney
(2014) using the models for a 10 Gyr planet, with solar metallicity and flux of
10 Fg. Right: purple lines show compositions from Aguichine et al. (2021)
of irradiated ocean worlds with varying water mass fractions. In both panels:
green lines show Earth-like rocky composition from Zeng et al. (2019).

lower density and therefore within the sub-Neptune-like region. This also highlights
the importance of investigations into whether different telescopes and instruments
find consistent masses for the same planets, though this is beyond the scope of this
chapter.

Other than this one example, all of the other planets are consistent with requir-
ing some volatile layers. In the left panel we can see that the planets are spread
throughout the composition tracks, i.e. no single track could represent all planet
masses and radii. In the right panel the same is true, no single water-world com-
position track can be used to represent all of these planets. The H-He and water
compositions are degenerate with each other and so it is not possible to find a reliable
composition for these planets with just mass and radius measurements.

In Figure 5.5 we show the mass-radius diagram for planets above the radius
valley orbiting FGK stars in our sample. Again we split this into two panels to show
the composition tracks for sub-Neptunes and water-worlds. Firstly, we see that all

the planets are consistent with requiring the addition of volatiles, and so are not
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Figure 5.5: Planets in our sample which orbit FGK stars and are above the radius valley.
Planet mass versus radius for the planets which are above the radius valley
shown in Figure 5.2. Left: pink lines show Earth-like rocky core surrounded
by a layer of H-He in varying percentages by mass from Lopez and Fortney
(2014) using the models for a 10 Gyr planet, with solar metallicity and flux of
10 Fg. Right: purple lines show compositions from Aguichine et al. (2021)
of irradiated ocean worlds with varying water mass fractions. In both panels:
green lines show Earth-like rocky composition from Zeng et al. (2019).

likely to be only rocky compositions. We also note that in the right hand panel, even
the composition track with a 50% fractional mass of water is insufficient to explain
the mass and radius of many of the planets. For these planets toward the top of the
mass-radius diagram the addition of H-He is required to sufficiently increase the
radii for a given mass to match observations. For the planets in the lower part of the
mass-radius diagram, the composition tracks between sub-Neptune-like and water-
world-like compositions are degenerate and so we would not be able to rule-out the

possibility of water worlds in this sample.

When comparing the planets around FGK stars to those around M dwarfs we
notice several key differences. Firstly, the planets around M dwarfs are on average
much smaller, with all of them below 3 Rg. Whereas the planets orbiting FGK stars
span a much wider range of radii. Secondly, there are many planets orbiting the
FGK stars in our sample which have sufficiently low density they must have much

more significant H-He layers — above 10% by mass in some cases.
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Figure 5.6: Planets in our sample which orbit M dwarf stars and are inside the radius valley.
Planet mass versus radius for the planets which are inside the radius valley
shown in Figure 5.1. Left: pink lines show Earth-like rocky core surrounded
by a layer of H-He in varying percentages by mass from Lopez and Fortney
(2014) using the models for a 10 Gyr planet, with solar metallicity and flux of
10 Fg. Right: purple lines show compositions from Aguichine et al. (2021)
of irradiated ocean worlds with varying water mass fractions. In both panels:
green lines show Earth-like rocky composition from Zeng et al. (2019).

5.4.3 Inside the valley

Finally we take a look at the small subset of planets in our sample which sit inside
the radius valley in radius-period space. If we assume that the radius valley is
formed through atmospheric loss processes then it might be the case that planets
found inside the valley are currently undergoing this loss of material. Alternatively,
if we believe the water-world scenario we might expect that planets inside the valley
could form part of this water-rich population and so could have an unusual density.

Figure 5.6 shows the planets in our sample which orbit M dwarf stars and
are inside the radius valley. Again, we show two mass-radius diagrams with the
sub-Neptune-like theoretical composition tracks on the left and the water-world-like
composition tracks on the right. For all three planets shown, the composition tracks
are degenerate. However, in the left panel, with sub-Neptune-like compositions, note
that the fractional mass of H-He is required to be very low to explain the measured
masses and radii. Whereas a potential water-world with around 10% water by mass

is also sufficient to explain to the measured mass and radius of these planets. These
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Figure 5.7: Planets in our sample which orbit FGK stars and are inside the radius valley.
Planet mass versus radius for the planets which are inside the radius valley
shown in Figure5.2.Left: pink lines show Earth-like rocky core surrounded
by a layer of H-He in varying percentages by mass from Lopez and Fortney
(2014) using the models for a 10 Gyr planet, with solar metallicity and flux of
10 Fg. Right: purple lines show compositions from Aguichine et al. (2021)
of irradiated ocean worlds with varying water mass fractions. In both panels:
green lines show Earth-like rocky composition from Zeng et al. (2019).

three planets would require atmospheric characterisation to break the degeneracy in

composition.

Finally, we show in Figure 5.7 the planets in our sample which orbit FGK stars
and are inside the radius valley. The first thing to note is that 3 of these planets are
consistent with rocky compositions. It is possible that these planets are erroneously
classified as inside the valley due to incorrect stellar parameters. What is most
interesting are the two planets which are not consistent with rocky compositions.
Both of these planets are firmly inside the valley and are also consistent with having
a sub-Neptune like composition with rocky and 2% H-He or a water-world-like
composition of rock and 10-30% water. As with the planets inside the valley orbiting
M dwarf stars, detailed atmospheric characterisation of both planets is required to

determine whether they really could be water worlds.
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5.5 The potential for atmospheric follow-up

As discussed in previous sections, it is clear that the problem of determining the
nature of planets between 2 and 4 Rg will not be solved with mass and radius
measurements alone. Atmospheric characterisation would allow for much greater
understanding of the compositions of these planets and may help break the degen-
eracies in mass-radius relations. In this section we provide a list of priority targets
for future atmospheric follow-up efforts.

First, we calculate the transmission spectroscopy metric (TSM, Kempton et al.,
2018) for each target using our new planet mass values. We note that this value
is not a definitive statistic but rather a way of comparing planets in a simplified
way for prioritising telescope time and so should be used in conjunction with other
reasoning for observing planets with instruments such as JWST. Nevertheless, the
TSM is commonly used as a way of finding potential targets and so we provide the
top ranking planets in our sample in terms of TSM for each radius bin as suggested

in Kempton et al. (2018) in Table. 5.3.

Table 5.3: The planets in our sample split into three radius bins, then ordered in terms of
highest TSM.

Planets Rg < 1.5  Planets 1.5 < Rg < 2.75 Planets 2.75 < Rg < 4

Name TSM Name TSM Name TSM
L 98-59 b 112 HR858¢ 432 K2-266 b 558
GJ 367D 38 L 98-59d 403 HD 136352c¢ 291
GJ 1132b 34 GJ 12140 269 TOI-431d 189
L 98-59 ¢ 33 HR 858 b 240 HD 73583b 167
K2-3d 30 TOI-270 ¢ 182 HD 106315c¢c 147
LHS 1140c 27 TOI-544 b 162 K2-138 f 136
GJ357b 26 GJ 3090 b 161 TOI-1130 b 119
TOI-500b 16 HR 858 d 130 K2-32d 113
TOI-431b 13 HD 136352b 129 HD 183579b 111

LHS 1815b 10 TOI-836 ¢ 125 HD 3167 ¢ 69
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We also note that several targets lie in particularly interesting parameter space
as seen in the mass-radius plots in the previous section. For that reason we also
wish to highlight the importance of atmospheric observations of the two planets
orbiting FGK stars which are inside the radius valley and do not follow the Earth-
like composition track: HD 110113 b and TOI-544 b, and the three planets inside
the valley orbiting M dwarf stars: K2-3 ¢, L 98-59d, and TOI-776b. All five of
these targets have published precise (better than 25% uncertainty) masses. Two of
these (TOI-544 b and L 98-59 d) are also within our top ranked TSM planets and so
we would suggest these are top priorities for atmospheric observations.

Some of these highlighted planets have already been the targets of JWST
observations to characterise their atmospheres including: L 98-59d and L 98-59 ¢
(Barclay et al., 2025; Scarsdale et al., 2024; Bello-Arufe et al., 2025); TOI-270 ¢
(Yang and Hu, 2024); and GJ 1214 b (Gao et al., 2023; Nixon et al., 2024; Schlawin
et al., 2024; Ohno et al., 2025; Malsky et al., 2025). With the upcoming JWST
director’s discretionary time programme focussed on the transmission spectroscopy
of potentially rocky planets orbiting M dwarf stars, we are likely to see further results

of atmospheric characterisation in the coming years.

5.6 Conclusions

In this work we provide a new sample of homogeneously-derived small planet
masses. These masses are calculated from the radial velocity analysis in Chapter
4 and, where possible, homogeneously-derived stellar parameters from Sousa et al.
(2021). By comparing these new planet masses, and the planet radii from previously
published transit measurements, with theoretical composition tracks we have been
able to provide potential planet compositions for our sample. In addition, we split
the sample based on location relative to the radius valley, investigating the planets
above, below, and inside the valley. From this we draw several key conclusions.
First, all planets below the valley (both orbiting FGK and M dwarf stars) are

consistent with solid compositions, i.e. without volatiles. There is some variation
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seen within these sub samples in terms of the fractions of iron and silicates, which
may be linked to stellar properties such as age (Weeks et al., 2025). Hopefully, future
work on stellar age characterisation, particularly following the launch of PLATO in
2026 (Rauer et al., 2014), will enable greater analysis of this possible trend. For
now, our homogeneous analysis demonstrates that the population of planets below
the radius valley is consistent with the atmospheric-loss scenario and there is no
discernible difference between the planets orbiting FGK type stars and M dwarf
stars.

Secondly, all planets above the valley require the addition of volatile elements
to account for their measured mass and radius. In the case of the planets orbiting M
dwarf stars and FGK stars, the composition tracks for sub-Neptune-like and water-
world-like compositions are degenerate and so mass and radius measurements alone
are insufficient to determine the compositions of these planets. Additionally, no
single composition tracks can be used to describe the subsample.

For the planets inside the radius valley there does seem to be a population with
unusual densities, possibly hinting to a water-world scenario. Though we cannot
rule-out the sub-Neptune-like compositions for these planets they would be ideal
targets for future characterisation studies.

Finally, we provide suggested prime targets for future atmospheric characteri-
sation. Accounting for both TSM and location inside the radius valley, we propose

that L 98-59d and TOI-544 b are top targets for observations with e.g. JWST.



Chapter 6

A Search for warm Jupiter
companions to test formation

pathways

6.1 Introduction

Improvements in instrumentation have allowed for increasingly lower mass planets
to be discovered and characterised, yet there is still much to learn from giant planets.
Since the very first exoplanet detections of hot Jupiters (Pop, < 10 days) were made
(Mayor and Queloz, 1995) it was clear that our previous understanding of planet
formation based entirely on our own solar system may not represent the full picture.
Most theories suggest that giant planets cannot form interior to the snow line (the
minimum distance from the star at which water could condense) and so must have

migrated inwards to their observed orbit (Dawson and Johnson, 2018).

While some progress has been made in understanding the formation and migra-
tion pathways of hot Jupiter planets, it is the warm Jupiters (10 <Py, <200 days)
which pose the biggest challenge to our understanding: their short semi-major axes
challenge in situ migration models, while their eccentricity distribution does not

match most migration theories (Miiller and Helled, 2023).

One potential theory is perturber-coupled high-eccentricity migration (Wu and

Murray, 2003), described in 1.2. In this model, planets form at long periods and
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their orbital eccentricity and inclination undergoes Kozai-Lidov oscillations due to
interactions with a perturber. These perturbing companions need to be massive and
nearby to result in perturber-coupled high-eccentricity migration (Dong et al., 2013).
Therefore, detecting or ruling out the presence of such companions for warm Jupiter
planets is a direct test of this promising formation theory. Detailed simulations
show that a dedicated radial velocity (RV) study of warm Jupiters is capable of
detecting or ruling out the vast majority of relevant perturbers (Jackson et al., 2021).
Specifically, that 20 RV observations with a precision of ~1ms~! over a 3-month
baseline can detect 77% of perturbing companions — only massive companions at
relatively short periods outer to the warm Jupiter are capable of exciting eccentricity
oscillations (Jackson et al., 2021). With a longer baseline, the detectability further
increases, as does limiting the sample to warm Jupiters with periods less than 50

days.

Despite previous RV observations of a number of warm Jupiters, such a detailed
RV study has not yet been performed. Most RV studies of warm Jupiters are primarily
aimed at measuring the mass of the planet, and are insufficiently precise to detect
or rule out these companions. Here we present the initial results of an observing
programme aimed at finding signs of potential perturbing companions to known
warm Jupiter planets. We combined archival RV data from a range of instruments
with new high-precision observations from the High Accuracy Radial velocity Planet
Searcher (HARPS, Lovis et al., 2006) to enable us to search for long-term trends
which can indicate the presence of a companion. Our full sample contains 11 known
warm Jupiter systems, here we present the observations and analysis of the first 5 of

these.

6.2 Target Selection

To search for appropriate targets for this observing campaign we use the NASA
Exoplanet Archive. We query the archive for confirmed planets which meet our
criteria of being a warm Jupiter: planet mass > 0.1 Mjypier and orbital periods

between 10 and 200 days, based on the definitions in Jackson et al. (2021). We
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remove any multiplanet systems — to remove the ones which have interior planet
companions. For our observations we chose to use the HARPS instrument mounted
on the European Southern Observatory (ESO) 3.6m telescope at La Silla. Therefore
we also make a cut on V-band magnitude of 12 to ensure all are sufficiently bright
for RV follow-up and a cut on maximum declination of +20°. We then individually
check the visibility of each potential target during the observing periods at La Silla,

leaving 11 targets. Table 6.1 lists each target along with information about the star.
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6.3 RV observations

All observations took place in observing periods 109 (April to September 2022)
and 113 (April to September 2024); programme IDs 109.233Q (PI Osborne) and
113.26DF (PI Osborne), respectively. For each of the 11 targets we aimed to gain
25 individual observations spaced out over as long a baseline as possible. Due to
weather and observing constraints this wasn’t always possible, however we do have a
minimum of 20 epochs of observations for each target when combined with archival
HARPS data. Version 3.8 of the Data Reduction Software (DRS; Pepe et al., 2002)
was used to reduce the HARPS spectra and extract absolute RVs by cross-correlating
the spectra with a K5 numerical mask (Baranne et al., 1996).

In addition, the majority of targets have publicly available data from other
instruments which we can use in combination with ours. Table 6.2 lists each of the
5 targets analysed in this work along with the number of observations from each
instrument. Appendix C contains the observation data for each of these 5 targets,
with the instrument used for the observations labelled. Note that in some cases
instrument interventions have occurred meaning that the same instrument will be
modelled separately depending on the time when observations took place. This
is the case for HARPS where two major interventions have occurred and so the
observations are labelled as ‘HARPS1’, ‘HARPS2’, and ‘HARPS3’ depending on

when they took place !.

Table 6.2: Number of observations of each of the 5 targets analysed in this work. The
first column shows observations as part of our HARPS programme, the follow-
ing column shows publicly available observations which were included in our
analysis. These are from the HIgh Dispersion Echelle Spectrograph, (HIDES,
Izumiura, 1999), the Fiber-fed Extended Range Optical Spectrograph, (FEROS,
Kaufer and Pasquini, 1998), CHIRON (Schwab et al., 2012), the Planet Finder
Spectrograph (PFS, Crane et al., 2010), CORALIE (Queloz et al., 2000), and the
University College London Echelle Spectrograph (UCLES Diego et al., 1990).

Target This programme  Archival Total
HD 167768 25 HARPS 102 HIDES“ 127
ISee  details  here: https://www.eso.org/sci/facilities/lasilla/

instruments/harps/news.html


https://www.eso.org/sci/facilities/lasilla/instruments/harps/news.html
https://www.eso.org/sci/facilities/lasilla/instruments/harps/news.html
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Table 6.2 continued from previous page

Target This programme  Archival Total
HD 203949 23 HARPS 13 FEROS?, 37 CHIRON? 73
HD 206255 23 HARPS 32 PFS¢ 55
HD 207229 24 HARPS 26 FEROS4, 35 CHIRON“ 85
HD 13445 5 HARPS 111 HARPS®?, 54 CORALIE, 64 UCLESS 234

a: Teng et al. (2023), b: Jones et al. (2014), c: Feng et al. (2019), d: (Jones et al., 2015), e:
ESO programmes 0101.C-0232, 097.C-0090, and 0100.C-0414, f: Queloz et al. (2000), g: Butler

et al. (2001).

6.4 RY analysis and modelling

We modelled the RV data using the code pyaneti (Barragan et al., 2019, 2022),
which has the option to implement Gaussian Processes (GPs) to help account for the
impact of stellar activity. The implementation of GPs for this purpose is described
in detail in Rajpaul et al. (2015); Aigrain and Foreman-Mackey (2023). We chose
to model all of our targets both with and without GPs as a comparison, and with and
without the addition of long term trends (both linear and quadratic) meaning a total
of 6 different models run for each target.

For all targets we use the published orbital period and 1o error on this as a
Gaussian prior. We took the published value of time of conjunction for each target
and set a wider uniform priors on this parameter as the published value + 100.
We also allowed the orbits to be eccentric. We parametrised the eccentricity and
argument of periastron as in Chapter 4, Eq. 4.2. For all runs, we performed Markov
chain Monte Carlo (MCMC) samplings using the sampler included in pyaneti,
which is based on an ensemble sampler (Foreman-Mackey et al., 2013). We sample
the parameter space with 200 Markov chains. Each chain is initiated randomly with
values within the prior ranges. We create posterior distributions with the last 1000
iterations of converged chains with a thin factor of 10. This generates distributions
with 200000 independent points per each sampled parameter.

To determine whether or not a warm Jupiter in our sample has a possible
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companion we will first perform model comparison to see whether the models with

long term trends are preferred.

6.5 Results

Table 6.3 shows the Akaike information criterion (AIC) for each model of each
target, as well as the amplitude of trend found for those models which include long

term trend parameters.

Table 6.3: AIC for each model of each target, as well as the amplitude of trend found for
those models which include long term trend parameters.

Target GP Trend AIC Fitted trend amplitude
HD 167768 No No -442.3
No  Linear -442.4 0.0059*0:99% m/s/days
: 0.0000016 2
No  Quadratic -448.1 0.0000042f0.0000016 m/s/days
Yes No -482.2
Yes  Linear -472.3  0.0024*0.999 m/s/days
Yes Quadratic  -480.9  0.0000024*%:9000018 1m/s/days?
HD 203949 No No -293.9
No Linear -296.1  -0.0057*%,99% m/s/days
: 0.0000009 2
No  Quadratic -292.4  0.0000017* 130 m/s/days
Yes No -327.0
Yes Linear -324.2 -0.0027*%%973 m/s/days
i 0.0000017 2
Yes Quadratic -280.9 O.OOOOOlO’jO.0000018 m/s/days
HD 206255 No No -476.0
No  Linear -468.6  -0.00058*%.9999 m/s/days
No  Quadratic -473.1 -0.0000001*%909901 m/s/days?
Yes No -480.1
Yes Linear -472.3  -0.00034*0.00088 m/s/days
: 0.0000002 2
Yes Quadratic -477.1 -0.00000017 (/205 m/s/days
HD 207229 No No -464.3
No  Linear -499.2  0.042*0.99% m/s/days
No  Quadratic -462.2 -0.0000046*%%000132 m/s/days?
Yes No -473.1
Yes Linear -493.3  0.042+%99% m/s/days

Yes Quadratic -471.2  -0.0000033*0:9%001%% m/s/days?




6.5. Results 160

Table 6.3 continued from previous page

Target GP  Trend AIC Fitted trend amplitude
HD 13445 No No -813.0
No  Linear -1394  -0.13*$904¢ m/s/days
No  Quadratic -1296  -0.0000094*%9009%01 m/s/days?
Yes No -1629
Yes  Linear -1703  -0.18*%9 . m/s/days

Yes Quadratic -1633  -0.0000143*%:90090%4 m/s/days?

6.5.1 HD 167768

HD 167768 b has a minimum mass of ~ 0.85 Mjypiter and orbital period of ~ 20
days (Teng et al., 2023). The system is not previously known to have any planet
companions or stellar binaries. For this target we find that of the 3 models with
no GP added give the best AIC value when a long-term quadratic trend is added.
However, of the 3 models which include a GP give the no long-term trend model as
the best model. It is possible that the GP is ‘absorbing’ some of the long-term trend
in the system and so we do not rule out the possibility of a long-term trend in this
system.

In Figure 6.1 we show the results of the model including a long-term quadratic
trend in this system (with no GP added). The long time baseline combined with
short orbital period mean that the periodic motion of the system is difficult to see
in the plot but the long-term trend in RV is visible. Note that the observations
from different instruments occur mostly at different observing seasons. This means
that it is possible that the trend we see is actually the result of an offset between
instruments. We do fit for instrument offsets in our modelling but in the absence
of observations with multiple instruments at the same time it is difficult to know
for sure if we fully account for this potential impact. This is issue is relevant for
almost all our targets and a challenging problem to solve. For now, we assume that
modelling the instruments offsets is sufficient to reduce the impact. In Figure 6.2
we show the RV data with this long-term trend subtracted, and phase folded to the

orbital period of the known planet. Here the data shows a good fit to the model.
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Figure 6.1: Planet model with a long-term quadratic trend included for HD 167768. HARPS
data shown by blue circles, the data from the HIDES instrument are modelled
as 3 separate instruments due to alterations in the instrument at different times.
All as a function of time. The best-fitting model for the planet signals is shown
in black. The overall quadratic trend is visible.
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Figure 6.2: Phase-folded RV data from HARPS (blue circles), and HIDES alongside the
planet model for HD 167768 b (with the effect of the quadratic trend subtracted).
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Figure 6.3: Planet model with a long-term linear trend included for HD 203949. HARPS
data shown by blue circles, FEROS data in orange diamonds, and CHIRON
data in green squares. All as a function of time. The best-fitting model for the
planet signals is shown in black. The overall linear trend is visible.

6.5.2 HD 203949

HD 203949 b has a minimum mass of ~ 8 Mjypiter and orbital period of ~ 184 days
(Jones et al., 2014), putting it at the outer edge of the warm Jupiter range. The
system is not known to have any planet companions or stellar binaries. For this
target we find that of the 3 models with no GP added give the best AIC value when a
long-term linear trend is added. However, of the 3 models which include a GP give
the no long-term trend model as the best model. As with the case of HD 167768, it
is possible that the GP is ‘absorbing’ some of the long-term trend in the system and
so we do not rule out the possibility of a long-term trend in this system.

In Figure 6.3 we show the results of the model including a long-term linear
trend in this system (with no GP added). The long-term linear trend in RV is visible.
In Figure 6.4 we show the RV data with this long-term trend subtracted, and phase
folded to the orbital period of the known planet. Here the data shows a good fit to

the model.

6.5.3 HD 206255

HD 206255b has a minimum mass of ~ 0.11 Mjypjeer and orbital period of ~ 96
days (Feng et al., 2019), meaning that this planet is only just above the typical cut
off for a giant planets of 0.1 Myypicer . The system is not known to have any planet
companions or stellar binaries. For this target we find that in both the GP and no GP

cases, the preferred model is one without the addition of any long-term trend. For
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Figure 6.4: Phase-folded RV data from HARPS (blue circles), FEROS (orange diamonds),
and CHIRON (green squares), alongside the planet model for HD 203949 b
(with the effect of the linear trend subtracted).
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Figure 6.5: Planet model without a long-term trend included for HD 206255. HARPS data
shown by blue circles, and PFS data in orange diamonds. All as a function of
time. The best-fitting model for the planet signals is shown in black.

the purposes of our study we now designate this target as not having any additional
planet companions. We note that it is possible that there are more planets in this
system but we would need many more observations to find them as they must be
lower mass and/or on longer orbital periods.

In Figure 6.5 we show the results of the model with no GP and no long-term
trend. In Figure 6.6 we show the RV data phase folded to the orbital period of the

known planet.
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Figure 6.6: Phase-folded RV data from HARPS (blue circles), and PFS (orange diamonds),
alongside the planet model for HD 206255 b.

6.5.4 HD 207229

HD 207229 b has a minimum mass of ~ 2 Myypiter and orbital period of ~ 144 days
(Jones et al., 2015). The system is not known to have any planet companions or
stellar binaries. For this target we find that in both the GP and no GP cases, the
preferred model is one that includes a long-term linear trend. Therefore, for this
target we are confident that the long term trend is real.

In Figure 6.7 we show the results of the model with no GP and a long-term
linear trend. The linear trend is clearly visible in the data. In Figure 6.8 we show
the RV data phase folded to the orbital period of the known planet. Here the data

shows a good fit to the model.

6.5.5 HD 13445

HD 13445 b has a minimum mass of ~ 4 Mjypiter and orbital period of 15 days (Butler
etal., 2006), putting it just within the warm Jupiter range. This star is thought to have
a binary companion which is either a brown dwarf (Els et al., 2001) or a white dwarf
(Mugrauer and Neuhdauser, 2005). This means that we do expect to see evidence of a

trend in our data as this companion (whatever it’s nature may be) will impact the RV
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signals is shown in black. The overall linear trend is visible.
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6.8: Phase-folded RV data from HARPS (blue circles), CHIRON (orange diamonds),
and FEROS (green squares), alongside the planet model for HD 207229 b (with
the effect of the linear trend subtracted).



6.6. Discussion 166

—— Full Model
¢ HARPS2
CORALIE
®  UCLES

RV (m/s)

—1000

—1500

1000 2000 3000 4000 5000 6000 7000 8000
BJD - 2450000 (days)

Figure 6.9: Planet model with a long-term linear trend included for HD 13445. HARPS
data shown by blue circles, CORALIE as orange diamonds and UCLES as green
squares. All as a function of time. The best-fitting model for the planet signals
is shown in black. The short orbital period and long observing baseline mean
it is difficult to see orbital motion, but the overall trend is clear.

motion of the star. The aim for this target is to then two-fold: to confirm the nature
of this known companion, and to search for additional planetary mass companions.

Of all 6 models run on this target, the AIC gives the chosen model as the one
with a linear long-term trend and a GP added. We note that the AIC for the no GP
case with a linear trend is closely ranked in terms of AIC. In Figure 6.9 we show
the results of the model including a long-term linear trend in this system (with no
GP added). Here the long time baseline combined with short orbital period mean
that the periodic motion of the system is difficult to see in the plot. However the
long-term trend in RV is visible quite clearly. In Figure 6.10 we show the RV data
with this long-term trend subtracted, and phase folded to the orbital period of the
known planet. Here the data shows a very good fit to the model. For HD 13445
it seems clear that there is a long-term trend but the nature of this trend is still

uncertain.

6.6 Discussion

Out of the 5 targets presented here, we find that 1 has no evidence for a long term
trend (HD 206255), 2 targets have clear signs of trends (HD 207229 and HD 13445),
and 2 targets have potential long term trends (HD 203949 and HD 167768).

It is important to note that there is a possibility that any trend observed is not

due to the presence of a companion but due to a systematic offsets between observing
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Figure 6.10: Phase-folded RV data from HARPS (blue circles), CORALIE (orange di-
amonds) and UCLES (green squares) alongside the planet model for HD
13445 b (with the effect of the linear trend subtracted).

instruments. For most of our targets, the observation data for each instrument or
telescope does not overlap in time. This means that the shift in RVs seen over
time could actually be due to the different instruments having offsets between one
another. In our model we do fit for offsets between instruments but there may
still be an impact unaccounted for. Very little is understood about potential offsets
between RV instruments, particularly over long time baselines, and so this would
be an important area of future research. An alternative approach would be to use
the same instrument for observing each target, however this can be challenging over

long baseline as observing programme periods typically last for, at most, a few years.

For the targets with likely/potential trends the next step is to determine the
parameters of the object causing the trend. One way to do this would be to include a
second Keplerian signal in the RV modelling for each system. However, in all but one
of our targets the long term trend observed is linear in nature, rather than quadratic.
This means that the periodic motion has yet to turn over within our baseline of
observations i.e. the motion appears linear as we are only observing a small fraction

of the actual sinusoidal motion. Because of this it would be uninformative to attempt
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to model these as sinusoids. It is possible that continuing RV observations of these
targets would enable a turn over in the motion to be observed, however it is not
possible to predict how long it would take for this to occur. In the case of HD 13445,
the baseline of observations already covers nearly 20 years with no sign of a turn
over, it is possible that we would need to continue observations for many more years
to see this. This highlights the importance of considering alternative observation
methods for studying very long orbital periods; RVs are effective for modelling

orbits only as long as your baseline of observations.

Additionally, even if we were able to fit the RV orbits of the long term trends we
would not be able to reliably find the masses of these companions. This is because
these potential companions are non-transiting so we find only the mass sini and not
the true mass of the companion. One method to combat both the very long orbital
period and the degeneracy from unknown inclination is to combine RV's with other
observing methods to find true, dynamical masses. A proven method for doing this
for substellar companions is presented in Rickman et al. (2022) where they combine
long-term CORALIE RVs with astrometric observations. Rickman et al. (2022) first
use the absolute astrometry from the HIPPARCOS-Gaia Catalog of Accelerations
(HGCS Brandt, 2018, 2021) and combine this with the relative astrometry from
their direct imaging observations, and the long term RV's from CORALIE. With this
method they are able to complete full orbit fitting and provide precise dynamical
masses for their companions. This method has also been shown to be successful in
(e.g. Brandt et al., 2019; Rickman et al., 2024) where the HGCS accelerations were

combined with archival RVs to find masses for stellar companions.

To confirm the long term trends presented in this work and to determine if
they are planetary in nature, and capable of perturbing the warm Jupiters into high-
eccentricity migration, we will need to carry out full orbit fitting with combined
astrometry and RVs. All of our targets are included in the HGCS and so the absolute
astrometry is already known. By combining this with the constraints from the RVs
it will hopefully enable the full orbital solutions to be found. Additionally, we may

be able to complete direct imaging observations of some of these companions.
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If we are able to confirm all 4 long-term trends as planetary companions to our
warm Jupiters then this would be a significant contribution to occurrence rate studies
of multiplanet systems. Additionally, if we find that these companions have masses
and orbital periods suitable for perturbation of the warm Jupiters then it would
be strong evidence for the perturber-coupled high-eccentricity migration scenario
for these systems. Alternatively, if we find that none of these trends represent
companions capable of perturbation then an alternative mechanism, such as disk
migration, must have been responsible for these warm Jupiters. For HD 206255 we
find no evidence of a long-term trend and so it is likely this warm Jupiter did not reach

its current location as a result of perturber-coupled high-eccentricity migration.

Similar studies have been conducted for hot Jupiter planets — closer to their
host stars — this includes Knutson et al. (2014) where they conduct a radial velocity
survey to search for companions to known hot Jupiters, and Zink and Howard (2023)
who use a large archival survey to argue that hot Jupiters do have companions. As
well as Wu et al. (2023) who use transit-timing variations to search for companions.
Some individual warm Jupiter systems have also been searched for companions,
such as the K2-139 system, where observations ruled-out potential companions up

to periods of 150 days (Smith and Csizmadia, 2022).

6.7 Conclusion

In this work we present new RV observations of 5 warm Jupiter systems. By
combining these new observations with publicly available archival RVs from other
instruments we are able to search for long term trends in the data. In HD 206255
we find no evidence of a long-term trend. In HD 203949 and HD 167768 we find
tentative evidence of long term trends. And in HD 207229 and HD 13445 we find
strong evidence of long term trends. To determine whether these trends are caused
by planetary companions, and whether these companions themselves are capable
of perturbing the warm Jupiters, we will need to complete full orbit fitting. This
will require combining the RV observations with absolute astrometry and relative

astrometry observations. For future surveys of this nature, we make the suggestion
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that the combination of observing methods is likely necessary due to the very long
orbital periods of potential companions. Additionally, a future investigation into the
offsets between different RV instruments would be a significant contribution to this

area of research.



Chapter 7

Conclusions

7.1 Small planet compositions

Some of the biggest open questions in astrophysics are what are the physical and
chemical properties of the planets which exist? How many exoplanets are like our
own Earth? And how many are of a completely different nature? More than 3000
small planets have been discovered in the past ten years, however their composition
remains unknown in most cases. Finding the composition of even just one more
planet in an important region of parameter space can provide important insights for

understanding small planet demographics.

One big area of contention is whether the radius valley is a result of atmospheric
loss processes or due to a variation in composition at formation. Both theories have
been shown to be plausible explanation for this bi-modality in radii but there is still
no overall consensus within the community. In Chapter 3, I presented the results
of newly-characterised small planet, TOI-544 b, which is inside the radius valley, a
region where very few planets are found. By modelling the RVs from an extensive
observing programme, we were able to confirm the planet TOI-544 b and derive a
precise mass of M, =2.89 + 0.48 Mg which, combined with the planetary radius
of R, =2.018 + 0.076 Rg, gives a bulk density of pp =1.93"03% g cm™. TOI-544b
has an unusual density for a planet of its size, occupying a region of the mass-radius

diagram where very few planets are found. The density of the planet means it

most likely has either a significant fraction of ice within its composition (around



7.1. Small planet compositions 172

30% by mass) or is composed of an Earth-like rocky core surrounded by a layer of
atmospheric H-He (around 0.5 - 1 % by mass).

Additionally, the very high TSM and ESM values mean it is an ideal candidate
for atmospheric characterisation (see Section 3.6.4). In fact, TOI-544 b is one of the
top small planet candidates for further investigation, see Chapter 5. By carrying out
atmospheric observations with, for example, JWST, future researchers will be able

to determine one of two likely scenarios for this planet:

* A water-rich composition: By fully characterising the bulk composition of
the atmosphere of TOI-544b we may find that this is a water-world planet
meaning that it is the result of a distinct formation pathway (separate to the
rocky super-Earth and sub-Neptune regime) therefore explaining its location
inside the radius valley. This would be the first detection of water-world

orbiting an FGK-type star.

» Escaping He atmosphere: If observations show an escaping H-He atmosphere
then TOI-544 b is undergoing atmospheric loss and transitioning from a sub-
Neptune to a super-Earth planet. This would be the first detection of a
planet inside the radius valley undergoing atmospheric loss (see, e.g. Masson
et al., 2024, for other studies of He escape in planets), confirming that this
observational feature really is a transition zone between the two types of small
planets. This result would also imply that TOI-544 b would have migrated to
its current orbital location very recently and could provide more insight into

how these small planet systems evolve following their formation.

To confirm either of the possible scenarios for this planet would allow con-
firmation of the existence of water-world planets or provide direct evidence of the
nature of the radius valley. For the astronomy community more generally, the results
will impact our understanding of small planet formation and evolution. In particular,
if TOI-544 b is found to be a water-world we will have the opportunity to conduct a
full investigation into how these types of planets form. As well as this, we would be

able to investigate how the atmosphere and solid surface of the planet interact with
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each other, providing essential constraints for the planetary science and astrobiology
community. Alternatively, if we detect that TOI-544 is not a water-world but is a
sub-Neptune undergoing atmospheric loss, we will be able to investigate the evolu-
tion of this planet (and planetary system), impacting our understanding of planetary

system dynamics.

7.2 The importance of consistency

With increasingly precise and stable spectrographs coming into operation over the
past decades and the advent of communities such as the EPRV research coordination
network (see Section 2.4.2), more and more small planet masses are being found.
However there is still on ongoing discussion within the RV community on the ‘best’
way to find planet masses: from the scheduling of observations (Lam et al., 2024);
the extraction of RVs from the spectra (Cretignier et al., 2023); the modelling toolkit
used; and even the priors on the parameters in the model (Stevenson et al., 2025).
Different teams have taken different approaches to finding the most precise masses
possible for a given dataset. This, though, can lead to an issue of the published
mass for a planet not necessarily being accurate. Specifically, if we go to the NASA
Exoplanet Archive page for a single planet, we may see several published masses,
some significantly different from one another. This then presents a dilemma to
researchers studying population demographics: which published mass do I use?

And does it really make a difference?

In Chapters 4 and 5 I present the results of a homogeneous analysis of small
planet masses from archival HARPS observations. I refitted publicly available RV
observations in a consistent way for a sample of 87 small planets. This is the first
time such a large sample of archival RV observations was modelled homogeneously
to find planet masses. The resulting masses, and other orbital parameters, for each of
these planets is now available as a resource to the community for use in demographics

studies.

In addition, I wanted to investigate how much of a difference homogeneity (or

in-homogeneity) actually makes to the planet mass found. To do this, I modelled
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every planet with 12 different models to investigate how model choice impacts the
planet mass found. The models varied in whether they assumed the planets were
on circular orbits or eccentric (and what kind of prior was put on the eccentricity
parameter), whether long term trends were added to the model or not, and whether
a GP was included — and if so, whether it used additional activity indicators or just
the RVs themselves. It is important to note that for each planet we used an identical
set of RV data each time so the differences are really only due to the modelling
choices; if we changed the number of data points, baseline of observations, or
choice of instrument or telescope, we may find additional changes in the planet
masses derived. Despite this identical data, we found that the planet mass can vary
by up to factor of 4 depending on model choices. In particular we found that the
assumptions on orbital eccentricity had the largest impact on planet mass. Asaresult,
we recommend that teams modelling large sets of RV data use an informed prior on
the eccentricity distribution to ensure that realistic eccentricities are found. We also
noted that when using GPs for stellar activity mitigation, the most consistent results
were found using multi-dimensional GPs which incorporate additional data in the
form of activity indicators. Overall, these results show how crucial a homogenous
analysis is for determining planet masses. We recommend that moving forward,
researchers are very clear in the modelling choices when publishing RV masses —
even if they choose to make difference choices it is important to be aware of the

differences this may cause in planet mass found.

Whilst this work was a significant step in the right direction, there are still a
lot of difficulties with trying to conduct such a large homogeneous study. The first
step in the study, to actually collate all the archival data, was a significant one. We
were lucky that the HARPS archive has recently been published in Barbieri (2023)
and so we were able to use their catalogue of observations rather than individually
querying and downloading the data from the ESO archive portal. However, given
some historical inconsistencies in the naming of objects in the archive it is likely
that we missed some data and/or targets altogether. As well as this, the choice of

binary mask (a stellar template of absorption lines used for cross correlation) varies
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(sometimes seemingly randomly) between observations of the same target, and the
version of the data reduction software pipeline also changes. All of these things will
have an impact on the extracted RVs. In future it would be very beneficial to the
entire community to ensure that archival data is maintained in an easily-accessible
format and that the raw spectra are treated consistently in the data reduction process.
Although I note that this is not a problem unique to HARPS data, in fact the
ESO archive is one of the easiest to navigate and most open-access of all ground-
based observatories. If other observatories were to replicate this level of access it
would enable a larger study of archival RVs to be conducted on data from multiple

telescopes.

This is without even considering the impact of using data from multiple in-
struments within the same analysis: how can we be sure that there aren’t offsets
between the instruments? One way to investigate this would be to compare how the
sample from HARPS to that of ESPRESSO: firstly, in the general case, how does the
improvement in precision of ESPRESSO change the overall population statistics?
Then more specifically for targets which have both HARPS and ESPRESSO data,
do we see a difference in derived planet mass (and composition) for these? This
would enable a quantitative overview of the instrument performance of ESPRESSO,
which will be beneficial for the design of similar instruments in future — potentially
including the ArmazoNes high Dispersion Echelle Spectrograph (ANDES) Roed-
erer et al., 2024), a second-generation instrument on the Extremely Large Telescope

(ELT).

Another potential area of investigation is the inclusion of photometric data
with the RV observations. Including a joint fit to data from, e.g. the Transiting
Exoplanet Survey Satellite (TESS), would potentially provide additional constraints
on the planet system parameters (Beard et al., 2025). In particular, the orbital
eccentricity which was shown in Chapter 4 to be very challenging to constrain with
RV observations alone. Additionally, increasing the sample of small planets which
have precise masses (found in a consistent method) would be beneficial for the

many areas of exoplanet science. An ideal goal for the RV community then would
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be to create a database of homogenously characterized exoplanet masses which
other groups can contribute to. This would be of huge benefit to the wider exoplanet
community as a resource for population studies and to plan future observations. Most
upcoming exoplanet-specific missions (e.g. Ariel and ELT-ANDES) are focused on
the atmospheric characterization of small planets. To complete this characterization,
it is essential to have precise mass measurements. This community database would

provide accurate and precise planet masses to be used directly in these missions.

7.3 When RVs alone are insufficient

Sometimes in science the best-laid plans go awry. In Chapter 6, I present the results
of an observing programme which aimed to search for companions to warm Jupiter
planets which could have caused their migration. This survey was motivated by
a theory paper which predicted that, if these companions exist, we should be able
to detect reasonably-easily with a modest RV survey. After collecting our new,
high-precision, RV data for 11 systems we were able to combine this with archival
observations from other instruments. For the first 5 systems which we analysed we
were able to model the RVs with a series of 6 models (some including long term
trends, and some including GPs to mitigate stellar activity) to assess whether the
addition of a trend was preferred over models without trends. For 4 of the systems
we found that the models with trends included seem to be preferred. However, we

did run into a problem.

The baseline of observations was not sufficient for the long period motion we
were seeing. The presence of a long period companions is expected to show up as
a sinusoidal trend in the data — or quadratic motion if we see part of the sinusoid.
However, the trends in this case appeared linear, meaning we only observed a short
part of the motion. This means that we cannot fully model these companions to
confirm that they exist and characterise their masses and orbital periods. It also
means we cannot be completely sure that this trend is due to a companion; it could
be caused by instrumental offsets or stellar activity variations. Thankfully, there

is a way forward with the targets: combining RVs with astrometry. By using this
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combined method, it will be possible in the future to complete full orbital fits of
these systems and find dynamical masses of both the warm Jupiter and any candidate
companion.

This highlights several important points. Firstly, using theory to predict how
well RV observations will characterise an orbit is extremely challenging. There are
so many unknowns in the scheduling of observations, particularly for a telescope like
the 3.6m (where HARPS is mounted) which uses a pool of visiting astronomers to
plan observing runs. There are also increasingly difficult to predict weather events
— including sudden snow storms which close the observatory entirely. In future,
any studies in how observation scheduling and number and cadence of observations
required to model RV signals will be hugely beneficial.

Secondly, it is important to consider how we can combine observation tech-
niques to best reach our science goals. For many years, the transit and RV commu-
nities have been collaborating on the characterisation of close-in planets but now we
can start to combine RVs and astrometric methods to better model further-out planets
(or other stellar and substellar objects). This will be of increasing importance as we
move towards future missions like the Habitable Worlds Observatory (HWO, Stark
et al., 2024) which will focus primarily on trying to detect Earth-like planets on
Earth-like orbits — i.e. on long orbital periods which may require the combination

of RV and astrometry.

7.4 Looking to the future of exoplanet characterisa-

tion
The field of exoplanet science has grown almost exponentially over the past 3
decades, with new detections and discoveries seemingly constant. It is a topic of
both scientific interest and public curiosity to search for an ‘Earth 2.0” — an Earth-like
planet in orbit around a Sun-like star. The advent of new observational techniques
as well as improvements in engineering and data analysis have garnered a new era
in our understanding of planetary systems, one not offered by studies of the solar

system alone. Before 1995 our understanding of planetary systems came solely
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from our own solar system and it seems that this is not a good model for what we
see elsewhere. The existence of hot Jupiters, super-Earths and sub-Neptune planets
came as something of a surprise, as well as the huge variations in bulk density and
orbital parameters — finding planets orbiting binary star systems would not have been
thought possible in the days when Tatooine was first dreamt up. Certainly, it is
clear now that planets are ubiquitous in our galaxy — on average every star is likely

to host at least one exoplanet and many are in multi-planet systems.

The focus of the exoplanet community has begun to broaden in multiple di-
rections: some focus on dramatically increasing the number of detected planets
(particularly in under-observed regions of parameter space) to enable large scale
statistics and demographics studies; some focus on the composition characterisa-
tion of individual planets and planetary systems to investigate theories of planet
formation and evolution; the era of JWST has welcomed huge new programmes
aimed at characterising the atmospheres of exoplanets; and increasingly impressive
instrumentation has enabled the direct imaging community to take images of ever
small and closer-in planets. So where do we, as a community, go from here? What
are the big next steps in exoplanet characterisation? And what can we look forward

to in the coming decade?

Within the RV observers community the path forward will likely focus on
overcoming the challenges of extreme precision RV observations. Investigations
into stellar activity mitigation methods, new ways to design large surveys, and the
reliability of planet masses found with differing methods will likely feature heavily
in upcoming research. The continued community interest in collaboration through

large networks also promises to improve the science being done in this area.

In terms of upcoming missions, the Terra Hunting Experiment (THE, Hall
et al., 2018) on the newly-installed HARPS3 instrument (Thompson et al., 2016)
will observe Sun-like stars every night for at least 10 years to search for Earth-
twins. This kind of long-term study will be beneficial not just in the search for
Earth analogues, but in understanding the long-term evolution of stellar activity on

Sun-like stars, the performance of instruments over long baseline, and the impact of



7.4. Looking to the future of exoplanet characterisation 179

observation cadence and scheduling in the characterisation of planetary signals.

In exoplanet studies more generally, one area of increasing interest is in the ages
of planetary systems. By finding and characterising planets at a range of ages we
are able to see a full ‘life-cycle’ of planets. Stellar ages are notoriously challenging
to find reliably but new missions like PLATO, due to launch in 2026, will hopefully
open-up this realm of temporal exoplanet studies.

Of course, the 2020s may be seen as the space-telescope age of exoplanets.
JWST launched in 2021 with a major goal of charactering exoplanet atmospheres
and enabling direct imaging of exoplanets and brown dwarfs. Ariel is set to launch
before the end of 2029 with a specific goal to characterise the atmospheres of up
to 1000 exoplanets (Tinetti et al., 2018). Outside of atmospheres, there is also the
Nancy Grace Roman Telescope set for launch in 2027. Some predictions put the
number of planets to be found by Roman in the tens or hundreds of thousands (Wilson
et al., 2023), a massive boost for demographics studies of exoplanet populations.

But here on Earth we also have the highly-anticipated ELT first light to look
forward to before the end of this decade. The world’s biggest eye on the sky has
many scientific goals covering most areas of astronomy, including exoplanet stud-
ies. The ELT will enable significant improvements in direct imaging, atmospheric
characterisation, and studies of planet-forming disks. For the first time, it may be
possible to directly image a planet in the habitable zone around another star (Bowens
et al., 2021; Quanz et al., 2015).

So far, huge progress has been made in exoplanet science. In a relatively short
space of time we have, as a community, gone from detecting a handful of planets,
to being able to characterise the nature of planets and complete population-level
statistics. With many questions still unanswered on how planets form and evolve
over time, the golden era of exoplanet science looks set to last at least a little while
longer. The upcoming missions, both ground- and space-based, coupled with the
increasing public interest in finding another Earth-like planet give exoplanetologists

much to look forward to in the coming decade and beyond.
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Table A.1: Absolute radial velocities and spectral activity indicators measured from the
HARPS spectra with the DRS.

BIDteD RV ORV FWHM BIS Contrast  Texp SNR
—2450000 (kms~!)) (kms™!) (kms™!) (kms~D) (%) (s) @550nm
8578.51514 83561  0.0035  6.5993  0.0833 38785 1800  35.5
8579.53150  8.3449  0.0030  6.6112  0.0635  38.743 1500  40.8
9205.63053  8.3640  0.0026 64372  0.0499  39.787 1800  43.0
9206.63247 83729  0.0018  6.4598  0.0446  39.642 1800  58.6
9207.57568  8.3665  0.0022  6.4685  0.0398  39.526 1800  48.5
9207.66046  8.3655  0.0018 64766  0.0470  39.529 1800  58.1
9214.71815  8.3418  0.0019 64361  0.0721  39.454 2400  57.0
9215.64475 83462  0.0017  6.4391  0.0708  39.640 2400  62.0
9217.68640 8.3486  0.0019  6.4223  0.0515  39.845 1800  55.1
9218.68225 8.3483  0.0017 64289  0.0527  39.817 1800  61.0
9219.65704 83470  0.0016  6.4178  0.0542  39.848 1800  64.6
9221.60896 8.3482  0.0017  6.4250  0.0660  39.860 1800  60.8
9222.61015 8.3382  0.0016 64123  0.0583  39.892 1800  64.0
9223.56895  8.3505  0.0017  6.4189  0.0525  39.943 1800  60.7
9224.66129  8.3476  0.0018  6.4348  0.0403  39.820 1800 585
9226.65544 83572  0.0019  6.4612  0.0390  39.638 1800  56.1
9227.66789  8.3493  0.0023 64623  0.0571  39.592 1800  46.5
9228.64010  8.3423  0.0028 64661  0.0659  39.562 1800  40.5
9230.63045  8.3425  0.0017  6.4496  0.0663  39.652 1800  61.3
9231.63611  8.3439  0.0025  6.4623  0.0673  39.691 1800 442
9232.63467 8.3486  0.0016  6.4501  0.0619  39.705 1800  64.8
9233.67770  8.3443  0.0018  6.4614  0.0573 39736 1800  59.0
924262501  8.3451  0.0016  6.4328  0.0650  39.495 2400 678
9243.56834 83522  0.0017 64395  0.0521  39.540 1800  62.0
9244.54494 83552 0.0019 64387  0.0528  39.538 1800  55.9
924462785 83553 0.0017  6.4513  0.0519 39516 1800  63.9
9245.60955  8.3526  0.0027 64711  0.0454 39245 1800  41.7
9246.63208  8.3594  0.0020 64711  0.0625  39.388 1800  53.8
9247.59527 83478  0.0021  6.4614  0.0628  39.417 1800  50.9
9248.61373 83503  0.0032  6.4636  0.0792 39252 2700  36.4
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9249.62657  8.3502 0.0022 6.4572 0.0698 39.648 2100 499
9250.57953  8.3420 0.0027 6.4415 0.0538 39.744 1860 42.2
9251.59236  8.3586 0.0026 6.4425 0.0492 39.694 1800 43.7
9256.62889  8.3508 0.0021 6.4400 0.0542 39.724 1800 53.8
9257.58116  8.3564 0.0017 6.4369 0.0595 39.724 1800 64.6
9261.63836  8.3525 0.0031 6.4272 0.0582 39.488 1800 38.4
9262.59334  8.3549 0.0028 6.4447 0.0652 39.466 1800 41.8
9264.60899  8.3479 0.0019 6.4604 0.0502 39.435 1800 59.2
9265.56638  8.3532 0.0019 6.4639 0.0633 39.396 1800 57.8
9266.55658  8.3535 0.0022 6.4603 0.0633 39.334 1800 50.4
9267.55362  8.3425 0.0020 6.4707 0.0640 39.352 1800 55.6
9269.57020  8.3487 0.0024 6.4821 0.0541 39.077 1800 479
9272.57672  8.3419 0.0021 6.4640 0.0555 39.208 1800 55.5
9273.59284  8.3397 0.0034 6.4738 0.0650 38.892 1800 37.2
9274.58962  8.3417 0.0022 6.5579 0.0610 38.735 1800 52.0
9275.56486  8.3413 0.0023 6.5514 0.0540 38.866 1800 49.6
9276.59246  8.3501 0.0026 6.5467 0.0656 38.799 1800 45.8
9277.57256  8.3518 0.0024 6.5421 0.0557 38.822 1800 48.9
9284.57306  8.3475 0.0024 6.5636 0.0653 38.916 1800 48.1
9287.53172  8.3509 0.0021 6.5785 0.0534 38.835 1800 54.6
9288.53857  8.3512 0.0022 6.5767 0.0612 38.844 1800 51.3
9290.53613  8.3509 0.0024 6.5842 0.0594 38.662 1800 48.7
9291.52201  8.3473 0.0019 6.6084 0.0724 38.602 1800 58.6
9294.53123  8.3411 0.0042 6.4445 0.0656 39.689 1800 31.0
9295.53344  8.3511 0.0021 6.5290 0.0583 39.035 2100 52.6
9296.51173  8.3565 0.0018 6.5513 0.0555 38.968 1800 61.4
9297.52848  8.3549 0.0019 6.5676 0.0610 38.844 1800 60.2
9490.84461  8.3381 0.0031 6.4877 0.0455 39.551 2100 35.6
9491.81716  8.3320 0.0034 6.4756 0.0611 39.570 2100 333
9497.84874  8.3623 0.0024 6.5573 0.0357 39.088 2100 45.0
9501.84420  8.3521 0.0028 6.6205 0.0841 38.682 2100 41.3
9502.76982  8.3440 0.0021 6.5560 0.0797 38.988 2100 50.3
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9503.79777  8.3469 0.0033 6.5105 0.0817 39.296 2100 34.5
9504.76620  8.3426 0.0019 6.5036 0.0798 39.304 2100 52.6
9505.77836  8.3443 0.0020 6.4825 0.0727 39424 2100 51.7
9506.76111  8.3513 0.0019 6.4833 0.0532 39.397 2100 51.5
9515.84526  8.3553 0.0020 6.4251 0.0505 39.651 2100 51.8
9520.79982  8.3479 0.0022 6.5727 0.0768 38.986 2100 47.8
9521.83149  8.3351 0.0027 6.5614 0.0698 39.099 1800 40.8
9528.73056  8.3472 0.0016 6.4964 0.0595 39.430 2100 61.4
9529.73908  8.3359 0.0015 6.3965 0.0611 40.033 2100 66.8
9530.74356  8.3309 0.0017 6.4914 0.0694 39.560 2100 57.6
9531.71638  8.3378 0.0016 6.3912 0.0595 40.061 2100 63.7
9543.61494  8.3315 0.0034 6.4788 0.0713 39.594 2100 333
9545.68951  8.3502 0.0027 6.4897 0.0612 39.545 2100 394
9546.72099  8.3539 0.0022 6.4835 0.0458 39.584 2100 47.8
9547.69656  8.3478 0.0016 6.5002 0.0518 39.420 2100 61.0
9548.80186  8.3506 0.0016 6.5131 0.0586 39.395 2100 62.6
9550.71766  8.3409 0.0039 6.5141 0.0607 39.461 1800 30.9
9560.66602  8.3452 0.0017 6.5592 0.0726 39.081 2100 59.0
9561.67646  8.3432 0.0029 6.5259 0.0777 39.188 2100 38.7
9563.68304  8.3437 0.0018 6.5071 0.0648 39.222 2100 57.8
9564.66694  8.3414 0.0021 6.5121 0.0508 39.162 2100 50.6
9577.74753  8.3495 0.0016 6.6025 0.0607 38.779 2100 62.9
9579.75033  8.3417 0.0019 6.5518 0.0774 39.066 2100 53.9
9581.72990  8.3445 0.0017 6.5317 0.0701 39.188 2100 59.1
9583.70601  8.3418 0.0019 6.5170 0.0536 39.369 2100 53.7
9584.59477  8.3422 0.0015 6.4280 0.0693 39.868 2100 67.8
9584.72285  8.3367 0.0017 6.5352 0.0527 39.275 2100 60.9
9585.58600  8.3453 0.0019 6.5261 0.0634 39.290 2100 54.7
0585.72824  8.3452 0.0018 6.5310 0.0657 39.298 2100 57.8
9586.72537  8.3349 0.0020 6.5147 0.0628 39.340 2100 52.4
9587.72124  8.3372 0.0020 6.5399 0.0621 39.176 1800 52.8
9588.56786  8.3388 0.0017 6.4888 0.0641 39473 2100 59.8
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9588.71681  8.3391 0.0020 6.5125 0.0550 39.362 1800 52.0
9589.71870  8.3407 0.0027 6.5096 0.0609 39411 1808 41.6
9590.59269  8.3467 0.0025 6.5111 0.0596 39.275 2100 44.3
9591.58055  8.3421 0.0014 6.5012 0.0467 39.353 2100 71.9
9591.73732  8.3422 0.0030 6.5125 0.0577 39.195 2100 38.8
9592.59389  8.3501 0.0014 6.5164 0.0463 39.230 2100 69.1
9592.72732  8.3519 0.0021 6.5372 0.0396 38.925 2100 51.1
9606.67799  8.3471 0.0023 6.4959 0.0590 39.498 2100 46.8
9609.64815  8.3498 0.0015 6.5043 0.0614 39.329 2100 68.4
9610.65838  8.3519 0.0017 6.5121 0.0556 39.229 2100 62.5
9626.55046  8.3360 0.0019 6.5169 0.0653 39.220 2100 54.6
9627.55019  8.3415 0.0021 6.4967 0.0683 39.226 2100 49.5
9628.54583  8.3358 0.0017 6.4972 0.0659 39.329 2100 58.1
9629.56926  8.3376 0.0016 6.5055 0.0595 39.418 2100 59.9
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Table A.3: Absolute radial velocities and spectral activity indicators measured from the
HARPS-N spectra with the DRS.

BIDteD RV ORV FWHM BIS Contrast  Texp SNR
—2450000 (kms~!)) (kms™!) (kms™!) (kms~D) (%) (s) @550nm
8578.35923 83519  0.0019  6.5098  0.0696  39.407 2400  51.6
8579.35283  8.3376  0.0048  6.4946  0.0508  39.360 1230  25.1
8732.71766  8.3678  0.0052 64912  0.0487 39276 1800  23.1
8732.74144 83591  0.0064 65139  0.0486  39.264 1800 19.8
8752.68369 83692  0.0017 64828  0.0564  39.660 1800  57.7
875270581 83665  0.0014 64835  0.0600  39.669 1800  67.4
8753.70744 83513  0.0021  6.4844  0.0657 39.616 1800  47.3
8754.71549 83551  0.0017  6.4857  0.0632  39.663 1800  55.7
9204.51620  8.3541  0.0023 64273  0.0419 39997 1800  42.4
9204.65656  8.3560  0.0018 64217  0.0470  40.037 1800  52.0
9205.54599 83619  0.0015  6.4309  0.0386  40.037 1500  60.1
9205.63930  8.3590  0.0014  6.4366  0.0510  40.001 1500 659
9206.47971 83674  0.0018 64567  0.0291  39.875 1800  52.3
9206.65731 83705  0.0019 64491  0.0362  39.874 2400 514
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Table A.6: Priors used for the RV fitting for each parameter. U[a,b] refers to uniform priors
in the range a — b, N[a,b] refers to a Gaussian prior with mean a and width b,
and ¥ [a,b] is a fixed parameter at value a.

Fitted Parameter Prior

Planet Parameters

Orbital Period, Py, [days] N[1.5484,0.000002]
Time of Inf. Conjunction, Tconjp [BIDTDE]  N[2459199.0314,0.0007]
RV Amplitude, K}, [km s™'] U[0.0000,0.0500]

ewlp, \epsinwy ¥710.0000,0.0000]

ew2p, \epcoswy, %10.0000,0.0000]
Orbital Period, P [days] U[49.0000,52.0000]
Time of Inf. Conjunction, Tconj,c [BJDtpR] — U[2459205.0000,2459225.0000]
RV Amplitude, K. [km s~ ] U[0.0000,0.0500]

ewle, \fecsinw U[-1.0000,1.0000]
ew2e, \Jeccoswe U[-1.0000,1.0000]

Other Parameters

GP Hyperparameters

Ag U[0.0,0.05]
Al U[0.0,0.1]
Ay U[0.,0.25]
A3 =0

Ae [days] U[1,500]

Ap U[0.1,3.0]
Rotation Period, Pgp [days] U[15.0,25.0]

Table A.7: Priors used for the transit fitting for each parameter. U[a,b] refers to uniform
priors in the range a — b, N[a,b] refers to a Gaussian prior with mean a and
width b, and ¥ [a,b] is a fixed parameter at value a.

Fitted Parameter Prior

Planet Parameters

Orbital Period, Py, [days] U
Time of Mid-Transit, Ty [BIDtpg] U
Ru/Ry U

Uu

— r—,—,—

1.547352,1.549352]
2459199.02185,2459199.041850]
0.023699,0.039530]

Impact Parameter b 0,1]

Other Parameters

M, [Mo] N[0.630,0.018]
Ry [Ro] NT0.624,0.013]
uj N[0.436,0.202]
Uy N[0.217,0.155]
Noise Model Parameters

pcp [days] N[10.0,5.0]
ocp [ppt] N[1.0,0.5]

log ose [ppt] N[-0.614,10]
logossz [ppt] N[-0.684,10]




Appendix B

Appendix material for Chapter 4

B.1 Individual systems

We aimed in all cases to treat the data homogeneously for every target so that the
same steps could be applied to everything automatically. However, in a few cases
we noticed some issues with individual systems which required us to make manual
changes to the input files for those. We tried to keep everything else homogeneous
in our analysis, and in most cases it just involved excluding some of the RV data

points. These specific cases are detailed below.

B.1.1 Removal of RV data

For the system TIC 173103335, we noticed that quite a bit of RV data was largely
offset (more than 30km/s) from the rest of the RVs. If we include this data in the fit
then the model struggles to find a solution, particularly in the cases including a GP
where the additional GP hyperparameters allow for possible over fitting. For this
reason, we removed the largely outlying data from this system (we cut out all data
with RV values < 10km/s. As this is archival data it is difficult to know why in some
cases there would be such a large offset; we believe it is likely due to the incorrect
stellar mask being applied for the CCF data reduction in the HARPS pipeline.

For TIC 220479565, we again see that this system appears to have some largely
offset RV data which makes the modelling very challenging. We choose to cut
all data where the RV is negative (i.e. we cut at RV = 0 km/s). In the case of
TIC 260004324 we also cut the outlying data points at the threshold of 42.5 km/s.
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Table B.1: The 7, values added manually for targets where the NASA Exoplanet Archive
does not provide these.

TIC ID T. (-2450000) Reference
307210830 e  8439.40 + 0.37 Demangeon et al. (2021)
388804061 ¢ 7264.55 + 0.46 Cloutier et al. (2017)
101955023 ¢ 7506.02 + 0.34 Bonfils et al. (2018)
413248763 ¢ 8314.30 +£0.42 Luque et al. (2019)
413248763 d 8326.10 + 3.9 Luque et al. (2019)
299799658 ¢ 9087.61 + 1.84 Otegi et al. (2021)
73228647 ¢ 8798.17 +0.19 Osborn et al. (2021)

280304863 d“  4445.00 + 20 Queloz et al. (2009)

a: For this planet no papers provide a Tj value and so we use the value for planet c,
in the listed reference, with a wide uncertainty of ~2 times the orbital period.

This successfully removes the largely outlying RV data. TIC 56815340 has a large
amount of in-transit RV observations, this means that many exposures are taken over
the course of one observing night. Because of this, the fitting with a GP takes much
longer and can be confused by the many points over one night. For this reason, we
remove any data for this target where there are more than 5 observations in a single

date.

B.1.2 Defining priors

For the majority of our targets, the NASA Exoplanet Archive provides details of
the orbital period and time of mid-transit, 7, (or time of inferior conjunction for
non-transiting companions). However, a few systems do not have 7, listed and so
for these we search the published literature for these planets and manually input the
values. Table B.1 gives the specific values for these priors and the reference they
were taken from. For one system, TIC 280304863, there was no 7, given for planet

d, so for this planet we set a wide Gaussian priors on the 7, for planet c.

B.2 Stellar IDs observation summary
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Figure B.1: Full posterior distribution of fitted parameters for TIC 98720809 with the 3D
GP beta distribution model.
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Table B.2: Priors used for the 3D GP model with beta distribution on eccentricity for TIC
9870809.

Planet b Priors
TO = g[ 7646.5666 , 0.0005 ]

P =g[ 0.5842 , 0.0000 ]

e =b[ 1.5200, 29.0000 ]
\4 = [ 0.0000 , 6.2832 ]

b = [ 0.0000 , 0.0000 ]

a =f[ 1.5000 , 1000.0000 ]
p = f[ 0.0000 , 0.0000 ]

K =u[ 0.0000 , 0.5000 ]
Planet ¢ Priors

TO =g[ 7586.3431,0.0019 ]
P = g[ 8.3273, 0.0004 ]

e =b[ 1.5200, 29.0000 ]
W =1[ 0.0000 , 6.2832 ]

b = [ 0.0000 , 0.0000 ]

a =f[ 1.5000 , 1000.0000 ]
p = f[ 0.0000 , 0.0000 ]

K =u[ 0.0000 , 0.5000 ]
Other Parameter Priors

ql = [ 0.0000 , 1.0000 ]

q2 = [ 0.0000 , 1.0000 ]
HARPS post =u[ 22.4567 , 23.5048 ]
FWHM post =u[ 6.6676,7.7970 ]
BIS post =u[ -0.5328 , 0.5252 ]

The priors are given as g, normal distribution, f, fixed value, b, beta distribution, or u, uniform
distribution.
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Figure B.2: Full posterior distribution of fitted parameters for TIC 98720809 with the no
GP beta distribution model.
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Table B.3: Fitted and derived parameters for the 2-planet system TIC 9870809.

Output Summary

chi2 = 342.0834

dof =337

chi2/dof = 1.0151

In likelihood = 1289.9751

BIC = -2444.5698

AIC =-2533.9501

Planet b Fitted

TO = 7646.5665430%0 0004080 days

P = 0.5842176*0-0009%0¢ days

e = 0.0387125*0036082%

W = 0.0000000*-0009900 deg

K = 2014767903555 m/s
Derived

Mp = 2.2259962*0-4080%7% M_earth

Tperi = 7646.4276887+0-90¢7113 days

Planet ¢ Fitted

TO = 7586.3430800*0- 0019170 days

P = 8.3272693*0 0033 days

e = 0.0734197+0007%7%

W = 0.0000000*-0000090 deg

K = 252675590 7011382 m/s
Derived

Mp = 6742796050250 51 M_earth

Tperi = 7584.4557591*0:1772°12 days

Other parameters

Sys. vel. HARPS post

= 22.9800205+0-0044317 1 1y /g

—-0.0045698
Sys. vel. FWHM _post = 7.2315287+0185481 /g
Sys. vel. BIS post = 0.0023307*000°630¢ km/s
HARPS _post jitter = 1.8102796*02201762 m/s
FWHM post jitter = 12.9766515* 93272 m/s
BIS post jitter = 4.6689670709319230 m/s
A0 =004,
M - 00398090411
> - 00396643 40
N - 00219536 0010
A - 00055228400
A - 0033016341
lambdae = 19.11657425 50562
lambdap = 0.6272393+0:1037217
PGP =19.2901787+):3123384

—0.4651249

201
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Table B.3: The different identifiers of all stars in our sample.

NASA Host Name TIC ID Gaia DR2 ID Simbad ID #RVs
HD 136352 136916387 Gaia DR2 5902750168276592256  * nu.02 Lup 674
HR 858 178155732  Gaia DR2 5064574720469473792 HD 17926 75
GJ 143 279741379 Gaia DR2 4673947174316727040 HD 21749 58
HD 183579 320004517 Gaia DR2 6641996571978861440 HD 183579 71
HD 106315 56815340  Gaia DR2 3698307419878650240 HD 106315 92
HD 18599 207141131 Gaia DR2 4728513943538448512 HD 18599 106
HD 15337 120896927 Gaia DR2 5068777809824976256 HD 15337 118
TOI-431 31374837 Gaia DR2 2908664557091200768 CD-26 2288 174
HD 108236 260647166 Gaia DR2 6125644402384918784 HD 108236 157
HD 73583 101011575 Gaia DR2 5746824674801810816 HD 73583 98
TOI-421 94986319  Gaia DR2 2984582227215748864 BD-14 1137 103
TOI-836 440887364 Gaia DR2 6230733559097425152 CD-23 12010 53
GJ 367 34068865 Gaia DR2 5412250540681250560 CD-45 5378 398
HD 137496 346250894 Gaia DR2 6258810550587404672 HD 137496 142
HD 110113 73228647 Gaia DR2 6133384959942131968 HD 110113 115
TOI-1062 299799658 Gaia DR2 4632865331094140928 CD-78 83 87
TOI-763 178819686  Gaia DR2 6140553127216043648 CD-39 7945 77
TOI-220 150098860 Gaia DR2 5481210874877547904 CD-61 1276 99
TOI-500 134200185 Gaia DR2 5509620021956148736 CD-47 2804 198
TOI-544 50618703 Gaia DR2 3220926542276901888 HD 290498 70
K2-233 428820090 Gaia DR2 6253186686054822784 BD-19 4086 126
GJ 357 413248763 Gaia DR2 5664814198431308288 L 678-39 49
K2-229 98720809  Gaia DR2 3583630929786305280 BD-05 3504 120
TOI-125 52368076  Gaia DR2 4698692744355471616 TOI-125 124
K2-265 146364192  Gaia DR2 2597119620985658496 BD-15 6276 149
GJ 3090 262530407 Gaia DR2 4933912198893332224 CD-47 399 57
TOI-776 306996324  Gaia DR2 3460438662009633408 LP 961-53 64
EPIC 249893012 432254760 Gaia DR2 6259263137059042048 K2-314 77
TOI-1130 254113311 Gaia DR2 6715688452614516736 TOI-1130 76
L 98-59 307210830 Gaia DR2 5271055243163629056 L 98-59 158
LHS 1815 260004324  Gaia DR2 5500061456275483776 L 181-1 72
K2-3 173103335 Gaia DR2 3796690380302214272 K2-3 110
K2-138 4610830 Gaia DR2 2413596935442139520 K2-138 204
K2-32 437444661 Gaia DR2 4130539180358512768 K2-32 245
TOI-270 259377017 Gaia DR2 4781196115469953024 L 231-32 50
TOI-700 150428135 Gaia DR2 5284517766615492736  TOI-700 61
K2-18 388804061 Gaia DR2 3910747531814692736 K2-18 99
LHS 1140 92226327 Gaia DR2 2371032916186181760 G 268-38 291
TOI-269 220479565 Gaia DR2 4770828304936109056 TOI-269 65
GJ 1214 467929202 Gaia DR2 4393265392167891712 G 139-21 165
HD 3167 318707987 Gaia DR2 2554032474712538880 HD 3167 50
K2-266 374180079 Gaia DR2 3855246074629979264 K2-266 63
GJ 1132 101955023 Gaia DR2 5413438219396893568 L 320-124 122
AU Mic 441420236 Gaia DR2 6794047652729201024 HD 197481 153
HD 39091 261136679 Gaia DR2 4623036865373793408 * pi. Men 555
CoRoT-7 280304863 Gaia DR2 3107267177757848576  CoRoI-7 173
HIP 41378 366443426 Gaia DR2 600698184764497664  BD+10 1799 362
TOI-1052 317060587 Gaia DR2 6357524189130820992 HD 212729 53

HIP 94235 464646604

ST ) Y pre— T

Gaia DR2 6632318361397624960 HD 178085 58

rey Py T A~

pr— )



Appendix C

Appendix material for Chapter 6

Table C.1: RV data used for modelling of HD 13445.

Time (BID - 2450000) RV (km/s) RV error (km/s)  Instrument

7561.85004 55.3225833  0.00084745 HARPS2
7561.85323 55.3226517 0.00085175 HARPS2
7561.85652 55.3239791 0.00088161 HARPS2
7561.85989 55.3238363  0.00089161 HARPS2
7561.86311 55.3240088  0.00086659 HARPS2
7609.78624 55.4161429 0.00082809 HARPS2
7609.7894 55.416682  0.00084003 HARPS2
7609.79272 55.4173693  0.00084153 HARPS2
7609.79603 55.4188226 0.00082837 HARPS2
7609.79909 55.4185331 0.00082645 HARPS2
7609.80251 55.4191665 0.00083164 HARPS2
8003.8319 55.3427803  0.00096969 HARPS2
8003.83519 55.3441131  0.00099844 HARPS2
8003.83856 55.3434294  0.00093804 HARPS2
8003.84171 55.3426064  0.00090485 HARPS2
8003.84491 55.34457 0.00090536 HARPS2
8003.8482 55.3450584  0.00088426 HARPS2

8004.84392 55.5098094  0.00088984 HARPS2
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Table C.1 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8004.84717 55.5095496 0.00087712 HARPS2
8004.85036 55.5104336  0.00087591 HARPS2
8004.85361 55.5116354  0.00086697 HARPS2
8004.85683 55.5121423  0.00086992 HARPS2
8004.86014 55.5120854  0.00086775 HARPS2
8082.6988 55.3416028 0.00115079 HARPS2
8082.69995 55.3419265 0.00113118 HARPS2
8082.70112 55.3407421 0.00121018 HARPS2
8082.70229 55.3408386 0.00117272 HARPS2
8082.70346 55.3412228 0.00117564 HARPS2
8082.70462 55.3428852 0.001186 HARPS2
8085.71364 55.7622139 0.00114057 HARPS2
8085.7148 55.7619434  0.00114953 HARPS2
8085.71596 55.7621238 0.00115599 HARPS2
8085.71713 55.7622321 0.00111741 HARPS2
8085.71831 55.7630665 0.00121576 HARPS2
8085.71947 55.7621036 0.00108424 HARPS2
8143.55958 55.0738253  0.00086948 HARPS2
8143.56296 55.0737342  0.00086496 HARPS2
8143.56622 55.0737069 0.00086431 HARPS2
8144.52181 5.52E+01 0.00083601 HARPS2
8144.52504 55.1574497 0.000838 HARPS2
8144.52838 55.1577459  0.00084079 HARPS2
8145.52261 55.292441  0.00095191 HARPS2
8145.52593 55.2932749  0.00100877 HARPS2
8145.52885 55.297999  0.00184435 HARPS2
8191.50075 55.1174596  0.00092932 HARPS2

8191.5042 55.1169017  0.00092006 HARPS2



205
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8191.50725 55.1174582  0.00090421 HARPS2
8195.5006 55.6915096 0.00108682 HARPS2
8195.50368 55.6908194  0.00098296 HARPS2
8195.50672 55.691585  0.00101024 HARPS2
8195.51 55.6910946  0.00103205 HARPS2
8195.51311 55.6923572  0.00100884 HARPS2
8195.51627 55.6928121 0.00096717 HARPS2
8318.87561 55.259875  0.00109677 HARPS2
8318.87883 55.2618927 0.0012154 HARPS2
8318.8821 55.2602396 0.00116046 HARPS2
8318.88536 55.2639894 0.00116173 HARPS2
8318.88865 55.2620456 0.00106057 HARPS2
8318.89188 55.2642792  0.00102428 HARPS2
8324.85687 55.7107814  0.00095113 HARPS2
8324.86012 55.7121947  0.00094185 HARPS2
8324.86338 55.7107229  0.00099753 HARPS2
8324.86669 55.7116013  0.00093826 HARPS2
8324.86988 55.7119154  0.0009282 HARPS2
8324.87312 55.7100761  0.00091975 HARPS2
8325.93959 55.6064237 0.0008768 HARPS2
8325.94281 55.6053983  0.00085696 HARPS2
8325.94611 55.606223  0.00086978 HARPS2
8325.94933 55.6052199 0.00087037 HARPS2
8325.95261 55.6041714  0.00086192 HARPS2
8325.95583 55.6044207  0.00085921 HARPS2
8383.74292 55.5508533  0.00102655 HARPS2
8383.74452 55.55154 0.00101954 HARPS2

8383.746 55.5529357  0.00098677 HARPS2
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8384.79104 55.6877119  0.00091442 HARPS2
8384.79244 55.6876814  0.00098773 HARPS2
8384.79393 55.6883991  0.00091877 HARPS2
8385.73456 55.7538481 0.00095836 HARPS2
8385.73609 55.7534942  0.00095219 HARPS2
8385.73761 55.7570011  0.00093725 HARPS2
8385.89393 55.7621346  0.00091581 HARPS2
8385.89549 55.7606588  0.00090658 HARPS2
8385.89701 55.7607158  0.00089961 HARPS2
8404.83207 55.5896942  0.00096451 HARPS2
8404.83511 55.5893813  0.00101266 HARPS2
8404.83851 55.588778  0.00101 HARPS2
8404.84169 55.5897085 0.00100174 HARPS2
8404.84509 55.5886928  0.00098696 HARPS2
8404.84833 55.5881748  0.00099074 HARPS2
8416.72029 55.717768  0.00082006 HARPS2
8416.72354 55.7179811  0.00081735 HARPS2
8416.72682 55.71825 0.00081781 HARPS2
8416.72999 55.7184584  0.00082263 HARPS2
8416.7333 55.7178303  0.00083148 HARPS2
8416.73652 55.7191463  0.00083287 HARPS2
8439.6738 55.1688392  0.0007894 HARPS2
8439.67982 55.1678031  0.00079695 HARPS2
8439.68596 55.1676987  0.00079406 HARPS2
8453.69074 55.3849514  0.00081867 HARPS2
8453.69403 55.3837104  0.00081896 HARPS2
8453.69726 55.3835115  0.00081242 HARPS2

8479.64029 55.6945486  0.00085043 HARPS2



Table C.1 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
8479.64351 55.6949819  0.0008427 HARPS2
8479.64679 55.6950044  0.00084663 HARPS2
8479.65006 55.6953752  0.00085337 HARPS2
8479.65331 55.6957142  0.00084583 HARPS2
8479.6566 55.6964837 0.00084877 HARPS2
8680.82544 55.1343842 0.00082518 HARPS2
8680.82876 55.1346065 0.00083337 HARPS2
8680.83203 55.1352914  0.00081905 HARPS2
8680.83527 55.1361803  0.00082092 HARPS2
8680.83852 55.1363502 0.00081816 HARPS2
8680.84181 55.1370898 0.00081762 HARPS2
8739.70606 55.0733453  0.00084615 HARPS2
8739.71128 55.0728509  0.00082278 HARPS2
8739.71801 55.071922  0.00083416 HARPS2
1126.75682 56.4374152 0.00243536 CORALIE
1127.7333 56.4326526 0.00173413 CORALIE
1128.69465 56.4805423  0.00337503 CORALIE
1128.81505 56.5015762  0.00445389 CORALIE
1129.51938 56.5821752  0.00481053 CORALIE
1129.83 56.6272893  0.00287704 CORALIE
1130.51646 56.7388288 0.00584513 CORALIE
1130.7533 56.771489  0.0044525 CORALIE
1131.62603 56.9021468 0.00361708 CORALIE
1131.73769 56.9298733  0.00480603 CORALIE
1132.55499 57.0575428 0.00344089 CORALIE
1132.72995 57.0799077 0.00565427 CORALIE
1133.53718 57.1393859  0.006968 CORALIE
1133.78805 57.1648523  0.00477026 CORALIE
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

1134.64849 57.1716503  0.00614572 CORALIE
1134.82021 57.1761233  0.00653678 CORALIE
1135.53888 57.1561053  0.00413072 CORALIE
1135.76058 57.1411669 0.00451733 CORALIE
1136.54728 57.0911118  0.00506504 CORALIE
1136.74189 57.0453254  0.00495075 CORALIE
1137.55515 56.9614819 0.00457668 CORALIE
1137.78526 56.9422116 0.00506167 CORALIE
1138.53589 56.8449078  0.00360264 CORALIE
1138.83334 56.7926446  0.00486271 CORALIE
1139.52592 56.6948491 0.0041218 CORALIE
1139.81522 56.6556173  0.0053882 CORALIE
1140.73865 56.5510449 0.00338018 CORALIE
1141.53717 56.4783384 0.00427433 CORALIE
1141.7893 56.4646206 0.00481479 CORALIE
1142.53307 56.4217594  0.00498699 CORALIE
1142.75986 56.4194333  0.0041465 CORALIE
1143.52902 56.4174269 0.00452984 CORALIE
1143.76178 56.430851  0.00514004 CORALIE
1150.54742 57.1662274  0.00455391 CORALIE
1163.54739 56.9559671  0.00260888 CORALIE
1164.54985 57.0936487 0.00295511 CORALIE
1165.56001 57.1609345 0.00301936 CORALIE
1170.54442 56.7700541  0.00263526 CORALIE
1174.5468 56.4156 0.00273501 CORALIE
1176.53372 56.5321979  0.00237803 CORALIE
1184.54784 56.9959694  0.00599952 CORALIE

1186.60055 56.7226595 0.0031465 CORALIE



Table C.1 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
1187.5416 56.6096573  0.00368685 CORALIE
1188.5784 56.499861  0.00327025 CORALIE
1189.59515 56.4331771  0.00376346 CORALIE
1190.62386 56.4023373  0.00397238 CORALIE
1191.62924 56.45831 0.00470414 CORALIE
1192.62631 56.582589  0.00436622 CORALIE
1193.62162 56.7323058 0.00338998 CORALIE
1194.59506 56.8816419 0.00395928 CORALIE
1196.60195 57.1618914  0.00585013 CORALIE
1197.57843 57.176625  0.00469198 CORALIE
1198.57524 57.1525355 0.00610641 CORALIE
1199.57651 57.0859228 0.00542893 CORALIE
1200.57716 56.965736  0.00469846 CORALIE
831.035 0.0835 0.004 UCLES
1211.9651 0.3382 0.0057 UCLES
1213.9815 0.3985 0.0053 UCLES
1214.9298 0.3499 0.0047 UCLES
1235.9312 -0.2772 0.0052 UCLES
1236.9078 -0.3335 0.0055 UCLES
1383.2736 0 0.0048 UCLES
1387.3139 0.3566 0.004 UCLES
1411.2467 -0.4067 0.0049 UCLES
1413.2313 -0.2553 0.004 UCLES
1414.3164 -0.0881 0.0042 UCLES
1473.0974 -0.4038 0.0043 UCLES
1525.932 0.0796 0.0049 UCLES
1526.9613 0.2076 0.0048 UCLES
1743.3292 -0.4594 0.0065 UCLES
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Table C.1 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
1745.2853 -0.2045 0.0053 UCLES
1828.1337 0.2282 0.0052 UCLES
1829.0121 0.2132 0.0054 UCLES
1829.988 0.1505 0.0063 UCLES
1856.1052 -0.1609 0.0062 UCLES
1918.966 -0.2093 0.0046 UCLES
1919.9811 -0.0417 0.0048 UCLES
1921.0019 0.097 0.005 UCLES
831.034977 0.2437 0.0037 UCLES
1211.96513 0.5096 0.0045 UCLES
1213.98147 0.5646 0.0048 UCLES
1214.92978 0.5113 0.0039 UCLES
1235.9312 -0.1175 0.0042 UCLES
1236.9078 -0.174 0.0045 UCLES
1383.27361 0.1681 0.0042 UCLES
1387.31387 0.5194 0.0034 UCLES
1411.24665 -0.2485 0.0042 UCLES
1413.23122 -0.0994 0.0036 UCLES
1414.31635 0.0724 0.0039 UCLES
1473.09736 -0.2389 0.0039 UCLES
1525.93201 0.2374 0.0047 UCLES
1526.9613 0.373 0.004 UCLES
1743.32924 -0.2981 0.0057 UCLES
1745.28527 -0.0399 0.0049 UCLES
1828.13369 0.3853 0.0047 UCLES
1829.01214 0.3687 0.0046 UCLES
1829.98801 0.304 0.005 UCLES
1856.10521 0.0017 0.0058 UCLES
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Table C.1 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

1856.93135 0.151 0.013 UCLES
1918.96598 -0.0522 0.0043 UCLES
1919.9811 0.118 0.0038 UCLES
1921.00191 0.2589 0.0043 UCLES
2061.34131 -0.0093 0.0071 UCLES
2092.27897 -0.1067 0.004 UCLES
2127.24163 0.3007 0.0076 UCLES
2152.1424 -0.4496 0.0046 UCLES
2187.14068 -0.089 0.0035 UCLES
2594.03865 -0.5433 0.004 UCLES
2654.00484 -0.4269 0.004 UCLES
2945.13811 -0.0711 0.0038 UCLES
3008.02186 -0.1137 0.0037 UCLES
3043.98671 0.0014 0.0039 UCLES
3044.94298 -0.0958 0.0069 UCLES
3217.34251 -0.0402 0.0036 UCLES
3244.28447 -0.2063 0.005 UCLES
3281.18382 -0.1359 0.0035 UCLES
3572.28482 -0.7285 0.003 UCLES
3572.29837 -0.7257 0.0029 UCLES
3572.30818 -0.7232 0.0042 UCLES
3629.19478 -0.3682 0.0045 UCLES

Table C.2: RV data used for modelling of HD 167768.

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

10436.8341 1.66600396 0.00133077 HARPS3
10439.8337 1.63207819  0.00133788 HARPS3

10485.8214 1.5393255  0.001246 HARPS3
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Table C.2 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

10486.5882 1.54511395 0.00121973 HARPS3
10487.81 1.52687295  0.00310209 HARPS3
10497.6683 1.64231901 0.00107934 HARPS3
10498.6242 1.63011865 0.00113402 HARPS3
10501.6496 1.64134276  0.00130781 HARPS3
10503.6711 1.65211796  0.0013455 HARPS3
10504.5762 1.62779239  0.00148011 HARPS3
10516.607 1.67502805 0.00170519 HARPS3
10517.6573 1.6700008  0.00122593 HARPS3
10518.7028 1.68306778  0.00112003 HARPS3
10542.6906 1.64229138  0.00170712 HARPS3
10544.6575 1.64132253  0.0021079 HARPS3
10545.6585 1.63248762 0.00162783 HARPS3
10554.5309 1.66499835 0.00144616 HARPS3
10555.5785 1.67249261 0.00118742 HARPS3
10556.5786 1.67280024  0.00124458 HARPS3
10557.6132 1.6782616  0.00166836 HARPS3
10559.677 1.64737068 0.00127593 HARPS3
10560.5451 1.63263263  0.00159743 HARPS3
10580.5551 1.60982804 0.00122713 HARPS3
10582.5541 1.66878877 0.00116307 HARPS3
10583.5347 1.60328061 0.0012815 HARPS3
3078.326 0.00238865  0.00739035 HIDESS
3161.264 0.04799941  0.00803718 HIDESS
3284.994 0.01223185 0.00742293 HIDESS
3495.224 0.09272069  0.00892885 HIDESS
3522.151 -0.0130297  0.00770633 HIDESS

3579.063 0.02075172  0.00933821 HIDESS



213

Table C.2 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

3607.06 -0.0416886  0.00932924 HIDESS
3612.062 0.01208708 0.01167686 HIDESS
3615.097 0.05791492  0.01125325 HIDESS
3655.929 -0.0826384  0.00836454 HIDESS
3693.883 -0.0065132  0.01511216 HIDESS
3694.863 -0.0176187  0.01707949 HIDESS
3695.868 0.0244948  0.00821211 HIDESS
3805.316 9.26E-02 0.00909948 HIDESS
3814.345 -0.0697427  0.0070222 HIDESS
3825.341 0.07106694  0.00936216 HIDESS
3831.318 -0.0604309  0.00750563 HIDESS
3832.302 -0.0661499  0.01686918 HIDESS
3887.261 0.08459462 0.01133804 HIDESS
3962.126 -0.0437094  0.01008534 HIDESS
4150.328 -0.0977827  0.01239667 HIDESS
4418.874 -0.024903 0.00722859 HIDESS
4590.265 -0.0065077  0.00833602 HIDESS
4953.26 0.00889796  0.00709503 HIDESS
5135.894 -0.0629962  0.00726386 HIDESS
5349.149 -0.0138975  0.00710164 HIDESS
5503.91 0.03706792  0.00859323 HIDESS
5787.019 -0.0223379  0.00648092 HIDESS
6141.054 0.06295572  0.00765267 HIDESS
6417.277 -0.1334789  0.00742682 HIDESS
6516.141 0.00593974  0.0078542 HIDESF1
6517.018 -0.0367521  0.00612168 HIDESF1
6520.013 -0.0727273  0.00569878 HIDESF1

6534.059 0.00665769  0.00676336 HIDESF1



214

Table C.2 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

6552.958 0.15168802  0.00571689 HIDESF1
6553.987 0.13257588  0.00603042 HIDESF1
6579.965 0.02366234  0.00911319 HIDESS

6594.914 0.08015416 0.00585273 HIDESF1
6595.886 0.06210602  0.00561771 HIDESF1
6609.887 -0.0604138  0.0060223 HIDESF1
6731.364 -0.1286931  0.00655789 HIDESF1
6735.311 -0.0684915  0.00918571 HIDESF1
6737.301 -0.0107217  0.00654917 HIDESF1
6786.162 -0.0490031  0.00694556 HIDESF1
6799.271 0.08869239  0.00809602 HIDESS

6856.089 0.00097405  0.00714308 HIDESF1
6861.109 0.06024817 0.00919232 HIDESF1
6863.128 0.08221951 0.01150254 HIDESF1
6891.118 -0.0853255  0.00827863 HIDESS

6908.003 -0.0297445  0.00578209 HIDESF1
6971.907 -0.0003795  0.00873984 HIDESS

6973.894 -0.0207945  0.0093263 HIDESS

7135.251 0.05522746  0.0069145 HIDESS

7140.312 -0.0731329  0.00722716 HIDESF1
7169.28 0.03086178  0.00615052 HIDESF1
7172.161 0.04280554 0.00769619 HIDESF1
7234.128 0.04380308 0.00886011 HIDESS

7236.175 0.05416906  0.00621684 HIDESF1
7238.118 0.04893675  0.00607839 HIDESF1
7261.973 -0.0049183  0.00639722 HIDESF1
7284.021 -0.0776151  0.00573931 HIDESF1

7318.941 0.05801655  0.00635791 HIDESF1
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

7328.894 -0.000674 0.00690781 HIDESS

7330.928 0.00874168  0.00654568 HIDESF1
7455.359 -0.0441493  0.00568307 HIDESF1
7476.305 -0.1140414  0.00674576 HIDESF1
7521.257 0.00136131  0.00556675 HIDESF1
7523.24 0.06950894  0.00864776 HIDESF1
7592.079 -0.0353052  0.00546115 HIDESF1
7630.038 0.07066448  0.00616718 HIDESF1
7675.956 -0.1061633  0.00542286 HIDESF1
7909.197 0.04270276  0.00688529 HIDESF1
7950.192 -0.0513115  0.00764724 HIDESF1
7985.06 -0.0260266  0.00565122 HIDESF1
8591.332 -0.0679007  0.00774586 HIDESF2
8610.317 -0.0399666  0.00987604 HIDESF2
8708.129 -0.0393633  0.00801921 HIDESF2
9409.014 -0.0455348  0.01213669 HIDESF2
9409.198 -0.0415501  0.01118333 HIDESF2
9486.942 0.06320276  0.01292537 HIDESF2
9488.898 0.04690734  0.01404772 HIDESF2
9489.897 -0.0095203  0.01091608 HIDESF2
9491.901 -0.0182182  0.01015576 HIDESF2
9492.894 -0.0604312  0.01198091 HIDESF2
9494.897 -0.0841115  0.01123637 HIDESF2
9497.889 -0.0561948  0.01084016 HIDESF2
9619.385 -0.0806837  0.01046566 HIDESF2
9634.336 0.02029098  0.01469762 HIDESF2
9646.358 0.02010495 0.01587215 HIDESF2

9647.367 0.00881316  0.01148427 HIDESF2
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

9653.361 0.00380313  0.00955485 HIDESF2
9655.352 -0.0321272  0.01422419 HIDESF2
9685.332 0.02381072  0.01116777 HIDESF2
9686.321 0.04854569  0.00844587 HIDESF2
9687.284 0.05361224 0.01113129 HIDESF2
9689.336 0.0768139  0.01523014 HIDESF2
9709.19 0.05365822  0.01335388 HIDESF2
9717.208 0.05265796  0.00961014 HIDESF2
9718.265 0.03161999  0.00970302 HIDESF2
9723.198 0.01934796  0.00957303 HIDESF2
9727.28 0.00166451 0.01272825 HIDESF2
9731.209 0.0528045  0.01180418 HIDESF2

Table C.3: RV data used for modelling of HD 203949.

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

10498.7111 -83.652239  0.00082688 HARPS3
10502.868 -83.67973  0.00099748 HARPS3
10504.6922 -83.73548  0.00085756 HARPS3
10515.6885 -83.799371  0.00089592 HARPS3
10516.6677 -83.75979  0.0008921 HARPS3
10518.7534 -83.769479  0.00081505 HARPS3
10544.6655 -83.768776  0.00120955 HARPS3
10545.6854 -83.756846  0.00093074 HARPS3
10554.6065 -83.70464  0.00087331 HARPS3
10555.6217 -83.733052  0.00080839 HARPS3
10556.7033 -83.721364  0.00088547 HARPS3
10558.5295 -83.738872  0.00081858 HARPS3

10559.7553 -83.709152  0.00081323 HARPS3
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

10560.569 -83.734759  0.00089951 HARPS3
10578.5621 -83.621738  0.00086052 HARPS3
10579.6123 -83.607549  0.00083296 HARPS3
10580.6329 -83.595412  0.00083117 HARPS3
10581.6135 -83.578005  0.00085571 HARPS3
10581.7333 -83.585218  0.00086814 HARPS3
10582.5626 -83.558263  0.00079204 HARPS3
10582.6893 -83.588182  0.00083979 HARPS3
10583.5432 -83.568683  0.00087442 HARPS3
10583.6736 -83.561081  0.00086027 HARPS3
6251.54 -0.0641 0.005 FEROS
6251.597 -0.0824 0.0017 FEROS
6251.6 -0.0796 0.0019 FEROS
6251.602 -0.0834 0.0016 FEROS
6412.805 0.111 0.0046 FEROS
6431.821 0.0229 0.0067 FEROS
6472.822 -0.1261 0.0066 FEROS
6472.853 -0.127 0.0072 FEROS
6472.89 -0.1261 0.0068 FEROS
6565.558 0.2025 0.0057 FEROS
6565.615 0.1878 0.0054 FEROS
6603.591 0.0728 0.0052 FEROS
6605.623 0.0916 0.0057 FEROS
5326.9 -0.0681 0.0126 CHIRON
5338.851 -0.1338 0.0137 CHIRON
5347.865 -0.1254 0.0113 CHIRON
5373.746 -0.173 0.0115 CHIRON

5390.762 -0.1295 0.0111 CHIRON
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

5517.551 -0.0654 0.0116 CHIRON
5531.553 -0.139 0.0112 CHIRON
5554.519 -0.1317 0.0151 CHIRON
5705.838 -0.086 0.011 CHIRON
5725.866 -0.1504 0.0112 CHIRON
5737.903 -0.1639 0.0149 CHIRON
5756.807 -0.1252 0.0101 CHIRON
5767.798 -0.0866 0.0111 CHIRON
5798.755 0.163 0.0064 CHIRON
5868.494 0.0185 0.0066 CHIRON
1236.531 0.0051 0.0059 CHIRON
1243.537 -0.0218 0.0057 CHIRON
1257.551 -0.0648 0.0051 CHIRON
1418.928 0.0578 0.0048 CHIRON
1480.818 -0.0984 0.0054 CHIRON
1489.911 -0.0844 0.0056 CHIRON
1498.898 -0.0613 0.0056 CHIRON
1504.699 -0.0188 0.0053 CHIRON
1507.754 -0.0196 0.007 CHIRON
1515.805 0.0012 0.0054 CHIRON
1534.849 0.1466 0.0059 CHIRON
1536.687 0.1362 0.0057 CHIRON
1547.655 0.1977 0.0058 CHIRON
1551.601 0.199 0.0051 CHIRON
1552.541 0.2016 0.0071 CHIRON
1556.527 0.1968 0.0059 CHIRON
1567.496 0.1772 0.0069 CHIRON

1572.499 0.1664 0.0059 CHIRON
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

1579.517 0.1459 0.0066 CHIRON
1584.53 0.1343 0.0063 CHIRON
1591.523 0.1196 0.0071 CHIRON

Table C.4: RV data used for modelling of HD 206255.

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

10486.7201 -3.6533846  0.00134467 HARPS3
10497.7319 -3.6598375  0.00109397 HARPS3
10498.7181 -3.6572147  0.00100087 HARPS3
10500.7725 -3.6623296  0.00119982 HARPS3
10503.7523 -3.6539521 0.00119385 HARPS3
10504.7067 -3.661596  0.00120742 HARPS3
10513.8543 -3.6556139  0.00157699 HARPS3
10515.7094 -3.6559376  0.00131948 HARPS3
10516.6739 -3.6512554  0.00125841 HARPS3
10518.7465 -3.6570612  0.00102041 HARPS3
10542.6988 -3.6615181 0.00144325 HARPS3
10544.6797 -3.6629931  0.00208971 HARPS3
10545.6775 -3.6593362  0.00139201 HARPS3
10554.6202 -3.6551907 0.00122341 HARPS3
10555.6357 -3.6518402  0.00097362 HARPS3
10556.7273 -3.6496496  0.00132516 HARPS3
10559.6863 -3.6488753  0.00097672 HARPS3
10560.5749 -3.6514253  0.00120474 HARPS3
10578.5771 -3.6609612  0.0011071 HARPS3
10580.6473 -3.6562021 0.00114354 HARPS3
10581.6325 -3.6559 0.00123297 HARPS3

10582.5767 -3.6561941  0.00093117 HARPS3
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Time (BJD - 2450000)

RV (km/s)

RV error (km/s)

Instrument

10583.5579
5427.71742
5439.73885
5796.7401

5850.65044
5850.65416
6086.81919
6092.85872
6139.70543
6144.7747

6150.7277

6504.83089
6506.78512
6550.62471
6553.6186

6604.54902
6817.86837
6866.69534
6876.68366
7198.86731
7206.83583
7258.61859
7321.57596
7327.61917
7536.90929
7555.86064
7614.71064

7620.63101

-3.6588106  0.00118906

-0.00266
-0.00403
0.00249
0.00232
0.00234
-0.00177
-0.00116
0.00173
0.00214
-0.00011
-0.00338
0.00191
0.00766
0.00455
-0.0041
9.00E-05
-0.00318
-0.00905
-0.0018
-0.00237
-0.00248
0.00579
0.00374
-0.00504
-0.00531
0

-0.00469

0.0013

0.00132

0.0014

0.00126

0.0014

0.00118

0.00123

0.00127

0.00165

0.00144

0.00132

0.00132

0.00143

0.00147

0.00123

0.00123

0.00131

0.00129

0.00134

0.00143

0.00131

0.00137

0.0013

0.00131

0.00121

0.0012

0.00137

HARPS3

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS

PFS
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
8271.77631 0.00213 0.00119 PFS
8293.81535 0.00192 0.00121 PFS
8334.76763 -0.00166 0.00118 PFS
8334.77142 0.00067 0.00121 PFS
8354.67918 -0.00219 0.00144 PFS
8354.68676 0 0.00141 PFS

Table C.5: RV data used for modelling of HD 207229.

Time (BJD - 2450000) RV (km/s) RV error (km/s)  Instrument
7561.85004 55.3225833  0.00084745 HARPS2
7561.85323 55.3226517 0.00085175 HARPS2
7561.85652 55.3239791  0.00088161 HARPS2
7561.85989 55.3238363  0.00089161 HARPS2
7561.86311 55.3240088 0.00086659 HARPS2
7609.78624 55.4161429 0.00082809 HARPS2
7609.7894 55.416682  0.00084003 HARPS2
7609.79272 55.4173693 0.00084153 HARPS2
7609.79603 554188226 0.00082837 HARPS2
7609.79909 55.4185331 0.00082645 HARPS2
7609.80251 554191665 0.00083164 HARPS2
8003.8319 55.3427803  0.00096969 HARPS2
8003.83519 55.3441131  0.00099844 HARPS2
8003.83856 55.3434294  0.00093804 HARPS2
8003.84171 55.3426064  0.00090485 HARPS2
8003.84491 55.34457 0.00090536 HARPS2
8003.8482 55.3450584  0.00088426 HARPS2
8004.84392 55.5098094  0.00088984 HARPS2
8004.84717 55.5095496 0.00087712 HARPS2
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8004.85036 55.5104336 0.00087591 HARPS2
8004.85361 55.5116354  0.00086697 HARPS2
8004.85683 55.5121423  0.00086992 HARPS2
8004.86014 55.5120854  0.00086775 HARPS2
8082.6988 55.3416028 0.00115079 HARPS2
8082.69995 55.3419265 0.00113118 HARPS2
8082.70112 55.3407421 0.00121018 HARPS2
8082.70229 55.3408386 0.00117272 HARPS2
8082.70346 55.3412228 0.00117564 HARPS2
8082.70462 55.3428852 0.001186 HARPS2
8085.71364 55.7622139 0.00114057 HARPS2
8085.7148 55.7619434  0.00114953 HARPS2
8085.71596 55.7621238 0.00115599 HARPS2
8085.71713 55.7622321 0.00111741 HARPS2
8085.71831 55.7630665 0.00121576 HARPS2
8085.71947 55.7621036 0.00108424 HARPS2
8143.55958 55.0738253  0.00086948 HARPS2
8143.56296 55.0737342  0.00086496 HARPS2
8143.56622 55.0737069 0.00086431 HARPS2
8144.52181 5.52E+01 0.00083601 HARPS2
8144.52504 55.1574497  0.000838 HARPS2
8144.52838 55.1577459  0.00084079 HARPS2
8145.52261 55.292441  0.00095191 HARPS2
8145.52593 55.2932749  0.00100877 HARPS2
8145.52885 55.297999  0.00184435 HARPS2
8191.50075 55.1174596  0.00092932 HARPS2
8191.5042 55.1169017  0.00092006 HARPS2

8191.50725 55.1174582  0.00090421 HARPS2
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8195.5006 55.6915096 0.00108682 HARPS2
8195.50368 55.6908194  0.00098296 HARPS2
8195.50672 55.691585  0.00101024 HARPS2
8195.51 55.6910946 0.00103205 HARPS2
8195.51311 55.6923572  0.00100884 HARPS2
8195.51627 55.6928121  0.00096717 HARPS2
8318.87561 55.259875  0.00109677 HARPS2
8318.87883 55.2618927 0.0012154 HARPS2
8318.8821 55.2602396 0.00116046 HARPS2
8318.88536 55.2639894 0.00116173 HARPS2
8318.88865 55.2620456 0.00106057 HARPS2
8318.89188 55.2642792  0.00102428 HARPS2
8324.85687 55.7107814  0.00095113 HARPS2
8324.86012 55.7121947  0.00094185 HARPS2
8324.86338 55.7107229  0.00099753 HARPS2
8324.86669 55.7116013  0.00093826 HARPS2
8324.86988 55.7119154  0.0009282 HARPS2
8324.87312 55.7100761  0.00091975 HARPS2
8325.93959 55.6064237 0.0008768 HARPS2
8325.94281 55.6053983  0.00085696 HARPS2
8325.94611 55.606223  0.00086978 HARPS2
8325.94933 55.6052199  0.00087037 HARPS2
8325.95261 55.6041714  0.00086192 HARPS2
8325.95583 55.6044207  0.00085921 HARPS2
8383.74292 55.5508533  0.00102655 HARPS2
8383.74452 55.55154 0.00101954 HARPS2
8383.746 55.5529357  0.00098677 HARPS2

8384.79104 55.6877119  0.00091442 HARPS2
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

8384.79244 55.6876814  0.00098773 HARPS2
8384.79393 55.6883991  0.00091877 HARPS2
8385.73456 55.7538481 0.00095836 HARPS2
8385.73609 55.7534942  0.00095219 HARPS2
8385.73761 55.7570011  0.00093725 HARPS2
8385.89393 55.7621346  0.00091581 HARPS2
8385.89549 55.7606588  0.00090658 HARPS2
8385.89701 55.7607158  0.00089961 HARPS2
8404.83207 55.5896942  0.00096451 HARPS2
8404.83511 55.5893813  0.00101266 HARPS2
8404.83851 55.588778  0.00101 HARPS2
8404.84169 55.5897085 0.00100174 HARPS2
8404.84509 55.5886928  0.00098696 HARPS2
8404.84833 55.5881748  0.00099074 HARPS2
8416.72029 55.717768  0.00082006 HARPS2
8416.72354 55.7179811 0.00081735 HARPS2
8416.72682 55.71825 0.00081781 HARPS2
8416.72999 55.7184584  0.00082263 HARPS2
8416.7333 55.7178303  0.00083148 HARPS2
8416.73652 55.7191463  0.00083287 HARPS2
8439.6738 55.1688392  0.0007894 HARPS2
8439.67982 55.1678031  0.00079695 HARPS2
8439.68596 55.1676987  0.00079406 HARPS2
8453.69074 55.3849514  0.00081867 HARPS2
8453.69403 55.3837104  0.00081896 HARPS2
8453.69726 55.3835115 0.00081242 HARPS2
8479.64029 55.6945486 0.00085043 HARPS2

8479.64351 55.6949819  0.0008427 HARPS2



Table C.5 continued from previous page

Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
8479.64679 55.6950044  0.00084663 HARPS2
8479.65006 55.6953752  0.00085337 HARPS2
8479.65331 55.6957142  0.00084583 HARPS2
8479.6566 55.6964837 0.00084877 HARPS2
8680.82544 55.1343842  0.00082518 HARPS2
8680.82876 55.1346065 0.00083337 HARPS2
8680.83203 55.1352914  0.00081905 HARPS2
8680.83527 55.1361803  0.00082092 HARPS2
8680.83852 55.1363502 0.00081816 HARPS2
8680.84181 55.1370898  0.00081762 HARPS2
8739.70606 55.0733453  0.00084615 HARPS2
8739.71128 55.0728509 0.00082278 HARPS2
8739.71801 55.071922  0.00083416 HARPS2
1126.75682 56.4374152  0.00243536 CORALIE
1127.7333 56.4326526 0.00173413 CORALIE
1128.69465 56.4805423 0.00337503 CORALIE
1128.81505 56.5015762  0.00445389 CORALIE
1129.51938 56.5821752 0.00481053 CORALIE
1129.83 56.6272893  0.00287704 CORALIE
1130.51646 56.7388288 0.00584513 CORALIE
1130.7533 56.771489  0.0044525 CORALIE
1131.62603 56.9021468 0.00361708 CORALIE
1131.73769 56.9298733  0.00480603 CORALIE
1132.55499 57.0575428 0.00344089 CORALIE
1132.72995 57.0799077  0.00565427 CORALIE
1133.53718 57.1393859  0.006968 CORALIE
1133.78805 57.1648523  0.00477026 CORALIE
1134.64849 57.1716503  0.00614572 CORALIE
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument

1134.82021 57.1761233  0.00653678 CORALIE
1135.53888 57.1561053  0.00413072 CORALIE
1135.76058 57.1411669 0.00451733 CORALIE
1136.54728 57.0911118  0.00506504 CORALIE
1136.74189 57.0453254  0.00495075 CORALIE
1137.55515 56.9614819 0.00457668 CORALIE
1137.78526 56.9422116 0.00506167 CORALIE
1138.53589 56.8449078  0.00360264 CORALIE
1138.83334 56.7926446 0.00486271 CORALIE
1139.52592 56.6948491 0.0041218 CORALIE
1139.81522 56.6556173  0.0053882 CORALIE
1140.73865 56.5510449 0.00338018 CORALIE
1141.53717 56.4783384  0.00427433 CORALIE
1141.7893 56.4646206 0.00481479 CORALIE
1142.53307 56.4217594  0.00498699 CORALIE
1142.75986 56.4194333  0.0041465 CORALIE
1143.52902 56.4174269 0.00452984 CORALIE
1143.76178 56.430851  0.00514004 CORALIE
1150.54742 57.1662274  0.00455391 CORALIE
1163.54739 56.9559671 0.00260888 CORALIE
1164.54985 57.0936487 0.00295511 CORALIE
1165.56001 57.1609345 0.00301936 CORALIE
1170.54442 56.7700541  0.00263526 CORALIE
1174.5468 56.4156 0.00273501 CORALIE
1176.53372 56.5321979  0.00237803 CORALIE
1184.54784 56.9959694  0.00599952 CORALIE
1186.60055 56.7226595 0.0031465 CORALIE

1187.5416 56.6096573  0.00368685 CORALIE
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
1188.5784 56.499861  0.00327025 CORALIE
1189.59515 56.4331771  0.00376346 CORALIE
1190.62386 56.4023373  0.00397238 CORALIE
1191.62924 56.45831 0.00470414 CORALIE
1192.62631 56.582589  0.00436622 CORALIE
1193.62162 56.7323058 0.00338998 CORALIE
1194.59506 56.8816419 0.00395928 CORALIE
1196.60195 57.1618914  0.00585013 CORALIE
1197.57843 57.176625  0.00469198 CORALIE
1198.57524 57.1525355 0.00610641 CORALIE
1199.57651 57.0859228 0.00542893 CORALIE
1200.57716 56.965736  0.00469846 CORALIE
831.035 0.0835 0.004 UCLES
1211.9651 0.3382 0.0057 UCLES
1213.9815 0.3985 0.0053 UCLES
1214.9298 0.3499 0.0047 UCLES
1235.9312 -0.2772 0.0052 UCLES
1236.9078 -0.3335 0.0055 UCLES
1383.2736 0 0.0048 UCLES
1387.3139 0.3566 0.004 UCLES
1411.2467 -0.4067 0.0049 UCLES
1413.2313 -0.2553 0.004 UCLES
1414.3164 -0.0881 0.0042 UCLES
1473.0974 -0.4038 0.0043 UCLES
1525.932 0.0796 0.0049 UCLES
1526.9613 0.2076 0.0048 UCLES
1743.3292 -0.4594 0.0065 UCLES
1745.2853 -0.2045 0.0053 UCLES
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Time (BJD - 2450000) RV (km/s) RV error (km/s) Instrument
1828.1337 0.2282 0.0052 UCLES
1829.0121 0.2132 0.0054 UCLES
1829.988 0.1505 0.0063 UCLES
1856.1052 -0.1609 0.0062 UCLES
1918.966 -0.2093 0.0046 UCLES
1919.9811 -0.0417 0.0048 UCLES
1921.0019 0.097 0.005 UCLES
831.034977 0.2437 0.0037 UCLES
1211.96513 0.5096 0.0045 UCLES
1213.98147 0.5646 0.0048 UCLES
1214.92978 0.5113 0.0039 UCLES
1235.9312 -0.1175 0.0042 UCLES
1236.9078 -0.174 0.0045 UCLES
1383.27361 0.1681 0.0042 UCLES
1387.31387 0.5194 0.0034 UCLES
1411.24665 -0.2485 0.0042 UCLES
1413.23122 -0.0994 0.0036 UCLES
1414.31635 0.0724 0.0039 UCLES
1473.09736 -0.2389 0.0039 UCLES
1525.93201 0.2374 0.0047 UCLES
1526.9613 0.373 0.004 UCLES
1743.32924 -0.2981 0.0057 UCLES
1745.28527 -0.0399 0.0049 UCLES
1828.13369 0.3853 0.0047 UCLES
1829.01214 0.3687 0.0046 UCLES
1829.98801 0.304 0.005 UCLES
1856.10521 0.0017 0.0058 UCLES
1856.93135 0.151 0.013 UCLES
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1918.96598 -0.0522 0.0043 UCLES
1919.9811 0.118 0.0038 UCLES
1921.00191 0.2589 0.0043 UCLES
2061.34131 -0.0093 0.0071 UCLES
2092.27897 -0.1067 0.004 UCLES
2127.24163 0.3007 0.0076 UCLES
2152.1424 -0.4496 0.0046 UCLES
2187.14068 -0.089 0.0035 UCLES
2594.03865 -0.5433 0.004 UCLES
2654.00484 -0.4269 0.004 UCLES
2945.13811 -0.0711 0.0038 UCLES
3008.02186 -0.1137 0.0037 UCLES
3043.98671 0.0014 0.0039 UCLES
3044.94298 -0.0958 0.0069 UCLES
3217.34251 -0.0402 0.0036 UCLES
3244.28447 -0.2063 0.005 UCLES
3281.18382 -0.1359 0.0035 UCLES
3572.28482 -0.7285 0.003 UCLES
3572.29837 -0.7257 0.0029 UCLES
3572.30818 -0.7232 0.0042 UCLES

3629.19478 -0.3682 0.0045 UCLES
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