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Abstract

Obliquities of stars from the study of transiting exoplanets and eclipsing binaries

Vedad Kunovac Hodžić

In this thesis I study stellar obliquities across a range of companion masses, and in new regimes, that
aims at constraining theories of planet formation and evolution. I begin in Chapter 1 with an introduction
to the state of the field of extrasolar planets, key discoveries that have motivated previous studies on
the misalignments between planetary orbits and stellar spins, and highlight the gaps in our knowledge
where this thesis aims to make an impact. In Chapter 2, I outline the models and tools that underpin the
analysis of transit light curves and high-resolution spectra in subsequent chapters. In Chapter 3, I apply
these tools to the discovery of binary systems of various mass ratios. Two such systems are rare brown
dwarfs whose discoveries help calibrate models of sub-stellar evolution, and the connection to giant
planet formation and evolution. In Chapters 4–6, I present new measurements of stellar obliquities across
a range of companion masses. In Chapter 4 I consider two systems hosting small planets. I demonstrate a
misalignment the stellar spin and the orbit of a planet twice the size of Earth. This discovery is consistent
with some disc-free migration scenarios, and provides the first observational evidence of its kind that
super-Earths may form far from their star. In Chapter 5, I consider a sample of 13 giant planets orbiting
cool stars in weak-tide regimes. I show that their host stars display a variety of obliquities, contrary to
similar planets orbiting closer to their star. Such an effect is consistent with the expectation from tidal
evolution, but has not yet been tested on this scale. In Chapter 6, I study the spin angular momentum
of the primary component of a binary star hosting a circumbinary planet. I demonstrate that the star is
aligned with the binary and planet orbit, providing an important constraint on the formation of binary
stars and circumbinary planets. Finally, in Chapter 7, I conclude and offer some thoughts on future
prospects.
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1.6 The geometry of a star in relation to a planet orbit. The observer views the system along
the I axis (labelled observer). The axis normal to the planet’s orbital plane is labelled orbit,
and the stellar rotation axis is labelled spin. The angle between the observer and orbit is the
orbital inclination, 8, while the angle between the observer and spin is the stellar inclination,
8★. The obliquity of the star is the angle k. The Rossiter-McLaughlin effect measures the
sky-projected obliquity, _. Credit: Josh Winn and Simon Albrecht (Albrecht et al. 2021). . . 19

1.7 Radial velocity anomalies during transit due to the Rossiter-McLaughlin effect. The Rossiter-
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color scheme denotes planets that are eccentric, which here is determined as those that have
4 larger than three times the uncertainty on 4. . . . . . . . . . . . . . . . . . . . . . . . . . 24
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star, i.e. the impact parameter 1, changes the total transit duration as well as the ingress/egress
times. This figure was created using starry (Luger et al. 2019). . . . . . . . . . . . . . . . 33

2.2 The intensity across the stellar disc is not uniform; it is lowest at the limb and increases
towards the centre, referred to as limb darkening. Limb darkening is strongest for stars
observed at blue wavelengths (e.g. 6′ band, _ ≈ 500 nm) and causes the transit to look
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2.3 An example of an eclipsing binary star system consisting of a low-mass star (<2 = 0.2 M� ,
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2.4 Left: An image of a cross-dispersed echelle spectrum taken with the red camera of ES-
PRESSO on the VLT. The target star is c Mensae. The H direction is the main dispersion
direction, while the G direction is the cross-dispersion direction. Right: A zoomed-in part
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2.5 Top: The 1D spectrum obtained from co-adding all spectral orders shown in the echellogram
in Figure 2.4. The continuum (coloured line) follows Planck’s law (black-body radiation), and
a few prominent absorption lines are marked. The high-resolution spectrum also contains
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Doppler shift. The red parts of the spectrum shows significant absorption due to water and
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2.6 The radial velocity of a star can be determined from cross-correlating absorption lines in a
stellar spectrum (left, black) with expected line positions using a binary template (blue). The
resulting cross-correlation function (CCF, right) is an average stellar line profile in velocity
space, and the radial velocity is determined from the centre of a Gaussian fit to the CCF.
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2.8 The radial velocity orbits of two stars with masses <1 = 1 M� , <2 = 0.7 M� , and orbital
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Doppler shifted according to the local surface velocity on the star, i.e. that which is occulted
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radial velocity shift. This figure was created using starry (Luger et al. 2019). . . . . . . . . 46

2.10 Simulated CCFs of the stellar light hidden by a transiting planet. The grey scale refers to the
flux so that dark areas correspond to absorption, i.e. the local CCF core. The four transit
contacts are shown as horizontal black dashed lines. The light hidden by the planet is Doppler
shifted by the local surface velocity on the star, which is determined by the projected rotation
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3.1 A spectrum of 2M1510 A taken with the UVES instrument on the VLT, revealing splitting
at the locations of the absorption lines at approximately 8186 Å and 8197.7 Å due to the
composite spectrum from both brown dwarfs. Note that there is an error in the wavelength
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3.2 Top: The projected separation between the two brown dwarfs during their orbit. The dash-
dotted line is the equivalent curve if the eccentricity was zero. The dotted line shows the
separation curve for the minimum inclination needed for a primary eclipse to occur, which
is 8=89.1°. The two insets are zoomed in on the expected position where primary eclipse
would occur, and where secondary eclipse occurs. The red line in the insets denote the
minimum separation needed for there to be an eclipse. Bottom: A visual representation of
the projected separation at the expected times of primary (left) eclipse (inferior conjunction,
Chapter 2.1.1) and secondary eclipse (right, superior conjunction). The darker object is the
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3.3 The two panels show the brightness of 2M1510 A as a function of time with errors. The green
regions are possible orbital solutions within 2f. The first panel (left) shows the detected
eclipse, and the second panel (right) shows how a second eclipse was narrowly missed,
leading to two distinct orbital solutions, placing the eclipse either just before or after the
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3.4 Data demonstrating that 2M1510 A is a substellar eclipsing binary. a, SPECULOOS pho-
tometric data (black points) and their 1f uncertainties showing the observed 4 % grazing
eclipse. The red solid line is the best-fit model from the joint global fit with its 2f confid-
ence region (red shaded region). Below are the residuals of the best fit ($ − �). b, The
phase-folded radial velocity orbit of the brown dwarf primary (blue) and secondary (orange).
A systemic velocity of −12.9 km s−1 has been subtracted from the values. Individual points
are measurements (UVES, circles; NIRSPEC, diamonds) with their 1f uncertainties. Solid
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3.5 Mass-radius diagram showing the position of the 2M1510 Aab eclipsing pair (shown in black
with their 1f uncertainties). The red-shaded areas separate the tracks of the Exeter/Lyon evol-
utionary models with ages labelled. Circles delineate mass/radius measurements obtained for
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no equivalent systems. Literature measurements are reported in Supplementary Tables 5 and 6. 73

3.6 Radius and luminosity measurements as a function of system age, for stars, brown dwarfs and
giant exoplanets with their 1f uncertainties. a, Radius versus age; b, luminosity versus age.
Each line corresponds to a model of a given mass. Stellar masses (pink lines) are labelled
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labelled in units of MJup. Dots following a similar colour scheme are systems reported in the
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3.7 Transits of WASP-128 taken with the Euler (green) and TRAPPIST (vermillion) telescopes.
The points correspond to detrended data binned to 5 min, and the coloured lines are the
best-fitting models. The residuals of the fit are shown in the lower panel. . . . . . . . . . . . 84

3.8 The radial velocity motion of WASP-128 due to its brown dwarf companion, folded on the
best-fitting period. The blue points correspond to RV measurements taken with CORALIE
(circles) and HARPS (triangles). The solid line is the best-fitting model. The residuals of
the fit are shown in the lower panel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.9 Mass-radius diagram placing WASP-128 b (vermillion) in the context of the other known
transiting brown dwarfs. Objects are from Bayliss et al. (2017) and references therein,
including the recent discovery of Kepler-503b (Cañas et al. 2018). The shaded area outlines
isochrones for substellar objects from the COND03 models (Baraffe et al. 2003). . . . . . . 85

3.10 Transit depths of all confirmed transiting exoplanets as a function of the planet’s equilibrium
temperature (where such a value has been calculated). The colour indicates the mass of the
host star in solar masses. The triangle demarcates TOI-1259 with 2.7 % deep transits. . . . . 91

3.11 SDSS image of the planet host TOI-1259A and its bound white dwarf companion TOI-1259B.
The image is centred on TOI-1259A at RA 18h48m24.07s, Dec 79°15′21.76′′. . . . . . . . . 92

3.12 Spectral energy distribution of TOI-1259A. The red symbols represent the observed photo-
metric measurements, where the horizontal bars represent the effective width of the passband.
The blue symbols are the model fluxes from the best-fit (Kurucz 1979) atmosphere model
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3.13 Top: Systematics-Insensitive Periodogram (SIP) for TOI-1259b.The periodogram is calcu-
lated for both the corrected light curve (the black line) and the background (BKG) pixels (the
blue line). There is a strong peak in the SIP at 28 d, which is attributed to the rotation of the
planet host and denoted by a red-dashed line. The background pixels show no evidence of
any periodicity, suggesting that the 28 d signal is both real and intrinsic to the target. Note
that these periodograms are not normalized by the measurement errors. Bottom: The light
curve for TOI-1259. The grey points show the raw data TESS data, and the black points
show the data corrected using TESS-sip, showing a clear periodicity. . . . . . . . . . . . . . 93

3.14 Parameters of the WD and its progenitor, obtained from fitting the SED. We compare con-
straints obtained when assuming the initial-final mass relations (IFMR) from El-Badry &
Rix (2018) and Williams et al. (2009). For this figure we assume a hydrogen atmosphere,
but in Table 4 we also show results for a potential helium atmosphere. Values listed on the
diagonal are based on the El-Badry & Rix (2018) IFMR. Contours enclose 68 and 95 per
cent probability. The total age of the WD and thus, presumably, the age of the system is at
least 3 Gyr. The age uncertainty is dominated by uncertainty in the mass and pre-WD age of
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3.15 Generalized Lomb-Scargle (GLS) periodogram of the 19 SOPHIE RV points (top) and
the residuals to the circular Keplerian fit (bottom). The highest peak for the observations
corresponds to the transiting planet orbital period at 3.45 d. There are also harmonics at
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3.16 Upper panel: Nine sectors of TESS PDCSAP photometry of TOI-1259. The blue model is
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3.17 Phase folded and detrended light curve of the primary transit after removing the Gaussian
process model. We show the unbinned data in blue, and the data averaged in 10 min bins in
blue/white points. The orange line is the best-fitting transit model, with a maximum depth
of 2.7 per cent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.18 Transit light curves of TOI-1259 b followed up with small (<50 cm s−1) ground-based tele-
scopes with various filters. For each light curve, we show the raw data in the top panel (grey)
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3.19 Top: The light curve folded on the phase of the planet orbit, with data points binned in 20 min
intervals. The grey highlighted area is the transit duration. The expected secondary eclipse
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where one could expect a secondary eclipse for a circular orbit. There is a tentative signal
centred on q = 0.64 with a duration that is consistent with a secondary eclipse, however, this
implies an eccentricity of roughly 0.2–0.3 that is incompatible with the RV data. . . . . . . . 100

3.20 SOPHIE RV (black) with the 99th percentile models from a joint fit with the TESS photometry
encapsulated in the blue region. The RV are indicative of a 0.44 MJup planet, and are in phase
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3.21 Transit Spectroscopy Metric (TSM) from Kempton et al. (2018) for all confirmed transiting
exoplanets as a function of their equilibrium temperature (where such a value has been
calculated). The TSM is calculated using equation (3). The colour scale is the planet radius.
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3.22 Posteriors for the 4 and l using constraints from various sources. Blue: Constrained by
the radial velocity data (joint fit with photometry). Orange: Constraint from comparing
the stellar density derived from two different sources. Gray: Constraint from approximate
location and duration of the candidate secondary eclipse in Figure 11 (Section 3.3.5). . . . . 106

3.23 Transit spot-crossing events for TOI-1259 Ab. Top: A view of the SAP flux from TESS of
TOI-1259 A. Middle: A closer look on the first sector of TESS data, highlighting the locations
of two adjacent transits in blue and orange. Bottom: A closer look at each transit. The first
transit (blue) occurs first, and encounters a spot in the second half of the transit. The second
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4.1 Posterior distributions (black) for E sin 8★ and _ from our four runs where either was fit,
with prior distribution (red) where applicable. Top: Prior on E sin 8★ = 6 ± 2 km s−1 from
spectroscopic line broadening (Barnes et al. 2014). Upper middle: Prior on E sin 8★ =

1.855 ± 0.095 km s−1 from K2 periodic signal interpreted as rotation (Luger et al. 2017; Vida
et al. 2017). Lower middle: No prior. Bottom: No prior, fix _ = 0° (alignment). . . . . . . . 113

4.2 The data and their best Rossiter-McLaughlin fits. Top: From left to right we show individual
fits for TRAPPIST-1 b,c,g. The data are given as coloured dots, with best-fit models in the
same colour, and errorbars in gray. The 2f credible interval is given as a coloured shaded
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equidistant points. The residuals of the fit are shown in the bottom panel. . . . . . . . . . . 114

4.3 Lomb-Scargle periodogram of the combined ESPRESSO radial velocity data. The orange
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4.4 Top: ESPRESSO data from run A (left) and run B (right). The orange line is the best fit from
our combined Rossiter-McLaughlin model and GP model (oscillations and ‘background’
variability). The shaded area is the 68 per cent (1f) credible interval of the fit. Upper
middle: The data after removing the contribution from oscillations in our GP model. Lower
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4.5 Radial velocity scatter as function of bin width for run A (blue) and run B (orange). The
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Introduction

When faced with the daunting task of writing a doctoral thesis, one of the many choices one has to
make is how to introduce the topic. Over the years I have witnessed numerous approaches across various
areas of astrophysics. Yet in the true spirit of an astronomer looking at their shoddy data, I have seen
a trend. Many start at the beginning, which is loosely interpreted. Science has its basis in philosophy,
so naturally some take the philosophical angle and begin their story in Ancient Greece. Others begin
by deriving fundamental equations and relations that their research area is based on, be it asteroseismic
scaling relations, two-body orbits, the evolution of matter and structures in the universe, or Einstein’s
field equations. Unfortunately, I never had much interest in philosophy, so there will be no deep musings
about our place in the universe through the lens of philosophers of old. Moreover, it is in my opinion that
nobody reads a doctoral thesisa for its introduction to, say, Kepler’s laws of planetary motion, when there
is no shortage of publicly available books and lecture notes on the topic that likely provide a much better
explanation than any doctoral candidate ever could. Lastly, my most important inspiration for writing
this thesis is my mother, who despite her numerous redeeming qualities is not a scientist nor academic.
As a result I have attempted to write this Chapter in a way that is (more or less) approachable for her —
that is if she was proficient in English.

Nevertheless, while I hate to become part of the statistic, I, too, will start at the beginning. Not only
that, but my beginning is yet another cliché within the field of exoplanets, because I will start with the
discovery of the first planet orbiting a star like the Sun. The reason for this is very simple. It is very rare
in astronomy for a research field to have been born within one’s own lifetime, yet this is exactly what
happened with the new field of exoplanets when a 4-day period Jupiter-mass companion to the solar-type
star 51 Pegasi was discovered in 1995 (Mayor & Queloz 1995). At the time, only one or two handful of
astronomers in Canada, Switzerland, and the USA searched for these new, alien worlds. Today, at the

aI could end the sentence here.
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time of writing 26 years later, several thousand researchers around the world study exoplanets in one form
or another, spanning areas in astronomy, physics, chemistry, biology, geology, and atmospheric science.

Although I have started this story at the origin of the exoplanetary science field, I am not going to
go through the process of detailing the main findings from 26 years worth of research. Suffice to say
that in this time we have discovered 4383 confirmed planetsb, and that these exoplanets exhibit a great
diversity in properties such as mass, radius, orbital separations, and system architectures – much more
so than what we find in our own solar system. The solar system consists of eight planets: four interior
rocky planets, and four exterior gas giants, all of which are remarkably coplanar. The orbital planes of
all the planets line up with the Sun’s equator to within ∼6° (Souami & Souchay 2012; Bailey et al. 2016),
whereas the variation in mutual inclination between the planets themselves is less than one degree.c

In contrast, most of the exoplanets we have discovered do not adhere to the rules of the solar system.
The most common exoplanets have masses and sizes between that of Earth and Neptune (Figure 1.5), for
which we do not have a solar system analog (Howard et al. 2010; Mayor et al. 2011; Fressin et al. 2013;
Petigura et al. 2018). Some stars host a single Jupiter-mass planet orbiting its star at just a tenth of the
Sun-Mercury separation (e.g. 51 Peg b), many of which have orbits that are severely misaligned with
the axis of rotation of its star, or even orbit in the opposite direction of the stellar rotation (Triaud et al.
2010; Winn et al. 2010a; Albrecht et al. 2012; Winn & Fabrycky 2015; Triaud 2018). In those systems
that contain multiple planets, the planets appear to have similar sizesd and do not show the diversity of
sizes found in the solar system (Weiss et al. 2018). Recently, both planets of a multiple planet system
have even been found to orbit in the opposite direction of their star’s rotation (Hjorth et al. 2021).

It is clear, then, that our initial theories on how planets form and evolve — which were based on
the solar system alone, prior to the discovery of exoplanets — cannot adequately explain the diversity of
planetary systems that we observe. Why do some systems have one planet, while others have up to seven
and eight planets (Gillon et al. 2017; Shallue & Vanderburg 2018)? How do Jupiter-mass planets end up
so close to their star, where they complete an orbit in a matter of days? Do they form there, or is their
proximity a result of orbital evolution? If the latter, what factors influence the evolution of their orbits?
Why are some planetary orbits grossly inclined with respect to the rotation axis of their star? Are these
questions connected?

In this Chapter, I will review some of the observed properties of exoplanets — and also of brown
dwarfs and low-mass binary systems — with which they share many similarities. I will further discuss
how these properties have influenced new theories on the formation, migration, dynamical and tidal
evolution of such systems. Lastly, I will outline how my original research described in Chapters 3 to 6
can help constrain some of these theories, and thus help answer questions such as the ones laid out in the
previous paragraph.

bNASA Exoplanet Archive, 23 April 2021
cThe exception to this is the closest planet to the Sun, Mercury, whose inclination undergoes chaotic evolution (Laskar

1994; Batygin et al. 2015)
dWhether this is astrophysical in origin or due to observational bias is a contentious topic (Zhu 2020; Weiss & Petigura

2020; Murchikova & Tremaine 2020)
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In order to accurately interpret the observed exoplanet population in Figure 1.5, we first need an
understanding of how the exoplanets presented in this figure are discovered. For example, someone who
has never seen such a diagram before may remark on the fact that so many of the discovered planets are
on short orbits (.10 days), compared to our innermost planet Mercury which has an orbital period of
88 days. It is worth spending a bit of time to understand this and other patterns in the figure. Accordingly,
I will start by giving a conceptual overview of the most important methods we use to detect exoplanets
and the biases they introduce. Later, in Chapter 2, I will describe these techniques in more detail, in
particular the science we can extract from their observations.

1.1 Methods for exoplanet detection

A number of methods have been developed for detecting exoplanets since the inception of the field. The
four main techniques are the radial velocity method, transit method, and those that rely on microlensing,
astrometry, and direct imaging of exoplanets. While astrometry has not yet been widely applied to detect
planets, this technique is expected to yield several thousand Jupiter-mass companions on wide orbits
once the final data release of the Gaia mission becomes public (date TBD, Collaboration et al. 2016).
Direct imaging accounts for roughly 50 detections. The microlensing technique is behind ∼150 planetary
detections, but offers very little chance of further study due to the transient nature of the method. Beyond
these main methods, 17 planets have been discovered in multiplanetary systems by measuring transit
timing variations (TTVs), and a few giant planets have been discovered by studying their tidal influence
on the star’s light curve. Indeed, the most successful methods for exoplanet detections are then the radial
velocity method and transit method, which have yielded 960 (20 %) and 3432 (72 %) planet discoveries,
respectively.e

1.1.1 The Doppler (radial velocity) method: measuring planet masses

1.1.1.1 Conceptual overview

Although the mass of a typical solar-type star is∼1000 times higher than a Jupiter-mass planet companion,
the planet does not strictly orbit the star. They both orbit the centre of mass of the system, although the
centre of mass of a typical star-planet system is within the star itself. If these two bodies move only due to
the influence of their mutual gravitational fields, their orbits are described by Kepler’s laws of planetary
motion. These orbits take place in a two-dimensional plane which can be oriented randomly in three-
dimensional space, and a full characterisation of the orbit requires knowledge of six orbital elements: the
separation (semi-major axis) of the binary system, 0; eccentricity (ellipticity) of the orbit, 4 (4 = 0 for
circular orbits); inclination of the orbit relative to the plane of the sky, 8; longitude of periastron, l, i.e.
the orientation of the orbit within its own plane if 4 ≠ 0; longitude of the ascending node, S, i.e. the
position in the orbit where the orbital plane intersects the sky plane; and time of periastron passage Cperi,

eAll numbers are from http://exoplanet.eu as of July 2021.
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Figure 1.1: Elements of a Keplerian orbit. The massless particle (grey) moves clockwise in an elliptical
orbit. The system is illustrated top-down, with the centre and focus of the ellipse denoted as a red dot and
cross, respectively. The semi-major axis of the elliptical orbit is 0 and is the distance from the centre to
the largest separation in the orbit. The eccentricity (ellipticity) of the orbit is given by 4, with the product
04 being the distance from the centre of the ellipse to its focus. The particle is closest to the focus at
point c, which is the periastron. The system is viewed from the right, and the line perpendicular to the
line-of-sight connecting the orbit through the focus of the ellipse is the line of nodes. For a non-circular
orbit the argument of periastron, l, is the angle from periastron to where the line of nodes intersects the
orbit in the direction of the particle motion.
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Figure 1.2: The inclination of the orbit. The orbit of a planet relative to the star is illustrated from the
side (edge-on), and the observer sits to the right. The orbital plane can be inclined to the line of sight by
the inclination angle 8. When 8 = 0° the system is observed face-on, and no radial velocity motion is seen
from the observer’s point of view. The radial velocity semi-amplitude is highest when the orbit is viewed
edge-on (8 = 90°). When 8 ≈ 90° the planet is likely to transit the star.
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which is a reference time when the planet reaches the point in its orbit closest to the star (see Figure 1.1
and Murray & Correia 2010).

As we will see in Chapter 2, we can infer 0, 4, l, Cperi, as well as the orbital period, % just from
measuring the velocity of the two bodies along our line of sight, i.e. radial velocity, as a function of time.
Measuring the radial velocity of an object relies on the Doppler effect. Electromagnetic waves (such as
visible light) are shifted to longer or shorter wavelengths when the emitting source is moving away or
towards an observer, respectively, such as when when a star moves in response to the gravitational pull
due to an orbiting planet (Lovis & Fischer 2010). When observing the spectrum of a star, the effect of
Doppler shift due to the movement of the star will shift the position of its known spectral absorption lines
relative to the rest frame. The magnitude of the velocity shift is given by the (non-relativistic) Doppler
formula (Lovis & Fischer 2010; Perryman 2011)

JE =
J_

_0
2 =

(_ − _0)
_0

2, (1.1)

where _0 is the rest wavelength where a given atomic species in the stellar atmosphere will absorb light,
_ is the observed wavelength, and 2 is the speed of light. Thus in a star-planet system the planet will
gravitationally tug on its star over the course of an orbit, changing the star’s radial velocity, which we can
measure from the positional shifts in the absorption lines using the Doppler equation in 1.1.

This method to detect exoplanets was not the first. The first three confirmed exoplanets were found
orbiting the pulsar PSR B1257+12 (Wolszczan & Frail 1992; Wolszczan 1994): a rapidly spinning
neutron star with an extreme magnetic field. Pulsars emits electromagnetic radiation along its magnetic
poles, which if pointed towards the Earth arrive at extremely regular intervals. The presence of the
planets was inferred by measuring periodic deviations in the arrival of the pulsar timings on Earth,
caused by the changing light travel time due to the gravitational influence of the planets. Although this
was a momentous discovery, the planets were likely formed in the aftermath of the supernova that created
the neutron star, and thus did not necessarily represent a solar system that formed similarly to our own
(Wolszczan & Frail 1992). Moreover, the low occurence of pulsars with magnetic poles facing Earth
prevents scaling the method to find a large sample of planets. In contrast, when the Doppler method was
used to detect 51 Pegasi b in 1995 (Mayor & Queloz 1995), it not only represented the first exoplanet
orbiting a main sequence star like our Sun; it also demonstrated a feasible detection method that can be
applied to the abundance of known solar-type stars. Ultimately, this discovery went on to create a new
branch of astronomy focused on the discovery and characterisation of planets orbiting other stars, for
which it was recognised with the Nobel Prize in Physics in 2019.

1.1.1.2 Trends from Doppler planets

Since the amplitude of the radial velocity variation of a star from the Doppler method is a response to the
gravitational pull of the planet, the signature encodes information about the planet mass and its distance
from the star since the gravitational force is proportional to </02 (Murray & Correia 2010). It should be
noted, however, that the radial velocity has no information on the size of the planet. Massive planets that
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Figure 1.3: The radial velocity reflex motion of a star due to a planet on a circular orbit (4 = 0). Top:
The (exaggerated) orbit of a planet and star around the centre of mass is illustrated top-down at four
times during a complete orbit, C0 – C3. The grey arrow denotes the direction of motion. The star is the
star-shaped symbol and its colour denotes the radial velocity direction, with red and blue taken to mean
maximum and minimum radial velocity. Purple colour denotes zero radial velocity motion because the
star is moving only tangentially to the line of sight. Bottom: The radial velocity curve of the star observed
over two complete orbits. The colour gradient is to show when the light is redshifted (star is moving away
from the observer) and blueshifted (star is moving towards the observer). The times C0 – C3 are marked
on the curve, which correspond to the positions in the orbits in the top panels. Half of the peak-to-peak
radial velocity amplitude is  , and the radial velocity curve repeats every orbital period, %.

are close to the star create a high amplitude signal, and the opposite effect occurs for lower mass planets
further from the star. As a result, the Doppler method is extremely successful at identifying close-in
planets with masses down to a few times that of Earth’s, corresponding to a radial velocity amplitude of
just .1 m s−1 (Leleu et al. 2021; Rajpaul et al. 2021). This is illustrated in the lower panel of Figure 1.5,
showing the masses of planets on orbits shorter than ∼100 days. Beyond this (% > 100 d) the radial
velocity semi-amplitude starts diminishing, and thus we are only sensitive to giant planets on long orbits.
The absence of low-mass planets on longer orbits is therefore an observational bias, and does not indicate
that those planets do not exist.

It should be noted, however, that the radial velocity is only a one-dimensional projection of a three-
dimensional velocity vector, and thus does not constrain the orientation of the orbit in the sky plane (S),
or the inclination of the orbit relative to the sky plane (8). Since 8 is generally unknown for a planet
discovered by the Doppler method, there is a degeneracy between the inclination of the orbit and the mass
of the planet: larger amplitude radial velocity variation can be caused by either a more massive planet, or
by viewing the orbit closer to edge-on (8 ∼ 90°), or conversely for a smaller amplitude variation. Most of
the masses of the planets reported in the lower panel of Figure 1.5 are therefore only lower limits denoted
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Figure 1.4: Transit light curve caused by a Jupiter-sized planet passing in front of a Sun-like star. The
loss of light is proportional to the size ratio, while the transit duration ()14 = C4− C1) and ingress durations
(g = C2 − C1 = C4 − C3) provide constraints on the impact parameter 1 = 0 cos 8/'★ and hence the orbital
inclination, as well as the stellar density (see Chapter 2.1.1). This diagram was created using starry
(Luger et al. 2019).

as < sin 8. Although this makes it difficult to infer the absolute mass of any given Doppler planet, a lower
mass limit is enough to make an astrophysical interpretation of a population of planets like in Figure 1.5,
because we know that the distribution of inclinations in planetary systems should be uniform in cos 8
(Winn 2010).

1.1.2 The transit method: measuring planet sizes

1.1.2.1 Conceptual overview

By far the most successful method for exoplanet discovery has been the transit method. The idea is
simple: the inclinations of planetary orbits as seen from our line of sight are distributed uniformly in
cos 8 (Winn 2010). A small fraction of these planets will have inclinations 8 ≈ 90°, i.e. the system would
be seen roughly edge-on from Earth. In these systems the planets would periodically pass in front of the
star as seen from our point of view, causing a transit (similar to the Venus and Mercury transits within
the solar system). Transits block out part of the stellar disc making it appear dimmer, thus by monitoring
the brightness of stars (photometry) over time we can detect planets by finding repeated dimmings in the
light curve of the star.
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Figure 1.4 shows a diagram of a transit light curve, which here represents a Jupiter-sized planet
transiting a star of the same size as the Sun. A transit light curve is characterised by four contact points,
C1 to C4. The times between C1 − C2 and C3 − C4 are the ingress and egress, respectively, which describe the
times at which the transit is partial. The transit is full between C2 − C3 when 1 < 1. Using simple distance
travel calculations, one can show that the ingress/egress durations provide a measure of the scaled planet
radius, C2− C1 = C4− C3 = 'p%/(c0), while the time between first and third contacts (or second and fourth)
provide a measure of the scaled radius of the star C3 − C1 = C4 − C2 = '★%/(c0). The orbital period % can
be determined by measuring the time between successive transits. The total transit duration )14 = C4 − C1
is also directly observed from the light curve and also constrains the dimensionless parameter 0/'★ as
well as the impact parameter 1, and hence the inclination 8 of the orbit (Chapter 2.1.1). The loss of light
due to the transit is proportional to the ratio of sizes between the planet and star, 'p/'★, thus the transit
method also measures the size of the planet given the radius of the star, without having to know the size
of the orbit.

The geometric transit probability, i.e. the probability that a planet orbit is inclined in such a way that
it will transit, is inversely proportional to the semi-major axis, 0 (Haswell 2010; Winn 2010). Planets
that are closer to the star are more likely to be transiting, compared to planets further from the star. For
a giant planet on a 4-day orbit that is randomly oriented in space, the transit probability is ∼10 %. In
contrast, if we imagine an alien civilisation observing our Sun, the probability they would see any of
our own planets transiting is <1 % for all our planets except Mercury (1.2 %). Note that these are just
geometric transit probabilities, and do not take into account how often planets of a certain size at a given
orbital period occur in nature (i.e. the occurence rate), which further reduces the chance at detecting
transiting planets. As a result of the low probability of observing a transit, transit surveys that search for
planets need to observe thousands of stars simultaneously to increase their chances of detection. It is also
for this reason that the method is so successful, as it allows simultaneous monitoring of even hundreds
of thousands of stars (as was done for the Kepler spacecraft, Borucki et al. 2010), whereas the Doppler
method is restricted to one star at a time (and also works in a fundamentally different way).

Contrary to the Doppler method, the transit method can typically not constrain the mass of the planet,
but the observation of a transit ensures 8 ≈ 90° which allows an absolute mass determination for Doppler
planets. As we have seen, transits hold information on the size of the planet because the loss of light
during transit is proportional to the area the planet covers on the stellar disc. As a result the two methods
are perfectly complementary and together they can be used to constrain the bulk density of the planet to
determine its bulk composition.

1.1.2.2 Trends from transiting planets

The sizes of the planets discovered by the transit method is shown in the upper panel of Figure 1.5.
Because of the geometric transit probability discussed above, the transit method is most sensitive to
planets on close orbits to the star, which is one factor that explains why most of these have orbital periods
.10 days. Another factor is that most transit surveys — e.g. WASP (Pollacco et al. 2006), HATNet
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(Bakos et al. 2004), HATS (Bakos et al. 2013), and KELT (Pepper et al. 2007) — observe from the
ground and can only observe for ∼8 hours per night. Transits that happen outside of night time will
therefore not be visible, and so ground-based surveys have to observe a group of stars for several months
on average to be able to detect recurring transits of planets on close orbits. Planets beyond 10 d orbits
are more difficult to catch transiting from the ground. There are a few contributing effect to this. One
important reason is that there is an order of magnitude fewer planets on 10 d orbits compared to a few day
orbits (Santerne et al. 2016). In addition to this, short nights, bad weather, technical interruptions, and
fewer transits means that it is difficult to observe repeated transits from the ground, which is key to detect
a periodic signal. Therefore most transiting planets on wider orbits are discovered by space telescopes,
in particular Kepler (Borucki et al. 2010), which stared at a fixed patch of the sky uninterrupted for four
years.

Ground-based surveys are mostly sensitive to giant planets as these produce the deepest transit signals.
As a result these surveys have been quite successful in discovering hot Jupiters, i.e. giant planets on
close orbits to their star (<10 d), shown as the population in the upper left part of the radius diagram in
Figure 1.5. The smaller planets in Figure 1.5 — those smaller than Neptune — are almost exclusively
discovered by telescopes in space, such as CoRoT (Baglin et al. 2006), Kepler, and the currently active
TESS mission (Ricker et al. 2015). Notably exceptions to this are planets orbiting M dwarf stars, such as
TRAPPIST-1 (Gillon et al. 2017). One of the benefits of a space telescope is that it allows observations
without interference from Earth’s atmosphere, which is one of the limiting factors that prevents us
detecting small transit signals from the ground.

1.2 Demographics of exoplanets

Now that we have familiarised ourselves with the detection methods we can study the different populations
of planets that have been uncovered in Figure 1.5. There are three main populations of planets apparent
in the mass diagram: (i) hot Jupiters (high mass, large radius, short period, Santerne et al. 2016), (ii)
cold Jupiters (high mass, large radius, long period, Wittenmyer et al. 2020), and (iii) sub-Neptunes/super-
Earths (low mass, small radius, Mayor et al. 2011). The cold Jupiters are not apparent in the radius
diagram because of the low transit probability at long orbital periods, as discussed in the previous
Section.

In the Sections below we will refer to giant planets as those that are Jovian or Neptunian worlds,
i.e. those with a mass in the range ∼0.1–13 MJup, and radii between ∼0.3–2 RJup. Where I refer to
small planets, I mean those that are Terran or sub-Neptunian, with masses between ∼1–20 M⊕ and radii
between ∼1–3 R⊕ (Chen & Kipping 2017).

1.2.1 Giant planets

Hot Jupiters are thought to be physically similar to Jupiter — from which they derive their name — but
they orbit much closer to their star (% < 10 days). They are the most well studied class of planets due to
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Figure 1.5: The radii (top), masses (bottom), and orbital periods of confirmed exoplanets as of April
2021, obtained from the NASA Exoplanet Archive. Darker regions indicate a higher density of planets.

their high mass, large radius, and proximity to the star, all of which has enabled a detailed study. They
are (likely) comprised of a solid core (&10 M⊕) with a significant gas envelope that is predominantly
made up of H/He (Chabrier et al. 2014; D’Angelo et al. 2010). Given their proximity to the star they are
strongly irradiated, which has facilitated the detection of various atomic and molecular species in their
atmospheres such as Na, K, H2O, TiO, and many, many others (see Birkby 2018 for a review); studies
of atmospheric dynamics such as measurements of their albedo, heat redistributions, and wind speeds
(Demory et al. 2013; Ehrenreich et al. 2020). Despite their abundance in Figure 1.5, hot Jupiters are
rare; only 0.5 % of Sun-like stars host them (Mayor et al. 2011; Wright et al. 2012; Santerne et al. 2016),
thus they are over-represented in the diagram due to the transit and radial velocity method being biased
towards finding short period planets.

Another giant planet population in Figure 1.5 are the cold Jupiters, which more closely resemble
Jupiter because they are more widely separated from their star (% > 300 days). Not much is known
about these planets as their long orbital periods prevents a detailed study despite being the most common
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population of giant planets, with an occurence rate of 4–11 % (Wittenmyer et al. 2020).
An interesting aspect in Figure 1.5 is the low density region between the hot and cold Jupiters, i.e.

giant planets with orbital periods between 10 days and ∼100 days which are sometimes referred to as
warm Jupiters. Giant planets at these orbital periods are roughly as common as hot Jupiters with an
occurrence rate of about 1 % (Santerne et al. 2016), but there is some evidence that hot and warm Jupiters
are distinctly different outcomes of planet formation. Half of warm Jupiters have nearby small planets,
while hot Jupiters do notf (Huang et al. 2016).

1.2.2 Small planets

One of the greatest discoveries to have come from space based transit surveys, in particular Kepler, was
that planets with masses and sizes between that of Earth and Neptune (∼5–20 M⊕ , ∼2–4 R⊕) orbiting
their host star closer than Mercury does the Sun (∼3–100 d) are the most common planets in the universe
(Fressin et al. 2013). This is particularly interesting in the context of the solar system, where we have no
known equivalent planet. In fact, looking at the radius diagram in Figure 1.5, Neptune-sized planets are
quite unlikely to form. The small planet population is most commonly referred to as sub-Neptunes, or
super-Earths. Formally speaking, sub-Neptunes and super-Earths may be distinguished; sub-Neptunes
are thought to be scaled-down versions of Neptune (sometimes also called mini-Neptunes), i.e. they have
a solid core with a thin H/He gas envelope that only makes up a few per-cent of its total mass. On the
other hand, super-Earths are scaled-up versions of Earth, thought to be predominantly rocky where any
atmosphere makes up a negligible fraction of its total mass. However, the line separating the two is blurry
and is an active area of research (c.f. the radius valley; Fulton et al. 2017; Van Eylen et al. 2018), thus in
practice the terms sub-Neptunes and super-Earths are sometimes used interchangeably.

One of the key factors that separates sub-Neptunes on close orbits from hot Jupiters is that small
planets are frequently part of multiplanet systems where two or more planets orbit the star. These
neighbouring planets are often observed to form orbital resonances, where the ratio of orbital periods
between the outer and inner planet equal some integer fraction. Common orbital resonances are 2:1, 3:2,
and 3:1, though more complex resonances between neighbouring planets have been observed (see e.g.
Figure 6 in Winn & Fabrycky 2015).

In the next Section I will examine the qualitative differences between hot Jupiter and sub-Neptune
systems in the context of their formation and subsequent radial migration, which may explain some of
the differences in architectures that we see between sub-Neptunes and gas giants.

1.3 Planet formation and migration

In this Section we will look at some physical processes that might have led to the distribution of
exoplanets seen in Figure 1.5. Stars are born from the gravitational collapse of overdense clumps of
interstellar molecular clouds. These clouds consists of both gas (mostly H2) and dust (micrometre-sized

fThere is only one exception to this rule, WASP-47b (Becker et al. 2015).
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grains of silicates and water ice) in an approximate 100:1 mass ratio, both which play important roles in
the formation of stars and planets (Chambers 2010; Roberge & Kamp 2010). As the gas cloud contracts
under gravity it starts to rotate faster due to conservation of angular momentum, which flattens the gas
cloud into a disc that surrounds the central protostar, i.e. a circumstellar disc. Once the star has accreted
enough material to attain hydrostatic equilibrium (entering the pre-main sequence phase), the remaining
material makes up a protoplanetary disc wherein planets are born (Chambers 2010; D’Angelo et al. 2010;
Roberge & Kamp 2010).

1.3.1 Formation of rocky cores and super-Earths

In the initial stages of terrestrial planet formation tiny micrometre-sized dust grains collide and stick
together by electrostatic forces to form larger particles, all of which tend to grow at similar rates. Though
there is some uncertainty around the exact mechanism for the next stage, these building blocks continue
to collide and grow into planetesimals of several hundred metres to a few kilometres (comets, asteroids)
(Chambers 2010). Planetesimals continue to collide, which can result in either growth or fragmentation
depending on the impact velocity and strength of the body. Once planetesimals reach sufficient mass, they
tend to grow much faster as they gravitationally attract nearby objects to increase the chance of collision
and growth (Chambers 2010). This means that larger planetesimals grow faster than smaller ones, until
each region in the disc is dominated by a single large body called a planetary embryo (Chambers 2010;
Lambrechts & Johansen 2012). The entire system may at this point contain a few tens to hundreds
of embryos (or oligarchs) of Mars mass or similar (0.1 M⊕) (Raymond et al. 2014). The growth of
these oligarchs is slower, but they continue to grow by accreting smaller planetesimals near their orbit,
clearing out more of the immediate area. The timescale at this stage of formation is roughly .2 Myr
(Kokubo & Ida 2002; Chambers 2010; Raymond et al. 2014). Up until this stage dynamical interactions
between oligarchs that would otherwise excite their eccentricities are instead damped due to gas drag and
dynamical friction from smaller planetesimals (Chambers 2010; Raymond et al. 2014).

The final stage of terrestrial planet formation is late-stage growth. During this phase the Mars-sized
embryos acquire thick atmospheres from the surrounding gas. Planetesimals that pass through the atmo-
sphere are slowed, which increases the rate of growth. Soon thereafter the protoplanetary disc disperses
such that there is no longer enough gas or planetesimals to damp the dynamically excited eccentricities
and inclinations of the oligarchs. Neighbouring embryos may therefore end up on crossing orbits, thus
late-stage growth is a chaotic phase characterised by pairwise collisions of giant embryos, and is also
where the architecture of planetary systems are set, such as their masses, semimajor axes, eccentricities
and inclinations (Raymond et al. 2014), notwithstanding any tidal evolution, see Section 1.4.3. This
stage may go on for 10 Myr–100 Myr; in fact Earth is believed to have taken ∼30 Myr to form based on
measurements of radioactive isotopes in meteorites (Kleine et al. 2002, 2009).

Planetesimal or pebble accretion such as described above can form planets up to a few tens of M⊕
in the mid to outer part of the disc (>3 AU) where there is enough solid material, in particular water ice,
to form the planetary cores (Chambers 2010; Raymond et al. 2014). However, most of the super-Earths
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observed in exoplanet systems have separations (<1 AU), many of them even orbiting their star within
10 days (hot super-Earths, see Figure 1.5). One of the most important questions is then whether these
super-Earths formed where we observe them (in situ formation), or whether they formed at large distances
and migrated inwards. In situ formation would require the inner protoplanetary disc (within 1 AU) to
have a mass upwards of a few tens of Earth masses to provide enough solid material to form the multiple
super-Earth planetary systems that we observe. Yet this is difficult to reconcile with current models of
the radial density profile of protoplanetary discs, which might suggest that they migrated to their current
positions instead (see Raymond et al. 2014 and references therein). In fact, super-Earths orbiting binary
stars (circumbinary orbit) must have migrated since in-situ formation is ruled out (Orosz et al. 2012;
Paardekooper et al. 2012; Martin 2018). Nevertheless, in-situ models of super-Earths formation are
successful in reproducing some of the observed trends (Lee et al. 2014; Lee & Chiang 2017).

1.3.2 Gas giant planet formation

Observations indicate the (gaseous) protoplanetary disc dissipates over a timescale of 2 Myr–10 Myr
(Mamajek 2009). Since giant planets most likely attain their significant gas envelope from the surrounding
disc, they have to form within this time and therefore much faster than smaller planets. Early Doppler
surveys noted that hot Jupiters are most frequently found around metal-rich stars, the so-called planet-
metallicity relation (Santos et al. 2004; Valenti & Fischer 2005). This suggests Jupiter-mass planets
have a central solid core, presumably made of various silicates and ices, and therefore form via the core
accretion scenario. Core accretion consists of building a massive protoplanetary core, followed by rapid
gas accretion onto the core. To achieve runaway gas accretion the core mass needs to reach ∼10 M⊕
before the gas disperses, i.e. within a few Myr (D’Angelo et al. 2010). Giant planet cores grow by the
same principles as described in Section 1.3.1 but need to have access to more material and grow much
faster than the timescales for terrestrial planets. Rapid core growth can be aided by a continuous influx
of pebbles transported from the outer disc to the inner disc (Lambrechts & Johansen 2012), but other
factors may also influence the core growth. We refer the reader to Pollack et al. 1996; D’Angelo et al.
2010; Chabrier et al. 2014 for more information on giant planet formation.

Core growth is most favourable beyond the system’s snow line because of the abundance of solids
in the form of water ice. The snow line refers to the distance from the star where water cannot exist in
liquid form, which is around 3 AU from the Sun in the solar system. Unlike the hot super-Earths, in-situ
formation of hot Jupiters is considered extremely unlikely due to the lack of solids at <0.1 AU, thus the
prevailing evidence suggests they formed beyond the snow line and migrated to their current positions
(Bodenheimer et al. 2000; Ida & Lin 2004).

1.3.3 Brown dwarf and binary star formation

Brown dwarfs are defined as substellar objects with masses between ∼13–80 MJup, and are able to sustain
deuterium burning in their core (Chabrier et al. 2014). Field (solitary) brown dwarfs are thought to form
similarly to stars, but are unable to reach sufficient mass to ignite hydrogen fusion. Since the dawn of the
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exoplanet era, a number of brown dwarfs orbiting Sun-like stars have been discovered as a byproduct of the
search for exoplanets, both in Doppler (Sahlmann et al. 2011) and transit surveys (e.g. Chapter 3, Hodžić
et al. 2018, see also Carmichael et al. 2020, 2021 and references therein). The formation of brown dwarf
companions to stars may therefore occur in a different way. In this scenario a massive protoplanetary disc
surrounding the star may become gravitationally unstable such that it starts to contract and accrete nearby
gas in the process (Kratter & Matzner 2006; Chabrier et al. 2014). In both these scenarios brown dwarfs
do not have solid cores and thus they are naturally distinct from planets due to their different formation
processes.

The discovery of several massive hot Jupiters (e.g. HAT-P-2b, Bakos et al. 2007) with masses
upwards of 10 MJup have cast doubts on this orderly picture, showing that core accretion may be able to
produce objects that fall into the brown dwarf regime. Another piece of evidence that complicates the
picture is that there is a distinct lack of brown dwarfs with intermediate masses between ∼40–55 MJup

often referred to as the brown dwarf desert (Grether & Lineweaver 2006; Sahlmann et al. 2011; Ma &
Ge 2014; Triaud et al. 2017), but the frequency of brown dwarfs with masses on either side of this valley
increases rapidly. These observations could indicate that the low and high-mass brown dwarfs constitute
two separate populations: the low mass brown dwarfs predominantly form via core accretion, while the
higher mass brown dwarfs do so from fragmentation of the protoplanetary disc. The two populations
would conceivably have some overlap which could indicate some giant planets could also form via disc
fragmentation (Chabrier et al. 2014).

Binary stars, in particular those that are considered close binaries (0 . 10 AU), are also thought to
form from fragmentation due to disc instability (Kratter & Lodato 2016). In this case they clear out
an inner cavity within the original circumstellar disc, forming a circumbinary disc that surrounds both
stars from which they accrete their gas (Tokovinin & Moe 2020). Planet formation can also happen in
circumbinary discs, as evidenced by discoveries of over a dozen transiting circumbinary planets to date
(see e.g. Chapter 3, Kostov et al. 2020), with ongoing efforts to detect circumbinary planets with the
Doppler method (Martin et al. 2019). Most of the hitherto detected circumbinary planets orbit at or
shortly beyond the nearest stable orbit, found at roughly six times the binary orbital period. However,
in-situ formation at such close separations in binary systems can be excluded due to large velocity shear,
thus they must have migrated there, presumably through disc interaction. Binary systems therefore offer
a great laboratory to test planetary formation theories. Binaries on wider orbits may instead form from
core fragmentation in the original protostellar nebula in which case they accrete from their respective
circumstellar discs (Kratter & Lodato 2016), but can end up on close orbits through Kozai cycles with
tidal friction (Fabrycky & Tremaine 2007).

1.3.4 Planetary migration

As alluded to in the previous sections, planet embryos are continuously perturbed by their environment
during formation, e.g. from gas drag or interactions with other embryos or outer giant planets. These
interactions can change their orbits significantly, in particular their semimajor axis which is referred to
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as radial migration (Ward 1997). However, once planet embryos reach sufficient mass, gas drag becomes
a negligible effect. Radial migration of planet bodies during the gaseous disc phase is instead driven by
gravitational interactions with the surrounding disc (Lubow & Ida 2010). These interactions generate
torques on the planet that are either directed inwards or outwards, depending on local disc conditions,
though there is a tendency for migration to be directed towards the star (Lubow & Ida 2010). Migration
can also occur after the gas has dissipated, which is referred to as disc-free migration, and is often
due to gravitational perturbations from neighbouring planets or stars (e.g. Fabrycky & Tremaine 2007;
Chatterjee et al. 2008). Migration in one form or another is thought to have played a crucial role in
producing hot Jupiters, as they are unlikely to have formed in-situ (Bodenheimer et al. 2000). In the
following we will examine the different mechanisms for shrinking planetary orbits.

Disc migration

Planet migration due to interaction with the disc often boils down to two regimes: (i) planets that are not
massive enough to clear a gap in the disc, and (ii) planets that have enough mass to clear a gap, which
affects the density distribution in the disc. The first scenario is referred to as Type I migration and is the
regime for terrestrial planet cores, while the second scenario is referred to as Type II migration and is the
regime of giant planets.

Type I. When discussing the orbits of planets embedded within discs, it is important to remember that
the gas in the disc near the planet is also moving at (near) Keplerian velocities. Thus the relative angular
velocity difference between a planet (Sp) and the local gas (Sgas) is usually small. The orbital frequency
of the disc varies with distance A from the star as (Lubow & Ida 2010)

S(A) =
√
�"★

A3 , (1.2)

where � is the gravitational constant and "★ is the stellar mass, as before. The orbital frequency of the
planet is then S(0) where 0 is the semi-major axis. When the gas passes in the vicinity of the planet
it gravitationally interacts and exchanges energy and angular momentum in the process. Gas that orbits
just interior to the planet moves faster (Equation 1.2) and the gravitational interaction with the planet
causes the gas to lose angular momentum. Gas that orbits exterior to the planet is slower, but here the
gravitational interaction increases the angular momentum of the gas. In this way angular momentum is
continuously moved to the outer parts of the disc, while material flows inwards (Lynden-Bell & Pringle
1974; Lubow & Ida 2010). For small planets the gravitational torques, or equivalently the Hill sphere,
are not large enough to clear a gap in the disc as the gas is constantly replenished by inwards-moving gas
arising from turbulent viscosity (Lubow & Ida 2010). This is the Type I migration scenario. Multiple
inwards-migrating planets will naturally form a resonant chain, which can explain some resonant multiple
planet systems (Raymond et al. 2014; Gillon et al. 2017).

With this picture in mind, there are two dominant torques that drive migration in the Type I scenario:
(i) Lindblad torques and (ii) corotation torques (Goldreich & Tremaine 1979, 1980). Both of these
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torques arise due to resonances in the velocities between the gas and planet. Lindblad resonances occur
when gas that passes by the vicinity of a planet satisfies the condition Sgas/<Sp = </(< ∓ 1), i.e. the
orbital frequency of the disc is related to that of the planet by an integer < (Lubow & Ida 2010). For
each < (except < = 1) there are two Lindblad resonances, one inside the planet orbit (minus sign in
the denominator on the right hand side) and one outside the orbit (plus sign). These resonances excite
spiral density waves in the gas that propagate outwards from the planet, carrying angular momentum and
energy. The inner resonance therefore creates a torque on the planet that pushes it outwards, and likewise
the outer resonance pushes it inwards (Goldreich & Tremaine 1979). For a given < the outer resonance
location is slightly closer to the planet than the inner resonance, thus the net effect tends to be inwards
migration (Ward 1997; Lubow & Ida 2010).

Gas that is on the same orbit as the planet will interact differently and gives rise to another torque
due to resonance from corotation (Sgas(A) = Sp) (Goldreich & Tremaine 1979). If we consider the
motion of the gas (moving at Keplerian velocity) in the inertial frame of the planet, gas particles that are
slightly outside the orbit of the planet will have a lower velocity and thus appear to approach the planet.
These particles will then be deflected by the planet onto an interior (faster) orbit, surrendering angular
momentum to the planet. Since the particles are now on an interior orbit, they will appear to be moving
away from the planet (taking a U-turn) until they catch up with the planet from behind. Again they are
deflected by the gravitational potential of the planet onto an exterior orbit (another U-turn), but have
now regained the angular momentum (Lubow & Ida 2010). These particles move in closed horseshoe
orbits and — unlike Lindblad resonances — cannot exchange angular momentum with the disc outside
of the coorbital region. In the case of a uniform disc density profile, the net effect is zero torque on the
planet (Lubow & Ida 2010). However, the density of the disc varies as a function of radius (Roberge
& Kamp 2010), which will impart some turbulent viscous torques on the disc (Goldreich & Tremaine
1979; Lubow & Ida 2010). These torques break the symmetry of particles on horseshoe orbits, allowing
angular momentum exchange with the outside disc, which in turn can exert a continuous torque on the
planet that causes it to migrate (Lubow & Ida 2010). The timescale for Type I migration is roughly 105

years, which is currently too fast compared to the lifetime of the disc (Lubow & Ida 2010). It is worth
noting that corotation torques account for only a few tens of percent of the Lindblad torques, thus the
latter is more important (Ward 1997; Lubow & Ida 2010).

Type II. In the Type I regime the planet continuously pushes material away from its orbit due to an
exchange of angular momentum, but its mass is too small to clear a gap. Once a planet reaches a mass
beyond &0.2 MJup (giant planets) its tidal torques on the nearby gas is larger than viscous torques, which
creates a gap in the disc along the planet’s orbit (Lin & Papaloizou 1986; Lubow & Ida 2010). The torque
acting on the planet is in this case still provided by turbulent viscosity which acts to close the gap, and
this is referred to as Type II disc migration. The timescale for Type II migration is tied to the viscous
evolution of the disc, roughly 105 years, again too fast considering the abundance of giant planets on
separations beyond 1 AU in Figure 1.5 (Lubow & Ida 2010). The population of hot Jupiters indicate that
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migration must be halted at some point, for example when they reach the inner cavity where it may be
stopped by magnetic field interaction or tidal interaction with the star (Lubow & Ida 2010).

Disc-free migration

A number of other mechanisms can cause planets to migrate after the disc has dissipated, all of which
fall under the wide umbrella of disc-free migration (e.g. Rasio & Ford 1996; Fabrycky & Tremaine 2007;
Chatterjee et al. 2008; Naoz et al. 2011b; Petrovich et al. 2019). Disc-free migration is dynamical in
nature; it is caused by gravitational interactions between the planet and other substellar or stellar objects
in the system. These processes generally boil down to two steps: (i) the planet gains a highly eccentric
orbit due to some dynamical mechanism, and (ii) the eccentric orbit brings the planet sufficiently close to
the star at periastron such that tidal friction causes the semimajor axis to decay over time (Section 1.4.3).
There are a number of dynamical effects that can place the planet on eccentric orbits:

Planet-planet scattering. When multiple planets migrate via tidal interaction with the protoplanetary
disc they naturally form a resonant chain (Raymond et al. 2014). These resonances can excite both
eccentricities and mutual inclinations in the planets that are damped by the disc during the gas phase
(Lubow & Ida 2010). However, after the disc has dissipated eccentricity excitations may lead to crossing
orbits that lead to instabilities in their orbits (Matsumura et al. 2010). During such an event they receive
a gravitational boost which further raises their eccentricities and inclinations and can lead to one of the
planets being ejected from the system, while the other ends up on a very eccentric orbit (Rasio & Ford
1996; Chatterjee et al. 2008).

Secular chaos. Planets on wide orbits can induce long-term (secular) perturbations in the orbits of
inner planets, which can grow their eccentricities and inclinations to high values and cause instability in
planetary systems (Wu & Lithwick 2011; Naoz et al. 2011a).

Kozai-Lidov. Distant massive planets or stellar companions that are inclined by &40° to the inner
planet and star binary can excite Kozai oscillations in the inner orbit, which is a periodic exchange between
eccentricity and inclination (Lidov 1962; Kozai 1962; Wu & Murray 2003; Fabrycky & Tremaine 2007).
The timescale for these oscillations is given by (Fabrycky & Tremaine 2007)

gKozai =
%2

outer
%inner

(1 − 42
outer)3/2 (1.3)

1.4 Observational clues to planetary formation and migration

Most planetary systems that we observe are several billion years (Gyr) old; only a couple dozen known
planetary systems are ∼100 Myr or younger and can thus be considered actively forming or very recently
formed (see Chapter 7.2.1). Since we are unlikely to observe planetary systems during their formation
(except for a few candidates in young planet-forming discs, ALMA Partnership et al. 2015), our knowledge
of the processes that created the planets and the mechanisms that caused them to potentially migrate (i.e.
change the size of their orbit) is almost entirely based on what we can observe at present-day.
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As we saw in in the previous Section, the theories therein describe viable pathways for how planets
can form and migrate. Each of these might predict different outcomes for how the final orbits of the
putative planets might look like, how many planets should be created, and perhaps what their atmospheric
composition would be. Our job is to gather observational clues that can be traced back to the conditions
at formation. This way we might be able to answer the question whether nature shows a preference for
one type of process over another.

Some of the observables that can inform us of the formation of planets include (but are not limited to)
the amount of metalsg (metallicity) in atmospheres of planet-hosting stars (Santos et al. 2004; Fischer &
Valenti 2005; Osborn & Bayliss 2020), elemental abundances (or often ratios of abundances, e.g. C/O) in
the atmospheres of planets (Madhusudhan 2012), the number of planets in the system, their masses and
sizes, and in particular their orbital elements (e.g. Mayor et al. 2011; Fressin et al. 2013). Each of these
are active research areas in exoplanetary science, but most relevant to this thesis is the study of planetary
orbits, where the angle between the angular momentum vectors of the stellar spin and planetary orbit, i.e.
stellar obliquity, k, is of particular interest (Winn & Fabrycky 2015; Triaud 2018). An illustration of the
relevant geometry is shown in Figure 1.6.

One of the key differences between disc migration and disc-free migration is that the orbits of the
planets that migrate through disc interaction are expected to be aligned with the stellar spin, assuming
the disc itself is in the plane of the stellar equator (Batygin 2012). Disc-free scenarios, on the other
hand, are dynamical in nature and produces highly eccentric and inclined planets relative to the star.
Measuring the stellar obliquity may in theory offer a distinction between these two scenarios. However,
one can imagine that planetary migration happens as a mix of different processes, for example partial
disc-migration followed by high eccentricity tidal migration, or secular interaction that produces mutually
inclined planets triggering Kozai oscillations and high eccentricity tidal migration (Nelson et al. 2017;
Nagasawa et al. 2008). A further complication is that some theories are able to produce inclined planets
from disc interaction alone, either by gravitational interaction with a warped outer disc (Terquem & Ajmia
2010; Terquem 2013), or due to a distant stellar companion tilting the disc with respect to the star (Lai
et al. 2011; Batygin 2012; Lai 2014; Zanazzi & Lai 2018). Measuring the stellar obliquity may therefore
not offer an explanation for the origin of individual systems, but it may still offer clues to the dominant
migration mechanism of exoplanets (Nelson et al. 2017).

1.4.1 Measuring obliquities of exoplanet host stars

Practically all stars that we can observe are spatially unresolved in our telescopes. This means that the
light that we receive from the star — whether we study its brightness or spectrum — is an average
over its visible hemisphere, so-called disc-integrated light. This means that we cannot in general see
the orientation of the star. Yet there are certain aspects in the light curve and spectrum of stars that is
sensitive to the stellar inclination, 8★. One such observable is the projected rotational velocity of the star,
E sin 8★, which can be the dominant broadening mechanism in absorption spectra (Gray 1984; Doyle et al.

gIn astronomy, “metals” are taken to mean any elements heavier than helium.



1.4. Observational clues to planetary formation and migration 19

Figure 1.6: The geometry of a star in relation to a planet orbit. The observer views the system along
the I axis (labelled observer). The axis normal to the planet’s orbital plane is labelled orbit, and the
stellar rotation axis is labelled spin. The angle between the observer and orbit is the orbital inclination,
8, while the angle between the observer and spin is the stellar inclination, 8★. The obliquity of the star is
the angle k. The Rossiter-McLaughlin effect measures the sky-projected obliquity, _. Credit: Josh Winn
and Simon Albrecht (Albrecht et al. 2021).

2014). Another is the rotational splitting in frequency spectra of stars obtained from long-duration and
high-frequency brightness measurements (Chaplin et al. 2013; Huber et al. 2013). Moreover, if the planet
is transiting then we know that 8 ≈ 90°, which together can place constraints on the obliquity (Triaud
2018). Note that 8★ is the inclination of the star, not to be confused with the inclination of the orbit, 8,
which we introduced in Section 1.1.1. The difference between 8★ and 8 is shown in Figure 1.6. In this
figure, “orbit” refers to the angular momentum vector of the orbit, which is normal to the orbital plane
of the planet. The angle between this vector and the observer’s line of sight is the orbital inclination, 8.h

Likewise, “spin” refers to the stellar spin angular momentum vector, which is the axis around which the
star rotates and is perpendicular to the stellar equator. The angle between this vector and the observer
is 8★. The angle between the two angular momentum vectors is the stellar obliquity, k (Albrecht et al.
2021). Since we cannot observe the obliquities of stars directly, we have to rely on indirect methods
to measure 8★ (Chaplin et al. 2013; Huber et al. 2013), or in most cases _ (Triaud 2018) which is the
two-dimensional line-of-sight projection of the (true) obliquity k, which is also illustrated in Figure 1.6.
Here we will give an overview of the most important methods that have been developed to constrain the
obliquities of stars.

hNote that 8 is measured between 0°–90°, therefore even though we measured 8 as the angle between the sky-plane and
orbital plane in Figure 1.2, the angle between the observer and orbital angular momentum vector in Figure 1.6 is equivalent.
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The Rossiter-McLaughlin effect

The most successful method for determining obliquities of stars is the Rossiter-McLaughlin effect, which
forms the foundation of this thesis (Rossiter 1924; McLaughlin 1924). This effect is a radial velocity
signal that occurs during a planetary transit, and thus relies on the Doppler effect that we described in
Section 1.1.1. All stars rotate, and regardless of the orientation of the star the rotational velocity will
always have a line-of-sight component as long as we do not view the star along its poles (when 8★ = 0° or
180°). This means that one hemisphere of the star will have a velocity component towards the observer
and the light from this hemisphere will appear blueshifted, while the other hemisphere will appear to
move away from the observer and thus be redshifted (Triaud 2018). In the absence of a transit, the
two hemispheres cancel and the net result is no radial velocity change. With this in mind, the effect
of a planetary transit is best illustrated with an example, but is also shown conceptually in Figure 1.7.
Suppose the star rotates according to the principle of right-hand rotation, and the planet orbits in the same
direction such that the two angular momenta are aligned. At the start of a transit, the planet will block
light from the star that is blueshifted, causing a net redshift. This redshift of the light causes a positive
radial velocity contribution. As the planet moves towards the other hemisphere, the net effect changes
until it is now covering the red hemisphere, causing a net blueshift and thus a negative radial velocity
contribution. If the two angular momenta are not aligned, the planet will spend unequal time on the red
and blue hemispheres, which will cause an asymmetry in the radial velocity (Ohta et al. 2005; Giménez
2006; Hirano et al. 2011; Boué et al. 2013). Thus the shape of the Rossiter-McLaughlin effect is sensitive
to the projected obliquity, often called spin-orbit angle, _, which has been measured for numerous systems
to date (e.g. Queloz et al. 2000b; Winn et al. 2005; Hébrard et al. 2008; Triaud et al. 2010; Albrecht et al.
2012; Mancini et al. 2018, see also Triaud 2018 and references therein).

The semiamplitude of the Rossiter-McLaughlin effect scales with (Triaud 2018)

 RM ∝ E sin 8★
(
'p

'★

) 2 √
1 − 12, (1.4)

where E sin 8★ is the projected stellar rotational velocity; 'p/'★ is the ratio of the radii of the planet and star;
and 1 is the aforementioned transit impact parameter. Figure 1.7 shows what the Rossiter-McLaughlin
effect might look like for a typical hot Jupiter system with _ = 0° (aligned), 60° (misaligned), and 160°
(retrograde, planet orbits opposite direction of stellar rotation).

Asteroseismology

Another powerful method that can constrain stellar obliquities of planet-hosting stars is from the study
of stellar oscillations, i.e. asteroseismology. This has in large only become possible in the recent decade
due to the availability of long (4 yr), continuous time-series photometry from the Kepler spacecraft,
see for example Chaplin et al. (2013); Huber et al. (2013); Van Eylen et al. (2014); Campante et al.
(2016); Kamiaka et al. (2019). Asteroseismology is the study of stellar pulsations, which were first
discovered in the Sun (Leighton et al. 1962). In stars like the Sun, turbulent motion near the surface layers
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Figure 1.7: Radial velocity anomalies during transit due to the Rossiter-McLaughlin effect. The Rossiter-
McLaughlin effect is shown for a planet with 1 = 0.4 for three values of the angle between the stellar
rotation axis and planet orbital axis. From left to right: _ = 0°, _ = 60°, and _ = 160°.

excite sound (pressure) waves that propagate through the stellar interior, carrying information about the
stellar structure. These acoustic waves can interfere and form resonant frequencies (standing waves)
that cause the outer layers of the star to expand and contract on timescales of a few minutes (Basu &
Chaplin 2017). The oscillation of the surface layers causes a Doppler signal as shown in Figure 4.4
(see also e.g. Bouchy et al. 2005; Farr et al. 2018), but the expansion and contraction also changes the
temperature of the star which in turns affects its intensity, causing brightness variations over the pulsation
timescales. Thus monitoring the brightness of stars over a long period of time (as done when searching
for transiting exoplanets) can also reveal a rich spectrum of frequencies at which a star pulsates, which
carries information about the stellar interior and can constrain the mass, radius, age (Basu & Chaplin
2017), rotation (Hall et al. 2021), and helium content in the star (Basu et al. 2004). The frequency
spectrum of the star consists of radial and non-radial pulsation modes. Non-radial modes in rotating stars
are sensitive to the viewing angle, 8★, such that stars that are viewed close to 8★ = 90° show rotational
splitting, while stars that are viewed pole-on 8★ ≈ 0° present as a single-peaked mode (Gizon & Solanki
2003; Ballot et al. 2006, 2008).

Stellar rotation

One of the primary ways of measuring the rotation of stars is by measuring the broadening of its
absorption lines due to rotation. This method measures E sin 8★, which is the equatorial velocity of the
star projected onto our line of sight, thus we are unable to differentiate between the velocity E and stellar
inclination sin 8★. Nevertheless, E sin 8★ alone can provide a powerful diagnostic for planetary formation
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when comparing such measurements for a population of planet-hosting stars to a control sample. This is
because stars that are aligned with their transiting planets will on average have higher E sin 8★ than stars
that are oblique (Schlaufman 2010; Louden et al. 2021).

Another method that has matured in the recent decade due to Kepler is measurements of the rotation
period from photometric variability due to spots on the stellar surface (McQuillan et al. 2014; Mazeh
et al. 2015; Angus et al. 2018). Spots are dark regions of strong magnetic activity on the surface of
stars which can rotate in and out of view as they get carried around with the stellar rotation. In doing
so, the brightness of the star will typically vary on a similar timescale as the rotation. An example of
this is shown in Chapter 3.3. Here, too, the amplitude of the brightness variability will depend on the
inclination, thus when considering a large sample of stars can also provide useful constraints on the
obliquity (Mazeh et al. 2015).

The degeneracy between E and sin 8★ can be lifted by combining measurements of E sin 8★ with an
independent measurement of the rotation period %rot (e.g. from photometry), as well as a measurement
of the stellar radius, '★ (Masuda & Winn 2020). The radius might be based on spectroscopic parameters,
or derived from parallax measurements and the Stefan-Boltzmann law. Then one obtains the stellar
inclination (Masuda & Winn 2020)

8★ = sin−1
(
E sin 8★

2c'★/%rot

)
,

which has allowed studies on the obliquities of stars hosting small planets (Winn et al. 2017; Muñoz &
Perets 2018).

Transit spot-crossing events

If a planet transits a spotted star while a spot is facing us, the planet may fully or partially occult the
spot which causes a temporary brightening of the star during transit, which presents as an anomaly in
the transit light curve (Désert et al. 2011). An example of this effect is shown in the bottom panels
of Figure 3.23. One can analyse the timings of these spot-crossing events in relation to the rotational
phase of the star to deduce the spin-orbit angle (Sanchis-Ojeda et al. 2012), use a geometric model of the
spotted star to model the transit light curve (Désert et al. 2011; Sanchis-Ojeda et al. 2011; Sanchis-Ojeda
& Winn 2011; Sanchis-Ojeda et al. 2013), or look for correlations in successive transit light curves from
the advancement of a spot (Dai et al. 2018).

Gravity darkening/brightening

Stars that rotate very rapidly (E sin 8★ & 50 km s−1) have oblate shapes due to strong centrifugal forces
that creates additional outwards pressure at the equator. The polar regions of the star will have higher
surface gravity than the equator, which in turn requires higher temperatures and pressures to maintain
hydrostatic equilibrium. The effect is that the poles of rapidly rotating stars appear brighter than the
equator. Thus if the orbit of a planet is misaligned with the star such that it transits several latitudes, the
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transit light curve will appear asymmetric, and this asymmetry can constrain both _ and 8★, allowing a
measurement of the true obliquity k (Barnes 2009; Masuda 2015).

1.4.2 Obliquity trends of planet-hosting stars

Spin-orbit angle measurements of hot Jupiters have a fascinating history. The first measurement was
made on HD 209458 b using the Rossiter-McLaughlin effect (Queloz et al. 2000b). The planet was
found to be aligned with the spin of its star, with a projected obliquity of |_ | = 3.°9 ± 19.°5, which was
later refined to _ = −4.°4 ± 1.°4 (Winn et al. 2005). The alignment was unsurprising at the time, given
the expectation from the solar system and contemporary planet formation theories. More measurements
came as new transiting exoplanets were discovered, all which appeared to follow the same trend as before,
namely that hot Jupiters are aligned with the stellar spin (see Winn et al. 2010a, and references therein).

The narrative started shifting with the discovery of the misaligned orbit of XO-3, with _ = 37.°3±3.°7
(Hébrard et al. 2008; Winn et al. 2009a). Soon after, a flurry of other misaligned systems were announced
including some planets on retrograde orbits (Winn et al. 2009b; Triaud et al. 2010). As the sample
of projected obliquity measurements grew a few trends started appearing in the obliquity distribution.
Figure 1.8 shows the range of observed projected obliquities that have been measured in exoplanet systems
up to September 2020. The measurements come from a combination of the methods above, although
the vast majority were made using the Rossiter-McLaughlin effect. This method is most sensitive to
giant planets on short orbits around rapidly rotating stars, which explains the surplus of measurements
on Jupiter-mass planets. In the following I will summarise what we have learned from studying the
obliquities of hot Jupiter systems, which I define to be in the mass range 0.1–10 MJup. I will first start by
removing measurements that have an uncertainty on _ higher than 50° in order to paint a clearer picture.

Dependence on stellar temperature. One of the important results that came from studying the ob-
liquities of stars is that the spin-orbit angle seems to have a strong dependence on the effective temperature
of the star, )eff

i (Winn et al. 2010a). This pattern is shown in the bottom left panel of Figure 1.8. Hot
Jupiters orbiting cold stars tend to have low obliquity (i.e. star and planet are aligned and prograde), while
those orbiting hot stars tend to have a wider range of obliquities, including many that are on retrograde
orbits (Triaud et al. 2010). The cut-off temperature between these two populations is measured to be
)cut = 6090+150

−110 K (Dawson 2014; McQuillan et al. 2014).

Dependence on planet mass. Another pattern that arises from the ensemble of stellar obliquities is
the dependence on planet mass. In the top panel of Figure 1.8 I show that the obliquity decreases as a
function of planet mass for hot Jupiters. Beyond ∼3 MJup there is a distinct lack of retrograde planets
(Hébrard et al. 2011; Dawson 2014). Studying this dependency in detail is important for future work, but
is difficult to do simply due to the rarity of massive hot Jupiters (Santerne et al. 2016).

iAlternatively the pattern can be seen as a dependence on stellar mass since the two are correlated, but )eff is easier to
measure empirically (Schlaufman 2010).
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Figure 1.8: Projected obliquities of planet-hosting stars (planet-star misalignments) as of September
2020. Top: The full sample with planet masses consisting of 155 measurements, most of which have
been made using the Rossiter-McLaughlin effect. Some notable patterns are annotated in the data. Each
of the planet-star pairs along the vertical axis serve as a visual aid of the relevant architecture for a
particular value of |_ |. Note that these illustrations assume 8★ = 90°, though the real value is in most
cases unconstrained (and likely different) since only the projection of the obliquity is measured. Bottom
left: The stellar effective temperatures of the sample. Bottom right: The orbital separation of the sample.
Points with an inverted color scheme denotes planets that are eccentric, which here is determined as those
that have 4 larger than three times the uncertainty on 4.
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Dependence on star-planet separation. A third important pattern in the data is the dependence on the
distance between the planet and star (Albrecht et al. 2012; Anderson et al. 2015). In many cases it makes
sense to denote the separation in units of the stellar radius, 0/'★, sometimes referred to as the scaled
separation. In the bottom right panel of Figure 1.8 I plot the obliquities of cold stars ()eff = 4000–6100 K)
with hot Jupiters as a function of their scaled separation. Hot Jupiters within about 10 stellar radii from
the star are frequently found on aligned orbits. Beyond this, however, the fraction of misaligned systems
increases, and they tend to be eccentric (Triaud 2018).

1.4.3 Tidal evolution in hot Jupiter systems

In this Section we will look at some processes that might help explain the patterns seen in Figure 1.8.
Celestial bodies such as planets and stars are not point masses; they have a finite size, which means that
the gravitational pull on each body is not uniform. In systems where the orbital separation is sufficiently
small relative to the sizes of the bodies, the gravitational attraction deforms the objects from their usual
spherical shape which are referred to as tidal forces (Zahn 1975, 1977). The effects of tidal deformation
can be seen in the ocean tides on Earth which are induced by the Moon (and Sun), or the heat generated
within Io as tidal energy induced by Jupiter is dissipated in Io’s interior, giving rise to its volcanic activity.
Tidal forces are also apparent outside of the solar system, for example in binary star systems where the
tidal deformation is so strong that it has pronounced effects on their light curve or radial velocity curve
(Masuda & Hirano 2021).

Hot Jupiters, too, are massive and close enough to their star that they can influence its properties
through tidal interaction, and this is currently a leading theory for several of the obliquity trends outlined
in the above paragraphs (Winn et al. 2010a; Albrecht et al. 2012; Dawson 2014). The planet raises an
ellipsoidal bulge on the star, which slightly lags behind the planet. Since there is a delay in the tidal
response from the planet, it gives rise to an angular force that resists the relative motion between the spin
and orbital angular momentum vectors. A torque is also generated that couples the spin of the star to the
orbit of the planet, allowing an exchange of energy and angular momentum. This enables a transfer of
orbital angular momentum from the orbit to the spin that can spin up the star (Collier Cameron & Jardine
2018; Penev et al. 2018; Hodžić et al. 2018), or align of the stellar spin vector with the orbital angular
momentum vector if they were initially misaligned (Barker & Ogilvie 2009a; Winn et al. 2010a; Ogilvie
2014).

Such tidal forcing ultimately results in an energy loss as the tide dissipates in the convective region
of the star due to turbulent fluid motion. As a result the orbital elements continuously evolve over time
until the planet and star are synchronised. For a typical hot Jupiter system this means: (i) synchronisation
of the planet spin with the orbit (tidal locking), (ii) circularisation of the orbit (4 = 0), (iii) alignment
of stellar spin axis and planet orbital axis (k = 0), and (iv) (if the orbital period is smaller than the
stellar spin period) synchronisation of the stellar spin with the orbit (% = %★). The timescale g for tidal
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synchronisation follow a relation of the form (Ogilvie 2014)

g ∝ "★

"p

(
0

'★

) 5
, (1.5)

i.e. it is a strong function of the orbital separation relative to the stellar radius, and to some degree the
mass ratio. More generally, however, the rates of change of (i) – (iv) differ in a way that depends on
the angular momentum of each component. The total angular momentum ! of the system consists of
contributions from the stellar spin, orbit, and planet spin. In a typical hot Jupiter system their relative
contributions roughly follow !star & !orbit >> !planet. Thus tidal locking of the planet happens first,
followed by circularisation (g4 ∼ 100 Myr), spin-orbit alignment (gk ∼ 1 Gyr), then synchronisation of
the stellar spin rate with the orbit (�1 Gyr). A final relevant timescale is the inspiral time, which is the
lifetime of a hot Jupiter. This measures how long the planet survives before having surrendered so much
angular momentum through tidal dissipation that its orbit reaches the Roche limit where it gets tidally
destroyed. This timescale is similar to that of gk, thus synchronisation of the spin rate usually does not
happen in hot Jupiter systems. There is evidence for stars being spun up by their hot Jupiters, though not
yet to the point where they are synchronised (Collier Cameron & Jardine 2018; Penev et al. 2018).

Tidal influence on the obliquity

An issue with the obliquity damping scenario is that the star has a very large moment of inertia, which
requires a significant transfer of angular momentum; so much in fact that the planet would have to trade
all of its orbital angular momentum to reorient the star. In simple terms the planet would be destroyed
as it spirals towards the star, which contradicts our observations. As a solution to this problem, Winn
et al. (2010a) suggest the outer convective layer of the star is sufficiently decoupled from the stellar
interior, and only the outer layer participates in the tidal realignment, thus saving the planet from having
to surrender all of its angular momentum. Recent work has identified a component of the tidal potential
that affects the obliquity but not the orbital separation, which provides another potential explanation (Lai
2012; Anderson et al. 2021).

How do tides cause the observed stratification by stellar temperature on stellar obliquities? Albrecht
et al. (2012) argue the contrast in obliquities between hot and cold stars can be explained by their difference
in stellar structure. Tidal energy is dissipated in the convective envelope of stars, thus the depth of the
convective zone may play an important role. Hot stars have very thin outer convective envelopes that
enables only weak tidal coupling, therefore lowering the tidal dissipation efficiency and increasing the
time needed to dampen the obliquity. Cold stars, on the other hand, have deep convective envelopes that
allows tidal realignment to happen on relatively short timescales.

Dawson (2014) later argued that the convective zone indeed is important, but not because of the
tidal dissipation efficiency, but because of the natural spin evolution of stars. The temperature cut-off,
)cut, also corresponds to the Kraft break (Kraft 1967), which separates stars by their angular momentum
evolution. Stars below the Kraft break (cold stars) have deep convective envelopes which generates their
magnetic field. The magnetic field carries material away from the surface with the stellar wind, which
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in turn causes the star to lose spin angular momentum in a process called magnetic braking (McQuillan
et al. 2014; Hall et al. 2021). Hot stars, on the other hand, have only thin outer convective envelopes
and thus weaker magnetic dynamos such that braking is weakened. Cold stars therefore slow down as
they age and lose angular momentum, which reduces the energy and time needed for tidal realignment
(Dawson 2014).

The planetary mass cut-off for retrograde planets in the top panel of Figure 1.8 can too be attributed
to tidal realignment since the timescale shortens for higher mass planets (Equation 1.5). This trend also
holds when selecting hot stars only, demonstrating that hot stars are not immune to tidal dissipation. A
similar argument can be used for the trend with orbital separation in the bottom right panel of Figure 1.8.
Tidal synchronisation depends most sensitively on the orbital separation, (0/'★)5, thus planets on wider
orbits (0/'★ & 12) take much longer to tidally realign stars, which is why we see a higher fraction of
misaligned systems at such separations.

Tidal evolution in binary star systems

Since this thesis is partially devoted to the study of (low-mass) binary stars (Chapter 6), it is useful
to also briefly discuss tidal evolution in binary star systems. In the previous section we considered a
system comprised of a star and a hot Jupiter. In such cases the angular momentum in the stellar spin is
similar or higher than the orbital angular momentum. In a low-mass binary star system, however, the
angular momentum in the orbit is typically the largest contribution to the total angular momentum of the
system, i.e. !orbit >> !star,1 > !star,2 (Zahn 1977). This has an impact on the tidal evolution of binary
systems compared to planets. Similarly to planets, tidal evolution has three relevant effects on a binary:
(i) alignment of stellar spin axes, (ii) synchronization of stellar rotation rates, and (iii) circularisation of
the orbit (Zahn 1977). Because of the distribution of angular momentum in a binary system, (8) and (88)
happen on similar timescales, while eccentricity damping is typically the slowest process (Triaud et al.
2017). In an eccentric system the tidal response is not constant due to the binary separation varying over
the course of an orbit. Because of this the stellar rotation rates do not exactly synchronise with the orbit,
instead they reach a pseudosynchronous state where the rotation of the star is slightly below the orbital
motion at periastron (Hut 1981).

1.5 How this thesis addresses some of these questions

As we have seen from Figure 1.8 and in Section 1.4.3, tidal forcing is believed to cause the orbital
parameters to evolve with time, and the timescale for this evolution strongly depends on the star-planet
separation, and to a somewhat lesser extent the mass ratio, as given in Equation 1.5. By this logic, planets
that are more widely separated from their star, or planets that are low-mass, experience tidal evolution
over a much longer timescale. In some cases the timescale surpasses the age of the universe and therefore
the age of the system, which means that tidal evolution in such systems has only a small impact on the
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evolution of certain orbital elements. In turn, such systems may more closely represent the outcome of
planet formation and dynamical evolution.

From the current sample of measured spin-orbit angles it is unclear to what extent the distribution
has been shaped due to tides. Hot stars, as we have seen, seem more resilient to tidal effects from their
planetary companion, which is likely due the large spin angular momentum they retain most of their lives
(Dawson 2014). However, they are not completely immune, as evidenced by a population of aligned hot
Jupiters orbiting hot stars. Cold stars tend to host hot Jupiters that are aligned with the spin, though many
of these planets orbit close to the star where realignment occurs quickly. Further from the star there is
some evidence that the population is different, as would be expected from tidal theory, but the sample
size is small due to the difficulty of finding and observing planets at longer orbital periods. The work
presented in Chapter 5 is aimed at increasing the sample size of more widely separated giant planets
orbiting cool stars. I provide obliquity measurements and eccentricity limits for 13 giant planets whose
separations 0/'★ range from 7.9–22.8 . With these new measurements the distribution of spin-orbit
angles appear to be closer to planets orbiting hot stars, as one might expect, though we caution that this
is work that is still in progress.

One of the most scientifically interesting avenues for further research into spin-orbit misalignments
is to extend the current sample to the sub-Neptune regime. This is important for several reasons. First,
while hot Jupiters are unlikely to form in-situ and therefore almost certainly experience some form of
migration (Nelson et al. 2017), the picture is less clear for planets smaller than Neptune which are far
less massive. There is some debate on whether they form in situ (∼0.1 AU, Lee et al. 2014) or undergo
large-scale migration — due to disc interaction or otherwise — from the outer system (Izidoro et al. 2017;
Raymond et al. 2018). Second, sub-Neptunes frequently appear in multiple planet systems, which is of
obvious interest in the context of our solar system and its evolution. They frequently make up compact
resonant chains which are unlikely to arise from certain disc-free migration theories (Raymond et al.
2018), and therefore provide additional constraints on the mechanisms for migration. A third reason
is that these planets have negligible tidal influence on their host star, which can alleviate some of the
complications that arise from studying the obliquities of stars hosting hot Jupiters (Chapter 1.4.3). My
work in Chapter 4 is a step in this direction, which concerns measurements of the Rossiter-McLaughlin
effect in two systems with low-mass planets. The first is TRAPPIST-1, which is a multiplanetary system
with seven Earth-mass planets orbiting an ultracool M dwarf star (Gillon et al. 2017). The second system
is c Men, which is a naked-eye star hosting a close-in super-Earth, and a far-out giant planet/brown dwarf
companion.

Studying the evolution of binary systems can also be useful to learn about planet formation. One
application of this is reported in Chapter 3.3, which concerns the discovery of a hot Jupiter to a main-
sequence K dwarf with a white dwarf companion. Few exoplanet systems are known to have bound stellar
remnants, but their study is important to provide context to the final stage in the evolution of Sun-like
stars.

Another application is the study of brown dwarfs which are similar to giant planets in many aspects,
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including their formation, atmospheric composition, and orbital evolution. In Chapter 3.2 I announce a
discovery of a brown dwarf companion to a Sun-like star, which adds another piece to the puzzle on how
their formation and evolution compares to that of giant planets. In addition, masses, ages, and radii of
young directly imaged planets are typically inferred from models that are based on brown dwarf cooling
curves. In Chapter 3.1 I make an important contribution to a discovery of a brown dwarf eclipsing binary
which is a member of a young moving group aged ∼45 Myr. This discovery provides an accurate age,
dynamical masses, and empirical radii — all of which are important to calibrate sub-stellar evolution
models used in the study of giant planet evolution.

A final application is that there are now more than a dozen known circumbinary planets, where the
planet orbits both components of a binary star system. I participated in such a discovery in Kostov et al.
(2020) by observing for the BEBOP circumbinary planet survey on the HARPS spectrograph, which
contributed some data to the discovery paper. As discussed earlier, these planets tend to pile up at
∼6× the binary orbital period where planet formation is suppressed, so if they formed from the same
disc as the binary the planets must significantly shrink their orbits to arrive at their present-day location
(Section 1.3.3). To date, all circumbinary planets have been discovered via transit photometry, which is
significantly biased towards co-planar systems. Yet circumbinary discs in polar configurations relative to
the inner binary have been observed (Kennedy et al. 2019), thus motivating an exploration of the spin-
orbit alignments of binaries hosting circumbinary planets (Winn et al. 2011). In Chapter 6 I therefore
present a measurement of the spin-orbit alignment of the inner low-mass eclipsing binary hosting the
circumbinary planet TOI-1338 Ab, which is only the third measurement of its kind. This work is part of
a larger, ongoing work to explore the primary star obliquities in low-mass eclipsing binary systems.
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Photometric light curves and
high-resolution spectroscopy

In this Chapter I describe the data, models, and statistical methods that underpin the analysis presented
in the remaining Chapters. In Section 2.1 I start by introducing various aspects of exoplanet transit
modelling. I continue in Section 2.2 by describing observations with high-resolution spectrographs, the
data obtained from these spectra, and how to model them for the purposes of this thesis. In Section 2.3
I describe the statistical methods employed throughout this thesis for the data analysis. Finally, in
Section 2.4 I present some software that was developed over the course of this thesis that has been used
throughout the remaining Chapters.

2.1 Light curves of exoplanets and binary stars

2.1.1 Science from transit light curves

The distance between a star and a planet varies as over the course of an elliptical orbit. Solving the
equations of motion for two bodies under the influence of Newtonian gravity one can find that the
separation expressed in polar coordinates is (Murray & Correia 2010)

A =
0(1 − 42)
1 + 4 cos \

. (2.1)

The variable \ is the true anomaly and is a function of time, describing the angle of the current position
in the orbit with respect to the direction of periapsis. In Figure 1.1 it is the angle connecting the ellipse
focus with the positions of the planet and periapsis. We can transform this expression into Cartesian
coordinates where the GH-plane is in the orbital plane and periastron is in the G direction. After rotating
this reference frame by the angles l and 8, our new coordinate system has the GH-plane in the sky plane,

31
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and I points towards Earth. If we set S = 180° we have (Winn 2010)

G = −A cos (l + \) (2.2)

H = −A sin (l + \) cos 8 (2.3)

I = A sin (l + \) sin 8. (2.4)

The separation of the star and planet projected onto the sky-plane (GH-plane) is then given by

X =

√
G2 + H2 =

0(1 − 42)
1 + 4 cos \

√
1 − sin2(l + \) sin2 8. (2.5)

Eclipses occur when the separation on the sky is smaller than the sum of the radii of the two objects,
i.e. X < '★ + 'p. The eclipses are centered on the local minima of X. However, finding the minima
of Equation 2.5 is an expensive computation, therefore a common approximation in exoplanet science
is to set the midpoints of eclipses at conjunctions, which are defined by G = 0. This approximation is
reasonable for the vast majority of exoplanet systems as the ingress and egress durations are approximately
equal, but breaks down for very close-in eccentric and grazing planets where they can differ (Winn 2010).
In such systems the time difference between conjunctions and minimum of projected separation can be
up to 10 minutes, and indeed a handful of exoplanet systems have differences larger than 30 s, well above
the detectable level (Eastman et al. 2019).

From Equation 2.2 we see that conjunctions occur when \ = c/2 − l and \ = 3c/2 − l. The
planet is in front (i.e. transiting) when Equation 2.4 is positive (recall I is pointing towards Earth),
which (approximately) happens when \ = c/2 − l. This is called inferior conjunction. The planet is in
superior conjunction when it is behind the star (i.e. occultation), which is (approximately) centered on
\ = 3c/2 − l.

The impact parameter 1 is the sky-projected distance at conjunctions, shown as the distance between
the transit chord and the centre of the star in Figure 2.1. Using Equation 2.5 with \ = c/2 − l this
becomes

1 =
0

'★
cos 8

(
1 − 42

1 ± 4 sinl

)
, (2.6)

where “+” is used for transits, and “−” for occultations. The impact parameter is in units of '★ and
has values between 0 and 1 + : , where : = 'p/'★ is the radius ratio between the planet and star.
When 1 < 1 the entire planet covers the stellar disc and the four transit contact points are discernable,
as shown in Figure 1.4. When 1 < 1 < 1 + : the transit is only partial (grazing) and therefore the
second and third contacts do not occur. The effect of the impact parameter on the transit light curve is
illustrated in Figure 2.1. Higher impact parameters shorten the total transit duration )14, but increases
the ingress/egress duration relative to the full transit duration (C3 − C2). One can show that the total transit
duration is (Winn 2010)

)14 =
%

c
sin−1

(
'★

0

√
(1 + :)2 − 12

sin 8

) √
1 − 42

1 ± 4 sinl
. (2.7)
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Figure 2.1: The transit depth depends on the size of the planet relative to the star. Larger planets (solid
circle and line) cause deep transits, while smaller planets (dashed and dotted) cause shallower transits.
In addition, the distance of the transit chord (shaded region) from the centre of the star, i.e. the impact
parameter 1, changes the total transit duration as well as the ingress/egress times. This figure was created
using starry (Luger et al. 2019).

Note that the expressions in Equations 2.7 and 2.6 are also approximations. The true values can be
calculated numerically at a computational cost, but doing so offers little advantage. The differences are
up to X)14 = 27 s and X1 ≈ 10−4 at worst case among known exoplanet systems, which in both cases is
lower than typical uncertainties on these parameters (Eastman et al. 2019).

The transit duration can also provide a measure of the mean stellar density. One can rearrange
Kepler’s third law to show that

d★ =
3c

�%2(1 + @)

(
0

'★

) 3
. (2.8)

In exoplanet systems the mass ratio @ = "p/"★ is negligible (@ ∼ 10−3) for a giant planet around a
Sun-like star), so d★ only depends on the orbital period which is observed from repeated transits, and the
scaled separation 0/'★ which can be measured from the transit duration by rearranging Equation 2.7.
Keen readers may notice that the transit duration in Equation 2.7 is also dependent on the eccentricity 4,
and indeed 4 and '★/0 are degenerate in determining the transit duration. Most often the eccentricity
will therefore have to be constrained by other means, for example from a radial velocity curve or the
observation of a secondary eclipse. Frequently one uses time scales of tidal evolution to argue that the
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planet should have circularised within its current age, therefore justifying a circular model. If this is not
possible, prior knowledge of the distribution of eccentricities in exoplanet systems may be used so that
our ignorance of 4 is reflected in the final uncertainty of 0/'★ and other derived parameters (Kipping
2013; Van Eylen & Albrecht 2015; Van Eylen et al. 2019).

Alternatively, transits may still constrain the eccentricity if the stellar density is determined by other
means, for example by combining measurements of the stellar surface gravity and the stellar radius. The
surface gravity 6 (most often denoted in cgs units as log 6) is readily derived from a spectroscopic analysis
since 6 determines the shape of absorption lines (Gray 2005), while the stellar radius can be found from
parallax measurements. Then the density of the star is

d★ =
3

4c�
6

'★
. (2.9)

Compared to a circular orbit, any eccentricity will to first order change the transit duration (Dawson &
Johnson 2012). Then 4 may be constrained by comparing the stellar density from Equation 2.8 assuming
a circular orbit, with that from Equation 2.9 (Dawson & Johnson 2012).

The combination of a transit and radial velocity curve yields an absolute planet mass instead of the
minimum mass < sin 8 since 8 is known from the transit. The combination of the mass and radius also
yields a bulk density — provided the stellar dimensions are known — which can constrain the overall
composition of planets using thermal evolution models (Lopez et al. 2012). Combining Doppler planets
and their transits can also determine the surface gravity of the planet, 6p, using just observables, with no
assumption on the absolute dimensions of the star. Using the definition of the mass function and surface
gravity in Equations 2.23 and 2.9 one can find (Southworth et al. 2007)

6p =
2c
%

√
1 − 42

(
0

'p

) 2
 

sin 8
. (2.10)

2.1.2 Limb darkening

The light curves presented in Figure 2.1 are computed assuming a uniform intensity distribution across
the stellar disc. In reality, however, stars exhibit limb darkening: an effect where the central part of
the star is brighter than its limb due to opacity effects associated with our viewing angle. The intensity
profile across the disc varies with the distance from the stellar centre, ` =

√
1 − G2 − H2 (Winn 2010). A

common approach is to describe the intensity profile � (`) as a quadratic function of `, such as

� (`) = 1 − D(1 − `) − E(1 − `)2, (2.11)

where D, E are limb darkening coefficients. The effect of limb darkening on the transit light curve is
illustrated in Figure 2.2. Qualitatively it is clear that the transits become more rounded compared to
the box-shape resulting from a uniform disc intensity profile. The exact shape depends on the optical
filter; blue bands (e.g. 6′) have pronounced limb darkening resulting in a “U”-shape, compared to red
and near-infrared wavelengths (I′) which has a flatter portion during total transits. The limb darkening
coefficients also depend on stellar properties, in particular )eff , log 6 and Fe/H which are available from a
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Figure 2.2: The intensity across the stellar disc is not uniform; it is lowest at the limb and increases
towards the centre, referred to as limb darkening. Limb darkening is strongest for stars observed at blue
wavelengths (e.g. 6′ band, _ ≈ 500 nm) and causes the transit to look U-shaped. Stars observed at redder
wavelengths (A ′, 8′, I′ bands, _ > 600 nm) have less pronounced limb darkening, and the transits appear
more flat-bottomed. This figure was created using starry (Luger et al. 2019).

stellar spectrum. The limb darkening coefficients can then be calculated by interpolating grids of stellar
atmosphere models (e.g. Claret & Bloemen 2011; Husser et al. 2013), but can in some cases be measured
directly from a high signal-to-noise transit light curve (e.g. Maxted 2018). Several codes are available
for computing limb darkening coefficients using the former approach, e.g. EXOFAST (Eastman et al. 2013)
and LDTK (Parviainen & Aigrain 2015), both of have been used throughout this thesis.

Although the quadratic limb darkening law in Equation 2.11 is most often used, there is no physical
reason for this choice. The choice of limb darkening law is often based on the data. Some evidence
suggests that another 2-parameter model such as the power-2 law can more adequately fit high SNR
light curves such as from Kepler (Maxted 2018), while others advocate for a 4-parameter model (Claret
2000). Low SNR light curves do not necessarily warrant a limb darkening model with a high number of
parameters. In these cases it might make more sense to use a linear model which omits the final term in
Equation 2.11.

2.1.3 Science from binary star light curves

Light curves of eclipsing binary stars can provide additional constraints on their orbital and physical
parameters that are not easily obtainable in exoplanet systems (Torres et al. 2010). The main reason
for this is that in a binary system the secondary component is self-luminous. The occultation of the
secondary star by the primary star then produces a secondary eclipse that is detectable even with modest
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sized apertures, see Figure 2.3. Assuming the secondary is fully occulted the secondary eclipse depth is
(Hilditch 2001)

Xsec =
;2
;1

= :2
(
�2
�1

)
, (2.12)

where �2/�1 = ( is the surface brightness ratio of the two stars. Since the secondary star is fully occulted,
Equation 2.12 is also the light ratio ;2/;1 of the two stars, i.e. the fractional brightness of the secondary
compared to the primary. The surface brightness is the brightness per unit area on the star, which is
related to the temperature ratio of the two stars via the Stefan-Boltzmann law

�2
�1

=

(
)2
)1

) 4
. (2.13)

The secondary eclipse depth therefore measures the temperature ratio of the two stars, or the temperature
of one star given a temperature for the other. Since the secondary is self-luminous this also means that
the primary eclipse depth is no longer just dependent on the size ratio of the two bodies, but also on the
flux ratio. The primary eclipse depth is then (Hilditch 2001; Winn 2010)

Xpri = :
2
(
1 − ;2

;1

)
. (2.14)

In a circular orbit the primary and secondary eclipse occur exactly %/2 apart. In elliptical orbits,
however, the time between primary and secondary eclipse depends sensitively on 4 and l. The true
anomaly during superior conjunction is offset by c/2 from primary eclipse. Solving Equations 2.20 and
2.19 with respect to time, the time difference between eclipses is given by (Kopal 1959; Hilditch 2001)

JC =
%

2c

(
c + 2 arctan 2 + sin (2 arctan 2) + 24 cosl

tan2 8

)
, (2.15)

with 2 = 4 cosl/
√

1 − 42. The final term in Equation 2.15 is a correction term for 8 < 90° and can in
many cases be neglected for eclipsing binaries (de Kort 1954). The time difference JC then provides a
determination of the quantity 4 cosl/

√
1 − 42. Equation 2.7 also shows that the durations of primary

and secondary eclipse differ, and indeed their ratio also provide a constraint of the form (Hilditch 2001)

4 sinl =
3 − 1
3 + 1

, (2.16)

where 3 is the ratio of the primary eclipse duration to the secondary eclipse duration. Equations 2.15
and 2.16 can then be combined to separate 4 and l (e.g. de Kort 1954).

2.2 Methods for the analysis of high-resolution spectra

Stars emit a range of electromagnetic radiation, but most stars like the Sun emit most of their light in the
visible regime which is what our human eyes have adapted to. The wavelength regime of visible light
spans from about 380 nm (blue light) to 700 nm (red light), and the combination of these colors form
“white” light, which is what we see from the Sun. A spectrograph is an instrument that disperses light into
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Figure 2.3: An example of an eclipsing binary star system consisting of a low-mass star (<2 = 0.2 M� ,
)eff = 3000 K) orbiting a Sun-like primary (<1 = 1.1 M� , )eff = 6000 K). In a circular binary the
secondary eclipse occurs %/2 (q = 0.5) after the primary eclipse (solid line). The same is true for
eccentric orbits with |l | = 90° (dashed line), but here the durations of the primary and secondary eclipse
differ and can constrain 4 sinl. Eccentric binaries with |l | ≠ 90° have secondary eclipses that are
displaced from q = 0.5 (dotted line) which can constrain 4 cosl. In addition, the secondary eclipse
depth measures the temperature ratio of the stars. This figure was created using ellc.

its constituent wavelengths, called a spectrum. Spectra are useful for studying emission and absorption
lines in various astronomical objects such as comets, planets, stars, galaxies, and the interstellar medium,
which can tell us about the physics of these objects. Absorption lines arise because electrons in certain
elements or molecules have energy transitions associated with a specific narrow wavelength region. For
example, one of the most prominent absorption lines in the spectrum of the Sun absorbs light at a
wavelength of 656.3 nm, which corresponds to the energy difference when an electron transitions from
the third to the second lowest energy level in the hydrogen atom, also called HU.

Spectrographs are often characterised by their resolving power, ', which measures their ability to
resolve features in a spectrum. The resolving power is defined as ' = _/J_, where J_ is the smallest
wavelength difference that can be resolved at wavelength _ (Gray 2005). The first generation of exoplanet
spectrographs had ' ≈ 45 000 and were one of the first modern high-resolution spectrographs (Baranne
et al. 1996). The first generation of such spectrographs could resolve spectral features with widths of
just 0.12 Å, whereas current high-resolution exoplanet spectrographs such as HARPS, ESPRESSO and
EXPRES can reach ' = 110 000–190 000 (Mayor et al. 2003; Pepe et al. 2020; Blackman et al. 2020). As
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we saw in Equation 1.1, due to the Doppler effect the observed wavelength of a given absorption line can
be shifted relative to the rest frame, which gives us the radial velocity of the object. The radial velocity
variation of a star induced by a hot Jupiter can be ∼100 m s−1, which corresponds to a wavelength shift
of J_ = JE_0/2 = 0.002 Å at 550 nm, i.e. about 60× smaller than what the best spectrographs could
resolve at the dawn of the exoplanet era. Then how were they able to detect planets?

2.2.1 Spectrograph overview

Most high-resolution optical spectrographs optimised for exoplanet science are built on similar principles.
The telescope focuses light from the star onto a series of optical elements (mirrors, prisms, collimators)
where it may also be corrected for color-dependent atmospheric dispersion, before ultimately guiding
the light into an optical fiber which feeds the spectrograph (Gray 2005). The light is then fed into a
dispersing element that separates the white light into its constituent wavelengths. A commonly used
dispersing element in modern high-resolution spectrographs is the echelle grating. The advantage of the
echelle grating is that the groove tilt (blaze angle) is very high and is illuminated by the light at a steep
angle which produces higher diffraction orders, as opposed to just the first order that a standard grating
would give (Gray 2005). However, the various orders overlap in the spectral direction, so to separate
the orders from one another a cross-disperser is used to spread the light along the spatial direction as
well. The cross-dispersed (2D) spectrum is then imaged onto the detector and is sometimes referred to
as an echellogram. In Figure 2.4 I show an image of such a cross-dispersed high-resolution spectrum,
which is what the raw data looks like coming out of the ESPRESSO spectrograph on the VLT (Pepe et al.
2020). The H direction in the left panel is the main dispersion direction, while the G direction corresponds
to the cross-dispersion direction which allows higher orders to be observed. A zoomed inset is shown
in the right panel, showing subsets of three spectral orders. The bands of light is that from the star,
which has darker regions that correspond to absorption. In most modern high resolution spectrographs
dedicated to exoplanets, a second fiber is used to to supply a simultaneous reference spectrum on which
the observed stellar spectrum is calibrated to extremely high precision, and which can help keep track
of long-term velocity drifts. The reference spectrum is oftentimes generated by either a ThAr lamp,
Fabry-Perot interferometer, or Laser Frequency Comb (LFC). The dots in the zoomed inset of Figure 2.4
is a reference spectrum from a Fabry-Perot interferometer, which creates a rich forest of emission lines
at regular intervals.

The pixel positions of each echelle order on the detector are traced and identified by means of
diffraction theory in order to form a 1D spectrum. The reduced and calibrated 1D high-resolution
spectrum of the echellogram in Figure 2.4 is shown in Figure 2.5.

2.2.2 Cross-correlation functions

An optical high-resolution spectrum of a star similar to the Sun, as shown in Figure 2.5, contains several
features. The first is the overall shape of the spectrum outside of absorption lines. This is the continuum of
the star, shown as the coloured line. Its shape is due to black-body radiation as described by Planck’s law.
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Figure 2.4: Left: An image of a cross-dispersed echelle spectrum taken with the red camera of ESPRESSO
on the VLT. The target star is c Mensae. The H direction is the main dispersion direction, while the
G direction is the cross-dispersion direction. Right: A zoomed-in part of the detector showing three
different spectral orders of the stellar light (continuous bands) and reference light (bright dots). The dark
regions within the bands show absorption.

The continuum is interrupted by several prominent absorption lines which are also marked in Figure 2.5,
such as the aforementioned HU, but also Ca II H & K and others (Gray 2008). In addition to these,
such spectra also contain a rich forest of several thousand narrow absorption lines shown in grey, most of
which are due to various iron (Fe) transitions. Earlier in this Section we mentioned that the wavelength
shift due to the Doppler velocity induced by a hot Jupiter on its parent star was significantly less than the
resolution of the spectrographs. This wavelength shift is what is expected for a single absorption line.
The Doppler shift affects all absorption lines in the spectrum, thus if we can measure the velocity shifts of
several thousand absorption lines, their average might be enough to precisely measure the Doppler shift,
even if the resolution for any single one line is not enough. In fact, this is what allowed the detection of
exoplanets with the Doppler method (Baranne et al. 1996).

One of the pioneering methods for utilising the Doppler information in the thousands of available
absorption lines in stellar spectra is by the use of the cross-correlation function (CCF; Baranne et al. 1996).
The cross-correlation method uses a binary mask which acts as a template spectrum of the star. The
mask is zero in the continuum, but has a non-zero value at the expected locations of selected absorption
lines with some characteristic width. This mask is then correlated with the spectrum in velocity space
(via the Doppler formula) in order to build an average master absorption line at high signal-to-noise,
as demonstrated in Figure 2.6 (Baranne et al. 1996). Not all lines are included in the cross-correlation,
however. Absorption lines have a characteristic width and depth which vary depending on the absorber
and the transition levels within an element. The mask is therefore weighted by the expected depth of
the absorption line. In addition, some of the prominent Fraunhofer lines (e.g. HU, Ca II H and K) are
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Figure 2.5: Top: The 1D spectrum obtained from co-adding all spectral orders shown in the echellogram
in Figure 2.4. The continuum (coloured line) follows Planck’s law (black-body radiation), and a few
prominent absorption lines are marked. The high-resolution spectrum also contains thousands of non-
saturated absorption lines (grey lines) which are used to measure the Doppler shift. The red parts of the
spectrum shows significant absorption due to water and molecular oxygen in Earth’s atmosphere. Bottom:
A zoomed inset of a small region of the spectrum, showing the details of some absorption lines in the
grey forest.

saturated, meaning photons at those wavelengths are almost fully absorbed and form very deep lines
(Gray 2008). Due to associated opacity effects, some of the Fraunhofer lines are much wider than than
the nonsaturated Fe lines, which degrades the radial velocity precision we can achieve (Bouchy et al.
2001). Most lines that are cross-correlated are therefore Fe lines (Baranne et al. 1996).

The shape of an absorption line (or CCF) is called a profile, and is most often modelled as a Gaussian,
Lorentzian, or a mixture of both (Voigt profile). In exoplanet science, most often a Gaussian model is
adopted. CCF profiles have a characteristic width and depth, measured by the FWHM and contrast of a
Gaussian profile. The centre of the Gaussian (the mean) denotes the observed radial velocity of the star,
as indicated in Figure 2.6. There are several sources contributing to the broadening (FWHM) of CCFs.
Absorption lines are broadened due to line formation (thermal and pressure broadening), stellar rotation,
large and small scale convective effects such as macroturbulence (Doyle et al. 2014), microturbulence,
convective blueshift (Cegla et al. 2018), and broadening due to the instrumental resolution. For exoplanet
applications the rotation of the star is perhaps the most useful among these, and is denoted by E sin 8★, i.e.
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Figure 2.6: The radial velocity of a star can be determined from cross-correlating absorption lines in a
stellar spectrum (left, black) with expected line positions using a binary template (blue). The resulting
cross-correlation function (CCF, right) is an average stellar line profile in velocity space, and the radial
velocity is determined from the centre of a Gaussian fit to the CCF. Figure adapted from Roy et al. (2016).

the projected rotational velocity at the equator of the star.
The broadening of absorption lines has adverse effects on the radial velocity precision. If we assume

the lines are approximately Gaussian shaped, the radial velocity precision follows (Lovis & Fischer 2010)

fRV ∼
√

FWHM
C · SNR

, (2.17)

where C is the contrast (amplitude of the line), and SNR is the signal-to-noise ratio in the continuum,
SNR = #e−/

√
#e− =

√
#e− when the dominant source of noise is due to photon noise.

2.2.3 Science from radial velocity orbits

The radial velocity observations above can be repeated over time to map out the orbit of a star due to the
gravitational pull of its planet (or stellar) companion around their centre of mass. The radial velocity orbit
can be described by solving the equations of motion of two bodies moving in their mutual gravitational
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Figure 2.7: Radial velocity curves of a Sun-like star hosting a Jupiter-mass planet with % = 3 days.
Each panel shows the circular orbit (dashed line) and eccentric orbit (4 = 0.3, solid line) with the same
semi-amplitude  , but different values of l. The systemic velocity here is W = 0 km s−1. These models
were calculated using ellc (Maxted 2016).

fields (Murray & Correia 2010; Hilditch 2001). The radial velocity of either component is then (Hilditch
2001)

Erad =
2c0 sin 8

%(1 − 42)1/2 [cos (\ + l) + 4 cosl] + W, (2.18)

where 0 = 01 if we consider the star, and 0 = 02 for the companion. The variables %, 8, 4 and l are the
orbital period, orbital inclination, eccentricity and argument of periastron as described in Section 1.1.1.
The first three are shared between both components, while l for the planet and star have opposite signs
(Eastman et al. 2019). The factor 2c0 sin 8/%

√
(1 − 42) in Equation 2.18 is also known as the radial

velocity semi-amplitude,  , shown in Figure 1.3. Thus for a circular orbit (4 = 0), the radial velocity
orbit in Equation 2.18 is just a cosine curve with amplitude  , as shown in Figure 1.3. For 4 > 0 the
radial velocity curve becomes increasingly skewed and its shape is modulated by l, with examples given
in Figure 2.7 which shows how the geometry of the orbit within its own plane affects the radial velocity.
The systemic velocity W is (usually) a constant compared to the timescales of orbits, and describes the
radial velocity of the system due to its orbit around the galaxy.

The variable \ is the true anomaly and describes the angle of the current position in the orbit with
respect to the direction of periapsis. In Figure 1.1 it is the angle connecting the ellipse focus with the
positions of the planet and periapsis. The true anomaly is a function of time, but its solution is not
straightforward because the orbital velocity varies throughout an elliptical orbit. However, it can be
related to two other angles; the eccentric anomaly, � , which is further related to the mean anomaly, " .
The mean anomaly " = =(C − C0) does not have a simple geometric interpretation, but it is simple to
calculate as it is related to the mean motion = = 2c/% and has a constant angular increment with time.
The eccentric anomaly is easier to conceptualise: if an elliptical orbit has semi-major axis 0, then � is the
angle swept out by an equivalent circular orbit with the same semi-major axis. The mean and eccentric
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anomalies are then related by (Murray & Correia 2010)

" = � − 4 sin �, (2.19)

which is referred to as Kepler’s equation. This is a transcendental equation and can only be solved
numerically by iteration, for example by using a Newton-Raphson method to find the roots to the equation
� − 4 sin � − " = 0. The eccentric anomaly is then related to the true anomaly by (Murray & Correia
2010)

tan
\

2
=

√
1 + 4
1 − 4 tan

�

2
, (2.20)

which can be used in Equation 2.18 to describe a Keplerian radial velocity orbit as a function of time.
There are a number of open source software packages that implement efficient numerical solvers for
Equation 2.19 and are thus used to calculate radial velocity curves. Many of these packages are combined
with transit light curve packages such as those described in Section 2.1.1 in order to jointly and self-
consistently model transit light curves and radial velocity data (Maxted 2016; Foreman-Mackey 2019;
Eastman et al. 2019).

From a radial velocity curve one can directly measure %,  , 4,l and Cp. One can also easily determine
W, though it is often considered a nuisance parameter and not of importance for most applications. The
five primary parameters can be used to derive other orbital parameters of interest. Notably, the radial
velocity curve measures the semi-amplitude of the primary star,  , which is related to its (projected)
semi-major axis relative to the barycentre (Equation 2.18)

01 sin 8 =
√

1 − 42

2c
 %. (2.21)

Moreover, using Kepler’s third law one can determine the orbital separation 0 = 01 + 02 using

� (<1 + <2) =
4c203

�%2 (2.22)

in the limit that the planet mass <2 � <1, and <1 can be determined from other observations or stellar
evolution models. Another quantity of interest is the mass function

5 (<) =
<3

2 sin3 8

(<1 + <2)2 =
%

2c�
 3(1 − 42)3/2 (2.23)

which can be derived using the above relations and using the centre of mass definition 01<1 = 02<2.
The mass function is fully determinate from the radial velocity curve. Moreover, if one is willing to
assume that <2 � <1 (which is a reasonable assumption for most planets orbiting Sun-like stars), then
Equation 2.23 can be used to determine the minimum planet mass <2 sin 8. If the planet is transiting
the star, then 8 can be determined from the transit light curve and the true mass follows, along with a
determination of the bulk density using the radius measurement from the transit light curve.

The orbital elements from a radial velocity curve can also be used to predict the time of transit, i.e.
inferior conjunction. A number of planetary systems that were discovered with the Doppler method have
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also been found to be transiting, e.g. HD 209458 b (Charbonneau et al. 2000) and 55 Cnc e (Winn et al.
2011)). Indeed, this is even expected as the detection of Doppler planets is biased towards high-inclination
systems as these produce the largest radial velocity semi-amplitudes. The true anomaly during periastron
is \ (Cp) = 0 as per its definition, while during inferior conjunction it is \ (Cc) = c/2 − l. The eccentric
and mean anomalies can then be calculated to find Cc given Cp and vice-versa using Equations 2.20 and
2.19, i.e. (Murray & Correia 2010)

Cc = Cp +
%

2c
(� − 4 sin �), (2.24)

� = 2 tan−1

[
tan

(
\c
2

)√
1 − 4
1 + 4

]
, (2.25)

\c =
c

2
− l (2.26)

Spectroscopic binaries

In binary systems consisting of two stars of similar brightness, their composite spectrum may contain
spectral lines from both stars, dubbed a double-lined binary, or SB2. The extra set of absorption lines
from the secondary star then move in anti-phase to those of the primary star due to their orbital motion.
In such spectroscopic binaries radial velocities of both stars can be obtained (Figure 2.8), for example
from a two-dimensional cross-correlation technique (Zucker & Mazeh 1994), which allows for additional
constraints on the system. In particular, the ratio of their radial velocity semiamplitudes directly gives
the mass ratio of the system, i.e.

 1
 2

=
<2
<1

= @, (2.27)

where the subscripts 1 and 2 refer to the primary and secondary component, respectively.a The orbital
separation 0 = 01+02 can be determined from 1 and 2 using Equation 2.21, which means Equation 2.22
can be solved for <1 since <2 = <1@. Spectroscopic binaries therefore allow a model-independent
measurement of the masses of stars (e.g. Triaud et al. 2020), which can be used to calibrate relations
between mass and other observables, such as temperature, radius, luminosity (Torres et al. 2010), or
asteroseismic scaling relations.

2.2.4 Modelling the Rossiter-McLaughlin effect

The transit of a planet (or any object) in front of a rotating star produces a change in the stellar line profile.
A line profile from a star can be thought of as the sum of numerous local lines originating from all areas
of the stellar disc. The velocity field across the stellar disc varies for a rotating star, ranging from −E sin 8★
to +E sin 8★. Lines originating from different areas of the disc may therefore have different Doppler shifts
according to the local stellar surface radial velocity. During transit the total line profile will have a deficit

aNote that in the case of a star-planet system that we have investigated previously,  1 would refer to  , and  2 would not
be observed because planets are generally not self-luminous. However,  2 has been detected in high-resolution transmission
spectra of hot Jupiters from measuring the Doppler shifts of molecular absorption lines such as CO (Snellen et al. 2010).
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Figure 2.8: The radial velocity orbits of two stars with masses <1 = 1 M� , <2 = 0.7 M� , and orbital
elements % = 4 d, 8 = 90°, 4 = 0.2, l = 90°, orbiting their common centre of mass. Spectra from
unresolved binary stars of similar brightness may show two sets of absorption lines from which radial
velocities of both stars can be derived. The ratio of their radial velocity semiamplitudes measures the
mass ratio of the stars from which model-independent (minimum) masses can be obtained. This figure
was generated using ellc (Maxted 2016).

of light at a velocity given by the local surface velocity on the disc occulted by the planet. This deficit
manifests as a “bump”, or distortion, in the line profile that moves from −E sin 8★ to +E sin 8★, assuming
the orbital and stellar spin axes are aligned and the planet transits along the stellar equator, as shown in
Figure 2.9 (Triaud 2018).

The distortion of the stellar line profile during transit gives rise to a wholesale Doppler shift of the
stellar radial velocity, which was first discovered in eclipsing binary systems by Rossiter (1924) and
McLaughlin (1924) and is therefore dubbed the Rossiter-McLaughlin effect. This velocimetric effect is
shown in Figure 1.7 for different configurations of the sky-projected angle between the orbital and stellar
spin axes, _, which in most applications is the parameter of interest. The Rossiter-McLaughlin effect
also determines the sky-projected rotation of the star, E sin 8★, which is another important parameter can
be used as a proxy for ages of stars with deep convective envelopes due to their spin angular momentum
evolution from magnetic braking (Mamajek & Hillenbrand 2008). Besides these, the amplitude of the
effect also depend on the area covered by the planet (A/'★)2, and impact parameter 1 because the radial
component of the velocity field becomes smaller as our viewing angle increases towards the limb (Triaud
2018). In most cases, however, 1 and A/'★ are already precisely known from a photometric transit
light curve, thus modelling the Rossiter-McLaughlin effect boils down to adjusting two parameters:
E sin 8★ and _. The effect of limb darkening must also be taken into account, though the choice of limb
darkening model and coefficients is a higher-order effect. The Rossiter-McLaughlin effect is furthermore
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Figure 2.9: Transits produces a change in the line profile of rotating stars. The deficit light (dotted line) is
Doppler shifted according to the local surface velocity on the star, i.e. that which is occulted by the planet,
Eocc. The line profile from the visible disc (solid line) is therefore perturbed relative to an unocculted
surface (dashed line), which displaces the line centre to create a net radial velocity shift. This figure was
created using starry (Luger et al. 2019).

superimposed onto the slope of the radial velocity orbit during transit, which also needs to be taken
into account by either using the known radial velocity elements, or freely fitting a first order polynomial
to account for the slope and systemic velocity on the night of transit, or higher-order polynomials for
additional effects (Montet et al. 2020).

Velocimetric (classical) models

There are several models for computing the Rossiter-McLaughlin effect in the literature, but — perhaps
alarmingly — each may infer different values of E sin 8★ and _ when applied to the same dataset (Brown
et al. 2017). This is because the observed shape of the Rossiter-McLaughlin effect also depends on how
the radial velocity is computed. A common analytical model is that of Ohta et al. (2005) and Giménez
(2006), which assumes the spectrograph resolution is sufficiently low such that the asymmetry of the line
profile is not resolved. These models then compute the mean brightness-weighted velocity of the stellar
disc by integrating over the unocculted area. Under such assumptions the solution is analytic, and may be
a reasonable model for slowly rotating stars and where the size of the transiting body is small compared
to the host. The analytical model of Ohta et al. (2005) is easy to compute and is included in several
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software packages, such as the PyAstronomy packageb and ellc (Maxted 2016).
However, there are at least two widely used methods for computing radial velocities. One is the

CCF technique (Baranne et al. 1996) outlined in Section 2.2.2, where the radial velocity is the mean of
a Gaussian fit to the CCF. The other is the iodine-cell technique where the observed stellar spectrum
is modelled with a Doppler shifted theoretical spectrum, and the iodine absorption lines are used as a
reference scale (Butler et al. 1996). Neither of these are particularly well described by the brightness-
weighted mean surface velocity (Winn et al. 2005). The effect on the radial velocity due to an asymmetry
in the line profile is treated differently depending on which method is used and results in different shapes of
the Rossiter-McLaughlin curve. Modelling a dataset with the “wrong” model can therefore systematically
bias the value of E sin 8★ and _, leading to different interpretations of the system geometry (Brown et al.
2017). This motivated the development of several new Rossiter-McLaughlin models specific to the two
reduction techniques. Radial velocities obtained during transit with the CCF technique may be better
decribed by the model of Boué et al. (2013), wherein they derive an analytical expression for the centre
of a Gaussian fit to a CCF that is asymmetric due to the planet. The models of Hirano et al. (2010, 2011)
may instead be better suited to describe radial velocities derived with the iodine-cell technique, and has
the advantage of taking into account additional broadening mechanisms such as macroturbulence (Doyle
et al. 2014). The Boué et al. (2013) model is implemented in the publicly available ARoME libraryc,
which is written in Fortran with a C interface. The Hirano et al. (2011) model is to the author’s knowledge
not publicly available as a software package. The most popular programming language within exoplanet
science is Python, therefore it would be useful to the community if both of these models were to be
implemented in a single software package.

One of the main difficulties with modelling the Rossiter-McLaughlin effect is that a degeneracy arises
between E sin 8★, _ and 1 when 1 tends to zero. For systems seen edge-on, models cannot distinguish
between a system with high E sin 8★ and low obliquity (_ ≈ 0°) vs. the opposite case. In these situations
the degeneracy can be lifted by applying a constraint on E sin 8★ derived from other sources, for example
from rotational broadening of spectral lines. However, measurements of E sin 8★ obtained from spectra and
the Rossiter-McLaughlin effect are sometimes found to disagree significantly, which further complicates
the picture (e.g. Triaud et al. 2009). The reasons behind this are not fully understood, but may be related
to using the “wrong” Rossiter-McLaughlin model for a given dataset, or poor understanding of other line
broadening mechanisms (e.g. macroturbulence, Doyle et al. 2014) which may dominate the broadening
for slow rotators. A constraint on E sin 8★ can also be made by combining observations of '★, the stellar
rotation period %rot and its inclination 8★, though 8★ is difficult to obtain without first knowing E sin 8★
(Masuda & Winn 2020).

Another related issue is how to interpret a non-detection of the Rossiter-McLaughlin effect. Not
detecting the radial velocity anomaly during transit can be interpreted in a few different ways. i) The
rotation of the star is so low that the maximally expected Rossiter-McLaughlin amplitude is below the

bhttps://pyastronomy.readthedocs.io/en/latest/
chttp://www.astro.up.pt/resources/arome/
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noise in the data; ii) the star has a high inclination; iii) the planet is transiting parallel to and close to the
projected spin axis of the star (polar orbit); and iv) a combination of the above. For high-1 systems a
non-detection due to (iii) is less likely as all values of _ cause a signal as long as the stellar rotation is
above the noise.

Modelling the line profiles

One way of circumventing the issues outlined above is to analyse the line profiles directly instead of
relying on the final radial velocity product. These types of techniques fall under several names such as
line profile tomography, Doppler tomography, or Doppler shadow methods, all of which refer to the same
basic principle (Albrecht et al. 2007, 2009; Collier Cameron et al. 2010a,b). The line profile is typically
modelled as a Gaussian with some widthf determined by various broadening components, such as natural
broadening, rotation, spectrograph resolution, and in some cases macroturbulence (Collier Cameron
et al. 2010a). A time-dependent Gaussian component is then added to the line profile model, which
represents the light obscured by the planet. The peak of the planet-obscured light is the sub-planet
velocity Ep and its movement can be tracked across the velocity field of the star given a set of parameters
) = {E sin 8★, _, 8, 0/'★}, shown as the dark trace in Figure 2.10, which is sometimes referred to as the
Doppler shadow. Note that the trace represents the moving bump in Figure 2.9 labelled Eocc. We set the
GH plane in the sky such that H is parallel to the projected spin axis and I points towards Earth. We then
have that the planet’s position on the stellar disc for 4 = 0 is given by

Gp =
0

'★
sin (2cq), (2.28)

Hp = − 0

'★
cos (2cq) cos 8, (2.29)

where q is the orbital phase of the planet and 0/'★ and 8 have their usual meanings. If we rotate the GH
plane by _, the planet’s G coordinate in this new frame is given by G⊥ = Gp cos_− Hp sin_. The sub-planet
velocity is then given by (Collier Cameron et al. 2010a; Cegla et al. 2016)

Ep = G⊥E sin 8★. (2.30)

Doppler shadow methods are particularly useful on stars that rotate very rapidly since the radial
velocity precision decreases rapidly as the line profile is broadened. The method therefore excels in
determining projected obliquities in systems where the star is typically too hot to extract precise radial
velocities (Johnson et al. 2014; Gaudi et al. 2017). The added benefit of Doppler shadow methods is
that it avoids any assumption on the method for deriving radial velocities. Line-profile techniques are
also more robust against non-detections. As we saw for the velocimetric case, non-detections can happen
when the planet transits an area of low or zero surface velocity, which does not deform the line profile
and therefore does not cause a net radial velocity change. Line-profile techniques instead work on the
flux, therefore if a planet transits the star the flux drop may still be significant regardless of whether the
centre of the residual line profile is at zero, although strong correlations between E sin 8★, _ and 1 remain.
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Figure 2.10: Simulated CCFs of the stellar light hidden by a transiting planet. The grey scale refers to
the flux so that dark areas correspond to absorption, i.e. the local CCF core. The four transit contacts are
shown as horizontal black dashed lines. The light hidden by the planet is Doppler shifted by the local
surface velocity on the star, which is determined by the projected rotation E sin 8★ (vertical black dashed
lines) and spin-orbit angle _. The true model (_ = 0°) is shown as a solid white line. The impact of
varying _ is shown as dotted white lines. This figure was generated using olio (Section 2.4.2).

A non-detection in this case would instead mean that there is no difference in the residual line profiles
between in-transit spectra and out-of-transit spectra.

Despite the many strengths of Doppler shadow methods, they too come with some assumptions. The
stellar line profile is often modelled as a Gaussian (Collier Cameron et al. 2010a), which is not strictly
accurate, in particular when rotational broadening is significant, but also partly due to the asymmetry
introduced in the line profile due to convective blueshift (Cegla et al. 2018). Moreover, various iterations
of these methods also assume a common width and depth for the planet-occulted line profile, which is
generally not true as as i) the shape of the local line profile changes as a function of distance from the
centre (Beeck et al. 2013), and ii) stellar surfaces are generally inhomogeneous due to spots, plages, and
faculae which can impact the shape of local lines (Cegla et al. 2018; Cegla 2019).

The reloaded Rossiter-McLaughlin method

The reloaded Rossiter-McLaughlin technique was developed to address some of the issues in the previous
section, in particular the assumption of line profile shapes (Cegla et al. 2016). The technique is intended
for CCFs computed from spectra obtained with stabilised high-resolution spectrographs. The basic
premise of the method is to create a mean out-of-transit “master” line profile which is used as a reference
template for individual line profiles. The missing light during transit is then retrieved by subtracting
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the master line profile from in-transit CCFs. Using the observed CCFs as a template means that no
assumption is made on its shape. In order to create the master template, the CCFs need to be brought
to the same reference frame, which involves resampling the CCF onto a grid that is corrected for any
differences in radial velocity (e.g. due to the Keplerian orbit). Moreover, in order to properly account for
the missing light during transit, the CCFs need to be scaled by a transit model since individual spectra
are not normalised to a reference source and are therefore on an arbitrary scale.

The residual CCFs (representing the sub-planet light in Figure 2.9) is typically fit with Gaussian
profiles whose centre denote the local surface velocity on the star. Each residual CCF is also fit with its
own width and depth, which allows for centre-to-limb variation in the line profile (Cegla et al. 2018). The
local surface velocities obtained from the previous step are modelled by calculating the mean brightness-
weighted sub-planet velocity, which is obtained using a grid-based approach by summing cells that are
both within the stellar disc and occulted by the planet. By default the star is assumed to rotate as a rigid
body as in Equation 2.30, but the model can easily accommodate both differential rotation, and a model
for the centre-to-limb convective blueshift variation (Cegla et al. 2016).

The reloaded Rossiter-McLaughlin method is a promising technique that has the potential to tease out
even the smallest detectable signals (e.g. Kunovac Hodžić et al. 2021) and is expected to be instrumental
in studying the obliquities of stars hosting multiple (small) planets, which have so far largely eluded
detection. However, this method, too, comes with downsides. The main issue in its current state is
the awkward two-step process where the residual line profiles are first calculated assuming some orbital
parameters %, C0,  , followed by line profile modelling given some parameters E sin 8★, _, 8 and 0/'★
(Cegla et al. 2016). This means that uncertainties on parameters from the first step are not formally
propagated to the uncertainty in the final values of E sin 8★ and _. Another issue is that when working on
very small signals, the nightly variation in the depth (and width) may be comparable to the reduction in
flux due to the transit, which can bias our inference of E sin 8★ and _. Future iterations of this method are
therefore expected to address some of these issues which will aid the study of obliquities of stars hosting
small planets.

2.3 Statistical inference

Much of this Chapter has hitherto been concerned with the models we use to describe the physics of
transits, radial velocity orbits, and the Rossiter-McLaughlin effect; but so far we have avoided talking
about data. Astronomical observations are at the core of this thesis, and this Section is dedicated to how
we reconcile our models to observations in order to infer the physical properties about exoplanets and
their stars, which is referred to as parameter estimation. We will start this section by introducing the
origins of noise in astronomical data, before moving on to parameter estimation, model selection, and
finally some notes on how to deal with correlated noise in the data.
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2.3.1 Noise sources in astronomy

Most areas of astronomy rely on the measurement of a discrete number of photons arriving at a detector.
In optical astronomy the most common detector is the charge-coupled device (CCD), where photons are
converted to electrons upon interaction with a semiconductor material. Electrons are collected in charge
potentials underneath each pixel during an exposure. At the end of the image acquisition the CCD counts
the number of electrons in each pixel and converts this to a digital number on the computer which we use
in our analysis (Haswell 2010).

The counting of discrete independent events, such as photon arriving at a CCD, or the number of
electrons they excite, has an inherent uncertainty that follows Poisson statistics. If the number of photo-
electrons in a given pixel is # (the signal), then the uncertainty f on that number is

√
# . A fundamental

concept in astronomy is the signal-to-noise ratio, sometimes expressed as SNR or S/N. If the signal is
from the source only then we are only limited by photon noise and the signal-to-noise ratio is then

SNR = #/
√
# =

√
#. (2.31)

In practice, # contains contributions from all sources, not just from the astronomical source. Some
important “white” noise sources are the sky background, read-out noise, and dark current (Haswell 2010).
In practice the contributions from these sources to the signal is removed in post-processing, but their
uncertainty still remains. The SNR is then

SNR =
#star√

#star + #sky + #read + #dark
. (2.32)

Modern instruments typically produce very low read-out noise, and are frequently cooled down to
cryogenic temperatures to minimise dark current. The dominant source of noise in many cases is then
that from the object itself such that the signal is photon noise limited.

2.3.2 Correlated noise models

The noise sources in the previous Section are so-called “white” noise, i.e. it is Gaussian and therefore
independent between each measurement. Although individual measurement errors are well described by
Gaussian noise (due to counting statistics), other environmental and astrophysical processes can introduce
signals into the data that are correlated. These signals are not typically accounted for in simple transit
and radial velocity models, and not taking these effects into account can lead to retrieved parameters that
deviate significantly from their true values.

The simplest approach to “dealing” with this problem is to assume that the individual measurement
errors are underestimated, and therefore allow for an additional error term fjitter in the fit. This error
term is often referred to as the “jitter” and is added in quadrature to the normal measurement errors,
i.e. B2 = f2 + f2

jitter. For data that is in relative units (e.g. transit light curves) rather than absolute
(e.g. radial velocities), the adjusted parameter is an error scaling term such that the total error is now
a vector, B2 = f2 + 5 (G, ))2f2

jitter where 5 (G, )) is the (transit) model generated by a set of parameters
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) . Allowing for a jitter term adjusts the uncertainty on the measurements to reconcile the model with
the data, even if the model does not capture the correlated signal. This will not be adequate if correlated
noise is significant, but including a white noise term is in most cases recommended anyway given the
formal uncertainties are typically calculated from photon noise, which is a best-case scenario.

Transit light curves captured with ground-based telescopes can have correlated signals over timescales
of the night or shorter due to observing the star at different airmass, fluctuations in sky brightness, and
movement of the target star on the CCD. In these cases a common approach is to model these variations
using a combination of low order (1-3) polynomials using the sky brightness count, airmass, target pixel
G and H positions, and/or aperture FWHM as the independent variable (e.g. Delrez et al. 2014; Hodžić
et al. 2018). Another frequently used method is to divide a light curve into several smoothly varying
chunks that are each modelled with a cubic spline, which can offer great flexibility if one is not concerned
with removing astrophysical variability.

A relatively recent method for modelling a range of correlated signals in exoplanet data is the use of
Gaussian processes (GPs) (Rasmussen & Williams 2006; Roberts et al. 2013). Exoplanet transit light
curves and radial velocity data may exhibit complex astrophysical, instrumental and environmental signals
that are challenging or impossible to model with traditional parametric models. In these areas, GPs offer
a flexible model that can be used to model stellar activity and rotation (Haywood et al. 2014; Gillen et al.
2014; Rajpaul et al. 2015; Grunblatt et al. 2015; Angus et al. 2018), stellar pulsations (Farr et al. 2018;
Kunovac Hodžić et al. 2021), or a range of signals in exoplanet data believed to be of non-astrophysical
origin (Suárez Mascareño et al. 2020). Stellar signals such as rotation are quasi-periodic due to evolving
spot groups, and modelling the spot locations, sizes and temperature contrasts is a highly degenerate task
(Ikuta et al. 2020). Light curves obtained with space telescopes can have complex correlated signals due
to the changing attitude and orbit of the spacecraft, which is also difficult to correct for (Stevenson et al.
2012; Luger et al. 2016).

These signals and others can all be well described by Gaussian processes, which is a method by which
the signal is parametrised by the covariance between data points. A suitable covariance kernel function
Q (G8 , G 9) is adopted given the characteristics of the data, which defines the covariance between any two
locations G8 and G 9 . In time-series analysis G might represent time, and the covariance elements might be
determined by how much time has passed in between each observation, i.e. |G8 − G 9 |, so that points that
are closer in time are more correlated than those that are far apart. An example of a covariance function
is the widely used squared-exponential kernel (Roberts et al. 2013)

: (G8 , G 9) = � exp
[
−

( G8 − G 9
g

) 2
]
, (2.33)

where � and g are hyperparameters that represent a characteristic amplitude and timescale for the signal,
respectively. The GP is also characterised by a mean function `, which in this context might represent
a transit light curve model or a radial velocity curve. The prior distribution of the GP then contains any
function drawn from the multivariate Gaussian distribution given by N(`, Q), where Q is the covariance
matrix given by Equation 2.33. The GP is therefore a distribution over functions which allows incredible
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flexibility in the model given just a few hyperparameters for the covariance function, in this case � and g.
The prior distribution is then conditioned on the observed data to get the predictive distribution of the GP.
The hyperparameters can be adjusted in a fit by calculating the marginal log likelihood (Rasmussen &
Williams 2006), which is marginalised over all function values from the posterior predictive distribution.

2.3.3 Goodness of fit, parameter estimation, and model selection

We will now consider the process of adjusting model parameters to obtain the best fit to data. In the
simplest case we determine a goodness-of-fit statistic such as the j2-statistic (pronounced chi-squared,
Andrae et al. 2010)

j2 =

#∑
8=1

(
38 − 5 (G8; ))

f8

) 2
, (2.34)

where the subscript 8 denotes the 8-th index of the data consisting of # measurements, and 3 and f
denote the data and measurement error, respectively. This can represent either brightness measurements
or radial velocities as discussed previously in this Chapter. The function 5 (G8; )) is generated from a
parameter vector ) and has the independent variable G, which typically represents time since we have thus
far mostly worked in the time domain. In the case of simple linear regression we have ) = {0, 1} and
5 (G; 0, 1) = 0G + 1. The j2-statistic computes the residuals given a best-fitting model, normalised by the
measurement uncertainties f which are assumed to be independent and normally (Gaussian) distributed.
The probability distribution of the residuals from the j2 statistic then follows a j2-distribution of :
degrees of freedom, which is a special case of the gamma function (Gelman et al. 2003). When the
number of data points # is large, : ≈ # and the distribution approaches the normal distribution.

In some cases one may only be interested in the best-fitting model (maximum likelihood) to the data in
order to find some parameter(s) of interest. This involves minimising Equation 2.34, i.e. finding the set of
parameters that generates a model that minimises the dispersion in the residuals. In practice this is done
by an iterative procedure whereby a user specifies an initial guess for ) , and each parameter is iteratively
displaced by some value in order to search the parameter space for minima of the j2-statistic (Gelman
et al. 2003). If the initial guess is reasonably close to the global minimum, least squares minimisation
procedures such as the Levenberg-Marquardt algorithm (Moré 1978) can be fast and robust. The python
package scipy (Virtanen et al. 2020) implements several algorithms for least squares minimisation.

Another important use case of statistical inference is to do model comparison, i.e. hypothesis testing
(Andrae et al. 2010). For example, given a radial velocity data set of # points, does the data favour an
eccentric orbit, or a circular one? How many planets? Alternatively, when we are working very close
to the noise, does the data contain a statistically significant signal or is it commensurate with a random
realisation of noise? The j2-statistic also gives a way of quantifying the significance of a detection
compared to the null hypothesis where the signal is purely due to chance. Given a measurement of j2

with : degrees of freedom, the chance probability can be calculated using online calculatord. If needed
de.g. https://www.fourmilab.ch/rpkp/experiments/analysis/chiCalc.html
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and if : is large, the chance probability may then be used to estimate the significance in units of standard
deviations of a normal distribution using an online tablee.

Within various areas of astronomy the reduced j2-statistic (j2
red) has traditionally taken center-stage

in determining the goodness of a fit and in model comparison (Andrae et al. 2010). The reduced chi-
squared is obtained by dividing the j2 by the degrees of freedom, : . A j2

red = 1 indicates the model
provides a good fit, j2

red > 1 is taken to mean a bad fit, and j2
red < 1 is an overfit, i.e. the model is too

complex for the data. The problem with j2
red is in knowing what : is. For a data set with # measurements

described by a model with ? parameters, the degrees of freedom is usually assumed to be : = # − ?. As
pointed out by Andrae et al. (2010), however, this is only true for linear models where the basis functions
are linearly independent. Both limb-darkened transit models and radial velocity models are non-linear,
which makes effective number of independent parameters and hence : impossible to estimate, this is
especially true if priors are applied (Andrae et al. 2010). Moreover, j2

red inherits the uncertainty from the
measurements, which is not typically taken into account when reporting j2

red. For large # , the uncertainty
on j2

red is
√

2/# , which can be significant for small datasets (Andrae et al. 2010). As a result the reduced
chi-squared can be a poor estimate of the goodness-of-fit and model comparison.

Another metric for model selection — one that is frequently used throughout this thesis — is the
Bayesian Information Criterion (BIC, Schwarz 1978a). The BIC is defined as

BIC = ? ln # − 2 lnLmax, (2.35)

where ?, # are defined as above, and Lmax is the maximum likelihood under a likelihood function
(Gelman et al. 2003). For most applications in exoplanet science the Gaussian likelihood function is
used (Equation 2.38) so that Lmax is obtained by essentially minimising j2 in Equation 2.34. The BIC
alleviates some of the issues with j2

red as it is independent of the priors. However, it is only valid when
# � ? and is therefore not reliable for small datasets. The BIC compares two models with different
number of parameters ? under the same likelihood function. It is a metric that quantifies the improvement
of a fit obtained by using a more complex model (increasing ?), but is penalised by introducing more
free parameters. One example of this is to compute the BIC for a circular model vs. an eccentric model
(which also fits for 4 and l). The lowest BIC is preferred, and implies a better fit, a model with fewer
parameters, or both. The BIC is closely related to the Akaike Information Criterion (AIC), but has a
stronger penalty on ? than AIC.

2.3.4 Bayesian inference with Markov chain Monte Carlo

In many practical applications one is not only interested in the parameters ) that produce the best-fitting
model (the model that minimizes j2), but also the uncertainty on each parameter by taking into account
the uncertainty of all other parameters and the correlations between them (i.e. marginalisation). This is
commonly achieved with Markov chain Monte Carlo (MCMC) methods which operate on principles of

ee.g. http://www.z-table.com
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Bayesian probability. Bayes’ theorem states that the log probability that the parameters ) = {\0, \1, ..., \=}
describe the data H is given by (Gelman et al. 2003)

log probability︷      ︸︸      ︷
ln ?() | H)

∝

∝

log prior︷  ︸︸  ︷
ln ?())

+

+

log likelihood︷         ︸︸         ︷
ln ?(H | G, )), (2.36)

where the first and second terms are the natural logarithms of the prior and likelihood, respectively.
Bayes’ theorem therefore offers an elegant way of combining our prior beliefs of a parameter and using
new data to update our knowledge. Parameter estimation is carried out in several steps.

(i) A set of parameters {\0, \1, ...\=} is generated, where each \8 is drawn from a prior distribution
which is parameter-dependent. Prior distributions incorporate any information we have on a parameter
before we have seen the data. In exoplanet data modelling each parameter commonly has some physical
significance and should therefore be restricted to physical values. As an example, imagine we are
modelling a radial velocity curve which is a function 5 (C, )) where ) = {%, C0,  , W, fjitter} and we have
implicitly set 4 = 0. The radial velocity semi-amplitude  is defined to be positive, so a prior distribution
for  could be the uniform distribution between [0,∞), though in practice the upper limit can safely be
set to a finite value and can be informed by e.g. the absence of a secondary spectrum, which translates to
a rough limit on the companion mass and hence  . A uniform prior just discards parameter draws that are
outside the bounds and do not inform the log probability since all values within the uniform distribution
are equally probable. These types of priors are sometimes called non-informative priors, but in reality
all prior distributions carry some kind of information. Alternatively, the orbital period % may already
be known precisely from several transit light curves, in which case a Gaussian prior distribution may be
justified for % with mean and standard deviation given from the transit light curve analysis. In this case
the log prior probability is informed by how far the random variable %draw is from the expected mean
value `% scaled by its standard deviation f%, i.e.

ln ?(%) = −1
2

(
%draw − `%

f%

) 2
(2.37)

(ii) The parameters ) are used to generate a model 5 (G, )) that is compared to the data H. In the
Bayesian framework we use a likelihood function to compute the likelihood that the observed data H with
Gaussian variance B2 is a random realisation of the mean function (model) 5 (G, )). Most commonly the
Gaussian likelihood function is adopted, which reads (Gelman et al. 2003)

ln ?(H | G, )) ≡ lnL = −1
2

#∑
8=0

[
(H8 − 5 (G8 , )))2

B2
8

+ ln (2cB8)
]
. (2.38)

The measurement uncertainty B is defined as in Section 2.3.2 and can include a white noise scaling term
in addition to the formal measurement uncertainties. Keen readers may recognise that first term within
the bracket of the likelihood function is the j2 as defined in Equation 2.34.

(iii) The log posterior probability in Equation 2.36 is computed by summing the prior probability for
all parameters together with the likelihood of each measurement under the current model. The new log
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posterior probability is then compared to the previous value to evaluate whether the current parameters are
a better fit to the data and new parameter draws are then informed by whether the likelihood increases or
decreases. Steps (i) – (iii) are repeated several thousands or millions of times (Monte Carlo sampling) to
form a Markov chain. Once the chain has converged the equilibrium distribution represents the posterior
probability distribution of all the parameters, i.e. all combination of parameters that are compatible with
the data (Gelman et al. 2003). The exact details of how each Markov chain accepts or rejects steps,
and how it responds to variation in the log probability depends on the specific MCMC sampler; the
details of which are outside the scope of this work. The two samplers that are used in this thesis are the
affine-invariant ensemble sampler (Goodman & Weare 2010) and the No-U-Turn Sampler (Hoffman &
Gelman 2014). The former sampler is implemented in the widely used python package emcee, whereas
the latter is implemented in the probablistic modelling framework pymc3.

2.4 Software developed during this thesis

2.4.1 amelie: Bayesian inference of light curves and radial velocities of transiting
exoplanets and eclipsing binaries

Motivation

When I first started my doctorate degree in September 2017 my supervisor and I had not yet settled on
a definitive topic. The reason for this was due to the fact that I had been granted the luxury of choice,
which meant I felt like a child in a sweet shop and was unable to decide on a topic for the first six
months. In the first six to eight months of my PhD we therefore decided to take advantage of a couple
of opportunities that had recently presented themselves. The first opportunity was that in the few months
leading up to the start of my PhD the SPECULOOS Southern Observatory in Paranal, Chile — where
Birmingham is a partner institution — had discovered an eclipse in the light curve of a known field
brown dwarf. Follow-up spectra of this system determined that these were in fact two brown dwarfs of
near equal mass orbiting each other, which would make it only the second known eclipsing brown dwarf
binary system. I began working on the data for this system, which meant that I needed to write a code that
had the capability of performing MCMC analyses using light curves and radial velocities of binary stars
(Chapter 3.1). While there was no shortage of publicly available eclipsing binary models at the time (e.g.
JKTEBOP; Southworth 2013), the binary star community relied on old codes that were written in Fortran
or C. The exoplanet community consists of a relatively young crowd owing to the research field itself
being only a few decades old, and as a result the python programming language has become the standard.
The few binary star light curve models that did include a python interface (e.g. ellc, Maxted 2016;
eb, Irwin et al. 2011) for the most part lack MCMC capability and/or flexibility in including additional
models for light curve detrending.

The second opportunity was a transiting brown dwarf companion to a Sun-like star discovered by
the WASP survey, where my supervisor was a team member and had led follow-up efforts for some time
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already. This would be the second project I would work on in my PhD (Chapter 3.2). The brown dwarf in
this system is faint compared to the host star, which means the system is modelled as a single-line binary,
similar to exoplanet systems. Several publicly available limb darkened transit models had become popular
at the time (e.g. batman, Kreidberg 2015), but these did not generally come with MCMC capability,
and those that did, such as EXOFAST Eastman et al. 2013 required an IDL license and lacked support for
modelling multiple planet systems.

There was therefore a need for a flexible fitting code with MCMC capabilities that could (i) fit eclipse
light curves of double-lined binaries and their radial velocities, either separately or jointly, and (ii) fit
transit light curves and radial velocities of exoplanet systems (single-lined binaries), either separately
or jointly, with support for multiple planets, and (iii) do ground-based light curve corrections for sky
background, airmass, and others. In response to these needs I started developing a piece of software that
I named amelie. amelie is based on several publicly available software packages. The light curves and
radial velocity models are computed using the eclipsing binary light curve model ellc (Maxted 2016),
which is a Fortran-compiled code with a python front-end. The MCMC sampling is carried out by the
widely used emcee package, which is a python implementation of the affine-invariant ensemble sampler
by Goodman & Weare (2010).

amelie has gone through a series of changes since its initial version. The very first version was
written for the analysis of double-lined binaries (Triaud et al. 2020, Chapter 3.1), with functionality for
single-lined binaries/exoplanets added for the work outlined in Hodžić et al. (2018) (Chapter 3.2). In
my next project I analysed the Rossiter-McLaughlin effect in TRAPPIST-1 observed with CARMENES
(Chapter 4.1), which saw the added support for modelling orbit of multiple planets, and the Rossiter-
McLaughlin effect using the Ohta et al. (2005) model implemented in ellc. Finally, functionality to add
Gaussian process regression with celerite was added for the work published in Kunovac Hodžić et al.
(2021) (Chapter 4.2.1).

As one can imagine, adding all this functionality to a software risks making the code bloated and
hard to maintain, and this was exactly the case with amelie after some time. With new functionality
came also difficulty to uphold backwards compatibility due to a code structure that did not scale very
well to larger projects. These first versions also used a parameter file in the yaml format as input to the
fit, which specified parameters, priors, data files, and everything else for the fit. Modern coding is now
frequently carried out within the jupyter ecosystem, which is clunky for a code based on input edited
within a text file. For these reasons, amelie underwent a complete revamp of the code structure and was
re-written from scratch (several times in fact). It is now more similar to a scripting language found in
other open-source codes in the exoplanet community, such as astropy, lightkurve, and exoplanet (see
example below). This allows for a more stable code that should be more amenable to new functionality,
but this also means that some of the previous features in amelie such as certain light curve detrending
functionality and Gaussian process regression has not yet been implemented in this new version. The
current version of amelie — which is not yet intended for public use — can be found on Github.f

fhttps://github.com/vedad/amelie
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Example guide

As an example of using amelie I will here demonstrate how the code was used to analyse a TESS light
curve of the low-mass eclipsing binary system J0113+31 as part of the work published in Swayne et al.
(2020).

We start by importing some basic packages and amelie, and define some initial parameters taken
from the original discovery paper of this system (Gómez Maqueo Chew et al. 2014).

1 import numpy as np

2 import amelie

3

4 guess = {

5 "period" : (14.28052, 0.003), # value and initial error

6 "tpri" : (1778.70064, 0.0002),

7 "k" : (0.1558824, 0.0008),

8 "rsum" : (0.0616481, 0.00075),

9 "J" : (0.06827, 0.0025),

10 "fs" : (-0.5480691, 0.01),

11 "fc" : (0.0874486, 0.002),

12 "cosi" : (0.01575, 0.001),

13 "jitter" : (80e-6, 20e-6),

14 "ustar" : [0.4, 0.3]

15 }

Next we name the primary star for internal bookkeeping, create a limb darkening object and assign
it to a photometric band we call tess, which we are going to use when specifying the photometric data
later.

1 primary = amelie.Primary(name="J0113+31")

2

3 ld = amelie.Power2LimbDark(guess["ustar"])

4 primary.add_channel(’tess’, ld)

Now we define a companion and its parameters. Each parameter is given a ‘value‘ and nothing more
if the parameter should be fixed. If the parameter should be fit, an initial ‘error‘ is given which is used
to disperse the MCMC walkers around ‘value‘. If the parameter is fit, the upper and lower ‘bounds‘ can
be specified, and/or Gaussian priors by using the keywords ‘mu‘ and ‘sd‘ for the mean and uncertainty,
respectively.

1 companion = amelie.Companion(name="{0}b".format(target))

2

3 companion.set_parameter(’P’, value = guess["period"][0],

4 error = guess["period"][1],

5 bounds = (period -0.1, period+0.1)

6 )

7 companion.set_parameter(’Tpri’, value = guess["tpri"][0],

8 error = guess["tpri"][1],

9 bounds = (guess["tpri"][0]-0.05, guess["tpri"][0]+0.05)
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10 )

11 companion.set_parameter(’k’, value = guess["k"][0],

12 error = guess["k"][1],

13 bounds = (0.1, 0.2)

14 )

15 companion.set_parameter(’rsum’, value = guess["rsum"][0],

16 error = guess["rsum"][1],

17 bounds = (0.03, 0.08)

18 )

19 companion.set_parameter(’J’, value = guess["J"][0],

20 error = guess["J"][1],

21 bounds = (0, 0.2)

22 )

23 companion.set_parameter(’cosi’, value = guess["cosi"][0],

24 error = guess["cosi"][1],

25 bounds = (0, 0.15)

26 )

27 companion.set_parameter(’f_s’, value = guess["fs"][0],

28 error = guess["fs"][1],

29 bounds = (-1, 1)

30 )

31 companion.set_parameter(’f_c’, value = guess["fc"][0],

32 error = guess["fc"][1],

33 bounds = (-1, 1)

34 )

35

36 # Set a requirement that it has to eclipse

37 companion.set_parameter(’b’, bounds=(0, 1+k))

38

39 # Companions is a list to accommodate additional companions in the case of multiple planets

40 companions = [companion]

41

42 system = System(primary=primary, companions=companions)

The ‘system‘ object brings together the different companions and their orbits, and tracks their parameter
values as they are updated in the MCMC sampling, and directly computes the log posterior probability
given the priors and data.

Finally, we assign data to our model and specify some options in the fitting. Note that the variables
x,y,yerr are not defined within the current scope, but represent arrays for the time stamps, normalised
flux, and uncertainty, respectively. The ‘in_transit‘ flag only computes the model values in-transit
and interpolates values outside, which speeds up the computation. The exposure time ‘t_exp‘ can be
set to correct for finite integration time, with the related ‘oversample‘ option which determines the
number of points to oversample each exposure. For modelling out-of-transit variability, ‘knot_spacing‘
can be specified to a number in units of days, which uses cubic spline interpolation in segments of
‘knot_spacing‘ at each step in the MCMC.
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1 # Additional parameters for the light curve model

2 lckwargs = {

3 "in_transit" : True,

4 "t_exp" : 2/60/24,

5 "oversample" : 3,

6 "knot_spacing" : 0.5

7 }

8

9 # Extra white noise term for the TESS data

10 jitter = amelie.Parameter(’jitter’, value = guess["jitter"][0],

11 error = guess["jitter"][1],

12 bounds = (0, 1e-3)

13 )

14

15 system.data.add_light_curve(x, y, y_err=yerr, channel=’tess’, jitter=jitter, **lckwargs)

16

17 # Update some parameters that were defined after the instance creation

18 system.update()

The call to ‘add_light_curve()’ of the ‘data’ submodule adds the photometric light curve to be fit and
specifies which band it is such that is uses the correct limb darkening object specified before, as well as
a jitter term to inflate the uncertainties. This way if another sector of TESS data were to be included,
the new sector could have its own jitter term but the same limb darkening parameters, as one would
expect. Adding radial velocity data fitting to this system is easy easy and just requires two additional
calls. First, the semi-amplitude  needs to be fit in this case, which can be done in the same way as
the other parameters. Second, the radial velocity data needs to be specified, which can be done in a
similar way to the photometry, but this time calling the ‘add_radial_velocity()’ function of the ‘data’
submodule. The photometric and radial velocity offsets are calculated by default for each specified data
set using a weighted average of the residuals from the current model to the data.

Markov chain Monte Carlo sampling is then as easy as

1 walkers = 200

2 steps = 1000

3 system.sample(steps, walkers, threads=4) # ‘threads‘ specifies the number of threads used in

multiprocessing

After discarding the first 800 steps as burn-in, we can draw 50 random parameter samples from the
posterior distribution and see how it looks, shown in Figure 2.11.

1 plt.figure()

2 plt.plot(x, y, ’.’)

3

4 discard = 800

5

6 for i in range(50):

7 random_ints = np.random.randint(0,int(walkers*(steps-discard)))

8 p = system.sampler.get_chain(flat=True, discard=discard)[random_ints ,:]
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to March 2020. However, the completion of this project was at the time hindered due to the COVID-19
pandemic and wanting to move on to other projects, which is why it is not reported in this thesis. During
this time and since then several new codes started getting popular, such as juliet (Espinoza et al. 2019),
exofastv2 (Eastman et al. 2019), allesfitter (Günther & Daylan 2019), and exoplanet (Foreman-
Mackey 2019). The first two of these are widely used for exoplanet analysis and have limited or no support
for binaries. allesfitter is built on the ellc eclipsing binary model similar to amelie, but implements
nested sampling (Speagle 2020), MCMC sampling (Foreman-Mackey et al. 2013), and various other
functionality. exoplanet implements most of the functionality that amelie was set out to do, especially
when support for secondary eclipses and modelling detached eclipsing binaries was added in mid-2020.
The biggest strength of exoplanet is however the engine on which it was built — theano, now renamed
to aesara — which allows for building models in the pymc3 framework. This is an enormous benefit
because model building in pymc3 is dynamic, which means the user can add arbitrary (analytical) models
to the analysis of light curves or radial velocities, where other codes are relatively rigid and can only offer
those that are already implemented in the code. In addition, models in pymc3 have access to Hamiltonian
Monte Carlo samplers (e.g. NUTS; Hoffman & Gelman 2014) which offers a significant improvement
in convergence times over the sampler implemented in emcee. For these reasons I already started using
exoplanet in Kunovac Hodžić et al. (2021) and in several projects since then, including some parts of
Chapter 5.

exoplanet has lots of advantages for modelling exoplanet data and its repertoire is ever increasing.
Yet, the limb darkened transit model in exoplanet is analytical and the star is modelled as a sphere,
whereas eclipsing binary models such as ellc allows for non-spherical shapes due to tidal deformation
and can include the effects of ellipsoidal variation, spots, Doppler boosting, beaming, and reflection.
Therefore, there may still be a place for amelie in the future, providing the above features can be
implemented in user-friendly way to take full advantage of the ellc model.

2.4.2 olio: The reloaded Rossiter-McLaughlin method

Motivation, description and future vision

As outlined in Section 2.2.4, the reloaded Rossiter-McLaughlin method that was first introduced in Cegla
et al. (2016) implemented a new technique (though based on familiar principles) for the analysis of
cross-correlation functions from stabilised spectrographs. As we push towards studying the obliquities
of stars with small transiting planets (Chapter 4) new techniques such as this and future iterations of it are
expected to be important. This became clear in my analysis of the Rossiter-McLaughlin effect of cMen c,
outlined in Section 4.2.1, which is when I started developing a code for the reloaded Rossiter-McLaughlin
model which I eventually named olio. olio is being developed on Githubg and an initial public version
is available from the python Package Index, PyPIh.

ghttps://github.com/vedad/olio
hhttps://pypi.org/
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There are three main elements to reloaded Rossiter-McLaughlin analyses. The first part consists of
manipulating the CCFs in a series of ways to retrieve the local stellar light behind the planet (Section 2.2.4).
Some of the basic steps include normalisation and resampling (interpolation) of the CCFs to get the
difference between the reference CCF and in-transit CCFs. The second step consists of a fit to the local
stellar CCFs retrieved from the previous step, which finds the radial velocity of the stellar surface at each
epoch. The third step is modelling the surface radial velocities from the previous step which is a function
of the geometry of the star in relation to the line of sight and the planet’s path across the stellar disc
(Collier Cameron et al. 2010b).

Certain aspects of the first two steps could be implemented as helper functions in olio to simplify
the analysis for the user — this is in fact planned for subsequent releases. In general, however, very early
versions of olio demonstrated that a streamlined approach of feeding in a sequence of CCFs to the code
that will then spit out local surface velocities does not always work well for all data, and also has the
danger of making the code inflexible and a “black box”. For this reason, this approach is not implemented
in the current version. The preferred approach is instead to create comprehensive documentation (TBD)
to guide users through the necessary steps, and instead concentrate on providing the necessary models and
functions to perform the analysis, such as those found for e.g. lightkurve (Lightkurve Collaboration
et al. 2018), exoplanet (Foreman-Mackey 2019) and numerous other codes.

The third and final step is not unique to the reloaded technique, it is in fact a necessary ingredient for
all Rossiter-McLaughlin models since all require the sub-planet velocity during transit (Ohta et al. 2005;
Hirano et al. 2011; Boué et al. 2013; Cegla et al. 2016). Yet I was surprised to find that I was unable
to locate any public python code which implemented the necessary equations for just returning stellar
surface velocities. For this reason, version 0.0.1 of olio is a bare-bones implementation of a model that
calculates the stellar surface velocity over the transit chord. Future releases of olio will build on this to
include several widely-used velocimetric Rossiter-McLaughlin models, such as those in Giménez (2006),
Hirano et al. (2011), Boué et al. (2013), which to my knowledge are not publicly available in the python
language from any other code as of yet.

Various versions of olio has been used in Kunovac Hodžić et al. (2020) and Kunovac Hodžić et al.
(2021) which are outlined in Chapters 6 and 4.2, respectively, as well as the article in preparation in
Chapter 5.

Example guide

In the following I demonstrate some of the features of olio v0.0.1. Computing a model of the stellar
surface velocity along the transit chord starts with creating an instance of the Orbit class. At each phase
(epoch) x, a grid is created underneath the planet which is used to determine the brightness-weighted
quantities according to a chosen limb darkening law. The brightness-weighted stellar velocity along
the transit chord due to rotation can then be computed by a call to get_rotational_velocity(), for a
combination of the stellar equatorial velocity v_eq, the projected obliquity ell, stellar inclination i_star
and latitudinal differential rotation factor alpha. A contribution from convective blueshift can also be
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included, which is expressed as a linear or quadratic polynomial function of the brightness-weighted `.
Some examples of the models generated from the below code are shown in Figure 2.12.

1 import numpy as np

2 import olio

3 import matplotlib.pyplot as plt

4

5 orbit = olio.Orbit(aor=10, ror=0.1, i_pl=89)

6 ustar = [0.4, 0.3] # quadratic limb darkening coefficients

7 x = np.linspace(-0.02, 0.02, 100) # orbital phase

8

9 # compute velocity model due to rotation

10 v_rigid_rot = olio.QuadLimbDark(ustar).get_rotational_velocity(

11 orbit=orbit, x=x, v_eq=3, ell=45

12 )

13 v_diff_rot = olio.QuadLimbDark(ustar).get_rotational_velocity(

14 orbit=orbit, x=x, v_eq=3, ell=45, i_star=60, alpha=0.2

15 )

16

17 # compute convective blueshift

18 v_cb_lin = olio.QuadLimbDark(ustar).get_convective_velocity(orbit=orbit, x=x, c=[0.3])

19 v_cb_quad = olio.QuadLimbDark(ustar).get_convective_velocity(orbit=orbit, x=x, c=[0.3, 0.1])

20

21 # create plot

22 ax = plt.figure(figsize=(7.5,4)).subplot_mosaic(

23 """

24 AB

25 """, gridspec_kw={’wspace’:0.3}

26 )

27

28 ax[’A’].set_title(’rotation’)

29 ax[’A’].plot(x, v_rigid_rot , ls=’solid’, c=’k’, label=’rigid-body rotation’)

30 ax[’A’].plot(x, v_diff_rot , ls=’dashed’, c=’k’, label=’differential rotation’)

31 ax[’A’].set_ylim(-2, 2.5)

32

33 ax[’B’].set_title(’convective blueshift’)

34 ax[’B’].plot(x, v_cb_lin, c=’k’, ls=’dotted’, label=r’linear in $\langle \mu \rangle$’)

35 ax[’B’].plot(x, v_cb_quad , c=’k’, ls=’dashdot’, label=r’quadratic in $\langle \mu \rangle$’)

36 ax[’B’].set_ylim(-0.3, 0.2)

37

38 m = ~np.isnan(v_rot) # mask out-of-transit data for plot limits

39 [ax[l].set_xlabel(’phase’) for l in ax]

40 [ax[l].set_ylabel(’local surface velocity (km/s)’) for l in ax]

41 [ax[l].set_xlim(x[m].min(), x[m].max()) for l in ax]

42 [ax[l].legend() for l in ax]
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Figure 2.12: Demonstration of surface velocity models computed with olio for rotation (left) and centre-
to-limb convective blueshift variation (right). Left: The rigid-body model (solid line) is computed with
E sin 8★ = 3 km s−1, _ = 45°. The differential rotation model (dashed) is computed with Eeq = 3 km s−1,
8★ = 60°, _ = 45°, and U = 0.2. Right: The convective blueshift models are expressed as polynomials
in the brightness-weighted distance from the stellar centre, 〈`〉, with linear coefficient 300 m s−1 for the
linear model (dotted), and an additional quadratic coefficient of 100 m s−1 (dash-dotted).
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Discovery and characterisation of new
exoplanets and brown dwarfs

3.1 An eclipsing substellar binary in a young triple system discovered by
SPECULOOS

Parts of the following Sections are taken from my mid-course assessment (MCA) report submitted in
October 2018.

3.1.1 An unexpected discovery

The SPECULOOS observatory (Search for habitable Planets EClipsing ULtra-cOOl Stars) comprises
four 1 m class telescopes that survey a sample of ∼1000 late M dwarf stars and brown dwarfs to search
for rocky transiting planets. The facility is located at ESO Paranal Observatory, Chile, and has been fully
operational since late 2017 (Burdanov et al. 2018). In July 2017, one of the telescopes was monitoring
a brown dwarf during commissioning (hereafter 2M1510 A) known to have a companion on a wide
250 AU orbit (2M1510 B), when it detected a ∼4 % V-shaped dip in the brightness of the target lasting
about 90 min. A reconnaissance spectrum was obtained with the NIRSPEC instrument on the 10 m Keck
telescope revealed line splitting in the spectral lines, as shown in Figure 3.1. The spectrum confirmed
that 2M1510 A in fact consists of two near-equal brightness objects, and the 2M1510 system forms a
hierarchical triple. Given the signal in the SPECULOOS data, the inner binary was now known to be
inclined in such a way that they could eclipse each other. Only one other eclipsing brown dwarf binary
system is known to exist, so these objects are extremely rare (Stassun et al. 2006).

Eclipsing binary stars form the cornerstone for verifying stellar evolution models (Torres et al. 2010).
The same is true for evolution of substellar objects, though these models are much less observationally
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Figure 3.1: A spectrum of 2M1510 A taken with the UVES instrument on the VLT, revealing splitting at
the locations of the absorption lines at approximately 8186 Å and 8197.7 Å due to the composite spectrum
from both brown dwarfs. Note that there is an error in the wavelength label, the numbers are in units of
Å. The black line corresponds to the spectral data, the red line is the forward model, the blue line is the
residual of the fit with grey lines corresponding to the 1f uncertainties on the data. Figure by courtesy
of Adam Burgasser.

constrained (Baraffe et al. 2003). Brown dwarfs are hot as they form and contract, but quickly cool
down as they thermally radiate their energy away when contraction is stopped due to electron degeneracy
pressure in the core (Burrows et al. 1997). As a result the majority of known field brown dwarfs are
biased towards young objects. However, their mass and radius are typically obtained from comparing
their spectra and brightness to evolutionary models which carries large uncertainties. Eclipses ensure a
measurement of the orbital inclination, which enables an absolute determination of its mass and a radius
which can be used to calibrate brown dwarf cooling curves (Burrows et al. 1997).

3.1.2 Contribution

I started my PhD at Birmingham in September 2017, just months after the initial discovery of the eclipsing
nature of 2M1510 A. Over the past few years prior to this I had started to become increasingly interested
in exoplanets, so I was extremely excited to finally start my doctorate and work with Amaury, whom I
had met during my master’s thesis research. Over several conversations prior to working together he had
learned of my excitement about working on exoplanets and my goals. So high was his trust in my abilities,
in fact, that in my second week at Birmingham he asked me if I wanted to contribute to the paper on
the discovery on 2M1510, which we at the time already suspected could be submitted to a high-impact
journal. I maintained a high level of responsibility in this work that taught me an extraordinary amount
in my first six months, and I drew upon this experience in my next paper — which I did lead.

My primary role in this article was to obtain the brown dwarf and orbital properties by analysing
the eclipse from SPECULOOS and radial velocity data we obtained from the UVES and NIRSPEC
spectrographs. This work formed the foundation of the fitting code amelie, which is outlined in
Chapter 2.4.1. My contribution to the manuscript is outlined in the “Methods” section of the published
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radial velocity data) predicted another eclipse was narrowly missed with SPECULOOS by a matter of
minutes. The radial velocity data can not sufficiently constrain the data, and as a result, two main orbital
solutions existed. One was much more likely than the other, as shown in the second panel of Figure 3.3.
We carried out numerous photometric monitoring campaigns at predicted eclipse windows in an attempt
to detect another eclipse to precisely establish the ephemeris. For this we used SPECULOOS from
Chile, but also the MONET/South telescope, located in Sutherland, South Africa. We carried out this
campaign over two observing seasons, which ran from April to August of 2018 and 2019. Owing to the
long orbital period of the binary (∼20 days) there were few observable events from the ground so we did
not recover a second eclipse. Despite these non-detections, the flat light curves were still useful as they
ruled out certain solutions such that the uncertainty in the ephemeris shrunk. This is reflected in the final
parameters listed in Table 2 in the manuscript below.

Figure 3.3: The two panels show the brightness of 2M1510 A as a function of time with errors. The
green regions are possible orbital solutions within 2f. The first panel (left) shows the detected eclipse,
and the second panel (right) shows how a second eclipse was narrowly missed, leading to two distinct
orbital solutions, placing the eclipse either just before or after the observations.
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apply a colour-dependent correction to the photometry, based on the precipitable 
water vapour column, a value provided by the European Southern Observatory 
(ESO) at the site where SPECULOOS is located, which allows us to correct for 
variations in extinction caused by humid ty. We further remove 155 frames where 
the background exceeds 2,000 counts, an unusually high value, probably caused by 
light cloud passage. The same procedure is applied for 2M1510A and 2M1510B. 
Our resulting lightcurves (Supplementary Fig. 1) contain 6,423 measurements and 
are stable within 3% over 75 days with no discernible frequency. The only feature of 
note is the eclipse in the lightcurve of 2M1510A. Over a single night, the variability 
is typically <1%–2%. Larger variations are usually caused by cloudy weather, where 
our precipitable water vapour correction is no longer effective.

Spectral and gravity classification of 2M1510A and 2M1510B. We obtained and 
analysed new low-resolution near-infrared spectra for 2M1510A and 2M1510B 
obtained w th the SpeX spectrograph on the National Aeronautics and Space 
Administration (NASA) Infrared Telescope Facility34. Prism-dispersed spectra 
spanning 0.8–2.45 µm at a median wavelength resolution of λ/Δλ = 120 were 
obtained on 2015 July 2 (1510A) and 2016 May 28 (1510B) (Principal Investigator 
D.B.G.), and reduced using the SpeXtool package35,36 following standard 
procedures. These data were compared to both ‘field' spectral standards37 and 
low-surface gravity M and L dwarf standards38,39. Supplementary Fig. 2 shows the 
best matches, which for both components is the M9 𝛾 (very low surface gravity) 
standard TWA 2616. The spectra of both 2M1510 components are slightly bluer, 
and have a weaker 1.05-µm VO band, than the spectrum of TWA 26, consistent 
with an older age than this 10-Myr-old standard40,41. We also evaluated gravity-
sensitive spectral indices38 for both spectra, and find them to be consistent with 
an intermediate-gravity (INT-G) classification, which equates to an age of the 
order of 100 Myr8,38. Thus, both components have spectra consistent with young, 
low-surface-gravity brown dwarfs at an age roughly consistent with the Argus 
association9.

Hα emission for 2M1510A was measured in each of the UVES spectra 
by first flux calibrating each spectrum to the combined-light absolute i-band 
magnitude of this source, Mi = 14.22 ± 0.02, based on photometry from PAN-
STARRS and astrometry from Gaia. We used the same magnitude to calibrate 
each spectrum, and hence ignore any intrinsic variability in the continuum 
emission. We then directly integrated the Hα profile after subtracting the 
local continuum to compute the total line flux and Hα luminos ty. We found 
a mean value of log10(LHα/L⊙) = −7.51 ± 0.19 for the 12 observations (range 
−7.90 ± 0.27 to −7.37 ± 0.15), with the scatter consistent with a common mean. 
Using the combined light luminosity of the pair based on the component 
luminosities computed below, log10(2Lbol/L⊙) = −2.90 ± 0.09, we infer 
log10(LHα/Lbol) = −4.61 ± 0.20. If the emission arises from just one component, 
then log10(LHα/Lbol) = −4.31 ± 0.20. These values are consistent with prior 
measurements42. The Hα line is broader than the velocity difference between the 
components, with a consistent full width at 10% maximum of 100 ± 10 km s–1, 
indicative of chromospheric activity. The relative weakness and breadth of the 
Hα line prevents us from determining which (or both) of the components may be 
contributing to the emission. If the emission does arise from one component (for 
example, the secondary), the empirical relations of ref. 12 would predict an effective 
temperature Teff decrease of 1%–4% and radius increase of up to 6%, corresponding 
to a flux ratio (0.89–0.97) that roughly reproduces that inferred from the modelled 
UVES and NIRSPEC observations. However, as we cannot constrain the source 
of the emission, and as the relations12 are anchored to early- and mid-type field M 
stars as opposed to late-M young brown dwarfs, we cannot conclusively determine 
whether this is the source of the observed flux ratio.

Modelling of VLT/UVES spectra. Thirteen epochs of UVES21 spectra were 
obtained between 2017 August 15 and 2018 March 21 (Universal Time, ut) 
through VLT programs 299.C-5046(A) and 2100.C-5024(A) (Principal Investigator 
A.H.M.J.T.). The standard UVES configuration was used with a 0″504′ slit and 
dispersions centred on 437 nm (blue channel) and 760 nm (red channel) with 
resolutions λ/Δλ = 65,000 (blue channel) and λ/Δλ = 74,000 (red channel). The data 
were reduced using the ESO UVES pipeline43. One of the epochs (2018 February 
3) was obtained in poor conditions, and was not included in our analysis; the 
remaining observations had average signal-to-noise ratios (S/N) of 6–10 in the red 
channel and no detection in the blue channel44,45.

The S/N of the UVES data only rises above 5 for λ > 800 nm, and occasionally 
exceeds 10 in regions centred at 815 nm, 825 nm, 885 nm, 898 nm, 912 nm, 925 nm 
and 938 nm. The S/N peaks at these wavelengths owing to the blaze pattern of the 
échelle. We measured radial velocities at the 819 nm Na i doublet, which is between 
the first two ‘high S/N' peaks. We note that the S/N of each spectrum differs 
owing to variations in observing conditions. In the best spectrum, 30% of the data 
longward of 800 nm has S/N > 10; in the worst spectrum, none of the data rises 
above this level.

The extracted spectra were forward-modelled using an MCMC algorithm44,45 
that is integrated into the SpeX Prism Library Analysis Toolkit (SPLAT)46. The 
modelling was restricted to the 818–820 nm range, which covers the 2p63p  
(2P0 J = 1/2, 3/2) → 2p63d (2D J = 3/2, 5/2) Na i doublet. Data were initially 
shifted to the telluric rest frame by cross-correlating superimposed telluric H2O 

absorption features in the neighbouring continuum (815–818 nm) to a telluric 
transmission spectrum T0(λ)47. We computed an observed telluric transmission 
spectrum for each epoch as a function of wavelength λ of the form T(λ) = T0(λ)α 
⊗ fG(Δλres), where α is an exponential scaling factor, ⊗ denotes convolution, and 
fG(vres) is a Gaussian broadening kernel with width Δλres = λvres/c; vres was found to 
be 5.8 ± 0.4 km s–1 in the continuum region. The telluric model was divided out of 
the data, with the cores of strong telluric absorption lines (transmission <70%) 
masked. We note that in the four 2018 epochs, the telluric lines overlap with the 
Na i features; however, the breadth of the stellar features still allowed for robust 
modelling of the data.

The forward model for the data is described as:

λ½  ¼ C λ½  ´ 1þ Coffð Þ ´ M1 λ*1
� �

;Teff ;1; log10g1
� �

 fV v sin i1ð Þ
�

þf2 ´M2 λ*2
� �

;Teff ;2; log10g2
� �

 fV v sin i2ð Þ
�
 fG Δλresð Þ

Here, M1 and M2 are BTSettl08 models48 for the primary and secondary 
atmospheres with temperatures Teff,1 and Teff,2 (in kelvin) and log surface grav ties 
log10g1 and log10g2 (in centimetres per second squared), respectively; and 0 < f2 < 1 
is a scaling factor to account for the relative flux of these models. The model 
wavelength vectors λ*

1 and λ*
2 are defined as:

λ*1 ¼ λ ´ 1þ RV1 RVbary tð Þ þ RVshift
� �

=c
� �

λ*2 ¼ λ ´ 1þ RV2 RVbary tð Þ þ RVshift
� �

=c
� �

where RV1 and RV2 are the heliocentric radial velocities of the primary and 
secondary, RVbary is the barycentric velocity of the system at the observing epoch 
(t), and RVshift is a nuisance parameter to adjust for zero-point wavelength shifts, all 
in units of kilometres per second. The model spectra were each convolved with a 
rotational broadening kernel fV(vsini) for projected rotational velocities vsini1 and 
vsini2 (in kilometres per second) for the primary and secondary, respectively, using 
a limb darkening parameter ε = 0.6 (ref. 49). The combined spectrum was convolved 
with a Gaussian broadening profile fG(Δλres) as described above. Coff is a nuisance 
parameter allowing for an additive offset to the flux (for example, owing to residual 
background emission), while C(λ) is a 6th-order polynomial used to match the 
continuum between model and data.

The full model nominally consists of 20 free parameters; however, the 7 
parameters of C[λ] were fitted at each comparison step, RVbary is pre-determined 
for each observing epoch, and Δλres was adopted from the initial fit of telluric 
absorption in the neighbouring continuum. Furthermore, to improve convergence 
we varied the parameters f2, vsini1, and vsini2 only for data from epochs 2017 
August 15, 21 and 22, when the velocity separation of the two components was 
greatest. These values were consistent with each other and yielded means of 
f2 = 0.827 ± 0.013, vsini1 = 8.7 ± 0.3 km s–1 and vsini2 = 6.8 ± 0.6 km s–1. For the 
remaining epochs, we forced these three parameters to be fixed. Furthermore, 
given the near-unity flux ratio, we imposed the constraint Teff,1 = Teff,2 and 
log10g1 = log10g2, and constrained 2,000 K < Teff,1 < 3,000 K and 3.5 < logg1 < 5.5. The 
remaining 6 free parameters (Teff,1, logg1, RV1, RV2, RVshift, Coff) were determined for 
each spectrum through forward modelling.

After obtaining initial estimates for the model parameters by visual inspection, 
we deployed a Metropolis–Hastings MCMC algorithm50,51 with Gibbs sampling52 
and a modified Langevin Rule53 to optimize the fits and explore the parameter 
space. Owing to computational restrictions, we used a single MCMC chain of 
3,000 steps for each spectrum. At each step, a new value for a single parameter 
was proposed by drawing from a Gaussian distribution centred on the current 
parameter value and with a fixed (pre-determined) distribution width. We used 
the F-test cumulative distribution function FCDF(χ2

p/χ2
c, DOF, DOF) as our test 

condition, comparing the χ2 values between the current (χ2
c) and proposed (χ2

p) 
model w th degrees of freedom DOF = 750. The DOF is equal to the number 
of spectral data points between 818–820 nm (depending on telluric absorption 
masking) minus the number of fit parameters, which includes the 7 polynomial 
coefficients of C[λ]. The proposed parameter set was accepted if 2FCDF − 1 < U(0,1), 
where U(0,1) is a random number drawn from a uniform distribution between 0 
and 1. With this criterion, every model with smaller χ2 was accepted, while higher 
χ2 models were accepted based on the degree of deviation from the current model 
as measured by FCDF. We added an additional criterion to check if the chain was 
wandering significantly from the current best-f t solution by calculating F′CDF(χ2

c/
χ2

min, DOF, DOF) and requiring that F′CDF < 0.95; that is, that the chain is no more 
than 95% (2σ) away from the best-fit model. If this condition was violated, the 
chain was forced to return to the best-fit parameter set. This algorithm had a high 
acceptance ratio of 90%, implying that it efficiently explored the parameter space. 
Tests of shorter chains, as well as the final overall parameter distribution, indicate 
successful convergence for each parameter. The final parameters were determined 
as the median and 16% and 84% quantiles of the chain after removing the initial 
25% of samples to allow for convergence.

Supplementary Figs. 3 and 4 illustrate the best-f t spectrum and parameter 
distributions, respectively, for the spectrum obtained on 2017 August 21 (ut). 
A table summarizing the parameters inferred from each of the UVES epochs 
is given in Supplementary Table 1. In all fits, the best-fit χ2 is consistent with 
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accurate representation of the data given the fit DOFs, while global model variables 
Teff,1 = 2753 ± 196 K and log10g1 = 4.10 ± 0.24 are consistent between all 12 epochs. 
We note that individual epoch uncertainties in these parameters were increased 
to reflect the scatter in the measurements. There are no strong correlations in 
the posterior distributions between the inferred atmospheric parameters (Teff,1 
and log10g1) and component radial velocities, so these parameters are effectively 
decoupled.

Acquisition and modelling of Keck/NIRSPEC spectra. Seven epochs of 
observations of 2M1510A and three epochs of 2M1510B were obtained with Keck/
NIRSPEC20 between 2017 August 2 and 2018 June 3 (ut) (Principal Investigator 
A. J. B.). The observations were obtained using NIRSPEC’s high-resolution mode 
and N7 filter with e ther the 0″ 432′ wide slit (2017 August 2) or 0″ 288′ wide slit 
(all other epochs), providing coverage over 1.99–2.40 µm in 7 orders with average 
resolutions λ/Δλ = 25,000 (0″ 432′ slit) and λ/Δλ = 37,500 (0″ 288′ slit). Spectral 
data were extracted using a custom modification of the REDSPEC code54, which 
includes spatial and spectral rectification, optimal extraction, and combination of 
AB pairs. Nearby A0 V stars were observed before or after 2M1510A and 2M1510B 
for telluric calibration and wavelength calibration (see below).

Our analysis focused on the 2.29–2.32 µm spectral region, which encompasses 
both strong CO absorption bands intrinsic to the stars and telluric H2O and CO 
features used to refine the wavelength calibration. The data for 2M1510A were 
forward-modelled in the same manner as the UVES data, with the exception that 
H2O and CO telluric absorption features were left unmasked in the data, and the 
forward model included the telluric transmission function. The forward model 
took the form:

D λ½  ¼ C λ½  ´ 1þ Coffð Þ´ T0 λ½ α ´ M1 ½λ*1;Teff ;1; log10g1
� �

 fV v sin i1ð Þ
��

þf2 ´M2 λ*2
� �

;Teff ;1; log10g1
� �

 fV v sin i2ð Þ
��

 fG Δλresð Þ

with parameters as described above. Since the data are of too low a resolution 
to measure vsini for either component, we fixed these parameters to the best-
fit values from the UVES data, and again assumed common temperatures and 
surface gravities. Additionally, we only fitted f2 for data with the maximum veloc ty 
separations, on 2017 August 2, 2018 March 30 and 2018 June 2 (ut). This resulted 
in 8 or 9 free parameters (Teff,1, log10g1, f2, RV1, RV2, α, RVshift, Coff, Δλres) for each 
spectrum that was determined through MCMC forward modelling. As with the 
UVES data, we used a single MCMC chain with the evaluation metrics described 
above.

Supplementary Figs. 5 and 6 illustrate the best-fit spectrum and parameter 
distributions, respectively, for the spectrum of 2M1510A obtained on 2017 August 
2 (ut), and Supplementary Table 2 summarizes the parameter determinations 
for each NIRSPEC epoch. Again, the best-fit χ2 values were consistent with this 
model being an accurate representation of the data, and we found mean values of 
Teff,1 = 2755 ± 20 K, log10g1 = 5.17 ± 0.12 and f2 = 0.88 ± 0.07 to be consistent between 
the seven epochs. Both Teff,1 and f2 are consistent with the UVES observations, but 
log10g1 is significantly higher, suggesting that the models may be gravity-insensitive 
in this wavelength regime. We found no significant correlations between surface 
gravity and component radial velocities in our analysis.

For 2M1510B, we applied the same analysis using a single component model, 
which took the form:

D λ½  ¼ C λ½  ´ 1þ Coffð Þ ´ T0 λ½ α ´M λ*
� �

;Teff ; log10g
� ��

´ fV v sin ið Þg ´ fG Δλresð Þ

In this case, we left vsini as a free parameter, resulting in 8 free parameters 
(Teff, log10g, RV, vsini, α, RVshift, Coff,, Δλres) determined through MCMC forward 
modelling. Supplementary Figs. 7 and 8 illustrate the best-fit spectrum and 
parameter distributions, respectively, for the spectrum of 2M1510B obtained 
on 2017 August 2 (ut), and Supplementary Table 3 summarizes the parameter 
determinations for each NIRSPEC epoch and mean values. The average radial 
velocity inferred for 2M1510B, −12.0 ± 0.3 km s–1, is within 2σ of the systemic 
velocity of 2M1510A (see below).

Membership in the Argus association. Given the low-surface-gravity features 
present in the near-infrared spectra of 2M1510A and 2M1510B, and prior analysis 
indicating membership of 2M1510A in Argus8, we re-evaluated the spatial and 
kinematic alignment of these two sources with 29 nearby young associations using 
the Banyan Σ code55, updated to account for a new Argus membership analysis9. 
We adopted as systemic values the uncertainty-weighted averages of the radial 
velocities, and Gaia parallaxes and proper motions of the two components (Tables 
1 and 2). This analysis confirmed membership in the Argus association with 89% 
probability, versus the 11% probability of being a field star contaminant. The 
roughly 40 members of Argus have a mean distance of 72 pc from the Sun, and a 
consensus isochronal age of 40–50 Myr9,56,57,58. Hence, membership is consistent 
with the surface gravity classifications of the low-resolution spectra of 2M1510A 
and B, which are intermediate between VL-G (about 10 Myr) and INT-G (about 
100 Myr;38); as well as the age inferred from the evolutionary models based on our 
mass and radius constraints (Fig. 2).

Global analysis of the radial velocity and photometric data. The orbital and 
physical parameters of the 2M1510A binary were extracted by performing a global 
analysis of the radial velocities and photometry. We assumed that the motion of 
the stars followed Keplerian orbits, and considered both the Doppler variation in 
their radial motions and geometric obscuration during eclipse phases. Posterior 
probability distributions of the system’s parameters were obtained using a global 
MCMC. The binary lightcurve software ellc was used to generate orbital and 
lightcurve models22, and we employed the affine-invariant MCMC sampler emcee 
to explore parameter space23. We validated our approach14,59 by re-analysing data 
from the eclipsing binary system WW Aurigae60 and found a 1σ agreement with 
reported values.

The MCMC’s f tting parameters were: the orbital period P; the time of 
secondary eclipse Tsec; the sum of scaled radii r1 + r2 = (R1 + R2)/a, where R1 is the 
primary radius (defined as the most massive of the pair), R2 is the secondary 
radius and a is the semimajor axis; the cosine of the orbital inclination cosi; the 
eccentricity parameters √esinω and √ecosω, where ω is the argument of periapsis; 
and the radial velocity semi-amplitudes K1 and K2 for the primary and secondary, 
respectively. In addition, we used a linear regression at each MCMC step to 
calculate a normalization factor for each individual lightcurve, and a velocity offset 
for each component to marginalize over any difference. We also allow an offset for 
each spectrograph. We did not apply any specific prior to any of our parameters in 
our initial runs, but identified several simplifications with minimal impact on the 
results (see Methods section ‘Assumptions for the final orbit fit’).

An initial MCMC analysis of only the radial velocities provided initial estimates 
of the orbital period and non-zero eccentricity, and independently confirmed that 
the observed eclipse happened at superior conjunction near periastron. With these 
initial constraints, our full MCMC employed 200 walkers of 20,000 steps each, 
providing a good exploration of parameter space. The convergence of the chain 
was assessed using the Gelman–Rubin statistic61. All our parameters reached the 
recommended R-hat < 1.1, which is considered converged62. We thinned our chains 
by a factor of 200 due to autocorrelation and were left with 9,000 independent 
samples for each parameter. Quantiles at 16%, 50% and 84% are reported in 
Supplementary Table 4. We graphically represent the best solution and ts 2σ 
confidence region in Fig. 1. We converted our fitting parameters into physical 
parameters, and report them in Tables 1 and 2 and Supplementary Table 4.

Assumptions for the final orbit fit. We fixed a number of parameters in our 
final MCMC, after testing that they had no effect on the fit. As suspected from 
the grazing eclipse, all runs converged to an orbital configuration where the 
combination of low inclination and high eccentricity implied the absence of a 
visible primary eclipse. This means we cannot measure the ratio of eclipse depths, 
and hence the individual radii.

The surface brightness ratio, radius ratio, and limb darkening coefficients of 
the brown dwarfs remained unconstrained, resulting in flat posterior distributions. 
We verified this by comparing the Bayesian Information Criterion (BIC63), finding 
no instances where any combination of these parameters was preferred over fixing 
them (ΔBIC < 6). Consequently, we fixed the brightness ratio f2/f1 = 0.8, based on 
the spectroscopic flux ratios obtained from the UVES and NIRSPEC observations. 
The radius ratio is fixed to R2/R1 = 1 since the mass ratio is also compatible 
with unity. Further support for this assumption emerges from the Exeter/Lyon 
models3, where brown dwarfs of the age of Argus and within the mass ranges 
we infer, share the same size (see Fig. 3a). We adopt a quadratic limb-darkening 
law and determine its limb-darkening coefficients c1 and c2 with LDTk64. These 
coefficients were calculated using a stellar spectrum library65, integrating over a 
red-optical/near-infrared bandpass (I + z) attenuated by the quantum efficiency 
of SPECULOOS’s e2V deep-depleted detector, assuming evolutionary model 
parameters for our 45-Myr-old brown dwarf system: Teff = 2,400 K, log10g = 4.55, 
and [M/H] = 0.0. Although the stellar parameters may deviate slightly from these 
values, the limb-darkening coefficients are relatively insensitive over a wide range 
of temperature and surface gravity.

Our fit to the photometric data did not include detrending of the lightcurves. 
We attempted to detrend the photometric data by constructing a baseline model 
of time, sky background levels, FWHM changes in the PSF, and changes in 
pixel position x,y, using polynomials of degrees 1–3 for combinations of these 
parameters. For each baseline model we calculated the BIC, in which the lowest 
value would be preferred. For all data used in our analysis, we found that no 
photometric detrending was justified. We allow the f t to rescale our photometric 
and radial velocity uncertainties.

Bolometric luminosity and absolute JHK magnitudes. Absolute magnitudes M 
for 2M1510A were computed from apparent magnitudes m and the Gaia parallax 
distance d using the standard equation m – M = 5log10(d/10 pc). For 2MASS 
photometry, we infer combined-light absolute magnitudes of MJ = 10.02 ± 0.05, 
MH = 9.29 ± 0.04, and MK = 8.87 ± 0.04. Assuming both components have 
approximately the same near-infrared brightness, the corresponding component 
absolute magnitudes are MJ = 10.78 ± 0.05, MH = 10.05 ± 0.04, and MK = 9.63 ± 0.04.

To calculate the bolometric luminosity, we used the J-band bolometric 
correction relations of ref. 66, assuming a spectral type of M8.5 ± 0.5 (the average 
of VL-G and FLD-G classifications). Using BCJ = 1.97 ± 0.16 and the component 
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absolute J-band magnitude given above, we find log10(Lbol/L⊙) = −3.20 ± 0.07, again 
assuming equal-brightness components. To account for a K-band flux ratio of 0.88, 
we raise the uncertainties to reach the value 3.20 ± 0.09.

Assuming a mass of 0.04 M☉ for both components, evolutionary models3 
predict MJ = 10.13 ± 0.12, MH = 9.57 ± 0.11 and MK = 9.23 ± 0.11 at the 45 ± 5 Myr 
age of Argus. The observed-minus-expected differences are thus ΔMJ = 0.65 ± 0.14, 
ΔMH = 0.48 ± 0.13 and ΔMK = 0.40 ± 0.13, all significantly fainter. The ΔM values 
were estimated assuming both objects have the same luminosity. However, our 
spectroscopic fits indicate a flux ratio f2/f1 = 0.83–0.88. This translates into a 
0.07–0.10 magnitude change in the absolute magnitudes, which are smaller than 
the current uncertainties. If we use the absolute magnitudes to infer mass, the 
evolutionary models predict 0.025–0.030 M☉ for each component, 20% to 35% 
lower than the dynamical masses. Our estimate of bolometric luminosity (based on 
K magnitudes) leads to photometric masses of 0.31+0.04

–0.03 M☉ (Fig. 2). If instead, 
we assume the bolometric luminosity and dynamical masses are correct, the 
models would imply that the system has an age of 71+15

−12 Myr, consistent with an 
older (but not consensus) age for Argus of 60 Myr38. However, the observed sum of 
radii would now be larger by a factor of 1.09 compared to the models.

Kozai analysis. It has been posited that most binaries with orbital periods below 
10 days were formed via the Lidov–Kozai mechanism29,30. If inclined by more 
than 40° to the inner binary, a tertiary can exchange angular momentum with the 
inner pair. The eccentricity of the inner pair oscillates, and is able to reach values 
near unity under some circumstances. When the two inner stars are at periastron, 
tidal friction will circularize the orbit and shrink its semi-major axis. At present, 
2M1510Aa and 2M1510Ab are far enough from each another at periastron that 
tidal forces are irrelevant. Both objects are separated by 43 radii at periastron and 
tides are mostly ineffective for separations >10–12 radii, as tidal circularization 
timescales are proportional to R5 (ref. 67). However, the system is young enough 
that it could currently be undergoing Lidov–Kozai oscillations depending on the 
orb tal elements of the tertiary companion.

We estimate the Lidov–Kozai oscillation timescale68 for the triple system, 
defined as:

τLK ¼ ð2π=3Þ* P2
out=Pin

� �
* M1 þM2 þM3ð Þ=M2ð Þ* 1 e2out

� �3=2

where Pout and Pin are the outer and inner orbital periods, respectively; eout is the 
outer eccentricity; and M1 and M2 are the masses of 2M1510Aa and 2M1510Ab 
and M3 is the mass of 2M1510B. We take M1, M2 and Pin from Table 2, assume 
M3 = M1, and assume eout = 0. Using Kepler’s third law and the projected separation 
of 2M1510A and 2M1510B (250 au) as the tertiary semi-major axis, we calculate 
Pout ≈ 11,500 years. For these values, the Lidov–Kozai timescale is of the order of 
1 Gyr, implying that the outer tertiary is unlikely to be responsible for the elevated 
eccentric ty of the inner pair. Exploring our assumptions (Supplementary Fig. 7), 
we find that only for eout > 0.8 and 2M1510B currently near apastron would 𝜏LK 
approach the age of the system. Given the narrow parameter space of this solution, 
we conclude that the tertiary had no influence on the eccentricity of 2M1510Aa 
and 2M1510Ab, and that this eccentricity is probably primordial.

In addition, in the absence of a credible Lidov–Kozai path, the 2M1510 pair 
must have come together via an alternative process, such as disk fragmentation and 
a subsequent disk migration69.

Data availability
All reduced photometric timeseries will be made available for download at the 
CDS, and on request to A.H.M.J.T. Raw SPECULOOS CCD frames will become 
available through the ESO archive in January 2021; they can be requested from the 
authors before this date. Eventually the archive will also contain lightcurves for all 
reference stars in the frames as well. Our UVES spectra are now publicly available 
on the ESO archive, and can be found by searching the archive for ProgID 299.C-
5046 and 2100.C-5024. MONET-South raw images can be made available upon 
request. NIRSPEC spectra are available at the Keck Observatory Archive, and can 
be found be searching the archive for Principal Investigator A.J.B. and programmes 
U009, U010 and U136. SpeX spectra are now available via SPLAT (https://github.
com/aburgasser/splat). Requests concerning the data used in this publication can 
be addressed to A.H.M.J.T. and A.J.B. Figure 1 contains SPECULOOS photometry, 
as well as UVES and NIRSPEC spectra.

Code availability
The photometric reduction packages use standard public routines such as PyRAF 
and astropy. Radial velocities were extracted from UVES and NIRSpec data from 
a code built from elements of SPLAT (https://github.com/aburgasser/splat). The 
amelie code combines ellc and emcee (see text), which are both public codes. amelie 
can be made available upon request, and a stable version is planned to be released 
on GitHub.
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3.1.5 Further developments and future work

Following the write-up of the article we pursued additional follow-up observations to capture a second
eclipse and reduce the uncertainty on the ephemeris further. We obtained photometric observations with
the LCOGT network from Siding Springs, Australia, as well as additional radial velocity data from UVES.
One of the LCOGT light curves show a signal with duration and depth consistent with the egress of the
eclipse, though the sequence was interrupted due to weather and therefore has little out-of-transit coverage.
Moreover, 2M1510 was observed in long-cadence mode with TESS in Cycle 1 during a predicted eclipse.
Although the eclipse is relatively short (∼90 min) compared to the long-cadence data (30 min), there is
a signal consistent with the expected depth (accounting for time-averaging) in the vicinity of the orbital
solution. The analysis of these data as well as new TESS photometry from Cycle 3 will be the subject of
a future paper.

3.2 WASP-128 b: a transiting brown dwarf in the dynamical-tide regime

The following published work is my first lead-author paper, and is the culmination of a project I started
working on in March/April 2018. Following my initial work on the brown dwarf binary 2M1510 A (see
below, Section 3.1), my code amelie (Chapter 2.4.1) only needed slight modification to be able to fit a
single-line binary system such as a brown dwarf or exoplanet orbiting a star. All the experience gained
from my work on 2M1510 could now be applied to this new discovery. The system in question is WASP-
128, which was observed by the WASP survey that monitored the sky in search of transiting hot Jupiters
(Pollacco et al. 2006). Using a Box-Least-Squares (BLS) algorithm (Collier Cameron et al. 2006), the
team identified a flat dip in the light curve consistent with a transit depth of ∼7 ppt, repeating with a period
of 2.208 days. Follow-up spectra with CORALIE quickly revealed a radial velocity semi-amplitude of
∼5 km s−1, which is far in excess of what is expected for a planetary companion. From this the team
determined the object is a brown dwarf (Burrows et al. 1997). This was only the second transiting brown
dwarf to be discovered by WASP (Anderson et al. 2011), and roughly a dozen other transiting brown
dwarfs had been found altogether (e.g. Bayliss et al. 2017 and references therein). WASP-128 b was
therefore a rare find, much more so than exoplanets. To this date this short paper remains my most cited
work with 26 citations on ADSa, most of which is due to an increase in brown dwarf discoveries that
came after it (e.g. Carmichael et al. 2020, 2021, and references therein). This publicity led to serving as
a referee for MNRAS and A&A on two occasions concerning new brown dwarf discoveries.

Two years after our paper was published, Smith et al. (2020) investigated TESS photometry of WASP-
128 and found that the original ephemeris published in Hodžić et al. (2018) was erroneous (by 14f) and
could not be reconciled with the timing of the TESS transits. The original code used in the analysis in
Hodžić et al. (2018) had been changed significantly by this time, which prevented an investigation into
where the error came from. The values reported in Table 1 of Hodžić et al. (2018) (Section 3.2.5 in this
thesis) were written by hand, thus a typographical error could be a likely explanation. In every work

ahttps://ui.adsabs.harvard.edu/, 28 September 2021
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since then I have created tables using software routines instead of writing the values by hand in order to
prevent similar mistakes.
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the WASP survey (WASP-30b; Anderson et al. 2011; Triaud et al.
2013).

Most massive substellar companions on close orbits have been
found around F-type stars, and very few around G dwarfs, which
has been interpreted as being due to rapid engulfment of massive
planets and brown dwarfs around G dwarfs due to strong tidal cou-
pling (Bouchy et al. 2011; Guillot et al. 2014; Damiani & Dı́az
2016). Stars generally spin down as they age due to magnetic brak-
ing, where stellar winds carry highly ionized material that couples
to the magnetic field lines and gets carried away from the star,
leading to angular momentum loss. G dwarfs are typically more
efficient at magnetic braking due to their deeper outer convective
layer. However, companions on close orbits can transfer angular
momentum from the orbit to the stellar spin, thereby draining an-
gular momentum from the system via magnetic braking, leading to
orbital decay until the companion is engulfed by the host. The rate
of the companion’s orbital decay is predicted to increase by up to
three orders of magnitude in the dynamical-tide regime (Ogilvie &
Lin 2007), with observational evidence on hot Jupiter hosts sup-
porting stronger tidal coupling than for equilibrium tides (Collier
Cameron & Jardine 2018). The strong dynamical tides from the
companion excite inertial gravity waves (g-modes) in the convec-
tive layer that, in G dwarfs, break and dissipate in the radiative
core, resulting in a spin-up the star from the inside (Barker &
Ogilvie 2010; Essick & Weinberg 2016). Thus, in systems where
the host stars can be spun up by a massive companion such as
a brown dwarf, the strong tidal coupling is expected to lead to
runaway orbital decay of the companion on to the central star on
short time-scales compared to the lifetime of the star (Barker &
Ogilvie 2010).

In this context, we report the discovery of WASP-128b, a new
transiting brown dwarf discovered by the WASP survey, orbiting a
G0V host on a close orbit, where the measured stellar rotation rate
places the system well-within the dynamical-tide regime, suggest-
ing strong tidal coupling between the pair.

2 O B S E RVAT I O N S

2.1 Photometry

WASP-128 is a moderately bright (V = 12.5) G0V star at a distance
of 422 ± 5 pc. The WASP survey (Pollacco et al. 2006) obtained
31 543 images of WASP-128 between 2006 May 04 and 2012 Dec.
19, identifying a periodic 2.208 d transit signal in the photometry
(Collier Cameron et al. 2006). Consequently, we initiated photo-
metric and spectroscopic follow-up observations.

Five transits of WASP-128b were obtained using the 0.6 m TRAP-
PIST robotic telescope (Gillon et al. 2011; Jehin et al. 2011), lo-
cated at ESO La Silla Observatory (Chile). The first of these tran-
sit observations is partial, covering only the second half of the
transit. All five transits were observed through a ‘blue-blocking’
filter. The images are calibrated using standard procedures (bias,
dark, and flat-field correction) and photometry is extracted using
the IRAF/DAOPHOT1 aperture photometry software (Stetson 1987),
as described by Gillon et al. (2013). For each transit observation,
a careful selection of both the photometric aperture size and stable
comparison stars is performed manually to obtain the most accurate

1IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

differential light curve of WASP-128. Some light curves are affected
by a meridian flip; that is, the 180◦ rotation that TRAPPIST’s equa-
torial mount has to undergo when the meridian is reached. We ac-
count for any potential photometric offset in our baseline model, see
Section 3.2.

We observed three transits of WASP-128b using the EulerCam
instrument installed at the 1.2 m Euler telescope also located at
the La Silla site. The observations were carried out through an r

′
-

Gunn filter and the telescope was slightly defocused to improve
PSF sampling and observation efficiency. Each transit light curve
is obtained using relative aperture photometry while optimizing
reference star selection and extraction apertures to minimize the
residual light curve rms. The instrument and the associated data
reduction is described in more detail in Lendl et al. (2012). Some
of the images of WASP-128 leading up to and during the ingress
of the second transit were saturated, and as such, we discarded a
handful of observations in our analysis that had count levels above
50 000 ADU.

2.2 Spectroscopy

We collected 48 spectra from the CORALIE spectrograph on the
Euler telescope between 2013-06-06 and 2016-11-24, as well as 23
HARPS spectra on the ESO 3.6 m telescope between 2015 April
02 and 2018 March 22. Both sets of data are reduced using similar
data reduction softwares. Their resulting spectra are correlated with
a numerical mask matching a G2V star (Baranne et al. 1996; Pepe
et al. 2002). These procedures have been demonstrated to reach
high precision and high accuracy (e.g. Mayor et al. 2009; López-
Morales et al. 2014). We perform a single 3σ -clip on each radial
velocity set using the line full width at half-maximum (FWHM)
and bisector inverse slope span (BIS). One HARPS observation is
discarded due to a highly discrepant BIS value, and one CORALIE
observation was discarded due to the FWHM clip. Those outliers
are highlighted in Appendix A.

3 DATA A NA LY SIS

3.1 Spectral analysis

Using methods similar to those described by Doyle et al. (2013),
we used the co-added HARPS spectrum to determine values for
stellar effective temperature Teff, surface gravity log g⋆, metal-
licity [Fe/H], and projected stellar rotational velocity v sin i⋆.
In determining v sin i we assumed a macroturbulent velocity of
4.4 ± 0.7 km s−1, based on the asteroseismic calibration of Doyle
et al. (2014). Using MKCLASS (Gray & Corbally 2014), we obtain
a spectral-type G0V for WASP-128, which is consistent with the
temperature derived from the spectral analysis. The Lithium abun-
dance log A(Li) = 2.62 ± 0.09 suggests a relatively young age of
1–2 Gyr.

3.2 Global modelling

The combined data are analysed using AMELIE, a novel software
package that jointly models the photometric and radial velocity data
in a standard Bayesian framework. The code is essentially a PYTHON

wrapper on the ellc binary star light-curve model (Maxted 2016)
for computing exoplanet and eclipsing binary light curves and
their radial velocity orbits, and the EMCEE affine-invariant Markov
chain Monte Carlo (MCMC) sampler (Goodman & Weare 2010;
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Foreman-Mackey et al. 2013) for exploring the posterior parameter
space.

We adopt a quadratic limb darkening law to model the intensity
distribution of the stellar disc, using the LDTKpackage (Husser et al.
2013; Parviainen & Aigrain 2015) to sample band-specific limb
darkening coefficients for the Euler and TRAPPIST data sets, fol-
lowing the triangular parametrization described in Kipping (2013).
No priors are imposed on the limb darkening parameters, rather,
we fit the intensity profile of the disc using the built-in likelihood
function, allowing uncertainties in the spectral parameters to be
propagated to our final result. In addition, we sample the follow-
ing parameters for our transit and radial velocity model: Period,
P; mid-transit reference time, T0; transit depth, D; transit width
(time from first to fourth contact), W; impact parameter, b; and ra-
dial velocity semi-amplitude, K. Moreover, for our eccentric model
we also sample the parameters

√
e sin ω and

√
e cos ω, and in our

orbital decay model we further sample Ṗ = dP/dt . In all cases
we use non-informative priors that are either physically bounded
(e.g. 0 < b < 1) or sensibly bounded to a wide enough region (e.g.
0 < K < 50 km s−1), where the transit mid-point is bounded by the
light curves on 2014 March 03.

For each sampled set of parameters we further compute photomet-
ric and radial velocity baseline models. Our photometric baseline
model consists of a normalization factor with a second-order poly-
nomial in time for each light curve to allow for airmass and seeing
effects. Moreover, we experimented with additional photometric
detrending using sky background levels, FWHM changes in the
PSF, and changes in the target pixel position on the CCD. Using the
Bayesian Information Criterion (BIC; Schwarz 1978) to compare
model complexity, we find that an additional first-order polynomial
using sky background levels is strongly preferred for the Euler light
curve on 2014 March 25. On the nights of 2014 Feb. 11, 2014 March
03, and 2015 May 10, the TRAPPIST telescope peformed a merid-
ian flip, for which we account for any potential offsets by allowing
an additional normalization factor before the flip. The radial veloc-
ity baseline model consists of a constant systemic velocity for each
instrument. The CORALIE data are partitioned into two data sets
due to an upgrade of the instrument that could affect the velocity
zero-point (Triaud et al. 2017). We compare the constant velocity
model with models allowing a first- and second-order drift term, but
find that any higher order terms are unjustified. The baseline model
parameters are computed using a least-squares algorithm for every
proposed parameter set in the MCMC sampling. Finally, we also
sample additional errors on our photometry and radial velocity data
to account for underestimated errors due to instrumental effects and
stellar activity.

The mean stellar density can be estimated independently from
a transit light curve and can be used with other observables to
constrain the mass and age of a star from stellar evolution models
(Seager & Mallén-Ornelas 2003; Triaud et al. 2013). We use BAGE-
MASS (Maxted, Serenelli & Southworth 2015) to estimate the age
and mass of the host star, using our estimates of Teff and [Fe/H]
from the spectral modelling in Section 3.1, luminosity from Gaia
DR2 (Andrae et al. 2018), and the mean stellar density from the
transit light curves as inputs to the code. The mass is then used as
input to our Keplerian model.

We initiate 256 walkers at positions normally dispersed close to
the solution, and run each walker for 30 000 steps, chosen such
that each walker is run for a few tens of autocorrelation lengths
after discarding the first 15 000 steps as burn-in. The independent
chains were thinned by a factor 100 due to autocorrelation, leaving
each parameter with 38 400 independent samples, before comput-

ing the R̂ statistic (Gelman et al. 2003), and mixing the chains.
All parameters reach the recommended R̂ < 1.1, indicating overall
convergence.

4 R ESULTS

Using BAGEMASS we find an age of 2.3 ± 0.9 Gyr and mass of
M⋆ = 1.16 ± 0.04 M⊙ for WASP-128. From this we derive a ra-
dius of the star of R⋆ = 1.16 ± 0.02 R⊙, and mass and radius of
Mb = 37.5 ± 0.8 MJ and Rb = 0.94 ± 0.02 RJ, for the companion,
placing it securely in the brown dwarf regime. The best-fitting mod-
els with the photometric data are shown in Fig. 1, and in Fig. 2 for
the radial velocity data. The results from our MCMC and derived
parameters are shown in Table 1 with their 68 per cent confidence
interval.

Eccentric model. Given the close proximity to the host star, it is
expected that the orbit of WASP-128b has been tidally circularized
due to tidal dissipation in the brown dwarf as this would happen
on a time-scale of ≤1 Gyr (Barker & Ogilvie 2009). Nevertheless,
when including eccentricity in our model, we derive a value of
e = 0.003+0.003

−0.002. Observational errors can lead to the detection of a
small, non-zero, but spurious eccentricity (Lucy & Sweeney 1971).
The BIC strongly disfavours an eccentric model compared to a
circular fit. We apply the revised Lucy-Sweeney test (Lucy 2013)
to put an upper limit of e < 0.007 on the eccentricity using their
uniform prior. The results of the other parameters between the two
models are consistent with each other, and as such we present the
results from the circular fit in Table 1, with our upper limit on the
eccentricity.

Orbital decay model. A periodic signal of 2.93 ± 0.03 d was
found in the photometric data (Maxted et al. 2011), which is con-
sistent with the derived rotation period of P⋆ = 2.93 ± 0.18 d for
WASP-128, using the observed v sin i⋆ and R⋆. The fast rotation
for an early G dwarf could indicate a tidal spin-up due to its mas-
sive companion. Given the expected strong tidal coupling in this
system, we attempted to directly measure an orbital decay in the
radial velocity data by including a period time-derivative, Ṗ in our
model. We find that Ṗ = 1.05+1.13

−1.14 s yr−1, and note that, although
not significant, we would not expect a positive Ṗ in our case where
Porb < P⋆.

5 D ISCUSSION

5.1 Tidal evolution

The orbital decay of the companion is significantly affected by
magnetic braking as long as the total angular momentum of the
system can remain above the critical limit (Damiani & Lanza 2015;
Damiani & Dı́az 2016),

Lcrit = 4
(

G2

27
M3

⋆ M3
b

M⋆ + Mb
(β(t)I⋆ + Ib)

) 1
4

,

where I = αMR2 is the moment of inertia of the two objects, defined
by their effective squared radii of gyration, α. The inclusion of β(t)
extends the original work by Hut (1980) to include the effects of
orbital evolution due to magnetic braking, where β = &/n is the
ratio of the stellar rotation rate to the orbital frequency, with n2 =
G(M⋆ + Mb)/a3. When L > Lcrit, the system can enter a pseudo-
equilibrium state which is stable if the orbital angular momentum
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APPENDI X A: RADI AL VELOCITI ES

Table A1. HARPS radial velocity data set. Machine readable format is
available online at CDS.

BJDUTC RV σ FWHM BIS
(km s−1) (km s−1) (km s−1) (km s−1)

57114.604490 10.19886 0.03857 28.02641 0.65954
57114.767777 11.96217 0.03481 28.04199 0.49807
57115.580569 19.81497 0.03248 28.21436 − 0.43354
57115.821461 17.86571 0.03447 28.53128 − 0.25040
57116.701126 9.56556 0.03357 27.96543 0.04673
57135.560277a 19.32195 0.04225 28.00931 − 212.09835
57137.581652 20.08288 0.03328 28.06999 − 0.14360
57138.694412 9.41227 0.03810 27.94346 − 0.07837
57139.649675 19.51470 0.03889 27.97368 − 0.00470
57141.695657 17.97551 0.03256 28.06352 − 0.23932
57157.596595 19.73995 0.03206 27.75519 − 0.30482
57158.556607 9.51614 0.02926 27.90052 − 0.15205
57181.510526 18.63475 0.03266 27.77245 − 0.24299
57182.583973 11.22922 0.03476 27.98556 − 0.23481
57183.570990 16.72535 0.03284 27.84478 − 0.14822
57184.619044 13.51188 0.03994 28.02373 0.01529
57199.571858 19.70855 0.04228 27.54479 − 0.61449
57202.552044 10.48449 0.03984 28.13346 − 0.40772
57203.556020 18.14702 0.04130 27.74655 − 0.40814
57204.548030 12.83536 0.03205 28.24409 − 0.43471
57486.697998 19.76909 0.03492 27.99402 − 0.27572
57487.645330 9.56572 0.03248 28.20436 − 0.32989
58198.758018 9.99469 0.03287 27.88726 0.24160
58199.708869 17.65346 0.03003 27.82458 0.08529
aMarks data that were excluded from the fit.
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Table A2. CORALIE (1) radial velocity data set. Machine readable format
is available online at CDS.

BJDUTC RV σ FWHM BIS
(km s−1) (km s−1) (km s−1) (km s−1)

56449.553799 9.66479 0.07635 27.71726 0.39581
56684.776572 19.97341 0.08458 28.16283 − 0.18934
56687.719393 12.26985 0.08186 27.55700 − 0.23831
56690.804858 13.74564 0.08728 28.12772 0.13317
56692.786749 10.85002 0.07247 27.75353 − 0.01915
56693.785368 19.51221 0.07121 27.96600 − 0.04120
56694.751460 9.43889 0.07732 27.92017 − 0.20278
56696.650910 11.26911 0.07950 28.07056 − 0.37291
56697.709981 17.87517 0.07976 27.92011 − 0.31469
56714.747621 9.53700 0.10260 27.63444 − 0.81799
56718.738063 11.08132 0.07096 28.14193 − 0.27901
56722.748140 17.08727 0.07493 28.02565 − 0.30170
56726.607359 19.62246 0.08759 28.05893 0.27405
56739.667157 17.83755 0.06912 28.30868 − 0.37087
56740.828853 11.33148 0.08085 28.03725 0.18074
56743.729435 12.86017 0.08500 27.87329 − 0.47992
56748.718570 19.68182 0.07960 28.05396 0.58332
56773.547138 17.30455 0.09400 27.93314 − 0.50840
56809.616019 9.78716 0.08697 27.88691 − 0.28205
56810.576861 19.97365 0.09314 27.82375 0.03207
56811.626760 10.30808 0.08987 27.63040 − 0.42166
56833.553624 11.87092 0.08970 27.65532 − 0.32040
56837.523574 17.99888 0.10351 28.34447 0.25509
56878.471921 13.13879 0.10648 28.82110 − 0.02549
56879.472253 18.55910 0.11714 27.56328 0.27840
56880.475420a 10.58605 0.10760 29.58610 0.46275
aMarks data that was excluded from the fit.

Table A3. CORALIE (2) radial velocity data set. Machine readable format
is available online at CDS.

BJDUTC RV σ FWHM BIS
(km s−1) (km s−1) (km s−1) (km s−1)

56998.827826 17.47009 0.12933 27.08932 − 0.39700
57010.832418 10.57601 0.09756 28.24718 − 0.27460
57015.847897 18.50726 0.08972 28.09100 − 0.49615
57023.751810 9.79495 0.10472 28.25546 0.04621
57026.761266 17.05405 0.09548 27.88570 − 0.35298
57068.721936 16.92315 0.08204 27.84734 − 0.23294
57079.758041 16.58560 0.09324 27.88199 − 0.24752
57081.729334 13.31412 0.09905 27.79138 − 0.20482
57119.490788 16.66207 0.12742 27.87915 − 0.93028
57121.524136 13.88072 0.12961 27.91771 − 0.24793
57138.722837 9.73737 0.11964 28.15435 − 0.85951
57188.507306 19.25630 0.14644 28.72389 − 0.47192
57370.812711 10.00891 0.13534 28.44965 0.13814
57371.843190 19.65781 0.12413 28.39575 − 0.22403
57422.738422 18.95753 0.09442 28.50348 − 0.36238
57423.721681 9.50032 0.08920 27.99541 − 0.06870
57458.648308 11.57403 0.09403 28.15161 − 0.40348
57477.536707 18.74728 0.10241 28.08040 0.08369
57560.561020 9.27320 0.09932 28.36695 0.08509
57569.464267 9.35399 0.11077 28.10119 0.12780
57590.489717 19.78442 0.10282 27.71082 0.09967
57716.848800 15.01008 0.14879 27.54259 − 1.16172

A P P E N D I X B : P H OTO M E T R I C I N F O R M AT I O N

Table B1. Light-curve information for WASP-128.MF denotes an addi-
tional constant offset for the meridian flip.

Date Instrument Filter texp Nexp Baseline
s function

2013 May 31 TRAPPIST Sloan z
′

8 705 p(t2)
2014 Feb 11 TRAPPIST Sloan z

′
11 832 p(t2) + MF

2014 Feb 20 TRAPPIST Sloan z
′

11 1014 p(t2)
2014 Mar 03 TRAPPIST Sloan z

′
11 860 p(t2)

2014 Mar 03 Euler Gunn r
′

60 215 p(t2) + MF
2014 Mar 25 Euler Gunn r

′
75 136 p(t2 + sky1)

2014 May 26 Euler Gunn r
′

60 203 p(t2)
2015 May 10 TRAPPIST Sloan z

′
8 969 p(t2) + MF

This paper has been typeset from a TEX/LATEX file prepared by the author.
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88 Chapter 3. Discovery and characterisation of new exoplanets and brown dwarfs

3.3 TOI-1259 Ab: a gas giant transiting a K dwarf with a white dwarf
companion

3.3.1 Contribution

In February 2020 I attended the TESS Ninja 3 meeting which was hosted at the University of Sydney in
Sydney, Australia. During this week two other participants, David Martin and Kareem El-Badry, had
a look at a candidate planet transiting TOI-1259 A with an orbital period of 3.478 days. TOI-1259 A
itself is a K dwarf, and this system had featured in some of Kareem’s earlier work because of the known
white dwarf companion in this system, TOI-1259 B. After the meeting ended, David proposed to lead
a paper on the discovery of this system, and I offered to do the global analysis of the photometry and
radial velocity data. We acquired radial velocity data using the SOPHIE spectrograph at Observatoire de
Haute-Provence (OHP) near Marseille, France. The radial velocity variation revealed a planetary nature
for the companion, "p = 0.441 ± 0.048 MJup, thus TOI-1259 Ab was amongst the deepest transiting hot
Jupiters given the small size of the host star.

My role in this paper was therefore similar to that in 2M1510 (Section 3.1). I modelled the TESS
data (Figures 7 and 8 in the paper below, or Figures 3.16 and 3.17 in the thesis), ground-based light
curves from various telescopes (Figure 9 in the manuscript, or Figure 3.18 in the thesis) and the SOPHIE
radial velocities (Figure 11, Figure 3.20 in the thesis). This time, however, I used the exoplanet code
(Foreman-Mackey 2019). TOI-1259 A is close to the JWST continuous viewing zone and had therefore
been observed in nine TESS sectors at the time. The exoplanet model and the MCMC sampler in pymc3
are both faster and more efficient than those implemented in amelie, thus saving considerable computing
time. In addition, exoplanet includes an implementation of Gaussian process models with celerite
(Foreman-Mackey et al. 2017), which can deal with the out-of-transit variation and complex correlated
signals visible in some of the ground-based light curves (Figure 3.18). Given the large amount of data
from various sources (which increases model complexity), the dynamical model-building framework of
pymc3 is a big advantage.





TOI-1259Ab – exoplanet with white dwarf 4133

Table 1. Summary of the TOI-1259 system. Host star parameters derived
from SED fits (Section 3.1). White dwarf parameters are detailed in Table 4,
and we only show parameters from the first model in that table here. Full
planet parameters are shown in Table 5. Coordinates and distances are from
the TESS Input Catalog v8.1.

Parameter Description Value

Host star – TOI-1259A
TIC TESS Input Catalog 288735205
Gaia ID 2294170838587572736
α Right ascension 282.100297136879◦

(18h48m24.s07)
δ Declination 79.2560447193138◦

(79◦15
′
21.′′76)

Vmag Apparent V magnitude 12.08
d Distance (pc) 118.11 ± 0.37
M� Mass (M�) 0.68+0.10

−0.01

R� Radius (R�) 0.739 ± 0.031
Teff, � Effective temperature (K) 4775 ± 100
[Fe/H]� Metallicity −0.5 ± 0.5
log g� Surface gravity (cgs) 4.5 ± 0.5

Transiting planet – TOI-1259Ab
Mpl Mass (MJup) 0.441+0.049

−0.047

Rpl Radius (RJup) 1.022+0.030
−0.027

Ppl Orbital period (d) 3.4779780+0.0000019
−0.0000017

apl Semimajor axis (au) 0.04070+0.00114
−0.00110

epl Eccentricity 0

Bound white dwarf companion – TOI-1259B
TIC TESS Input Catalog 1718312312
GAIA ID 2294170834291960832
α Right ascension 282.11052432749◦

(18h48m26.s53)
δ Declination 79.2594025546024◦

(79◦15
′
33.′′85)

Vmag Apparent V magnitude 19.23
d Distance (pc) 120.6 ± 4.6
MWD Mass (M�) 0.561 ± 0.021
RWD Radius (R�) 0.0131 ± 0.0003
sepWD Projected current separation (au) 1648
Teff, WD Effective temperature (K) 630080

−70

evidence has been repeatedly questioned (Wittenmyer, Horner &
Marshall 2013; Zorotovic & Schreiber 2013; Bear & Soker 2014).
Only recently did Vanderburg et al. (2020) discover the first bona
fide planet transiting a WD: WD 1856 + 534 (see also Alonso et al.
2021). There have also been discoveries of transiting planetary debris
(Vanderburg et al. 2015; Manser et al. 2019; Guidry et al. 2020;
Vanderbosch et al. 2020) and accretion on to a WD attributed to the
evaporating atmosphere of a giant planet (Gänsicke et al. 2019).

In this paper, we present TOI-1259Ab, a planet that is relevant
to questions at the intersection of stellar evolution and stellar
multiplicity. It is a transiting Jupiter-sized planet on a 3.48 d orbit
around a K-dwarf, with a WD companion at a projected separation of
≈1600 au. The WD was already known to be bound based on its Gaia
parallax and common proper motion (El-Badry & Rix 2018). The
transits were discovered by the TESS Science Processing Operations
Center (SPOC; Jenkins et al. 2016) and the community was alerted
by the TESS Science Office on 17 October 2019 (Guerrero 2020),
but the unusually deep transits of 2.7 per cent raised concerns that
the signal is actually due to an eclipsing binary. Through our RV
follow-up, we confirm that the signal is due to a planet, with a mass

of 0.44MJup. We summarize the key aspects of the TOI-1259 system
in Table 1.

Only a few bona fide planets have been discovered with degenerate
outer companions (Table 2), the first being Gliese-86b (Queloz et al.
2000; Els et al. 2001; Lagrange et al. 2006). Mugrauer (2019) found
204 binary companions in a sample of roughly 1300 exoplanet hosts,
of which eight of the companions were WDs. Mugrauer & Michel
(2020) found five WD companions to TESS Objects of Interest,
including TOI-1259, but without RV data to confirm the TOIs as
planets. Some of these planets were also in the El-Badry & Rix
(2018) catalogue.

Even when a planet host star is still on the main sequence, the
evolution of an outer companion still has implications for the planet’s
dynamics and survival (Kratter & Perets 2012; Stephan et al. 2020).
Heavy element pollution in any of these WDs may be caused by its
stellar binary companion (Veras et al. 2011, 2013; Bonsor & Veras
2015; Hamers, Perets & Portegies Zwart 2016; Stephan, Naoz &
Zuckerman 2017), and would also suggest both stars in the binary
host (or once hosted) planets, of which only two systems are presently
known (WASP-94, Neveu-VanMalle et al. 2014 and XO-2, Desidera
et al. 2014). The presence of a WD companion also makes it possible
to calculate the system’s age independently of other methods such
as gyrochronology and isochrone fitting (Barnes 2003; Jørgensen &
Lindegren 2005; Angus et al. 2019).

WD aside, the planet TOI-1259Ab has some beneficial properties
for future atmospheric follow-up with James Webb Space Telescope
(JWST). The planet has 2.7 per cent deep transits on its 0.71 R� K-
dwarf host, which are amongst the deepest known (Fig. 1). The
0.71 R� K-dwarf host star has a J magnitude of 10.226, and is located
on the sky with an ecliptic latitude of 76.878◦, placing it near the TESS
and JWST continuous viewing zones. A measurement of the planet’s
atmospheric composition or other properties would also complement
any measurement of pollution in the WD atmosphere, as we try to
better understand the formation and survival of planets in multistellar
systems.

Our paper is structured as follows. Section 2 details the TESS
photometry, SOPHIE RVs, and Gaia astrometry. In Section 3, we
present a combined analysis of these data and thereby characterize
the planet, its host star, and the companion WD. We conclude by
discussing some implications for this system and potential future
work in Section 4.

2 O BSERVATI ONS

2.1 TESS photometry

The TESS mission observed TOI-1259 in 2 min cadence mode for a
total of 240 d, covering nine sectors (14, 17–21, 24–26) between 2019
July 18 and 2020 July 4. The TESS Science Processing Operations
Center pipeline (Jenkins et al. 2016) identified a ∼2.5 per cent transit
signal lasting ∼2.2 h, repeating with a period of 3.48 d. The flat-
bottomed shape and deep transit – combined with the K dwarf host –
is consistent with a giant planet, substellar object, or very low-mass
star. There were 58 transit events in the TESS data.

The TESS spacecraft fires its thrusters to unload angular momen-
tum from its reaction wheels every few days, which may cause the
images obtained in the timestamps to appear disjoint. To make sure
the momentum dumps do not affect our further analysis, we identify
the times of these events from the Data Quality Flags in the FITS
files, and exclude the data obtained within four hours on either side
of the thruster events.
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4134 D. V. Martin et al.

Table 2. Known extra-solar planets around a main-sequence star with a bound white dwarf companion, ordered by the current projected separation of the white
dwarf (sepWD). Of the TOIs (TESS Objects of Interest) with white dwarf companions in the catalogues of El-Badry & Rix (2018) and Mugrauer & Michel
(2020), only TOI-1259Ab is confirmed to be a planet. CTOI-53309262 was only seen to transit once by TESS and so its period and semimajor axis are to be
determined (TBD).

Name apl SepWD Planet reference White dwarf reference
(au) (au)

HD 13445 0.1143 21 Queloz et al. (2000) Els et al. (2001)
(Gliese-86) Lagrange et al. (2006)
HD 27442 1.271 236 Butler et al. (2001) Chauvin et al. (2006)
(Epsilon Reticuli) Mugrauer, M. et al. (2007)
HIP 116454 0.098 524 Vanderburg et al. (2015) Vanderburg et al. (2015)
HD 8535 2.45 560 Naef et al. (2010) Mugrauer (2019)
CTOI-53309262 TBD 625 Unconfirmed Community TOI El-Badry & Rix (2018)

(Single Transit Only) Mugrauer & Michel (2020)
Kepler-779 0.0558 1105 Morton et al. (2016) Mugrauer (2019)
TOI-1703 0.0223 1302 Unconfirmed TOI Mugrauer & Michel (2020)
TOI-1259 0.0416 1648 This Paper El-Badry & Rix (2018)

Mugrauer & Michel (2020)
HD 107148 0.269 1790 Butler et al. (2006) Mugrauer & Dinçel (2016)
TOI-249 0.0564 2615 Unconfirmed TOI El-Badry & Rix (2018)

Mugrauer & Michel (2020)
WASP-98 0.0453 3500 Hellier et al. (2014) Mugrauer (2019)

Southworth et al. (2020)
HD 118904 1.7 3948 Jeong et al. (2018) Mugrauer (2019)
TOI-1624 0.0688 4965 Unconfirmed TOI Mugrauer & Michel (2020)
HD 147513 1.32 5360 Mayor et al. (2004) Alexander & Lourens (1969)
(62 G. Scorpii)

Table 3. Stellar radius and mass measurements based on four different
methods. In all cases, we use a fit to the SED combined with Gaia DR2
parallaxes. In methods 1 and 2 we follow the procedure of Stassun & Torres
(2016) and Stassun et al. (2017, 2018) to derive the radius and the mass
comes from the SED measurement of the surface gravity log g (1) and the
Torres et al. (2010) mass–radius relationship (2). In methods 3 and 4, we use
ExoFASTv2 (Eastman et al. 2019) to fit the SED and two different isochrones.
We use method 2 (in bold) as the nominal value.

Method Radius Mass
(R�) (M�)

1. SED + log g 0.739 ± 0.031 0.79 ± 0.14
2. SED + Torres et al. (2010) M-R 0.739 ± 0.031 0.68 ± 0.08
3. SED + MIST isochrones 0.733 ± 0.022 0.777+0.037

−0.038

4. SED + PARSEC isochrones 0.729 ± 0.020 0.777+0.034
−0.031

Figure 1. Transit depths of all confirmed transiting exoplanets as a function
of the planet’s equilibrium temperature (where such a value has been
calculated). The colour indicates the mass of the host star in solar masses.
The triangle demarcates TOI-1259 with 2.7 per cent deep transits.

2.2 Ground based follow-up photometry

We acquired ground-based time-series follow-up photometry of TOI-
1259A as part of the TESS Follow-up Observing Program.1 A full
transit was observed on UTC 2019 October 10 using an unfiltered
diffuser and again on UTC 2019 October 17 in g

′
-band from the

Deep Sky West 0.5-m telescope near Rowe, New Mexico, USA.
An egress was observed on UTC 2019 October 6 in R and V band
using two 0.4-m telescopes at Kourovka observatory of Ural Federal
University near Yekaterinburg, Russia. A full transit was observed on
UTC 2019 October 24 in z

′
band from the 0.36-m telescope at Acton

Sky Portal private observatory in Acton, MA, USA. A full transit
was observed on UTC 2019 December 4 in R band from the 0.25-m
telescope at Ananjev L33 private observatory near Ananjev, Ukraine.
All observations detected on-time transits with depths consistent with
TESS using apertures that were not blended with any known TICv8
or Gaia DR2 neighbouring stars, except the diffuser observation was
partially contaminated with a star that is too faint to cause the transit
detection. Although TESS observed 58 transits of TOI-1259 b in
Cycle 2, we also include all available ground-based light curves in
our analysis, with the exception of the R- and V-band observations
at Kourovka Observatory on 2019 October 6 which only observed
the egress. The reduced data of all ground-based photometry are
available at ExoFOP-TESS.2

2.3 SOPHIE radial velocities

To measure the mass of TOI-1259Ab we used SOPHIE, which is a
high resolution3 échelle spectrograph used to find extra-solar planets

1https://〈0:italic 〉TESS〈/0:italic〉.mit.edu/followup
2https://exofop.ipac.caltech.edu/〈0:italic 〉TESS〈/0:italic〉
3We used the ‘high-efficiency mode’, which has a resolution of R = 39 000
and is typically used for stars fainter than 10th magnitude.
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TOI-1259Ab – exoplanet with white dwarf 4137

Table 4. Parameters of the WD. We compare constraints derived assuming a hydrogen versus helium atmosphere and constraints that assume two different
IFMRs.

Parameter H atm; El-Badry + 18 IFMR H atm; Williams + 09 IFMR He atm; El-Badry + 18 IFMR He atm; Williams + 09 IFMR

Total age (Gyr) 4.08+1.21
−0.53 3.73+0.56

−0.31 4.67+1.70
−0.94 3.94+0.81

−0.44

Cooling age (Gyr) 1.88+0.07
−0.06 1.88+0.07

−0.06 1.78+0.06
−0.05 1.78+0.06

−0.05

Pre-WD age (Gyr) 2.18+1.2733
−0.5597 1.84+0.61

−0.35 2.87+1.73
−1.00 2.14+0.86

−0.47

Radius (R�) 0.0131+0.0003
−0.0003 0.0131+0.0003

−0.0003 0.0129+0.0003
−0.0003 0.0129+0.0003

−0.0003

Mass (M�) 0.561+0.021
−0.021 0.561+0.021

−0.021 0.548+0.021
−0.019 0.548+0.021

−0.019

Initial mass (M�) 1.59+0.22
−0.22 1.72+0.17

−0.17 1.45+0.22
−0.20 1.61+0.17

−0.17

Teff (K) 6300+80
−70 6300+80

−70 6330+80
−70 6330+80

−70

AV (mag) 0.019+0.018
−0.013 0.019+0.018

−0.013 0.019+0.017
−0.013 0.019+0.017

−0.013

uncertainty on the star’s rotation period, and does not account for
uncertainty in the model. Quantifying the magnitude of the model
uncertainty is beyond the scope of this paper, however, a 20 per cent
uncertainty of around 1 Gyr may be a more reasonable estimate of
the true age uncertainty. This estimated age for the planet host is
consistent with that of the total age of the WD (Section 3.4).

3.4 White dwarf age

WDs steadily cool as they age. A WD’s cooling age – that is, the
time since it became a WD – can therefore be constrained from its
temperature and luminosity. If the WD’s mass is known, the initial
mass of its progenitor star can be inferred through the initial–final
mass relation (IFMR), and this initial mass constrains the pre-WD
age of the WD progenitor. Therfore, if we have a well-constrained
distance to the WD then its total age, i.e. the sum of its main sequence
lifetime and its cooling age, can be robustly measured from its SED.
Under the reasonable ansatz that the WD and K dwarf formed at the
same time, we can then measure the total system age from the WD.

We use BASE-9 (von Hippel et al. 2006; De Gennaro et al.
2008; Stein et al. 2013; Stenning et al. 2016) to fit the SDSS ugriz
photometry of the the WD. BASE-9 combines evolutionary models
for WDs (Althaus & Benvenuto 1998; Montgomery et al. 1999),
WD atmospheric models (Bergeron, Wesemael & Beauchamp 1995;
Holberg & Bergeron 2006), PARSEC evolutionary models (Bressan
et al. 2012), and semiempirical IFMRs to predict the SED of a WD
with a given age, initial mass and metallicity, distance, extinction,
and spectral type. It then uses MCMC methods to constrain these
parameters from the SED of an observed WD.

We use the Gaia parallax of the brighter K dwarf companion as a
prior. For the initial [Fe/H], we assume a Gaussian prior with a mean
of −0.2 and a standard deviation of 0.3, appropriate for a disc star
in the solar neighbourhood (e.g. Hayden et al. 2015). The spectral
type of the WD is not known. Although we expect extinction to be
almost negligible for such a nearby WD, we fit the extinction AV as
a free parameter, with a Gaussian prior with a mean of 0.01 and a
standard deviation of 0.02, based on the 3D dust map of Green et al.
(2019). For context, the SFD reddening (which quantifies the total
dust column to infinity, including dust behind the WD) at the WD’s
position is E(B − V) = 0.085 (Schlegel et al. 1998). We use a flat prior
between 0 and 12 Gyr for total age. Our fiducial fit assumes the WD
has a hydrogen atmosphere, which is true for ∼75 per cent of WDs
with its temperature and mass. We also show how the constraints
would change if the WD has a helium atmosphere in Table 4.

A systematic uncertainty in modeling the WD’s evolution is the
IFMR. Because most published IFMRs are discrete, analytic fitting
functions, this uncertainty is difficult to marginalize over gracefully.
To estimate the magnitude of this uncertainty, we compare constraints

that assume two different IFMRs: the IFMR measured by Williams,
Bolte & Koester (2009) from bound clusters, and the IFRM measured
by El-Badry, Rix & Weisz (2018) from the Gaia colour–magnitude
diagram of nearby field WDs.

Fig. 5 shows the resulting constraints on parameters of the WD,
assuming a hydrogen atmosphere. Values are also reported in Table 4.
The temperature and radius of the WD are well constrained by the
SED. Because the radius of a WD is determined primarily by its mass,
this also constrains the WD’s mass, which in turn constrains the initial
mass of the WD progenitor. The cooling age of the WD is reasonably
well constrained to be between 1.7 and 2 Gyr. The pre-WD age is
more uncertain, because a modest uncertainty in initial mass leads
to a significant uncertainty in main-sequence lifetime. This is the
primary cause of the differences in the constraints obtained for the
two different IFMRs. The two relations are actually quite similar at
the relevant WD mass (see El-Badry et al. 2018, their fig. 3), but the
El-Badry et al. (2018) relation is somewhat shallower. This means
that a larger range of initial masses could produce the observed
WD mass, and thus, that there is a larger range of allowed pre-
WD ages. The pre-WD lifetime of a 2 M� star is ≈1.3 Gyr, while
that of a 1.2 M� star is ≈6 Gyr, so the resulting uncertainty is non-
negligible. A tighter constraint on the WD mass – which is potentially
achievable via gravitational redshift, e.g. Reid 1996 – could improve
the statistical uncertainty on total age. However, the constraint is
already tight enough that systematic uncertainty due to the IFMR
is comparable to the statistical uncertainty, so the IFMR uncertainty
would likely dominate the age uncertainty even with significantly
better data.

Table 4 also shows how constraints on the WD’s parameters
would change if it had a helium atmosphere rather than a hydrogen
atmosphere. Changing the atmosphere slightly changes the WD’s
colours and the mass–radius relation, such that the implied mass
of the WD is lower. The difference is, however, relatively modest.
Obtaining a spectrum of the WD would remove this source of
uncertainty, since a WD with a hydrogen atmosphere and Teff >

6000 K would have detectable Balmer lines.
Our derived total age for TOI-1259B is consistent with the

4.8+0.7
−0.8 Gyr age derived for the planet host TOI-1259A based on

gyrochronology (Section 3.3).

3.5 Radial velocity modelling

To confirm the planet we conduct two independent analyses. First,
in this section we detect solely the RV signal, using the genetic
algorithm YORBIT (Ségransan et al. 2010). Secondly, in Section 3.6
we do a combined fit of both the photometry and RV, with a
completely different code.
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TOI-1259Ab – exoplanet with white dwarf 4139

Figure 6. Generalized Lomb–Scargle (GLS) periodogram of the 19 SOPHIE
RV points (top) and the residuals to the circular Keplerian fit (bottom).
The highest peak for the observations corresponds to the transiting planet
orbital period at 3.45 d. There are also harmonics at integer fractions of this
period. Note that these periodogram does not include any information from
the photometry. The RV detection alone is significant, above a 1 per cent false
alarm propbability (FAP). For reference, we show the 27.8 d rotation period
of the host star with a red-dashed line, at which there is no power in the GLS.
The GLS periodogram of the residuals shows no significant peak above a
10 per cent FAP.

In Fig. 6 we show a generalized Lomb–Scargle periodogram
derived solely from the SOPHIE RVs. The 3.478 d period from the
TOI catalogue is denoted by a red-dashed line. This corresponds
to the highest peak in the periodogram, demonstrating that the RV
signal is produced by the same body that produces the TESS transit
signals. We note that our spectra are not contaminated by the bound
WD, since it is both too faint (19.23 mag compared with 12.08 for
the host star) and too far away (13.9 arcsec separation compared with
3 arcsec diameter SOPHIE fibres) to contribute any light.

We then run the YORBIT genetic algorithm, allowing it to fit a single
Keplerian model with a period between 3 and 4 d, which is roughly
centred on the highest peak of the periodogram. The best-fitting
model of the RVs alone has a period of Ppl = 3.42 ± 0.06 d, and a
best-fitting transit mid-point of 2037.96 ± 0.14 (BJDUTC - 2 457 000),
both of which match the TESS photometry. The best-fitting model
also has an eccentricity of epl = 0.178, which would be surprisingly
high for such a short period planet.

To test if the planet signal (and its potential eccentricity) is
significant, we calculate the Bayesian information criterion (BIC)
by

BIC = n ln

(
RSS

n

)
+ k ln nobs, (2)

where k is the number of model parameters, RSS is the sum of the
squares of the model residuals (in m/s) and nobs = 13 is the number
of observations. We calculate the BIC for a flat line (k = 1), the best-
fitting eccentric model from YORBIT (k = 6) and a forced circular
model with the same period (k = 4). The flat, eccentric, and circular
BIC values are 157.8, 136.2, and 133.6, respectively. The circular
planet model has the lowest BIC, making it the favoured model.
For one model to be significantly better than another though, a BIC
reduction of more than 6 is considered ‘strong evidence’. This means
that the circular model is not significantly better than the eccentric
model, but both are significantly better than the flat model. Otherwise
said, the RVs alone provide strong evidence that the planet exists,
but we cannot constrain its eccentricity.

3.6 Global modelling of the photometry and radial velocity

We model the combined light curves (TESS and ground-based)
and RV data using EXOPLANET (Foreman-Mackey et al. 2020).
The EXOPLANET software uses STARRY (Luger et al. 2019; Agol,
Luger & Foreman-Mackey 2020) to rapidly compute analytical limb
darkened light curves, and is also integrated with CELERITE for
scalable GP computations. Since the models (and their gradients)
within EXOPLANET are analytical, the software is built on the THEANO

(Theano Development Team 2016) engine and therefore allows
the use of PYMC3 (Salvatier, Wiecki & Fonnesbeck 2016), which
offers fast and effective convergence using gradient-based sampling
algorithms.

The SAP light curve from TESS shows a clear rotational signal
of the host star (Fig. 4). While we could take advantage of the
rotational signal in our transit modelling, we derive a rotation period
in Section 3.2 using the SIP. We therefore opt to use the PDCSAP flux
(Smith et al. 2012; Stumpe et al. 2012, 2014; Jenkins et al. 2016). in
our transit analysis, which is corrected for spacecraft systematics and
the rotation signal since the derived rotation period is on a similar
time-scale to a TESS sector.

The TESS spacecraft fires its thrusters to unload angular momen-
tum from its reaction wheels every few days, which may cause the
images obtained in the timestamps to appear disjoint. To make sure
the momentum dumps do not affect our further analysis, we identify
the times of these events from the Data Quality Flags in the FITS
files, and exclude the data obtained within four hours on either side
of the thruster events.

We model the out-of-transit variability using GPs. We use the
SHOTERM model in celerite (Foreman-Mackey et al. 2017;
Foreman-Mackey 2018), fixing the quality factor Q = 1/

√
2 so that

the covariance function becomes

k(τ ) = S0 ω0 exp

(
− 1√

2
ω0τ

)
cos

(
ω0 τ√

2
− π

4

)
.

We fit for the natural logarithms of the amplitude and frequency, S0

and ω0. Since each TESS sector may have systematics on different
time-scales and amplitudes, we model each sector and ground-based
light curve with individual GPs, and also assign individual flux
scaling terms and white noise terms.

We fit the TESS and ground-based photometry using our GP
model combined with a transit model, as well as a Keplerian model
for the RV data. We place Gaussian priors on the stellar mass
and radius using values from the SED analysis in Section 3.1,
M� = 0.68 ± 0.08 M�, R� = 0.739 ± 0.031 R�. Further, we vary
the impact parameter b, as well as the natural logarithms of the
period P, mid-transit time T0, planet radius Rpl, and planet mass Mpl.
The limb darkening of the star is described by a quadratic formula,
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4140 D. V. Martin et al.

Table 5. Derived parameters from the joint modelling of TESS photometric and SOPHIE RV data.

Parameter Description Value Value
circular model (adopted) eccentric model

Derived stellar parameters
M� (M�) Stellar massa 0.744+0.064

−0.059 0.743+0.066
−0.064

R� (R�) Stellar radiusb 0.711+0.020
−0.019 0.711+0.024

−0.024

ρ� (g cm−3) Stellar density 2.92+0.03
−0.04 2.91+0.26

−0.25

log g� (cgs) Stellar surface gravity 4.605+0.013
−0.013 4.581+0.044

−0.045

Derived planet parameters
P (d) Orbital period 3.4779780+0.0000019

−0.0000017 3.4779779+0.0000018
−0.0000016

T0 (BJDUTC - 2 457 000) Transit mid-point 1686.700531+0.000097
−0.000104 1686.700536+0.000099

−0.000100

Mpl (MJup) Planet mass 0.441+0.049
−0.047 0.440+0.051

−0.047

Rpl (RJup) Planet radius 1.022+0.030
−0.027 1.021+0.034

−0.034

ρpl (g cm−3) Planet density 0.513+0.051
−0.048 0.513+0.071

−0.066

log gpl (cgs) Planet surface gravity 3.019+0.040
−0.040 3.019+0.050

−0.053

Mpl/M� Mass ratio 0.000567+0.000056
−0.000055 0.000568+0.000052

−0.000051

Rpl/R� Planet-to-star radius ratio 0.14762+0.00035
−0.00030 0.14764+0.00032

−0.00031

a/R� Scaled separation 12.314+0.036
−0.056 12.301+0.352

−0.358

R�/a Scaled stellar radius 0.08121+0.00037
−0.00023 0.08130+0.00244

−0.00226

Rpl/a Scaled planet radius 0.011981+0.000077
−0.000033 0.012002+0.000371

−0.000348

Teq (K) Planet equilibrium temperaturec 963+21
−21 963+25

−25

b (R�) Impact parameter 0.065+0.055
−0.044 0.064+0.055

−0.045

ip (◦) Orbital inclination 89.70+0.20
−0.26 89.70+0.21

−0.26

a (AU) Semimajor axis 0.04070+0.00114
−0.00110 0.04069+0.00116

−0.00120

DT0 Transit depth at T0 0.026759+0.000099
−0.000100 0.026756+0.000097

−0.000095

T14 (d) Transit duration between 1st and 4th contacts 0.10314+0.00020
−0.00020 0.10313+0.00020

−0.00019

K (m s−1) RV semiamplitude 72.0+6.8
−6.4 72.2+6.4

−6.4

e Eccentricity 0 0.030+0.034
−0.022

ω (◦) Argument of periastron – 5+132
−138√

e cos ω Unit eccentricity parameter – −0.038+0.142
−0.127√

e sin ω Unit eccentricity parameter – 0.005+0.144
−0.156

uTESS Limb darkening coefficient, TESS band 0.5241+0.0066
−0.0064 0.5232+0.0067

−0.0068

vTESS Limb darkening coefficient, TESS band 0.088+0.016
−0.017 0.088+0.015

−0.015

uR Limb darkening coefficient, R band 0.5328+0.0103
−0.0097 0.5333+0.0099

−0.0098

vR Limb darkening coefficient, R band 0.171+0.020
−0.020 0.172+0.020

−0.020

uz′ Limb darkening coefficient, z
′

band 0.3689+0.0102
−0.0097 0.3687+0.0100

−0.0096

vz′ Limb darkening coefficient, z
′

band 0.209+0.020
−0.020 0.209+0.021

−0.020

ug′ Limb darkening coefficient, g
′

band 0.8026+0.0098
−0.0101 0.8024+0.0100

−0.0098

vg′ Limb darkening coefficient, g
′

band 0.030+0.020
−0.021 0.029+0.021

−0.020

uwhite Limb darkening coefficient, white light 0.6640+0.0098
−0.0100 0.6627+0.0105

−0.0104

vwhite Limb darkening coefficient, white light 0.059+0.019
−0.019 0.062+0.021

−0.020

Notes. aControlled by Gaussian prior, N (0.68, 0.05).
bControlled by Gaussian prior, N (0.739, 0.031).
cAssuming zero albedo.

with coefficients and uncertainties within the TESS, R, z
′
, g

′
, and

white light bands determined using PYLDTK (Parviainen & Aigrain
2015) and EXOFAST online tool.5 PYLDTK and EXOFAST interpolate
the Husser et al. (2013) and Claret & Bloemen (2011) atmospheric
models, respectively, where we used stellar parameters from Table 3.
We vary the limb darkening coefficients with a Gaussian prior centred

5http://astroutils.astronomy.ohio-state.edu/exofast/limbdark.shtml
(Eastman, Gaudi & Agol 2013).

on the computed values, with standard deviation of 0.01 and 0.02
for c1 and c2, respectively. These uncertainties roughly correspond
to twice the computed error, which we inflated to account for
uncertainties in the stellar atmospheric models. The SOPHIE RV data
is further described by the semiamplitude K, eccentricity parameters√

e cos ω and
√

e sin ω, and additional nuisance parameters that
model the offset and a white noise term that is added in quadrature
to the SOPHIE uncertainties.

We first perform a maximum-likelihood fit, followed by MCMC
sampling using the NUTS sampler within PYMC3 to obtain credible
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Figure 12. Transit Spectroscopy Metric (TSM) from Kempton et al. (2018)
for all confirmed transiting exoplanets as a function of their equilibrium
temperature (where such a value has been calculated). The TSM is calculated
using equation (3). The colour scale is the planet radius. TOI-1259Ab has
a TSM of 180, making it ideal for atmospheric follow-up. In particular, it
has one of the highest TSM values for a planet cooler than 1000 K and of
Jupiter-size or less.

transiting planet: S = 0.19 for Rpl < 1.5R⊕; S = 1.26 for 1.5 < Rpl

< 2.75R⊕; S = 1.28 for 2.75 < Rlp < 4.0R⊕ and S = 1.15 for Rpl >

4.0R⊕.7

For TOI-1259Ab we calculate a value of TSM =180, which
places it in the top 3 per cent of all confirmed transiting exoplanets.
We demonstrate this in Fig. 12. TOI-1259Ab has a scaled sepa-
ration a/R� = 12.314+0.036

−0.056 and an equilibrium temperature Teq =
963 ± 21 K. Most of the planets with a higher TSM value are
hotter and larger. There are only two objects cooler than 1000 K
with a higher TSM: WASP-69b and WASP-107b. These two planets
have already received considerable attention with respect to their
atmospheres. WASP-69b (Anderson et al. 2014) has a confirmed
presence of helium in its atmosphere from ground-based observations
(Nortmann et al. 2018). WASP-107b (Anderson et al. 2017) is a so-
called ‘super-puff’, based on a 0.12MJup mass and a 0.94RJup radius,
and Hubble Space Telescope observations have revealed the presence
of both helium (Spake et al. 2018) and water (Kreidberg et al. 2018).

With an ecliptic latitude of 76.878◦, TOI-1259Ab is near the JWST
continuous viewing zone and is observable for typically 227 d per
year, which will assist future atmospheric characterization.
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A P P E N D I X A : N U I S A N C E PA R A M E T E R S FRO M TH E G L O BA L A NA LY S I S

Table A1. Fitted Gaussian process (GP) and radial velocity nuisance parameters from the joint modelling of the
photometric and radial velocity data. Only the parameters for the circular orbital model are given, as the differences
from the eccentric model are negligible.

Parameter Description Value Prior

Sector 14
log S0ω

4
0 GP amplitude −15.77+0.59

−0.51 N (log var(flux), 52)

log ω0 (s−1) GP frequency −0.90+0.56
−1.20 N (log 2π/5, 52)

log σ 2 White noise term −24.52+3.16
−5.73 N (log var(flux), 102)

F Flux scaling factor 0.99949+0.00053
−0.00446 N (median(flux), 52)

Sector 17
log S0ω

4
0 GP amplitude −8.71+0.28

−0.27 N (log var(flux), 52)

log ω0 (s−1) GP frequency 0.28+0.32
−0.38 N (log 2π/5, 52)

log σ 2 White noise term −24.52+3.29
−5.28 N (log var(flux), 102)

F Flux scaling factor 1.00051+0.00206
−0.00247 N (median(flux), 52)

Sector 18
log S0ω

4
0 GP amplitude −10.19+0.33

−0.31 N (log var(flux), 52)

log ω0 (s−1) GP frequency 0.75+0.16
−0.17 N (log 2π/5, 52)

log σ 2 White noise term −24.86+3.47
−6.10 N (log var(flux), 102)

F Flux scaling factor 0.99975+0.00041
−0.00044 N (median(flux), 52)

Sector 19
log S0ω

4
0 GP amplitude −14.68+0.50

−0.52 N (log var(flux), 52)

log ω0 (s−1) GP frequency −0.01+0.25
−0.29 N (log 2π/5, 52)

log σ 2 White noise term −24.74+3.25
−5.49 N (log var(flux), 102)

F Flux scaling factor 1.00004+0.00019
−0.00019 N (median(flux), 52)

Sector 20
log S0ω

4
0 GP amplitude −14.21+0.39

−0.37 N (log var(flux), 52)

log ω0 (s−1) GP frequency −0.37+0.24
−0.35 N (log 2π/5, 52)

log σ 2 White noise term −24.89+3.19
−5.37 N (log var(flux), 102)

F Flux scaling factor 0.99995+0.00044
−0.00061 N (median(flux), 52)

Sector 21
log S0ω

4
0 GP amplitude −11.36+0.38

−0.40 N (log var(flux), 52)

log ω0 (s−1) GP frequency 1.04+0.15
−0.16 N (log 2π/5, 52)

log σ 2 White noise term −24.77+3.13
−5.82 N (log var(flux), 102)

F Flux scaling factor 1.00006+0.00012
−0.00013 N (median(flux), 52)

Sector 24
log S0ω

4
0 GP amplitude −11.28+0.42

−0.44 N (log var(flux), 52)

log ω0 (s−1) GP frequency 1.14+0.16
−0.17 N (log 2π/5, 52)

log σ 2 White noise term −24.71+3.26
−5.39 N (log var(flux), 102)

F Flux scaling factor 1.00007+0.00010
−0.00011 N (median(flux), 52)
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Table A1 – continued

Parameter Description Value Prior

Sector 25
log S0ω

4
0 GP amplitude −9.83+0.34

−0.32 N (log var(flux), 52)

log ω0 (s−1) GP frequency 1.51+0.13
−0.13 N (log 2π/5, 52)

log σ 2 White noise term −24.64+3.34
−5.93 N (log var(flux), 102)

F Flux scaling factor 1.00006+0.00010
−0.00010 N (median(flux), 52)

Sector 26
log S0ω

4
0 GP amplitude −13.37+0.63

−0.61 N (log var(flux), 52)

log ω0 (s−1) GP frequency 0.44+0.24
−0.28 N (log 2π/5, 52)

log σ 2 White noise term −24.67+3.33
−5.35 N (log var(flux), 102)

F Flux scaling factor 1.00005+0.00015
−0.00015 N (median(flux), 52)

R band
log S0ω

4
0 GP amplitude 2.87+1.82

−2.48 N (−1, 102)

log ω0 (s−1) GP frequency 5.10+2.29
−0.57 N (log 2π/0.04, 102)

log σ 2 White noise term −10.98+0.25
−0.29 N (log var(flux), 102)

F Flux scaling factor 0.89563+0.00080
−0.00069 N (median(flux), 52)

z
′

band
log S0ω

4
0 GP amplitude −8.89+8.50

−3.46 N (−1, 102)

log ω0 (s−1) GP frequency 2.34+10.24
−2.53 N (log 2π/0.04, 102)

log σ 2 White noise term −18.14+4.86
−7.64 N (log var(flux), 102)

F Flux scaling factor 0.14724+0.00132
−0.00026 N (median(flux), 52)

g
′

band
log S0ω

4
0 GP amplitude −3.14+1.27

−1.23 N (−1, 102)

log ω0 (s−1) GP frequency 2.84+0.93
−1.20 N (log 2π/0.04, 102)

log σ 2 White noise term −19.04+4.66
−7.50 N (log var(flux), 102)

F Flux scaling factor 0.16291+0.00197
−0.00266 N (median(flux), 52)

White light
log S0ω

4
0 GP amplitude 3.10+1.11

−1.03 N (−1, 102)

log ω0 (s−1) GP frequency 3.97+0.42
−0.48 N (log 2π/0.04, 102)

log σ 2 White noise term −10.90+0.21
−0.21 N (log var(flux), 102)

F Flux scaling factor 1.36259+0.00500
−0.00481 N (median(flux), 52)

SOPHIE
log σ (km s−1) White noise term −5.44+1.34

−4.40 N (log median(RV), 52)

γ (km s−1) Systemic velocity −40.8197+0.0046
−0.0047 N (median(RV), 0.52)
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the transit light curve (Sanchis-Ojeda et al. 2011). This is shown in Figure 3.23 for TOI-1259 Ab. The top
panel shows the spot-induced rotational signal apparent in the un-corrected light curve. The middle panel
is a zoom-in on the first available sector of TESS data, with the locations of two neighbouring transits
highlighted in blue and orange. This panel also shows that the brightess of the star is close to a minimum,
which means the spot(s) is facing us. The bottom panels show these two transits up close. The blue transit
occurs first and encounters a spot in the last half of its transit. One orbital period later the planet transits
once more and occults a spot again, but this time earlier than before. If these two spot occultations are due
to the same spot, then the orbit is retrograde to the rotation of the star. To confirm this, I wrote a proposal
to observe two transits of TOI-1259 Ab using the HARPS-N spectrograph on the TNG telescope located
at Observatorio del Roque de los Muchachos in La Palma, Spain. The proposal was unfortunately not
accepted, however, in future work I wish to revisit this system to analyse the spot-crossing events in more
detail, which in itself can constrain the spin-orbit angle (Chapter 1.4.1, Sanchis-Ojeda et al. 2012).





C
ha

pt
er 4

Stellar obliquities in Earth and
super-Earth systems

By August 2018 my stint on working on brown dwarfs was mostly over, and I was ready for new
challenges. The experience I gained from working on Chapter 3.1 and 3.2 was indispensable. I had
become comfortable modelling exoplanet data, using MCMC, writing code, scheduling observations,
and had learned plenty of science; all of which were key skills in my next two projects.

As discussed in Chapter 1.5, one of the next frontiers in studies of spin-orbit misalignments is to work
towards systems hosting small planets and multiple planets (e.g. Sanchis-Ojeda et al. 2012; Bourrier
et al. 2018; Hjorth et al. 2021). This is extremely challenging since the Rossiter-McLaughlin effect
induced by a typical sub-Neptune sized planet transiting a Sun-like star with similar rotation is ∼1 m s−1

(Equation 1.4). This level of precision is approaching the limit of current spectrographs (Fischer et al.
2016). As we see from Equation 1.4, if we want to study small planets we can boost the Rossiter-
McLaughlin amplitude by also selecting small stars. Then the radius ratio between the star and a planet
is similar to a hot Jupiter system and would produce Rossiter-McLaughlin amplitudes of order tens of
m s−1 for reasonable values of E sin 8★. Alternatively, we can study stars with high E sin 8★, though this
also has the effect of degrading the radial velocity precision due to enhanced rotational broadening of
the absorption lines. A third alternative is the “brute force” approach, where we study bright Sun-like
stars with the best currently available high-resolution spectrographs on Earth, allowing us to reach radial
velocity precision down to a few tens of cm s−1 (Pepe et al. 2020).

In this Chapter I present two studies on small-planet systems, one is a Rossiter-McLaughlin cam-
paign on the Earth-sized planets in TRAPPIST-1 using the CARMENES spectrograph, and the other
is a measurement of the Rossiter-McLaughlin effect of the super-Earth c Men c using the ESPRESSO
spectrograph (Kunovac Hodžić et al. 2021).
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4.1 Rossiter-McLaughlin campaigns on TRAPPIST-1 observed with
CARMENES

The discovery of multiple planets orbiting the ultracool dwarf TRAPPIST-1 were announced in Gillon
et al. (2016, 2017). This time coincided with the CARMENES spectrograph coming online, which
was amongst the first radial velocity spectrographs that had a near-infrared arm dedicated to searching
for planets orbiting M dwarfs (Quirrenbach et al. 2016, 2018). My supervisor, Amaury, obtained time
on CARMENES to observe the Rossiter-McLaughlin effect in TRAPPIST-1. The scientific priority of
these observations was and continues to be very high. Planetary systems with seven discovered planets
and more are incredibly rare, yet they are most like the solar system (Shallue & Vanderburg 2018). In
addition, this was the lowest-mass star around which planets had been discovered, which challenged
planet formation theories. All of the planets are similar in size to the Earth, several of which orbit within
the habitable zone of TRAPPIST-1, where liquid water can exist on the surface of the planets (Gillon
et al. 2017). Naturally, measuring the obliquity of the star could tell us something about how such a
system came to be.

TRAPPIST-1 is an incredibly challenging target to observe for several reasons. The star is an ultracool
dwarf of spectral type M8.5 (Burgasser & Mamajek 2017). Although it is only 12 pc from the Sun (Costa
et al. 2006), the star is incredibly faint at optical wavelengths (+ = 18.8 mag) which is where most
radial velocity spectrographs operate. However, at the time of discovery the rotation of the star had
been measured to E sin 8★ = 6 ± 2 km s−1 (Barnes et al. 2014). If this is the case, this would yield a
Rossiter-McLaughlin amplitude of ∼50 m s−1, which would make it higher than the expected Doppler
signal due to the orbit of the planets (∼10 m s−1). Such a signal would be detectable with CARMENES.
CARMENES consists of two spectrographs. The visible spectrograph ranges from 0.52–0.96 µm with
' = 93 400, and the near-infrared spectrograph covers 0.96–1.71 µm with ' = 81 800 (Quirrenbach et al.
2016). At the time of our observations there were complications with the data in the near-infrared arm,
so only data from the visible arm is currently available. The following is some work I did in the early
autumn of 2018.

4.1.1 Observations

We took 176 spectra at 10 min exposures of TRAPPIST-1 in the CARMENES visible arm between
2016-06-01 and 2016-11-19, of which 161 were part of spectroscopic transit sequences. Ten transits
were obtained of TRAPPIST-1 b; five of TRAPPIST-1 c, and one partial transit of TRAPPIST-1 g. Two
of the sequences contained two transits immediately following one another; one with TRAPPIST-1 b
followed by a partial transit of TRAPPIST-1 g on Julian Date 2 457 603, and the other of TRAPPIST-1 c
followed by TRAPPIST-1 b on Julian Date 2 457 665. These events were treated with the same offset,
see Section 4.1.2. The average RV uncertainty for the entire dataset is 35.5 m s−1. The observations are
summarised in Table 4.1.



4.1. Rossiter-McLaughlin campaigns on TRAPPIST-1 observed with CARMENES 111

Table 4.1: Summary of observations.

Cexp #obs #transits 〈f〉
(min) (m s−1)

TRAPPIST-1 b - 108 10 36.3
TRAPPIST-1 c - 48 5 34.6
TRAPPIST-1 g - 5 1 37.0
Total 10 176 16 35.5

4.1.2 Rossiter-McLaughlin modelling

We modelled the spectroscopic transit with the ellc eclipsing binary model, and used the emceeMarkov
chain Monte Carlo algorithm to obtain credible intervals marginalised over other parameters. We used
normal priors on the period, %; transit midpoint, )0; transit depth, �; transit width,, ; impact parameter,
1, for each planet we had full (TRAPPIST-1 b,c) or partial (TRAPPIST-1 g) spectroscopic transits for,
based on the paper by Delrez et al. (2018). The radial velocity semi-amplitude,  , was fixed based on the
values of inclination, planet mass, and semi-major axis from the same paper and Grimm et al. (2018) for
each planet. The signal of the combined radial velocity variation from the remaining planets is negligible
compared to our RV precision, we thus fit individual offsets for each R-M sequence, but no slope due to
the short duration of the transits (36.19 min, 42.31 min, and 68.53 min). This choice was also justified by
comparing the Bayesian Information Criterion between the two configurations. We used limb darkening
parameters from Delrez et al. (2018), based on the Spitzer 4.5 µm channel, which is expected to be
different from the CARMENES visible arm, but is unlikely to impact our result given the precision of our
data. Repeated follow-up transit observations of the TRAPPIST planets have uncovered transit-timing
variations (Grimm et al. 2018). For the two innermost planets, the amplitude of this effect is 2–3 min.
However, inspecting the dynamical models in Grimm et al. (2018) backpropagated in time shows that our
observations fall in a range where the amplitude of the TTVs at most is 1 min, which is negligible given
our current errors and 10 min cadence. While variations in transit timing for TRAPPIST-1 g are larger,
its single partial transit does not contribute much to the fit and its effect is thus negligible.

We performed various fits, experimenting with no E sin 8★ prior, fixing _ = 0 (aligned), using
E sin 8★ = 6 ± 2 km s−1 prior from Barnes et al. (2014), and E sin 8★ = 1.855 ± 0.095 km s−1 based on the
%rot = 3.30 ± 0.14 days periodic signal from Luger et al. (2017) and Vida et al. (2017) found in the K2
data, combined with the radius of TRAPPIST-1 from Van Grootel et al. (2018). Finally, we also perform
a fit with no Rossiter-McLaughlin effect for reference.

The runs were performed with 128 “walkers” dispersed close to the maximum likelihood solution,
each running for a total of 5000 steps, where half were discarded as burn-in. All parameters reached the
'̂ < 1.1 convergence criterion (Gelman et al. 2003). The final posterior samples were thinned by a factor
10 due to autocorrelation, before merging the chains to compute the 68 % credible intervals.
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Table 4.2: Results from the different runs using various priors on E sin 8★ and without.

E sin 8★ prior E sin 8★ _ fresidual j2 BIC
(km s−1) (km s−1) (deg) (m s−1)

N (6, 2) 5.2+1.8
−1.7 60+13

−26 25.0 94.3 -857.4
N (1.855, 0.095) 1.9+0.1

−0.1 22+35
−52 25.5 94.6 -856.8

U(0, 20) 4.24+3.49
−2.14 57+18

−52 25.0 93.9 -857.8
U(0, 20) 2.03+1.03

−1.06 0 25.5 96.6 -860.2
- 0 0 25.6 92.8 -869.1

4.1.3 Results

Overall, the j2 does not vary much between the runs, thus most of the differences in the Bayesian
Information Criterion that favours one model over another comes from the different number of effective
model parameters. As a consequence, our reference run where we do not fit the Rossiter-McLaughlin
effect (i.e. we fit a straight line) is greatly preferred by the BIC, with a difference of at least |JBIC| = 9
from the second lowest, where we assume alignment and fit freely for E sin 8★. However, the latter is not
greatly preferred over the other runs with a |JBIC| of only 3–4. The comparison between the different
runs is summarised in Table 4.2 and Figure 4.1, where we show the posterior distributions for E sin 8★ and
_. In the runs with a prior on E sin 8★ it seems to recover the prior as the prior and posterior distributions
overlap.

The posterior distributions for the sky-projected spin-orbit angle _ is consistently skewed away from
alignment where we fit for it. However, for our runs when using a prior on E sin 8★ = 1.885 ± 0.095 km s−1

and without a prior, we retrieve _ = 22°+35
−52, and _ = 57°+18

−52, respectively, which is consistent with
alignment within the 68 % credible interval. The run with using a prior on E sin 8★ = 6 ± 2 km s−1 from
rotational line broadening yields _ = 60°+13

−26, where misalignment is favoured at 2f, although the BIC
from this run is not particularly favoured.

Conversely, if we assume aligment and fix _ = 0° to constrain E sin 8★, we obtain E sin 8★ =

2.03+1.03
−1.06 km s−1; a 2f detection on the rotation. Interestingly, a priori we expect the system to be

aligned in such a close-packed system due to dynamical arguments, and if true, places a 3f upper limit
of E sin 8★ < 5 km s−1.

Finally, for our most conservative approach, fitting E sin 8★ and _ freely, we plot the data and the
best-fit Rossiter-McLaughlin models and their 95 % credible intervals in Figure 4.2. Astonishingly, the
data may hint at a signal at the expected time, but with the current data, it is not possible to say with high
certainty.

4.1.4 Further observations

The current dataset comprises 15 full spectroscopic transits. The current best solution based on the
Bayesian Information Criterion, aside from the non-detection reference, has a =f = 2.03/1.06 ≈ 1.9f
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Figure 4.1: Posterior distributions (black) for E sin 8★ and _ from our four runs where either was fit,
with prior distribution (red) where applicable. Top: Prior on E sin 8★ = 6 ± 2 km s−1 from spectroscopic
line broadening (Barnes et al. 2014). Upper middle: Prior on E sin 8★ = 1.855 ± 0.095 km s−1 from K2
periodic signal interpreted as rotation (Luger et al. 2017; Vida et al. 2017). Lower middle: No prior.
Bottom: No prior, fix _ = 0° (alignment).
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• Assuming alignment, we recover E sin 8★ = 2.03+1.03
−1.06 with 95 % confidence, and E sin 8★ < 5 km s−1

at 99.7 % confidence.
• Achieving a 3f detection on E sin 8★, and constraining the sky-projected spin-orbit angle _ further,

would require an observing programme of about 60 h, or 7.5 nights.

The most important result from this work is that the rotation of the star is significantly lower than
previously thought, and indeed it appeared to match reported signals that had been attributed to rotation
in K2 data (Luger et al. 2017; Vida et al. 2017). As a result the Rossiter-McLaughlin amplitude is
much lower than anticipated and therefore not detected. We estimated we need an additional 60 h of
observations on CARMENES to claim a 3f detection and found that this was not feasible.

Instead, we pursued additional observations in other ways. On two occasions I submitted proposals
to ESPRESSO to observe the Rossiter-McLaughlin effect in TRAPPIST-1, showing that we could claim
a detection in 22 hours of observations. These were unfortunately rejected on both occasions. As
a result my supervisor and I reached out to the SPIRou team and started a collaboration. Led by a
PhD student at the University of Montreal, they submitted proposals on several occasions to observe
the Rossiter-McLaughlin effect of TRAPPIST-1 b. In this collaboration I am providing an analysis of
the CCFs with the reloaded Rossiter-McLaughlin method. Recently, we also obtained CCFs from our
original CARMENES data — made possible by the work presented in Lafarga et al. (2020) — thus a new
analysis may be able to provide further constraints on this data as well.

In the meantime, Hirano et al. (2020) observed transits of TRAPPIST-1 b, e and f over the course of
one night. They obtained near-infrared radial velocities during transit using the IRD spectrograph on the
8.2-m Gemini-N telescope at Mauna Kea, Hawaii, and constrained the spin-orbit angle to _ = 1° ± 28°
and _ = 19°+13°

−15°, by analysing the radial velocities and deformation of the spectral lines, respectively
(Hirano et al. 2020). They too, find a low value for E sin 8★ = 1.50 ± 0.37 km s−1, which is agreement
with our value from the CARMENES data by assuming _ = 0° (Bottom panel, Figure 4.2).
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Table 4.3: Table of priors used in the analysis. N denotes the normal distribution with the given mean
and standard deviation in brackets, while U denotes a uniform distribution with lower and upper limits
in brackets. References: 1Barnes et al. (2014); 2Luger et al. (2017), Vida et al. (2017); 2Delrez et al.
(2018).

Parameter Prior Unit

TRAPPIST-1
E sin 8★ N (6, 2)1 km s−1

E sin 8★ N (1.855, 0.095)2 km s−1

TRAPPIST-1 b
% N (1.51087637, 0.00000039)3 day
)0 N (7322.51654, 0.00012)3 day
1 N (0.157, 0.075)3 '★
, N (0.025132, 0.000083)3 day
� N (0.007277, 0.000075)3

TRAPPIST-1 c
% N (2.42180746, 0.00000091)3 day
)0 N (7282.80879, 0.00018)3 day
1 N (0.148, 0.088)3 '★
, N (0.029381, 0.000097)3 day
� N (0.006940, 0.000068)3

TRAPPIST-1 g
% N (12.354473, 0.000018)3 day
)0 N (7665.35084, 0.00020)3 day
1 N (0.406, 0.03)3 '★
, N (0.04759, 0.00026)3 day
� N (0.00764, 0.00011)3
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4.2 Orbital misalignment of the super-Earth c Men c with the spin of its
star

4.2.1 An opportune moment for jumping onto the TESS bandwagon

We have arrived at what is perhaps the most important scientific contribution in my PhD, but what has also
undeniably been the most challenging work. As I was concluding my work on TRAPPIST-1 the TESS
spacecraft announced its first discovery: a super-Earth orbiting the naked-eye star c Men c (Huang et al.
2018; Gandolfi et al. 2018). The system was already home to a Doppler planet/brown dwarf on a wide
eccentric orbit (Jones et al. 2002), and therefore formed a type of hierarchical triple system. Observational
constraints on the formation on super-Earths are scarce, and this system provided a particularly interesting
target to test disc-free migration scenarios given the existence of its outer companion.

I calculated that the Rossiter-McLaughlin amplitude in this system would be ∼60 cm s−1. This would
have been very difficult to do with HARPS, which has a precision limit of about 50 m s−1 and has been
the premier exoplanet high-resolution spectrograph since 2003 (Mayor et al. 2003). However, on 1
October 2018 the European Southern Observatory’s new generation exoplanet spectrograph, ESPRESSO,
finished its commissioning (Pepe et al. 2020). ESPRESSO boasts a limit of 10 cm s−1, and measuring a
∼60 cm s−1 signal would then be within the realm of possibility. I brought up these thoughts to Amaury
and he strongly encouraged me to write a proposal to ask for Director’s Discretionary Time (DDT) to
observe the transit of c Men c. There were only two fully visible transits remaining that year before the
star had set, on November 3 and December 17, so time was of the essence. I wrote the proposal with
some help from Amaury, and I asked ESO to observe both transits. The proposal got accepted within
about two weeks, just in time to schedule observations for the transits, and was some of the first science
data taken with ESPRESSO. However, ESO initially only accepted the first transit event, and asked for
a report of the analysis of this data to justify the need for a second transit. I therefore only had a few
weeks to analyse the data and write the report before the 17 December transit event. On the evening of 2
November 2018, the night of the first transit — and the night before my 27th birthday — I stayed up late
obsessively checking the weather in Paranal. Immediately upon waking up the next morning I logged
into my account on ESO to check the nightly report — we had data!

ESPRESSO was so new that the data reduction pipeline was not yet available when we observed
the first transit. Instead, Gaspare Lo Curto at ESO kindly provided us the radial velocities using the
not-yet public pipeline. Loading in the data to plot it was a moment of great excitement, and even
more so when I saw there was structure within the timeseries. Then, I looked at the scale of the radial
velocity axis. The radial velocity sequence from the first transit can be seen in the top panel of Figure 4.4
(Figure 2 in the published paper). The ∼3 m s−1 variation seen in the data far exceeded the expected
∼0.5 m s−1 signal. The most dominant signal in the radial velocity timeseries is the ∼6 min variation due
to stellar oscillations, which occur due to the excitation and damping of pressure modes near the turbulent
convective surface regions of stars (Basu & Chaplin 2017). A second signal is longer in timescale —
a few hours — and I wondered whether this was the Rossiter-McLaughlin signal. It was clear that by
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looking at the data that just modelling the Rossiter-McLaughlin effect on its own would not suffice, I had
to come up with a method of dealing with the oscillations.

At the time I had seen Gaussian process (GP) regression being increasingly used in modelling
correlated signals in transit light curves and radial velocity timeseries (e.g. Haywood et al. 2014; Gillen
et al. 2017; Farr et al. 2018). A relatively new open-source GP code had recently been published by
Foreman-Mackey et al. (2017), which employed a kernel function which had the functional form of a
simple harmonic oscillator that could lend itself well to modelling stellar oscillations. Over the next week
I worked intensely on learning about celerite and implementing it in amelie to model the oscillations
with the Rossiter-McLaughlin model. The GP model was a success as shown in Figure 4.4. The issue
was the longer timescale signal. This could either be due to the Rossiter-McLaughlin effect, or due to an
additional signal of unknown origin. The conclusion was clear, in any case: we had to observe a second
transit to be sure of what we were seeing.

Our results from the GP modelling showed that the frequency of the oscillations had two solutions.
This ambiguity was due to our data sampling. The exposure time in the first transit sequence was set to
120 s, with the CCD read-out time being 45 s, so the cadence of our data was 165 s. The Nyquist frequency
of our data was therefore close to the frequency of oscillation. Our second run was accepted given the
findings of my report, and this time — after some discussion with co-authors Bill Chaplin and Guy Davies
— we decided to lower the exposure time to 80 s. This would ensure we could unambiguously find the
right frequency, but also get enough photons to reach sufficient precision on individual measurements
for the Rossiter-McLaughlin effect. The second transit sequence is shown to the right in Figure 4.4. The
signal seen in the first sequence now seems to have disappeared, which validated our decision to ask for
another transit.

The road from acquiring the data to publishing the paper took about two years. First, I had to do
an analysis of transit photometry from TESS to nail down the orbital period, which was needed for the
analysis of the ESPRESSO data. The discovery papers from Huang et al. (2018) and Gandolfi et al.
(2018) were based on one sector of TESS data only, and the uncertainty on the orbital period was about
7 min at the time of the 3 November transit. By the time we had acquired the ESPRESSO data c Men had
been observed in two more TESS sectors. I worked on understanding and analysing this data more or less
full-time over the next six months after acquiring the data. Some time went into learning how to use the
data reduction pipeline for ESPRESSO. Some more time went into investigating the CCFs order-by-order
to see if there was any colour-dependence in the radial velocities, though no firm conclusions could be
drawn. Once I felt I could not get any more information out of modelling the radial velocity timeseries
I took a break from this work for my own sanity. I started to work on a new project for my upcoming
research visit at The University of Chicago, which ran from September 2019 – March 2020. During my
time in the US I started slowly poking at the data again, but this time working on a CCF analysis using
the reloaded Rossiter-McLaughlin method. The analysis of the CCFs appeared to favour a somewhat
misaligned system, but I did not feel confident enough to say for certain since I was not yet very familiar
with the reloaded technique (Section 2.2.4). I decided I needed to get more experience by working on
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another easier system first to learn gain more experience. That system was J0608-59/TOI-1338, which
is outlined in Chapter 6. That work taught me a lot about working on CCFs and the reloaded Rossiter-
McLaughlin method. After concluding that work, I returned to analysing the c Men data with more
confidence, re-doing all analysis, and started to write the paper. Indeed, all my analysis pointed towards
a misaligned configuration which was a big result. Finally, after further delays in productivity due to
the COVID pandemic, I submitted the paper in the summer of 2020. Shortly prior to this, a potential
explanation for the misalignment came with the discovery of a mutual inclination between the c Men c
and the outer planet b (Damasso et al. 2020; De Rosa et al. 2020; Xuan & Wyatt 2020). The paper was
accepted in January 2021, and is outlined below.
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an outer giant planet will scatter the super-Earth to a highly elliptical
orbit. At each periastron passage, the super-Earth will pass very close
to the star (a few hundredths of au) and cause tidal dissipation in
the planet, which acts to reduce the orbital energy and circularize
the orbit to its present-day location. The initial scattering event
produces a broad distribution of orbital inclinations (Fabrycky &
Tremaine 2007; Chatterjee et al. 2008; Naoz et al. 2011), unlike
the aforementioned disc migration pathways that result in co-planar
systems.

One of the most promising ways of distinguishing different
migration pathways is through the Rossiter–McLaughlin effect
(McLaughlin 1924; Rossiter 1924), which measures the projected
spinorbit angle between the orbital plane and stellar spin axis, λ.
Rossiter–McLaughlin measurements have all but become routine
observables for hot Jupiters, and a trend has emerged in which
stars above the Kraft break (Teff ! 6200 K) tend to host misaligned
massive planets, while stars below (cold stars) tend to have co-planar
planets (see Triaud 2018 for a review, and references therein). In
general, this can be explained by hot Jupiters being massive enough
to realign the stellar spin axis from tidal coupling to their thick
convective envelopes, and spin-down due to magnetic breaking,
while more massive stars have thinner – or non-existent – convective
envelopes and remain fast rotators (Winn et al. 2010b; Dawson 2014).
These considerations muddle our interpretation of the dynamical
histories of exoplanets, and thus inferring the migration pathways
and formation mechanisms of close-in massive planets from spin–
orbit angle measurements remains difficult. Smaller planets, however
– such as super-Earths – are not massive enough to realign the star
within the tidal decay time-scale or lifetime of the star (Dawson
2014), and will therefore keep their orbital inclinations, allowing us to
robustly infer their migration pathways from their present-day orbital
obliquities. However, Rossiter–McLaughlin observations have thus
far largely eluded the super-Earths. The expected radial velocity
semi-amplitudes are often at or below the m s−1 level, which is at
the precision limit of our best spectrographs on the brightest stars,
and where phenomena such as stellar oscillations and near-surface
convection begin to dominate the signal. Nevertheless, successful
Rossiter–McLaughlin campaigns have been carried out on small
planets, such as the misaligned Neptune-mass exoplanets HAT-P-
11 b (Winn et al. 2010a; Hirano et al. 2011), GJ 436 b (Bourrier
et al. 2018), the somewhat contentious result on the super-Earth 55
Cnc e (Bourrier & Hébrard 2014; López-Morales et al. 2014), and
most recently on the 22-Myr Neptune-sized planet au Mic b (Addison
et al. 2020; Hirano et al. 2020; Palle et al. 2020).

Here, we present a detection of the planetary shadow of a close-
in super-Earth, known to host a giant planet companion on a wide,
eccentric orbit. We find that the orbit is misaligned with the stellar
spin axis, pointing to an origin beyond the snowline, and may show
evidence of high-eccentricity migration following dynamical inter-
action with the outer companion in the system’s youth. We present
spectroscopic transits obtained with the ESPRESSO spectrograph
(Pepe et al. 2014), as one of the first science observations after
completing its commissioning, and demonstrate its capabilities for
providing observational constraints on planet formation of the most
common population of exoplanets.

The paper is organized as follows: In Section 2, we present our
analyses of the ESPRESSO data that include (i) modelling of the
Rossiter–McLaughlin anomaly combined with a Gaussian process
(GP) model for the asteroseismic activity and (ii) an independent
analysis using the reloaded Rossiter–McLaughlin method. In addi-
tion, in Appendix A we include our transit analysis using the full
TESS Cycle 1 data to inform our Rossiter–McLaughlin modelling.

In Section 3, we present our updated transit parameters, and new
asteroseismic parameters and obliquity measurements. We discuss
our results in the context of planet formation in Section 4, and
conclude in Section 5. In Appendix A, we present our analysis
on TESS photometric data to constrain the transit ephemerides and
parameters for the Rossiter–McLaughlin analysis.

2 ESPRESSO DATA ANALYSIS

2.1 Observations and data reduction

Two transits of π Men c were observed on the nights of 2018
November 2 (run A) and 2018 December 16 (run B) using the
ESPRESSO spectrograph (Pepe et al. 2014) mounted on the Very
Large Telescope at ESO Paranal Observatory (DDT 2102.C-5008,
PI: Hodžić). The transit in run A was observed concurrently with
TESS Sector 4 observations. ESPRESSO observations were carried
out under very good conditions (seeing ∼0.5 arcsec) in the high-
resolution mode using 1 × 1 binning. Integration times were fixed at
120 and 80 s for runs A and B, respectively, with 44 s dead time per
observation due to read-out, reaching median signal-to-noise ratio
(SNR) per pixel of 272 and 200 at 550 nm for each run. The two runs
cover, respectively, 5 and 6 h uninterrupted sequences that cover the
full transit duration and additional baselines of 2–3 h before and after
the transits. The observations are summarised in Table 1.

The spectra were reduced with version 2.0 of the ESPRESSO
data reduction pipeline,1 using a G2 binary mask to create cross-
correlation functions (CCFs) that are fitted with Gaussian profiles.
From the Gaussian fits, we derive the depth (contrast), width [full
width at half-maximum (FWHM)], and mean (radial velocity). The
first sequence shows some variation in the derived contrast and SNR
throughout the night, which may be due to passing thin clouds . In
Section 2.4.1, we describe a way of mitigating its impact on our result.
The second sequence is stable with the contrast normally dispersed
around the mean, but with a slope as the SNR increases throughout
the night. The resulting median uncertainties on the integrated radial
velocities are 24 and 35 cm s−1 for the first and second sequences,
respectively.

The choice of exposure time for run B was informed by a
preliminary analysis of run A, which showed two possible solutions
for the frequency of maximum oscillation. We therefore opted for
faster sampling rate in run B while still making sure to reach
the required radial velocity precision for the Rossiter–McLaughlin
effect.

2.2 Detection of solar-like oscillations in ESPRESSO data

Our initial approach to obtain the spin–orbit angle of π Men c is to fit
the Rossiter–McLaughlin effect from the ESPRESSO radial velocity
time series. The expected amplitude of the Rossiter–McLaughlin
effect for this system (assuming λ ∼ 0◦) is ∼ 50 cm s−1. In this
section, we shall see that the radial velocity time series is dominated
by variability due to oscillations with amplitudes of a few m s−1,
which makes it challenging to extract the signal of the Rossiter–
McLaughlin effect. Before attempting to detect the transiting planet,
we first need to characterize the oscillation signal

Fig. 1 shows the frequency power spectrum of the ESPRESSO
radial velocity residuals. Here, we joined the two segments of

1ftp://ftp.eso.org/pub/dfs/pipelines/espresso/espdr-reflex-tutorial-1.0.0.pdf
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Orbital misalignment of π Men c 2895

Figure 1. Lomb–Scargle periodogram of the combined ESPRESSO radial
velocity data. The orange curve shows the heavily smoothed spectrum and
reveals an estimate of νmax ≃ 2900 µHz. In blue, we denote the frequency of
maximum oscillation for the Sun for comparison.

data together, and then computed the spectrum using a Lomb–
Scargle periodogram (Press & Rybicki 1989), sampled at a frequency
resolution that corresponds to the inverse of the length of the
combined data set. The spectrum shows a clear excess of power
due to solar-like oscillations (p modes), centred around a frequency
of maximum oscillations power of νmax ≃ 2800 µHz. Note that the
approach of joining together the two Doppler time series does not
affect the detectability of the oscillations, because the damping times
of the detectable modes are much shorter (of the order of a few days)
than the gap between the two sets of data.

Owing to the very short duration of the combined data set, it is
not possible to resolve the individual overtones of the oscillation
spectrum. The excess power due to the oscillations may as such be
modelled to first order in these data as a Gaussian or Lorentzian in
frequency (here we choose the latter; see e.g. Farr et al. 2018). Note
the orange line in Fig. 1 shows the result of smoothing the spectrum
with a double-boxcar filter of width 735 µHz.

We also searched the combined TESS residual light curve (after
removing the transit and GP signal) for solar-like oscillations, but
were unable to uncover evidence of detectable modes. However, as
we shall see in the next section, the high-S/N ESPRESSO data do
show clearly detectable oscillations in Doppler velocity.

2.3 Gaussian process modelling of asteroseismic signal and
Rossiter–McLaughlin effect

In this section, we build on our analysis from Kunovac-Hodzic
& Triaud (2019) to try to recover the ‘classical’, or velocimetric,
Rossiter–McLaughlin effect. As is evident from Fig. 1, our data
show clear signals from oscillations due to p modes and possibly
other lower frequency stellar activity. In recent years, GPs have
been shown to be robust models to describe correlated noise, stellar
rotation, or other activity at various time-scales (e.g. Haywood et al.
2014; Grunblatt, Howard & Haywood 2015; Gillen et al. 2017; Angus
et al. 2018). Recently, there have also been examples of applying
CARMA models (Farr et al. 2018) or GPs (Foreman-Mackey et al.
2017) to asteroseismic analyses in the time-domain. This allows

for simultaneous transit or Keplerian modelling, whereas it has
traditionally been done in frequency space. Following Foreman-
Mackey et al. (2017), the oscillations may be modelled as a sum
of stochastically driven damped simple harmonic oscillators (SHO),
with power spectrum S(ω) given by

S(ω) =
√

2
π

S0 ω4
0(

ω2 − ω2
0

)2 + ω2
0ω

2/Q2
, (1)

ω0 is the peak angular frequency, S0 is the maximum power, Q is
the quality factor that describes the damping time-scale. For large Q,
equation (1) approaches a single-peaked Lorentzian function, and for
modelling oscillations from different modes, Q would describe their
damping time-scale. From Section 2.2, we determined our data set is
too short to resolve individual overtones of the power spectrum, thus
we only use a single SHO term (whose power spectrum is described
by equation 1) to capture the overall shape of the p mode power
excess, and in this case Q will effectively describe the width of the
power envelope. Similar assumptions have been made in e.g. Farr
et al. (2018). The covariance function of equation (1) is a type of
quasi-periodic function, given by

k(τ ) = S0 ω0 Q exp
(

−ω0τ

2Q

)
cos (η ω0 τ ) + 1

2ηQ
sin (η ω0 τ ), (2)

where τ is the lag between two measurements in time, and η =√
|1 − 1/4Q2|.
In addition to the oscillations, the data show an additional lower

frequency variability component. The variability does not appear
to be periodic, but has characteristics of correlated (red) noise
which may originate from stellar surface convection or instrumen-
tal/environmental effects. In the case of run A, the background
component may be dominated by changes in SNR due to varying
observing conditions, see Fig. B1. Hereafter we refer to this as
the ‘background’ component, and let it encapsulate any variability
that is not constrained by the oscillations model or the Rossiter–
McLaughlin signal. A similar model to equation (1) can be used to
describe the background term by fixing Q = 1/

√
2. In this case, the

power spectral density given in equation (1) simplifies to

S(ω) =
√

2
π

S0

(ω/ω0)4 + 1
, (3)

which describes a Harvey-like model commonly used to describe
the background power due to surface convection (granulation) in
asteroseismic and helioseismic analyses (Harvey 1985), but has also
been used to model correlated signals in both radial velocity data and
photometry (Foreman-Mackey et al. 2017). The covariance function
for the background model simplifies to

k(τ ) = S0 ω0 exp
(

−ω0τ√
2

)
cos

(
ω0τ√

2
− π

4

)
. (4)

We use the CELERITE GPs software (Foreman-Mackey et al. 2017)
to model the stellar signals together with a Rossiter–McLaughlin
model. We use the simple harmonic oscillator (SHO) kernel within
CELERITE, which is a type of quasi-periodic kernel whose power
spectral density and covariance function are described by equa-
tions (1) and (2). We fit for the frequency of maximum oscillation
power, νmax = ωmax/2π , logarithm of the amplitude ln Sosc, and
power-excess width, ln Qosc to fit the high-frequency variations in
our data, which was clearly favoured by the Bayesian Information
Criterion (BIC). We include an additional SHO term with PSD
given by equation (3) and covariance function by equation (4)
for the low frequency background component, where Q is fixed
to 1/

√
2, and is also clearly favoured by the BIC. Here, we fit
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2896 V. Kunovac Hodžić et al.

for the logarithm of the amplitude ln Sbkg, and angular frequency
ln ωbkg. We attempted to also include a second background term,
but found no support for a second signal from a comparison of
the BIC.

The oscillation time-scale is only a few times that of our cadence,
which can potentially introduce smearing of the oscillation signal.
To account for this, we use integrated versions of the CELERITE

kernels that we introduced above (Dan Foreman-Mackey, private
communication). However, we found that this effect did not make a
noticeable different on our result. Moreover, inspecting the data in
Fig. 2, the noise properties of the two sequences appear qualitatively
different. We therefore model the two ESPRESSO time series with
individual GP kernels since their covariance properties are expected
to differ, but share the hyperparameters between them. The priors on
the hyperparameters are shown in Table 2.

Our orbital model is computed using ELLC, where the Rossiter–
McLaughlin effect is computed as the flux-weighted radial velocity,
as included in the package. We vary the transit parameters with
Gaussian priors based on the posterior distribution obtained from
our TESS photometric analysis (Appendix A), which are listed in
Table 4. The radial velocity semi-amplitude is also varied with a
Gaussian prior K = 1.5 ± 0.2 m s−1, according to the most recent
radial velocity orbit analysis in Damasso et al. (2020), which is in
agreement with Huang et al. (2018b) and Gandolfi et al. (2018). For
the Rossiter–McLaughlin effect, we fit for the projected rotation,
veqsin i⋆, of the star, and the spin–orbit angle, λ, and restrict their
values to veq sin i⋆ ∼ U(0, 20) km s−1, λ ∼ U(−180◦, 180◦).

The free parameters in our joint GP and Rossiter–McLaughlin
model are sampled using the EMCEE package (Foreman-Mackey et al.
2013). Given the relatively large number of parameters, we launch
400 ‘walkers’ that we run for ∼50 times the estimated autocorrelation
length of the parameters. We discard the samples associated with
a burn-in phase, which we determined visually, and then checked
for convergence by verifying that all parameters reached R̂ < 1.1
(Gelman et al. 2003). The chains were further thinned by their
estimated autocorrelation length before merging them, resulting in
>1000 effective samples per parameter.

As we shall see in Section 3, the detection of the Rossiter–
McLaughlin effect is uncertain using the velocimetric method
outlined in this section. Therefore, as a next step, we attempt to
directly analyse the line profile distortion due to the planet in the
next section.

2.4 Rossiter–McLaughlin reloaded

2.4.1 Retrieving the occulted light

A relatively recent method termed the reloaded Rossiter–
McLaughlin method (Cegla et al. 2016; Bourrier et al. 2017, 2018;
Ehrenreich et al. 2020; Kunovac Hodžić et al. 2020) uses the CCF
to retrieve the light on the stellar disc that is occulted by the planet
during transit, and has been shown to address some issues that may
bias measurements of λ in ‘classical’ Rossiter–McLaughlin analyses,
such as the method presented in Section 2.3. In summary, the in-
transit CCFs (CCFin) are subtracted from a reference out-of-transit
CCF (CCFout) to retrieve the local stellar CCF behind the planet.
We refer the reader to Cegla et al. (2016) for more details, and also
similar, pioneering methods in Albrecht et al. (2007) and Collier
Cameron et al. (2010). In the following, we will use the abbreviation
‘DI’ to refer to ‘disc-integrated’ CCFs, to make clear the distinction
from the ‘local’ CCFs. Local CCF refers to the retrieved stellar light
behind the planet, i.e. Doppler shadow.

The continuum levels of ESPRESSO CCFs are arbitrary due to
not being flux-calibrated. We therefore start by normalizing the
DI CCFs by their individual continuum values. Moreover, we also
scale them by a quadratic limb darkened transit model computed
from the parameters derived in Appendix A, using the same limb
darkening coefficients as in the TESS transit analysis. The DI
CCFs are then shifted to the stellar rest frame by removing the
Keplerian motion of the star due to planet c, using the semi-
amplitude as derived from Huang et al. (2018b) and Gandolfi et al.
(2018). The reflex motion of the star due to planet b is smaller
– about 10 and 20 cm s−1 over the transit duration for each run,
respectively – and is therefore a negligible effect. Moreover, we
further shift the out-of-transit data to a common systemic velocity
at each night, γ , determined from a weighted average of the out-
of-transit disc-integrated radial velocities. The latter step is done in
order to build as close to a true, intrinsic line profile of the star as
possible, without being affected by the smearing due to the potential
large radial velocity variation outside of transit, as can be seen in
Fig. 2.

The signal that we are trying to extract is a very subtle distortion
of the DI line profiles, which is expected to cause a shift in radial
velocity of just ∼50 cm s−1, or put another way; a change in the
CCF shape due to the missing flux that is comparable to the
transit depth of ∼250 ppm. In order to reach this precision, we are
required to bin the in-transit DI CCFs to enhance the SNR of the
occulted light. An additional benefit of the binning is to reduce
the impact of stellar oscillations. We show in Fig. 3, the radial
velocity scatter for a range of bin widths, demonstrating that the
oscillations are effectively binned down as white noise for specific
integration times (Chaplin et al. 2019). This is particularly clear
when the observing conditions are more stable, such as for run B
(Fig. B1).

While binning the DI CCFs equates to longer exposure time and
thus higher SNR, it may also have detrimental effects on the signal we
are trying to extract. The reloaded Rossiter–McLaughlin effect relies
on isolating the differences in the DI CCF shape between in-transit
and out-of-transit observations. The contrast (depth) of the DI CCF
seems correlated with the SNR, as a lower SNR means fewer stellar
absorption lines are resolved when cross-correlating the spectrum
with the stellar template. Therefore if the contrast (or FWHM) of
the in-transit DI CCFs differ from the out-of-transit DI CCFs at a
comparable level to the expected missing light, the residual CCFs
(that is the Doppler shadow) may be affected by this difference and
thus bias the measurement of its measured radial velocity. This is
particularly an issue for run A, where in Fig. B1, we show that the
contrast during transit varies over a range of ∼500 ppm, which is
twice the expected signal of the Doppler shadow. In order to attempt
to reduce the impact of this effect, we found it best to choose a
bin width large enough to effectively reduce the stellar oscillations
(Fig. 3) and obtain a high enough SNR, but such that it still bins
together DI CCFs with similar contrast. We found that a bin width
of 15 min was a good compromise taking the above considerations
into account, while retaining sampling.

Given the variation in contrast, we found it best to also create
master out-of-transit DI CCFs that have characteristics that are as
close as possible to the values of the binned in-transit DI CCFs to
isolate the Doppler shadow. For each ESPRESSO sequence, we create
three master out-of-transit CCFs that we refer to as top, middle, and
bottom. The top and bottom master CCFs are weighted averages of a
combination of the lowest and highest SNR DI CCFs, respectively.
The middle master CCF is created from a combination of DI CCFs
such that it falls close to the middle of the two. For each binned
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Table 3. Priors on the Gaussian model parameters for
modelling the residual CCFs. y refers to the residual CCF
flux.

Parameter Prior

A N (0, range y)
σ (km s−1) N (0, 10)
ϵ N (0, sd. y)
µ (km s−1) N (0, 40)
c N (0, sd. y)

Fischer 2005). For physical reasons, we therefore further restrict the
value of µ to [−5, 5] km s−1 to avoid fitting spurious correlations that
are sometime seen outside the line core. For each residual CCF, we
run two individual chains for 5000 tuning steps and 1000 production
steps. This typically results in >500 effective samples per parameter
that are well mixed, with R̂ < 1.001 for all parameters. The fits to
the individual residual line profiles are shown in Figs C1–C6, and
the derived radial velocities are shown in Fig. 5. Moreover, we show
how the derived residual CCF contrast and FWHM compare between
the two sequences in Fig. C7.

2.4.3 Local surface velocity modelling

We model the surface velocities following the semi-analytical model
in Cegla et al. (2016). We create a 51 × 51 grid that spans the size
of the planet, co-moving with its centre. At every observation, we
compute the brightness-weighted rotational velocity by summing the
cells on the stellar disc that are occulted by the planet. We assume
the star follows a quadratic limb darkening law with coefficients as
reported in the TESS analysis. We further assume the star follows
rigid body rotation, as the precision of our data is not good enough
to pick up latitudinal differential rotation. Similarly, we also neglect
velocity contributions due to centre-to-limb convective effects. In
this case, the theoretical surface velocity depends on the projected
rotational velocity, veqsin i⋆; projected spin–orbit angle, λ; the stellar
radius scaled by the planet distance, R⋆/a; and orbital inclination, ip.
We vary R⋆/a and ip within their Gaussian uncertainties determined
from the TESS transit analysis (Appendix A, Table 4). We let
veq sin i⋆ ∼ U(0, 10) km s−1, and λ ∼ U(−180◦, 180◦). We sample
these four parameters using the MCMC sampler as implemented in
EMCEE (Foreman-Mackey et al. 2013), running 200 ‘walkers’ for
∼50 times the estimated autocorrelation length of the parameters.
The burn-in phase is discarded by visual inspection of the time
series of the chains, and we check that we have reached the target
posterior distribution by verifying that R̂ < 1.1 for our parameters
(Gelman et al. 2003). We further thin the chains by the estimated
autocorrelation length, and reach >1000 effective samples per
parameter. The 50th to 99th percentile of the models conditioned
on the data are shown in Fig. 5. The Gaussian fit to the first residual
CCF in run A (Appendix C) shows signs of a bad comparison with
its out-of-transit master CCF due to the rise in flux redwards of the
line centre. The line centre is measured at −4.8 km s−1, which is off
the scale in Fig. 5. We therefore remove the first data point from run
A from our fit to being an outlier. We do, however, verify that our
results do not change with its inclusion.

3 R ESULTS

We summarize our findings from the TESS transit analysis,
ESPRESSO radial velocity modelling, and reloaded Rossiter–
McLaughlin analysis in Table 4. We also report the fitted values

for the various Gaussian process nuisance parameters from the
photometric and radial velocity analysis in Table D1. In the following,
we report our main findings from the analyses presented in this paper.

3.1 Updated planet radius

We show the GP-‘detrended’ π Men c transit light curve in Fig. 6,
which is based on a combined fit of the six available TESS sectors in
Cycle 1. In Fig. 7, we show the transit depths from fits to individual
TESS sectors, as well as the combined fit in grey. For comparison, we
include the transit depth posteriors from Damasso et al. (2020), who
also modelled the full TESS Cycle 1 data. Our results are consistent
with the discovery papers of Huang et al. (2018b) and Gandolfi et al.
(2018), and roughly consistent (1σ to 2σ ) to Damasso et al. (2020).
The individual sectors show some spread in their distributions, and
although most sectors agree to about 1σ , Sectors 11 and 8 are 2σ

to 3σ discrepant from Sector 12. We attribute these differences to
different time-scales of correlated noise that is fit to each sector. In
presence of both high- and low-frequency variation in the light curve,
the GP will tend to fit the high-frequency component, which may be
on a similar time-scale as the transit duration, and in turn affect the
derived transit depth. Given the new transit depth, we obtain a radius
of π Men c, Rp = 2.0189+0.047

−0.045 R⊕.

3.2 Contraints on asteroseismology and the ‘classical’
Rossiter–McLaughlin effect from radial velocity

Our GP model for stellar oscillations, variability, and Rossiter–
McLaughlin effect yields a frequency of maximum oscillation power,
νmax = 2771+65

−60 µHz, which translates to an oscillation period of ∼6
min. The longer time-scale variability, ωbkg, is found to be ∼2.5 h.
From Fig. 1, we estimated νmax ≃ 2900 µHz, but note that the visual
estimate is skewed towards higher frequencies since the Nyquist
frequency of run A is ∼3000 µHz and will thus have increased power
close to this frequency. The Nyquist frequency for run B is however
∼4000 µHz and is thus sampled at a fast enough rate to resolve the
true frequency.

Although we do not detect ,ν from the ESPRESSO analysis,
an estimate of the surface gravity can be obtained from νmax alone
through the scaling relation (see Chaplin et al. 2011 and references
therein)

νmax ∼ 3090 µHz
g

g⊙

√
Teff,⊙

Teff
. (5)

This gives log g = 4.4018 ± 0.0093 and is consistent within 1σ

to reported values in the discovery papers as obtained from spectral
analysis in Ghezzi et al. (2010), but more than a factor 3 improvement
on the uncertainty.

The posterior distribution of veqsin i⋆ shows a 2–3σ detection
relative to 0, and a spin–orbit angle that suggests misalignment
at 1σ . Based on the Bayesian information criterion (BIC), the
Rossiter–McLaughlin model is not necessarily favoured, as the GP
asteroseismic model can easily account for the expected ∼50 cm s−1

variation. We test this by re-fitting the data without a Rossiter–
McLaughlin model. We therefore turned to the reloaded Rossiter–
McLaughlin method, where we can analyse the line profile distortions
directly to detect the spectroscopic transit and measure λ.

3.3 Detection of the Doppler shadow of π Men c

The stellar surface velocities over the transit duration are plotted in
Fig. 5. The two sequences follow the same overall trend, namely a
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Table 4. System parameters for π Men (HD 39091) and derived planet parameters from the ESPRESSO and TESS analysis.

Parameter Description Value Reference/data

System information and stellar parameters
Gaia DR2 ID – 4623036865373793408 Simbad
TIC TESS Input Catalogue ID 261136679 MAST
α Right ascension 5h37m09.s89 Simbad
δ Declination −80◦28

′
08.′′8 Simbad

V (mag) Apparent magnitude 5.67 Simbad
Distance (pc) Parallax distance 18.27 ± 0.02 Gaia Collaboration et al. (2018)
Teff (K) Effective temperature 5998 ± 62 Damasso et al. (2020)
log g (cgs) Stellar surface gravity 4.43 ± 0.1 Damasso et al. (2020)
[Fe/H] (dex) Stellar metallicity 0.09 ± 0.04 Damasso et al. (2020)
veqsin i⋆ (km s−1) Projected rotational velocity 3.34 ± 0.07a Damasso et al. (2020)
M⋆ (M⊙) Stellar mass 1.07 ± 0.04 Damasso et al. (2020)
R⋆ (R⊙) Stellar radius 1.17 ± 0.02 Damasso et al. (2020)
L⋆ (L⊙) Stellar luminosiity 1.44 ± 0.02 Huang et al. (2018b)
τ ⋆ (Gyr) Stellar age 2.98+1.4

−1.3 Huang et al. (2018b)
Prot (d) Photometric rotation period 18.3 ± 1.0 Zurlo et al. (2018)

Transit parameters
P (days) Orbital period 6.2678399 ± 0.000011 TESS
T0 (BJDUTC − 2450000) Transit mid-point 8425.789204+0.000279

−0.000280 TESS

Rp (R⊕) Planet radius 2.0189+0.0465
−0.0448 TESS

Rp/R⋆ Planet-to-star radius ratio 0.015844+0.000139
−0.000136 TESS

DT0 (ppm) Transit depth at T0 267.59+4.16
−3.89 TESS

R⋆/a Scaled separation 0.07978+0.00175
−0.00172 TESS

b (R⋆) Impact parameter 0.6465+0.0191
−0.0210 TESS

ip (◦) Orbital inclination 87.045+0.157
−0.156 TESS

T14 (d) Transit duration between 1st and 4th
contacts

0.125001+0.000484
−0.000464 TESS

e Eccentricity 0b TESS
ω (◦) Argument of periastron 0b TESS

‘Classical’ Rossiter–McLaughlin and asteroseismology
veqsin i⋆ (km s−1) Projected rotation velocity 4.29+1.57

−1.58 ESPRESSO RVs

λ (◦) Spin–orbit angle −20.4+26.4
−24.6 ESPRESSO RVs

νmax (µHz) Frequency of maximum oscillation 2771.2+65.3
−59.9 ESPRESSO RVs

log g (cgs) Stellar surface gravityc 4.4018 ± 0.0093 ESPRESSO RVs

Reloaded Rossiter–McLaughlin
veqsin i⋆ (km s−1) Projected rotational velocity (runs A,

B)
3.16 ± 0.27 ESPRESSO CCFs

λ (◦) Projected spin–orbit angle (runs A, B) −24.0 ± 4.1 ESPRESSO CCFs
i⋆ (◦) Stellar inclinationd 90.1 ± 17.3 Prot, R⋆, veqsin i⋆
ψ (◦) 3D spin–orbit angled 26.9+5.8

−4.7 λ, ip, i⋆
aDetermined from spectral broadening.
bFixed.
cDerived from νmax using equation (5).
dDerived from the combination of Prot, R⋆, and νeq sin i⋆.

our analysis by perturbing the line centre velocity by ± 3 cm s−1,
and find that our results are not very sensitive to the line centre
uncertainty, veq sin i⋆ = 3.06 ± 0.25 km s−1, λ = −19◦ ± 4◦ and
veq sin i⋆ = 3.06 ± 0.25 km s−1, λ = −24◦ ± 4◦ (by adding and
subtracting, respectively). The reduced χ2 does, however, slightly
increase from 1.7 to 2.3, which indicates our original solution is
optimized.

It is reasonable to assume that the particular selection of spectra
to build the master out-of-transit CCF in the reloaded Rossiter–
McLaughlin method can impact the results. Indeed, we experimented
with several ways of building the reference CCFs. Run A was
particularly sensitive to this choice due to the variation in CCF
shape during transit from variable observing conditions. Doing the

standard approach, i.e. averaging all out-of-transit CCFs into one
master CCF that is applied equally to all the binned in-transit points
led to significant correlations of the retrieved surface velocities with
the DI CCF contrasts. Typically the retrieved parameters using this
approach would be veq sin i⋆ ∼ 5 km s−1 and λ ∼ −50◦ for χ2

ν >> 1.
Besides the poor fit, the veq sin i⋆ measurement was inconsistent with
that determined from rotational broadening, and neither parameter
was supported by the retrieved values for run B. We also attempted
to build custom master CCFs for each binned in-transit CCF by
selecting out-of-transit CCFs that has similar depths, within a pre-
determined range. However, this approach led to the in-transit CCFs
at the lowest and highest SNR/contrast (beginning and end of transit,
Fig. B1) to have very few matches, which led to a low SNR master
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maximum oscillation, νmax. We are not sensitive to the measurement
of the large frequency separation, ,ν, and can therefore not directly
measure the stellar mass and radius, but are able to obtain a much
tighter constraint on log g than from spectroscopy.

We performed a transit analysis on all the available data of
π Men from TESS Cycle 1: a total of six sectors. We revise
the transit parameters for π Men c and find a radius of Rp =
2.019+0.047

−0.045 R⊕, which is roughly consistent with previous analyses
in Damasso et al. (2020), Gandolfi et al. (2018), and Huang et al.
(2018b).

We attempted to fit the ESPRESSO radial velocity time series to
isolate ‘classical’, i.e. velocimetric, Rossiter–McLaughlin effect, but
the radial velocity signal was thwarted by asteroseismic p modes
and a longer term variation that we attribute to a form of stellar
granulation. Instead, we turned to the reloaded Rossiter–McLaughlin
method to detect the Doppler shadow. Using this method, we
were able to detect the transit of π Men c in spectroscopy using
ESPRESSO, and found that its orbit is misaligned by −24.◦0 ± 4.◦1
with the stellar spin axis. This makes π Men c the smallest mass-ratio
planet measured with the Rossiter–McLaughlin effect. Combining
our results with the recent detection of the inclination of the external
planet (Damasso et al. 2020; De Rosa et al. 2020; Xuan & Wyatt
2020), we speculate that π Men c likely formed at a large distance
from the star. There it gravitationally interacted with π Men b, an
interaction that is still evident from their mutual inclinations, π

Men c’s own inclination with respect to the stellar spin axis, and
the high eccentricity of π Men b.

This work stands as a testament to a new avenue of scientific
investigation, namely the origins of super-Earth and sub-Neptune
planets, which is now made possible by the extreme precision of
ESPRESSO.
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APPENDI X A: TESS PHOTOMETRI C ANALYS IS

The most recent published orbital parameters for π Men c are based
on an analysis of TESS Sector 1 data (Gandolfi et al. 2018; Huang
et al. 2018b), with, respectively, 5- and 7-min uncertainties on the
ephemerides at the time of our spectroscopic transits. Moreover,
the initial analyses did not take into account correlated noise in
their modelling, which may lead to underestimated errors on the
reported transit parameters and can impact our Rossiter–McLaughlin
modelling. The light curve from Sector 1 may also show evidence of
rotational modulation from a spot on the stellar surface, which may
bias the measurement of the transit depth to higher values and thus
overestimate the Rossiter–McLaughlin amplitude.

π Men is in a region of the sky that is being overlapped by several
TESS sectors while the spacecraft surveyed the Southern hemisphere
in Cycle 1, which has since completed. π Men has been observed in
Sectors 1 (2018 July 25–2018 August 22); 4 (2018 October 18–2018
November 15); 8 (2019 February 2–28), 11 (2019 April 22–2019
May 21), 12 (2019 May 21–2019 June 19); and 13 (2019 June 10–
2019 July 18). In this section, we outline our light-curve modelling
including the five remaining TESS sectors that were not yet available
in the discovery papers, and take into account correlated noise using
a GP model coupled to a transit model.

A1 Flux extraction and pixel-level decorrelation

The TESS 2-min cadence target pixel files (TPF) for sectors 1, 4, 8,
11, 12, and 13 were downloaded using the LIGHTKURVE package
(Lightkurve Collaboration 2018). We performed simple aperture
photometry using the optimal aperture as determined by the TESS
Science Processing Operations Center (SPOC). Using this aperture,
the relative contribution from contaminant flux in our target aperture
is of the order 0.3 ppt, which has a negligible impact (∼10 ppm) on
the transit signals.

The raw light curves have systematic effects from the instrument
and telescope motion, in particular at the beginning and ends of each
TESS orbit. In order to remove these effects we applied pixel-level
decorrelation (PLD) on the raw light curves using the first-order
PLD basis and the top principal components from the second-order
basis. In this work, we opted for an implementation as detailed in
the documentation for the EXOPLANET4 package (Foreman-Mackey
2019), but a similar more flexible version can be found in the
LIGHTKURVE5 package as well.

4exoplanet.dfm.io
5http://docs.lightkurve.org

MNRAS 502, 2893–2911 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/502/2/2893/6123888 by U
niversity of Birm

ingham
 user on 09 M

arch 2021



Orbital misalignment of π Men c 2905

Table A1. Priors on the parameters for the photometric
transit modelling. N refers to individual sectors.

Parameter Prior

M⋆ (M⊙) N (1.07, 0.04)
R⋆ (R⊙) N (1.17, 0.02)
ln rp (R⊙) N (−4.05, 1)
ln P (d) N (1.84, 1)
T0 (BJD-2 450 000) N (8425.7892, 1)
b Ba

ln σN N (ln var yN , 10)
ln ρN N (0, 10)
ln s2

N N (ln var yN , 10)
,fN N (1, 0.1)
aImpact parameter prior (beta distribution) from Kipping
(2013).

A2 Transit light curve modelling of TESS sectors 1, 4, 8, 11, 12,
and 13

We used the EXOPLANET software package (Foreman-Mackey 2019)
to model the TESS transit signals, including a correlated noise model
using GP regression with CELERITE (Foreman-Mackey et al. 2017).
We assumed the star follows a quadratic limb darkening law and held
the limb darkening parameters c1 = 0.28, c2 = 0.27 fixed for the TESS
band, following (Huang et al. 2018b). We fit for the orbital period,
P; transit mid-point, T0; impact parameter, b; and planet radius, ln rp,
while also sampling the stellar radius and mass with normal priors
R⋆ = 1.17 ± 0.02 R⊙ andM⋆ = 1.07 ± 0.04 M⊙ from the analysis
in Damasso et al. (2020).

For our GP model, we used a kernel with covariance function
given by

k(τ ) = σ 2
[

(1 − 1/ϵ) exp
(

−1 − ϵ

ρ

√
3τ

)

× (1 − 1/ϵ) exp
(

−1 + ϵ

ρ

√
3τ

)]
,

where σ describes the amplitude of the signal, and ρ is a characteristic
time-scale. In the limit ϵ → 0, the above function becomes the
Matérn-3/2 function, which can flexibly fit instrument systematics
related to the TESS pointing as well as some astrophysical variability,
although the light curves seem to be dominated by the former. We
use the default setting in CELERITE to approximate the Matérn-3/2
function (ϵ = 0.01), and fit for the logarithm of the amplitude, ln σ ,
and logarithm of the time-scale, ln ρ. Finally, we also fit for the

logarithm of a white noise term for our photometric uncertainties,
ln s2, as well as a photometric offset, ,f. Since each TESS sector
has different noise properties, we fit each of the above nuisance
parameters separately for each sector, while the transit parameters
are shared between the full data set. The full set of priors used in the
analysis is shown in Table A1.

We found that the measurement of a consistent transit depth
between TESS sectors is very sensitive to the time-scale of the
baseline model being fit. Even after the PLD correction, some data
show somewhat disjoint 2.5-d segments from ‘momentum dumps’
as thrusters are fired to reorient the TESS spacecraft, pointing drifts
at the start and/or end of each TESS orbit, and other show time-scale
variation that is most likely related to the spacecraft pointing. In an
otherwise smoothly varying light curve, these ‘rapid’ changes drive
the time-scale of the GP kernel lower values to be able to fit both
high- and low-frequency variation, which will affect the transit depth.
In order to avoid biasing, the measurement of the transit depth, we
remove some out-of-transit segments of data associated with rapid
changes in the light curve, which range from a few hours to a few
days. In addition, one transit from Sector 11 is removed due to
a momentum dump during transit that is not sufficiently corrected
from the PLD.

We first fit the data using a least-squares algorithm to find the
maximum likelihood, and performed a single 5σ -clip on the residuals
from the best-fitting model to remove outliers. We then sampled
the free parameters of our model with MCMC using the No-U-
Turn (NUTS) sampler (Hoffman & Gelman 2014) as implemented
in PYMC3 (Salvatier et al. 2016) and EXOPLANET. We launched four
independent chains, discarded the first 2000 tuning steps, and finally
sampled 1000 additional steps, resulting in >1000 effective samples
per parameter. All parameters reached the recommended R̂ < 1.1
(typically <1.001) convergence criterion (Gelman et al. 2003). We
performed the MCMC sampling individually for each TESS sector,
and also using the full combined data set. The baseline-corrected,
phase-folded transit light curve is shown in Fig. 6, and the full transit
and GP fit to the data is shown in Fig. A1 with residual rms scatter
of 123 ppm.

We also searched for transit timing variations (TTVs) by fitting
individual transit times, but found no significant signal. Finally,
we also searched the combined TESS residual light curve for
solar-like oscillations, but were unable to uncover evidence of
detectable modes. However, as we report in Section 2, the high S/N
ESPRESSO data do show clearly detectable oscillations in Doppler
velocity.
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APPENDIX D: G AUSSIAN PROCESS
H Y P E R PA R A M E T E R S

Table D1. Table of GP hyperparameters from the photometric- and radial-velocity analysis.

Parameter Description Value Source

Photometric analysis
Sector 1
log σ GP amplitude −0.44+0.18

−0.17 TESS

log ρ GP time-scale −9.93+0.16
−0.13 TESS

log s2 Flux variance −18.037+0.012
−0.012 TESS

,f Mean flux 1.0000054+0.0000111
−0.0000123 TESS

Sector 4
log σ GP amplitude −0.58+0.25

−0.26 TESS

log ρ GP time-scale −10.47+0.16
−0.14 TESS

log s2 Flux variance −18.169+0.013
−0.012 TESS

,f Mean flux 0.9999993+0.0000078
−0.0000078 TESS

Sector 8
log σ GP amplitude −0.47+0.26

−0.23 TESS

log ρ GP time-scale −9.95+0.18
−0.16 TESS

log s2 Flux variance −17.903+0.013
−0.014 TESS

,f Mean flux 1.0000088+0.0000134
−0.0000139 TESS

Sector 11
log σ GP amplitude −2.63+0.15

−0.14 TESS

log ρ GP time-scale −10.26+0.06
−0.06 TESS

log s2 Flux variance −18.083+0.012
−0.013 TESS

,f Mean flux 1.0000049+0.0000034
−0.0000033 TESS

Sector 12
log σ GP amplitude −2.52+0.28

−0.25 TESS

log ρ GP time-scale −10.71+0.08
−0.08 TESS

log s2 Flux variance −17.873+0.012
−0.011 TESS

,f Mean flux 1.0000128+0.0000023
−0.0000023 TESS

Sector 13
log σ GP amplitude −0.64+0.23

−0.24 TESS

log ρ GP time-scale −10.41+0.12
−0.11 TESS

log s2 Flux variance −18.211+0.011
−0.010 TESS

,f Mean flux 1.0000019+0.0000062
−0.0000060 TESS

Radial velocity analysis
log Sosc (km2 s−2) Oscillation power −22.58+0.21

−0.27 ESPRESSO RVs

log Qosc Oscillation damping 1.58+0.23
−0.21 ESPRESSO RVs

log Sbkg (km2 s−2) Background activity power −18.48+0.90
−0.68 ESPRESSO RVs

log ωbkg (d−1) Background activity time-scale 4.07+0.32
−0.34 ESPRESSO RVs

log σA (km s−1) White noise term for run A −10.31+1.25
−1.16 ESPRESSO RVs

log σB (km s−1) White noise term for run B −8.29+0.67
−2.35 ESPRESSO RVs

This paper has been typeset from a TEX/LATEX file prepared by the author.
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A miscellany of misalignments for planets
transiting cold stars

This Chapter is a draft of a manuscript in preparation for submission to MNRAS. The motivation for this
Chapter is discussed in 1.4.3 and 1.5, so we do not repeat this here. In short, one way of learning more
about the influence of tidal dissipation on the observed stellar obliquities is to study planets that orbit
further from cold stars. This is the topic of this paper.

In Section 5.1 we describe our target sample and their characteristics. In Section 5.2 we describe
our spectroscopic and photometric data that we use to derive the orbits, spin-orbit angles, and transit
parameters. We analyse the spectra to obtain stellar parameters in Section 5.3; transit parameters
in Section 5.4; radial velocity orbit in Section 5.5, and finally the spectroscopic transit analysis in
Section 5.6. We report our results in Section 5.7, and offer some preliminary conclusions in Section 5.9.
All the following work is my own, with the exception of the analysis presented in Section 5.3, which was
done by Barry Smalley at Keele University.

Abstract The obliquity of a star relative to the orbit of a transiting planet (the spin-orbit angle) has
long been interpreted as a relic of the dynamical history of the system. The current sample of obliquity
measurements has revealed that the spin-orbit angle distribution is stratified by stellar temperature. The
prevailing explanation for this dichotomy is that cold stars (.6100 K) more actively partake in an exchange
of angular momentum mediated by tides, which tends to align the spin and orbital angular momenta faster
than for planets orbiting hot stars. In such a scenario one would expect the temperature stratification
to weaken as the tidal evolution timescales increase, which would be the case for planets more widely
separated from their stars. Here we present measurements of the projected stellar obliquities of 13 cool
stars hosting transiting planets in weaker tidal regimes than previously considered. Our measurements
are based on spectroscopic transits observed with the HARPS instrument, and we find that five out of 13

139



140 Chapter 5. A miscellany of planetary misalignments

0 5 10 15 20 25

a/R?

WASP-68b

WASP-131b

WASP-99b

WASP-89b

WASP-166b

WASP-29b

WASP-106b

WASP-129b

WASP-139b

WASP-105b

WASP-107b

WASP-130b

5.0MJup

1.0MJup

0.1MJup 4600

4800

5000

5200

5400

5600

5800

6000

T
e
ff

(K
)

Figure 5.1: Key planetary, stellar, and orbital parameters for the sample considered in this work.

systems are consistent with high obliquities (WASP-29 b, WASP-68 b, WASP-107 b, WASP-131 b, and
WASP-139 b). Some of those that are commensurate with low obliquities are likely candidates for disc-
driven migration owing to the weak tidal influence (WASP-89 b, WASP-99 b, WASP-105 b, WASP-106 b,
WASP-129 b, WASP-130 b, WASP-132 b, WASP-166 b). We show that the distribution of obliquities
for cool stars is more diverse than previously seen, bringing it more in line with those of hot stars.
Moreover, we use both archival and new CORALIE and HARPS radial velocities to better characterise
the planetary eccentricities and additional companions. We detect eccentricities in two of our systems:
WASP-89 b and WASP-129 b, both of which are consistent with low obliquity. Five systems also display
statistically significant radial velocity drifts which could indicate previously unseen companions. This
work represents the largest single contribution of stellar obliquity measurements of cool stars.

5.1 Target selection

The 13 target stars considered in this work and their stellar parameters are listed in Table 5.1. They
comprise cool main-sequence stars of mid-K to late-F type with effective temperatures and masses
ranging from 4430–6150 K and 0.69–1.24 M� . Each of the target stars in Table 5.1 host a transiting
close-in giant planet discovered by the WASP survey (Pollacco et al. 2006) between 2010–2019. The
orbital and planetary parameters are listed in Table 5.2. The planet masses range from 0.1–5.8 MJup,
covering the super-Neptune to hot Jupiter regime. The sample is further illustrated in Figure 5.1.

The planets were primarily selected based on their tidal influence on their star, which is expected to
be small. The time over which tidal evolution shapes binary systems is a sharp function of its orbital
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Table 5.1: Stellar parameters obtained from a spectroscopic analysis of the combined HARPS data.
0Stellar masses and radii are taken from the discovery papers, see “Target” column for source. 1Hellier
et al. (2010) 2Delrez et al. (2014) 3Hellier et al. (2015) 4Hellier et al. (2014) 5 Anderson et al. (2017)
6Smith et al. (2014) ℎMaxted et al. (2016) 8Hellier et al. (2017) 9Hellier et al. (2019).

Target "0
★ '0

★ )eff log 6 [Fe/H] E sin 8★ [D, E]
(M�) (R�) (K) (cgs) (dex) (km s−1)

WASP-291 0.82 0.81 4750 ± 120 4.6 ± 0.2 0.19 ± 0.09 2.0 ± 1.1 [0.78, 0.00]
WASP-682 1.24 1.69 5780 ± 130 4.2 ± 0.1 0.29 ± 0.06 2.4 ± 0.8 [0.62, 0.10]
WASP-893 0.92 0.88 5020 ± 120 4.2 ± 0.1 0.14 ± 0.09 3.4 ± 0.8 [0.75, 0.02]
WASP-994 1.48 1.76 6000 ± 140 4.1 ± 0.1 0.18 ± 0.07 6.6 ± 0.8 [0.59, 0.12]
WASP-105 5 0.89 0.90 5025 ± 130 4.3 ± 0.1 0.35 ± 0.06 2.7 ± 0.4 [0.74, 0.02]
WASP-1066 1.09 1.39 6100 ± 140 4.1 ± 0.1 0.01 ± 0.08 6.3 ± 0.8 [0.56, 0.14]
WASP-107 5 0.69 0.66 4340 ± 120 4.2 ± 0.1 −0.06 ± 0.09 2.6 ± 0.8 [0.80, -0.01]
WASP-129ℎ 1.00 0.90 5920 ± 100 4.1 ± 0.1 0.10 ± 0.08 3.0 ± 0.7 [0.64, 0.10]
WASP-1308 1.04 0.96 5570 ± 130 4.6 ± 0.1 0.28 ± 0.06 2.2 ± 0.8 [0.64, 0.09]
WASP-1318 1.06 1.53 6020 ± 140 3.7 ± 0.1 −0.11 ± 0.08 2.9 ± 0.8 [0.59, 0.12]
WASP-1328 0.80 0.74 4800 ± 150 4.8 ± 0.2 0.36 ± 0.11 2.3 ± 0.5 [0.77, 0.01]
WASP-1398 0.92 0.80 5240 ± 130 4.6 ± 0.1 0.19 ± 0.07 1.0 ± 0.9 [0.68, 0.06]
WASP-166 9 1.19 1.22 6000 ± 100 4.2 ± 0.1 0.19 ± 0.07 4.6 ± 0.7 [0.57, 0.14]

distance scaled by the stellar radius, g ∝ (0/'★)5 (Barker & Ogilvie 2009b). Notably, the combination
of the cool hosts and long orbital periods (3.9–11.6 days) means the bulk of the planets orbit at distances
where 0/'★ > 10. Half of our sample have 0/'★ > 15 where the tidal forcing on the star by the
planet is weakened (Anderson et al. 2015). For the purposes of this work, we will refer to planets with
0/'★ > 15 as warm Jupiters. While the term “warm Jupiter” is sometimes used to refer to giant planets
on orbits between 10–100 days, there is no universally accepted definition. The definition that we use in
this paper is an empirical one based on the difference in tidal influence as seen from the dichotomy in
stellar obliquities separated at 0/'★ ∼ 15 (e.g. Figure 3 in Anderson et al. 2015).

In the following, we summarise the key properties of each system, and new insights since their
discovery.
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Table 5.2: Adopted planet transit parameters for the systems analysed in this work. 0BJDTDB − 2 450 000. 1Hellier et al. (2010) 2Delrez et al. (2014)
3Hellier et al. (2015) 4Hellier et al. (2014) 5 Anderson et al. (2017) 6Smith et al. (2014) ℎMaxted et al. (2016) 8Hellier et al. (2017) 9Hellier et al. (2019).

Planet "p 'p % )0
0 'p/'★ 0/'★ 8 1

(MJup) (RJup) (day) (BJDTDB) (°)

WASP-29 b1 0.24 0.79 3.9227267 ± 0.0000042 5830.18961 ± 0.00016 0.1010 12.18 ± 0.69 88.8 ± 0.7 0.26
WASP-68 b2 0.96 1.24 5.0842982 ± 0.0000154 6064.86357 ± 0.00058 0.0755 7.93 ± 0.42 88.1 ± 1.3 0.26
WASP-89 b3 5.82 1.04 3.3564228 ± 0.0000025 6207.02192 ± 0.00012 0.1221 10.47 ± 0.47 89.4 ± 0.5 0.10
WASP-99 b4 2.78 1.10 5.7525849 ± 0.0000022 8393.71269 ± 0.00023 0.0676 9.31 ± 0.06 89.6 ± 0.4 0.07
WASP-105 b 5 1.76 0.98 7.8728798 ± 0.0000101 6600.07728 ± 0.00020 0.1095 17.85 ± 0.85 89.7 ± 0.2 0.10
WASP-106 b6 1.93 1.08 9.2897151 ± 0.0000100 6649.55050 ± 0.00032 0.0801 13.79 ± 0.44 89.5 ± 0.5 0.13
WASP-107 b 5 0.12 0.97 5.7214900 ± 0.0000020 6514.41138 ± 0.00010 0.1473 18.07 ± 0.70 89.7 ± 0.2 0.09
WASP-129 bℎ 0.97 0.96 5.7481449 ± 0.0000040 7027.43807 ± 0.00020 0.1068 15.04 ± 0.42 87.7 ± 0.2 0.62
WASP-130 b8 1.23 0.91 11.5509801 ± 0.0000102 6921.14384 ± 0.00025 0.0957 22.75 ± 0.81 88.7 ± 0.1 0.53
WASP-131 b8 0.27 1.24 5.3220230 ± 0.0000052 6919.82438 ± 0.00039 0.0815 8.57 ± 0.32 85.0 ± 0.3 0.73
WASP-132 b8 0.42 0.89 7.1335207 ± 0.0000087 6698.20837 ± 0.00041 0.1208 19.61 ± 0.62 89.6 ± 0.3 0.14
WASP-139 b8 0.12 0.82 5.9242620 ± 0.0000041 7196.79408 ± 0.00029 0.1034 16.79 ± 1.04 88.9 ± 0.5 0.33
WASP-166 b 9 0.10 0.63 5.4435401 ± 0.0000039 7664.32890 ± 0.00060 0.0530 11.30 ± 0.60 88.0 ± 0.7 0.39
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5.1.1 WASP-29 b

Discovered by Hellier et al. (2010), the planet is of Saturn-mass and size ("p = 0.25 ± 0.02 MJup,
'p = 0.79 ± 0.05 RJup) orbiting a K4 dwarf star with + = 11.3. The star is likely old, although its age is
only loosely constrained to 7–15 Gyr. Hellier et al. (2010) notes its space velocity of 40 km s−1 is typical
of a local thin-disc star, thus its age may be consistent with the ∼9 Gyr thin-disc age. The planet was
also the subject of an investigation into atmospheric escape using far-ultraviolet observations from the
Hubble Space Telescope. No significant escape of H, Si iii, Si iv, Ca ii was detected, perhaps in part due
to the star’s low X-ray luminosity (dos Santos et al. 2021). Gibson et al. (2013) also studied the planet in
transmission and found a featureless spectrum from 515–720 nm using spectrophotometric observations
from Gemini-South/GMOS.

5.1.2 WASP-68 b

Delrez et al. (2014) reported the discovery of this hot Jupiter planet ("p = 0.95 ± 0.03 MJup, 'p =

1.24 ± 0.08 RJup). The star is an evolved+ = 10.7 G0-type star, with an age of 4.5–7 Gyr based on stellar
evolution models.

5.1.3 WASP-89 b

This is the most massive planet in our sample, with "p = 5.9 ± 0.4 MJup, 'p = 0.88 ± 0.03 RJup, and
eccentricity 4 = 0.193±0.009 (Hellier et al. 2015). The host star is a faint (+ = 13.1) magnetically active
(%rot = 20.2 ± 0.4 days) K3 dwarf with an estimated age of 0.5–2.8 Gyr based on gyrochronological
relations. Hellier et al. (2015) also notes the ∼2 Gyr estimate for the circularization timescale for this
system is consistent with its non-zero eccentricity and inferred age.

5.1.4 WASP-99 b

Discovered by Hellier et al. (2014), the planet is a hot Jupiter with "p = 2.78 ± 0.13 MJup, 'p =

1.10 ± 0.07 RJup. The host star is a+ = 9.8 F8-type star with an age estimated to be 0.8–2.5 Gyr based on
lithium abundance estimates and gyrochronological relations. The latter uses the measured spectroscopic
E sin 8★ value and assuming 8★ = 90°. The discovery paper used only one follow-up light curve with poor
coverage of the egress to refine the planet ephemeris. In Section 5.4 we provide an updated ephemeris and
transit based on an analysis of three sectors of TESS photometry to aid our analysis of the spectroscopic
transits in Section 5.6.

WASP-105 b

This planet is a warm Jupiter with "p = 1.8 ± 0.1 M� , 'p = 0.96 ± 0.03 RJup (Anderson et al. 2017).
The host star is a K2 dwarf with low lithium abundance indicative of an old age, although no age estimate
was reported in the discovery paper.



144 Chapter 5. A miscellany of planetary misalignments

5.1.5 WASP-106 b

The discovery of WASP-106 b was reported in Smith et al. (2014). The planet has an orbital period of
9.29 days, with "p = 1.925 ± 0.076 MJup and 'p = 1.085+0.046

−0.028 RJup. The star is of spectral type F9 with
apparent brightness+ = 11.2. Gyrochronological relations and the star’s lithium abundance both suggest
an age of 1–2 Gyr, whereas an isochrone placement method suggests 5–9 Gyr.

5.1.6 WASP-107 b

Discovered by Anderson et al. (2017), the planet is an inflated super-Neptune with"p = 0.096 ± 0.005 MJup

(∼31 M⊕ , Piaulet et al. 2021) and 'p = 0.94 ± 0.02 RJup. The star is a + = 11.5 magnetically active
K6 dwarf as evidenced by its measured rotational modulation with period %rot = 17.0 ± 1.0 days seen in
WASP and K2 photometry. The age of the star varies between different studies and methods, with the
most recent gyrochronological estimate being 2.7–5.1 Gyr (Piaulet et al. 2021), although isochrones may
place it as old as ∼12 Gyr (Močnik et al. 2017).

The planet has been the subject of extensive follow-up observations since its discovery. The HST
transmission spectrum shows subsolar ratio of C/O and absorption of water (Kreidberg et al. 2018); meta-
stable He 10 833 Å (Spake et al. 2018) that has also been confirmed at high resolution with CARMENES
(Allart et al. 2019) and Keck/HIRES (Kirk et al. 2020); and has featured in theoretical studies of atmo-
spheric chemistry (Fortney et al. 2020; Wang & Dai 2020). WASP-107 b was also observed with K2 over
a period of ∼70 days which led to the discovery of infrequent starspot occultations durings transits, point-
ing to a significant misalignment between the orbit and the stellar spin axis (Dai & Winn 2017; Močnik
et al. 2017). The misalignment was only recently formally measured with the Rossiter-McLaughlin effect
using Keck/HIRES, confirming the orbit is retrograde and polar with a sky-projected spin-orbit angle,
|_ | = 118+38

−19 degrees (Rubenzahl et al. 2021). In Section 5.6 we confirm this result based on three transits
of WASP-107 b observed with the HARPS spectrograph. A second giant planet companion has also been
detected in the outer system (WASP-107 c, Piaulet et al. 2021) with an orbital period %c = 2.98 yr and
minimum mass "c sin 8 = 0.36 MJup, which may have facilitated the misalignment.

5.1.7 WASP-129 b

The planet is a warm Jupiter with "p = 1.0 ± 0.1 MJup, 'p = 0.93 ± 0.03 MJup (Maxted et al. 2016). The
host is a + = 12.3 star of spectral type G1. Its high density (d ≈ 1.4d�) points to enhanced initial helium
abundance, with an age of 0.1–1.9 Gyr determined from isochrones.

5.1.8 WASP-130 b

With an orbital period of 11.6 days (0/'★ = 22.8), WASP-130 b is the longest period planet in our sample.
Its mass and radius measure "p = 1.23 ± 0.04 MJup, 'p = 0.89 ± 0.03 RJup. The host is a+ = 11.1 metal-
rich G6 star where the isochrone placement method puts its age at 0.2–7.9 Gyr. High-contrast imaging
with VLT/SPHERE uncovered a neighbouring star at 0 .′′6, whose brightness corresponds to an M dwarf
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with mass 0.3+0.03
−0.02 M� assuming the object is gravitationally bound to the system (Bohn et al. 2020). A

stellar population model puts the probability of the companion being a background or foreground star at
0.22 %.

5.1.9 WASP-131 b

The planet is significantly inflated considering its mass is similar to Saturn, with "p = 0.27 ± 0.02 MJup

and 'p = 1.22 ± 0.05 RJup (Hellier et al. 2017). The host star is of spectral type G0 with + = 10.1.
Its low surface gravity (log 6 = 3.9) suggests it is evolved, with stellar evolution models placing its age
in the range 4.5–10 Gyr. This system, too, has a stellar companion separated by 0 .′′189 detected with
high-contrast imaging with VLT/SPHERE (Bohn et al. 2020). Stellar population synthesis models puts
the probability of the companion being a background star at 0.01 %. Assuming the system is bound,
which is likely, the companion has a mass of 0.62+0.05

−0.04 M� . The presence of the companion does not,
however, affect the derived planetary parameters (Southworth et al. 2020).

5.1.10 WASP-139 b

Also discovered by Hellier et al. (2017), this planet is a super-Neptune/sub-Saturn with"p = 0.117 ± 0.017 MJup

(∼56 M⊕) and 'p = 0.80 ± 0.05 RJup. The star is a+ = 12.4 K0 dwarf, and the depleted lithium abundance
and gyrochronological age constraint (from spectroscopic E sin 8★) places its age between 0.2–0.9 Gyr.
Hellier et al. (2017) performed a velocimetric Rossiter-McLaughlin analysis on a spectroscopic transit
of WASP-139 b observed with HARPS. The low SNR of the data prevented an independent detection of
its rotation which could mean one of two things: i) The E sin 8★ of the star is much lower than the one
determined from spectroscopic broadening (E sin 8★ = 4.2 ± 1.1 km s−1). ii) Assuming the spectroscopic
E sin 8★ is correct and the system were aligned, the Rossiter-McLaughlin amplitude would be ∼28 m s−1.
The absence of a signal may be because the planet is significantly misaligned with the star and transits
across its poles. In Section 5.6 we repeat an analysis of the same data, but instead using the reloaded
Rossiter-McLaughlin method.

5.1.11 WASP-166 b

With a mass of "p = 0.101 ± 0.005 MJup (∼32 M⊕ and 'p = 0.63 ± 0.03 RJup), this super-Neptune is the
lowest-mass planet in our sample (Hellier et al. 2019). The star is a bright + = 9.4 F9 dwarf, with an
estimated age of 1.2–3 Gyr based on an isochrone placement algorithm. Three transits observed with the
HARPS spectrograph were also analysed in the discovery paper, where they detected the velocimetric
Rossiter-McLaughlin effect and found the planet and star are aligned in the sky-plane, with _ = 3 ± 5°
(Hellier et al. 2019). In this paper we use the same data to perform a reanalysis with the reloaded
Rossiter-McLaughlin method. The same data were moreover the subject of atmospheric investigations
(Seidel et al. 2020; Žák et al. 2019). Seidel et al. (2020) report a 0.455 ± 0.135 % absorption signature
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of neutral sodium. Additional photometric transits of WASP-166 b were analysed using TESS and NGTS
data, refining its ephemeris and transit parameters (Bryant et al. 2020).

5.2 Observations

5.2.1 HARPS spectroscopy

The spectroscopic data underlying this work were gathered with the HARPS instrument on the 3.6-m
telescope at ESO La Silla Observatory (Mayor et al. 2003). The data were gathered as part of several
investigations into the formation, migration and dynamical histories of close-in giant planets, in particular
focusing on newly discovered WASP planets orbiting cool stars in weak-tide regimes. Altogether, the
HARPS data were observed in ESO Periods 85-98 as part of the following ESO observing programmes:
0.85.C-0393 (PI Cameron), 0.89.C-0151 (PI Triaud), 091.C-0184 (PI Triaud), 093.C-0474 (PI Triaud),
094.C-0090 (PI Triaud), 095.C-0105 (PI Triaud), 097.C-0434 (PI Triaud), 098.C-0304 (PI Ehrenreich).

Using HARPS we observed between one and three transits of each planet listed in Table 5.2. The
integration times were typically 600–900 s, going to 300 s and 1200 s on the brightest and faintest stars,
respectively. With this setup, we reached a signal-to-noise ratio (SNR) between 7.1–75.8 per pixel
at order 49a, which is roughly centered at 550 nm. Where recorded, the median seeing of each transit
sequence at La Silla ranged between 0.79–1.39 . The details of the observations are recorded in Table 5.3.
For each system we also obtained between 5–27 new HARPS radial velocity measurements covering
their orbits to provide better constraints on the planet eccentricities.

We reduced the 2D spectra (echellograms) from HARPS with the dedicated Data Reduction Software
(DRS). We use the reduced data for three different analyses: i) The 1D spectra are used in a uniform
spectroscopic analysis to provide updated stellar parameters. Of particular interest is the projected stellar
rotation E sin 8★ which is used in our analysis of the stellar obliquities. ii) The 1D spectra are cross-
correlated with a depth-weighted binary mask, using a K5 template for the K dwarfs ()eff < 5100 K) and
a G2 template for the G to late F stars. We focus our attention to the analysis of these cross-correlation
functions (CCFs) in Section 5.6, which we use to measure the stellar obliquites. iii) The centre of
a Gaussian fit to the CCFs denote the stellar radial velocity. In Section 5.5 we analyse these radial
velocities to constrain the planetary orbits, and in particular their eccentricities.

5.2.2 CORALIE spectroscopy

In addition to the HARPS data we also use archival radial velocities obtained with the CORALIE
spectrograph on the Swiss 1.2-m telescope at the same Observatory (Queloz et al. 2000a). This data was
reduced in a similar manner to the HARPS spectra. Most of the CORALIE measurements are published
in various discovery papers, but we also include new spectra taken since then as part of follow-up efforts
to characterise additional long-period companions.

aAs displayed in the primary header in the FITS file of the cross-correlation function.
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Table 5.3: Summary of spectroscopic data used in this work. 0SNR per pixel centered at 550 nm.

Target Transit date SNR
0

Cexp FWHM
(s) (km s−1)

WASP-29 b 2010 Sep 6 25.4 600 6.70
2013 Oct 2 18.8 600 6.74

WASP-68 b 2013 Jul 3 32.5 600 7.67
WASP-89 b 2012 Oct 3 7.1 900 7.25

2013 Jun 15 8.3 900 7.27
2013 Aug 1 9.0 900 7.10

WASP-99 b 2014 Oct 19 75.8 900 10.81
WASP-105 b 2014 Sep 30 20.0 900 6.82

2014 Dec 10 19.0 900 6.81
WASP-106 b 2014 Apr 4 19.7 1200 10.72

2015 Jan 17 20.0 600 10.73
WASP-107 b 2014 Apr 7 13.7 750 7.19

2018 Feb 1 26.5 800 7.07
2018 Mar 13 25.2 800 7.08

WASP-129 b 2015 Apr 24 24.1 900 8.20
2016 Jun 10 22.7 1200 8.21

WASP-130 b 2015 Apr 27 27.6 600 7.54
WASP-131 b 2015 Jun 6 53.3 600 8.40
WASP-132 b 2015 Jun 24 18.5 1200 6.89
WASP-139 b 2014 Oct 29 20.7 1200 7.01
WASP-166 b 2017 Jan 14 47.0 300 9.21

2017 Mar 4 47.6 300 9.19
2017 Mar 15 51.9 350 9.19

5.2.3 TESS photometry for WASP-99 b

Our analysis of the spectroscopic transits in Section 5.6 is reliant on accurate prior knowledge of the pho-
tometric transit parameters, in particular the orbital period, transit time, depth, duration, and inclination.
For most targets we obtain the transit parameters from the Exoplanet Orbit Database at exoplanet.org.
These parameters are reported in Table 5.2.

In the discovery paper of WASP-99 b, Hellier et al. (2014) only had available the original low SNR
WASP photometry, as well as one follow-up light curve with a poorly covered egress obtained with the
Swiss 1.2-m Euler telescope. In contrast, other WASP planet discoveries are typically presented with
several ground-based follow-up light curves for a precise characterisation. The poorly covered egress
resulted in an uncertain estimate of the transit duration which can bias the spin-orbit angle retrieved from
the spectroscopic transit data. To prevent this we use transits of WASP-99 b observed with TESS to refine
the transit parameters. TESS observed the star between 2018 Sep 20 – 2019 Oct 18, 2020 Aug 26 – 2020
Sep 22, and 2020 Sep 22 – 2020 Oct 21, covering 12 transits of WASP-99 b. We downloaded the TESS
2-minute (Sector 3) and 20-second cadence (Sector 29, 30) PDCSAP light curves of WASP-99 using the
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lightkurve package (Lightkurve Collaboration et al. 2018) and analyse this data in Section 5.4.

5.3 Spectroscopic stellar parameters

We derive spectroscopic parameters from combining the available HARPS spectra, using already es-
tablished methods (e.g. Hellier et al. 2019). The results are reported in Table 5.1. The effective
temperatures, )eff , is measured from the HU line. The Na D doublet is used to determine the amount of
interstellar reddening using the relations of Munari & Zwitter (1997), and is also used to determine the
surface gravity, log 6. Nine Fe I lines in the range 600–620 nm were selected to determine the metallicity
[Fe/H] and projected rotational velocity, E sin 8★. The E sin 8★ measurement assumed microturbulence
from Bruntt et al. (2012) with a 0.1 km s−1 uncertainty. Since our stars span a range of stellar effective
temperatures macroturbulence was determined in several ways. For most of our stars we assume the
calibration of Doyle et al. (2014) with an uncertainty of 0.7 km s−1. For stars outside this range we used
the calibration of Gray (1984) with an uncertainty of 0.3 km s−1. Stars below 5000 K are assumed to
have zero macroturbulence as it is expected to be less than that of thermal broadening (Gray 2008). The
uncertainty from macroturbulence is added in quadrature to the E sin 8★ uncertainty.

5.4 Transit modelling of WASP-99 b

We model the TESS photometry of WASP-99 using the exoplanet probabilistic modelling toolkit
(Foreman-Mackey 2019). The transits are modelled by varying the natural logarithms of the orbital
period, %; transit mid-point, )0; the planet-to-star radius ratio, A/'★; and the transit duration )14. We
assume a circular orbit, which is justified by the eccentricity constraint from the radial velocity orbit
(4 < 0.031, 99th percentile). We further assume a quadratic limb darkening law for the intensity
distribution across the stellar disc with coefficients D = 0.59 and E = 0.12 for the linear and quadratic
terms, respectively. These coefficients were determined using LDTK, which compares the spectroscopic
parameters of WASP-99 (Table 5.1) to the PHOENIX stellar atmosphere models (Husser et al. 2013).
The data outside of transits were jointly modelled with Gaussian process (GP) regression using celerite
as implemented in exoplanet (Foreman-Mackey et al. 2017). We opted for a kernel function that
models the covariance in the data as a damped simple harmonic oscillator implemented as the SHOTerm
in exoplanet. The covariance kernel function is controlled by the hyperparameters (, &, and l, which
describe the amplitude of the variability, quality factor, and frequency scale, respectively. We fit for the
natural logarithms of ( and l, and fix the damping term& = 1/

√
2. Each TESS sector is assigned its own

GP term with its associated hyperparameters, as well as flux and white noise scaling terms. We place
Gaussian priors on % and )0 using the values and uncertainties reported in the discovery paper (Hellier
et al. 2014). The )0 prior was converted to the BJDTDB time scale to match the TESS time stamps. For all
other parameters we use wide Gaussian priors that are several orders of magnitude wider than the final
posterior probability distribution, and are therefore practically uninformative relative to the constraint
from the data.
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We first fit the data using a least squares minimization method. Then, using the maximum likelihood
as a starting point, we use Markov chain Monte Carlo (MCMC) to explore correlations between parameters
and obtain posterior probability distributions of our parameters marginalised over the others. We launch
two independent chains that are tuned for 1000 steps before performing an additional 2000 draws using
the No-U-Turn (NUTS) sampling algorithm (Hoffman & Gelman 2014) implemented in pymc3 (Salvatier
et al. 2016). We verify that the chains achieved convergence by assessing the Gelman-Rubin criterion,
which for all parameters was <1.001, and that >200 effective (independent) samples have been obtained.
The resulting mean and 68 % credible intervals on the fitted and derived parameters for WASP-99 b are
given in Tables 5.2.

5.5 Radial velocity orbit analysis

We model the radial velocity data using exoplanet. First, we convert all the transit times from the
literature and the HARPS and CORALIE time stamps to the BJDTDB scale using routines in astropy
(Astropy Collaboration et al. 2018). The orbital period % and transit time )0 are varied under Gaussian
prior with mean and standard deviations found in Table 5.2. In addition, we fit for the natural logarithm of
the radial velocity semi-amplitude , and eccentricity parameters

√
4 cosl and

√
4 sinl. The eccentricity

parameters are sampled uniformly between −1 to 1, and we impose a weak Gaussian prior on  centered
on the literature values with a standard deviation of 1 km s−1. The HARPS and CORALIE data are
modelled with their own instrumental offset and white noise scaling terms. CORALIE underwent a fibre
upgrade in 2014, so data before and after this technical intervention are treated as separate instruments.

The data span >7 yr for some systems, which means we could be sensitive to radial velocity drifts
due to distant stellar or substellar companions. To investigate this possibility we experiment with two
additional terms to our model: i) time-dependent drift expressed as a linear term, and ii) a quadratic
term. In each case the offset is instrument-specific as described in our baseline model in the previous
paragraph, thus the drift models include one and two extra parameters for the linear and quadratic models,
respectively. We perform a maximum likelihood fit for each model and compute the Bayesian Information
Criterion (BIC) to compare the drift models to our baseline model. The model with the lowest BIC is
favoured, but we only adopt a drift model if the BIC is reduced by more than 6 (Schwarz 1978b). Once a
drift model is chosen we run an additional fit using the selected drift model but assuming a circular orbit.
Here, too, we compare the BIC between a circular and eccentric model to determine if an eccentric orbit
is justified. Eccentric models are adopted again where |JBIC| > 6.

Once the model has been chosen we use MCMC sampling to determine credible intervals for our
parameters in a similar fashion to Section 5.4. We launch two independent chains starting at the maximum
likelihood solution. We use the NUTS sampler to sample 1000 tuning steps, before sampling an additional
2000 production steps. As before, we verify that our chains have converged and that each parameter has
>200 effective samples. The mean values with their 68 % credible intervals as well as the adopted models
for each system are summarised in Table 5.4. The best-fitting models to the radial velocity data is shown
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in Figure 5.2.

5.6 Spectroscopic transit analysis

5.6.1 Retrieving the spatially resolved light

We use the reloaded Rossiter-McLaughlin method to measure the sky-projected spin-orbit angle, _ (Cegla
et al. 2016). This method is based on similar principles to other “Doppler shadow”b methods (Albrecht
et al. 2007; Collier Cameron et al. 2010a). The transit of a planet in front of a star distorts the stellar
absorption line profiles, giving rise to a radial velocity anomaly: the Rossiter-McLaughlin effect (Rossiter
1924; McLaughlin 1924). Since it is a spectroscopic effect it does not exactly translate to a pure Doppler
shift in the star’s radial velocity. For this reason we do not model the “classical” (i.e. velocimetric)
Rossiter-McLaughlin effect, which can be biased one way or another depending on the adopted model
(Brown et al. 2017).

Our analysis is on the time-dependent variation in the shape of the CCF (which represents the average
stellar line profile) over the duration of the transit. The reloaded Rossiter-McLaughlin method isolates
this variation by comparing the in-transit CCFs to a high SNR average out-of-transit CCF, allowing us to
retrieve the spatially resolved local stellar photospheric profiles across the transit chord.

By now the method is well-established (e.g. Cegla et al. 2016; Bourrier et al. 2018; Kunovac Hodžić
et al. 2021), but here we recall the main steps. The continuum levels of the HARPS CCFs are on
an arbitrary scale. In order to compare them we start by normalising the DI CCFs by their individual
continuum values, which we define as those regions > 4f from the line centre. We also scale the CCFs by
a quadratic limb darkened transit model which we compute using ellc (Maxted 2016). We use the orbital
and planetary parameters listed in Table 5.2, which represent the most recently published values for each
system. The adopted limb darkening parameters assuming a quadratic model are listed in Table 5.1, and
were computed for the HARPS wavelength range with LDTK (Parviainen & Aigrain 2015), using values
of )eff , log 6 and Fe/H that are listed in the same table.

We shift the CCFs to a common reference frame by removing the Keplerian reflex motion of the
star due to the planet. In practice this is done by resampling the CCFs onto a new velocity grid that
is corrected for the radial velocity orbit that we derived in Section 5.5. An average line-profile at high
signal-to-noise ratio is then created by taking the mean of the observations taken outside of transit on
each transit night. For WASP-132 there are no spectra taken outside of transit. For this target we instead
used seven spectra taken over the course of a week following the night of transit. The systemic velocity
W is then determined from a Gaussian fit to the reference CCF, which we use to shift the individual CCFs
to the reference frame of the star.

Finally, we obtain the residual line profiles by subtracting the in-transit CCFs from the reference line
profile. We do this in two iterations. In the first iteration we use the scatter in the residual line profiles

bSometimes referred to as “Doppler tomography”, although some astronomers advocate against using “tomography” due
to confusion with the term used in other areas of science and medicine.
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5.6.2 Modelling the stellar surface velocity

In the following we use a similar approach to previous works (Kunovac Hodžić et al. 2020, 2021). We
fit Gaussian profiles to the local in-transit line profiles to determine the radial velocity on the surface
of the star where it is occulted by the planet. We use Markov chain Monte Carlo (MCMC) sampling
to explore the full posterior distribution of the parameters ) = { �, `, f, 2 } of the Gaussian model,
which denote the amplitude, centre, width, and offset, respectively. We use wide priors on our parameters
that are typically related to the radial velocity grid or flux range range considered, aimed at returning
a conservative estimate of the radial velocity in case the local line centre is poorly resolved. We use a
half-normal prior on � and f as they are restricted to positive values, and a normal prior on ` and 2.
Similar to previous analyses, we build our model within the pymc3 probabilistic framework, again taking
advantage of the NUTS sampler. For each target we launch two independent chains that are tuned for
1000 steps, starting at the maximum likelihood values. We run the chains for an additional 5000 steps
and verify that the Gelman-Rubin convergence criterion is satisfied and that each parameter has >200
effective samples. The line centre ` and its uncertainty is then used for further analysis.

The local stellar surface velocity over the transit chord is determined by the combination of parameters
) = {E sin 8★, _, 0/'★, 8, A/'★} (Cegla et al. 2016). In this instance we use the affine-invariant MCMC
ensemble sampler implemented in emcee. E sin 8★ and _ are sampled uniformly in the range 0–20 km s−1

and −180–180°, respectively. We fix A/'★ to the values reported in Table 5.2 and sample 0/'★ and 8 with
Gaussian priors taken from the same Table. We run 100 “walkers” for 10 000 steps each, discarding the
first 2000 steps as burn-in. The chains are thinned by the autocorrelation length of the parameters before
finally being merged. The 50th percentile values and 68 % credible interval are reported in Table 5.4.

We perform an additional run by also placing a Gaussian prior on E sin 8★ using the spectroscopic
values in Table 5.1, which we derived in Section 5.3. We find that the value of _ is largely insensitive to
the inclusion of the E sin 8★ prior, as demonstrated in Figure 5.3, though the uncertainty is vastly improved
in a few cases where the data suffers from low SNR. Many of our systems have low impact parameters
where there is a degeneracy between a low E sin 8★ and high _ and vice versa. A prior on E sin 8★ can
be used to lift this degeneracy. For this reason we opt to include the prior in our final adopted models.
The best-fitting surface velocity models and the 3f uncertainty region are overlaid on the residual line
profiles in Figure 5.4.

5.7 Results

5.7.1 WASP-129 b is a newly eccentric planet

We report the eccentricity constraints in Table 5.4. Based on the Bayesian Information Criterion (BIC)
we find that eccentric orbits are strongly favoured for WASP-89 b (J ≡ |JBIC| = 161) and WASP-129 b
(J = 45). The eccentricity of WASP-89 b was already detected in the discovery paper owing to the high
mass of the planet (Hellier et al. 2015). Here we find 4 = 0.181 ± 0.006; a measurement consistent with
the literature measurement though we improve on the uncertainty by a factor ∼1.5 by cause of additional
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HARPS and CORALIE data. The eccentricity of WASP-129 b (4 = 0.208 ± 0.022) is a new discovery,
also thanks to HARPS radial velocities that have been collected since the planet was announced (Maxted
et al. 2016). In addition to these there is some evidence for eccentricity in the orbits of WASP-68 b and
WASP-106 b. The BIC improves by 3.3 and 3.5, respectively, which is a positive improvement though
not strong enough to adopt a non-circular model. The remaining systems are all in favour of circular
orbits at the current sensitivity of the data.

5.7.2 Radial velocity drifts

Five systems show statistically significant radial velocity drifts that can be evidence for additional undis-
covered radial velocity companions on wide orbits. These systems are WASP-68, WASP-89, WASP-106,
WASP-129, and WASP-132. The radial velocity drifts are illustrated in Figure 5.5 and the rates are
reported in Table 5.4. WASP-68 has a strong preference for a linear drift over the 2.3 yr baseline of the
radial velocity data (J = 27). The same is true for WASP-89 (4.4 yr, J = 29) and WASP-129 (2.4 yr,
J = 34). Quadratic drifts are favoured for WASP-106 (2.3 yr, J = 6.5) and WASP-132 (2.1 yr, J = 86).

A couple of systems in Table 5.4 have upper limits on the first order drift coefficient that appear
significant (e.g. WASP-99 and WASP-130), despite a non-drift model being adopted due to insufficient
improvement in the BIC. In the case of WASP-99 this effectively happens due to the short time span
of the CORALIE and HARPS data. The model cannot distinguish between two instrumental offsets
that are similar, compared to instrumental offsets that are significantly different combined with a high
slope parameter. The situation is different for WASP-130. The improvement in the BIC from a non-drift
model to a quadratic model is 5.4 and therefore at the cusp of a significant detection. This is particularly
interesting in the context of the candidate low-mass stellar companion observed with VLT/SPHERE at 0 .′′

6 separation from WASP-130 A Bohn et al. (2020). The Gaia Early Data Release 3 indicates a distance
of 175 pc to WASP-130 A, which corresponds to a projected separation of 104 AU for the candidate
companion if bound (Lindegren et al. 2021). Moreover, the orbit of WASP-130 b shows some evidence
of eccentricity (4 > 0; >95 % CI) using the quadratic model, which vanishes when adopting the non-drift
model. We recommend follow-up on WASP-130 to characterise the orbit of WASP-130 b further, as well
as that of additional companions that may reside in the system.

The remaining systems show no preference for any radial velocity drift models within the sensitivity
and time span of the data.

5.7.3 Rotation and stellar obliquities

5.7.3.1 Validation of spins and obliquities

The rotation and obliquity measurements from our analysis of the HARPS cross-correlation functions
are shown in Table 5.4. To verify the robustness of our measurements we compare our results to two
systems that already have published stellar obliquity measurements, namely WASP-107 and WASP-166.
Rubenzahl et al. (2021) analysed one transit of WASP-107 b observed with the Keck/HIRES instrument
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are at odds with the E sin 8★ measurements along the vertical axis shown in Figure 5.3. In particular these
include WASP-105 and WASP-139, where the prior and prior-informed measurement are discrepant
>1f. The reason for this is that the runs with the prior applied were done using literature measurements
of E sin 8★ that were reported in the discovery papers. Since analysing the transits we have carried out a
new spectroscopic analysis using our additional HARPS data, and the E sin 8★ inferred from broadening
has changed significantly in WASP-105 and WASP-139. The prior ranges shown in yellow in Figure 5.3
are therefore the newly derived values, but were not used in the original fit. Once the fit is repeated
using the new priors, the prior-informed E sin 8★ measurements for WASP-105 and WASP-139 will be
commensurate with the freely fit values.

The measurements of _ are also relatively insensitive to the choice of prior as seen from the clustering
along the diagonal line in Figure 5.3, which gives us further confidence in our measurements. In the
following we adopt the values of _ with the prior applied, but we will discuss some of the systems
individually below.

5.7.3.2 A range of planetary misalignments

Five out of the 13 systems in our sample are consistent with a high degree of alignment, which we
here consider to be _ . 10° within their 1f uncertainties. These are WASP-105 b (−15°+37°

−31°), WASP-
106 b (21°+13°

−12°), WASP-129 b (4°± 4°), WASP-130 b (6°± 6°), WASP-132 b (−2°+38°
−28°), and WASP-166 b

(1° ± 2°). The spin-orbit angle of WASP-132 b is only constrained by four in-transit spectra that are
derived from a comparison to out-of-transit spectra from different nights. A follow-up transit of this
system is therefore encouraged to measure _ more precisely, particularly in the context of the quadratic
radial velocity drift that we have detected in this system.

Another three systems present with prograde orbits of various misalignments. The projected obliquit-
ies of WASP-89 b and WASP-99 b are −41°+20°

−16° and 29°+6°
−7°, respectively. Either measurement could still

be consistent with alignment at the 3f level, though the data favour somewhat misaligned configurations.
WASP-139 b appears significantly misaligned with _ = −85°+13°

−9° . This measurement is based on using
the prior E sin 8★ = 4.2 ± 1.1 km s−1 from Hellier et al. (2017). In our analysis of the broadening of
HARPS spectra in Section 5.3 the E sin 8★ is significantly adjusted compared to previous values, where we
obtain 1.0 ± 0.9 km s−1. The analysis of the transits without imposing a prior is much less constrained:
the 68 % credible interval encompasses values of _ ranging from −105° to 0°. A repeated fit using the
new E sin 8★ prior will therefore be more consistent with a range of possible orientations. If we assume
E sin 8★ = 1 km s−1 and sin 8★ ≈ 1, then the rotation period of WASP-139 would be 40.5 days. This would
indicate an old age which could be consistent with its low lithium abundance (<0.4 dex). Indeed, two
sectors of TESS photometry show signs of a ∼33 d rotation period with a peak-to-peak amplitude of
3 ppt. If the planet were aligned with the stellar spin the Rossiter-McLaughlin amplitude would produce
a ∼10 m s−1 radial velocity anomaly. The radial velocity uncertainty on each spectrum ranges from
3–5 m s−1 and is therefore in principle precise enough to detect an aligned configuration assuming the
broadening value is correct. These lines of evidence favour a solution where the planet is misaligned
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with the star, which would explain the non-detection of the Rossiter-McLaughlin effect in radial velocity
in Hellier et al. (2017), and be consistent with the velocity trace we derive in this work.

Five out of the 13 planets considered in this sample are consistent with orbiting polar and/or retrograde
around their star. These are WASP-29 b, WASP-68 b, WASP-107 b, and WASP-131 b. The retrograde
orbit of WASP-107 b was discussed in Section 5.7.3.1, so here we turn our attention to the other three.
Similar to WASP-107 b, the posterior distribution for _ for WASP-29 b diverges from 0° on both sides
and therefore we can only constrain |_ |. Both solutions are consistent with one another, and we find
(|_ | = 115°+42°

−22°). The result from the run without the E sin 8★ prior is similar but with somewhat inflated
uncertainties, thus the orbit of WASP-29 b is consistent with retrograde. WASP-68 b is also orbiting polar
or retrograde to its star with _ = 99°+18°

−9° . WASP-131 b has the highest projected spin-orbit angle in our
sample and is orbiting its star with _ = 157° ± 4°.
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Table 5.4: Orbital parameters from the radial velocity and obliquity analysis presented in this work. Throughout this Table, uncertainties denote the 68 %
credible interval, and upper limits denote the 99th percentile value. Upper limits on 4 means a circular orbit is adopted. Upper limits on the linear drift
parameter means the data does not favour a systemic acceleration term, even if the reported limit appears significant due to a degeneracy with the systemic
velocity. Linear or quadratic drift terms are chosen wherever their values and uncertainties are reported. For the obliquity analysis, the column with the
E sin 8★ prior applied is our adopted values.

radial velocity orbit analysis (§5.5) CCF analysis (§5.6)

E sin 8★ prior imposed

Planet  4 l drift(1) drift(2) E sin 8★ _ E sin 8★ _

(m s−1) (°) (m s−1 yr−1) (m s−1 yr−2) (km s−1) (°) (km s−1) (°)

WASP-29 b 37.3 ± 1.3 <0.093 – <0.0 – 0.25+0.28
−0.17 128.4+35.7

−38.1 0.43+0.63
−0.25 115.6+42.1

−21.8
WASP-68 b 100.6 ± 1.9 <0.052 – 14.8 ± 2.3 – 0.59+0.70

−0.30 104.6+29.8
−17.8 1.24+0.99

−0.65 98.6+17.7
−8.7

WASP-89 b 848.8 ± 8.7 0.181 ± 0.006 25 ± 3 57.4 ± 8.1 – 4.66+4.72
−1.65 −59.4+23.1

−16.7 3.00+0.66
−0.60 −40.6+20.1

−15.5
WASP-99 b 250.1 ± 1.7 <0.031 – <128.0 – 7.41+4.47

−1.07 37.8+22.6
−14.5 6.70+0.46

−0.38 29.2+6.2
−6.9

WASP-105 b 191.6 ± 2.0 <0.031 – <34.7 – 1.25+0.80
−0.23 −16.0+39.2

−36.1 1.23+0.50
−0.21 −15.4+37.1

−31.4
WASP-106 b 159.0 ± 4.0 <0.087 – 2.3 ± 7.0 −19.6 ± 7.9 6.08+3.04

−0.78 24.1+29.4
−15.4 6.00+0.59

−0.49 20.8+13.3
−11.8

WASP-107 b 16.2 ± 2.1 <0.428 – 4.1 ± 1.0 0.6 ± 0.3 0.43+0.38
−0.14 −140.4+28.3

−26.4 1.17+1.19
−0.78 −104.4+7.8

−36.0
WASP-129 b 118.2 ± 2.5 0.208 ± 0.022 95 ± 3 22.5 ± 3.2 – 3.75 ± 0.39 3.1+3.9

−3.6 3.44+0.33
−0.32 4.4+4.1

−3.7
WASP-130 b 100.4 ± 2.4 <0.065 – <89.5 – 1.70 ± 0.18 5.8 ± 5.2 1.57+0.17

−0.16 5.5+5.5
−5.7

WASP-131 b 29.2 ± 1.4 <0.110 – <36.3 – 2.62+0.29
−0.28 157.0+3.9

−4.4 2.65+0.28
−0.27 157.2+3.8

−4.2
WASP-132 b 57.3 ± 2.6 <0.145 – −24.4 ± 4.4 74.4 ± 5.2 1.81+1.16

−0.77 2.5+44.9
−36.5 2.11+0.44

−0.42 −1.7+38.3
−27.7

WASP-139 b 12.7 ± 1.8 <0.468 – <6.8 – 0.70+0.89
−0.50 −74.5+80.2

−33.4 2.93+1.32
−1.28 −84.9+12.5

−9.2
WASP-166 b 8.5 ± 1.0 <0.337 – <4.2 – 5.38+0.28

−0.22 1.3+2.6
−2.0 4.82+0.23

−0.21 1.2+2.4
−2.2
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5.8 Discussion

5.8.1 The origin of misalignments

The study of stellar obliquities can give a glimpse into the early dynamical and formation history of
exoplanetary systems (Winn & Fabrycky 2015; Triaud 2018). Planets are formed in protoplanetary discs
— the leftover material from star formation. In a classical scenario one would expect such a disc to be
aligned with the stellar equator since both the star and disc are formed from the same collapsing clump
of rotating gas. Therefore, the expectation is that the angular momenta of planetary orbits and the stellar
spin should, too, be aligned. Hot Jupiters are unlikely to form in-situ, so the prevailing theory is that
they form beyond the ice line where solid material is more abundant, and instead spiral towards the star
through interactions with the protoplanetary disc during the gas phase (Ward 1997). Such disc migration
produces planets with low orbital inclinations and eccentricities.

Yet, we frequently observe both hot Jupiters (Triaud et al. 2010; Albrecht et al. 2012) and smaller
planets (Winn et al. 2010b; Bourrier et al. 2018; Kunovac Hodžić et al. 2021; Hjorth et al. 2021; Bourrier
et al. 2021) on misaligned and/or eccentric orbits. These observations indicate that something happens
to the planets either during their formation, or some time after, that causes their orbits to become
inclined. Numerous theories have been put forth that describe various pathways for misalignment, such
as planet-planet scattering (Rasio & Ford 1996; Chatterjee et al. 2008), the Kozai mechanism (Fabrycky
& Tremaine 2007), or secular planet-planet interactions (Wu & Lithwick 2011; Naoz et al. 2011a). These
processes fall under the umbrella of disc-free migration, i.e. they occur post formation and are dynamical
in nature. Typically, the planet is excited to high eccentricities and inclinations from interactions with
other bodies, and later circularises close to the star due to tidal friction. Alternatively the disc itself may
become misaligned or warped due to gravitational torques from a distant stellar companion, in which
case the planet may still disc-migrate but end up on an inclined orbit (Batygin 2012; Terquem 2013). An
open question is to what extent these various processes operate, with some studies already pointing to
high-eccentricity migration from planet-planet interactions as a dominant pathway (Nelson et al. 2017).

5.8.2 Tidal realignment

Studies of obliquity trends have revealed several patterns. For example, most of the misaligned hot
Jupiters orbit “hot” stars that have a temperature in excess of ≈6100 K (Winn et al. 2010a; Dawson 2014),
whereas cold stars tend to host aligned planets. If one studies the population of hot Jupiters orbiting cold
stars alone, one finds that planets orbiting further from the star are more frequently misaligned and/or
eccentric, though the sample size gets small at larger separations (Triaud 2018). A third pattern is that
planet mass tend to be correlated with low obliquity. These patterns can be explained by a combination
of ongoing tidal evolution and stellar spin evolution in hot Jupiter systems (Albrecht et al. 2012; Dawson
2014). However, it has been difficult to test this hypothesis due to the drop-off in occurence rate of hot
Jupiters on orbital periods beyond a few days where tides are expected to be weaker (Santerne et al. 2016).
The timescales of tidal realignment follow a relation of the form g ∝ @(0/'★)5 where @ = "★/"p is the
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mass ratio (Barker & Ogilvie 2009b), thus the time for realignment rapidly increases to system lifetime
timescales at larger separations. This work considers the obliquities of 13 giant planets orbiting at larger
separations (Figure 5.6) and therefore represents a significant leap in our understanding of tidal evolution
in hot Jupiter systems.

5.8.3 Origins of our sample

Our main result shows the obliquities of giant planets on “warmer” orbits tend to have a wider variety
than has previously been seen, which is in line with the expectation from tidal theory but has until now
been difficult to test with Rossiter-McLaughlin measurements. Several of the misaligned systems in
this work appear to have polar or close to polar orbits. Recent work shows a surplus of hot Jupiters
at |_ | ≈ 90° and may offer some support of this result (Albrecht et al. 2021). Since the origin of the
obliquities is believed to be dynamical in nature, the discovery of radial velocity drifts in five systems
is an important addition to our work as these candidate companions may have had a role to play in the
initial misalignment. However, we do not see any obvious correlation between misaligned systems and
the presence of candidate companions in our sample. Future work may expand on this by using Gaia
astrometry to search for additional signals.

Among our eccentric targets, WASP-89 b and WASP-129 b, only the former shows a preference for a
somewhat misaligned configuration, though the measurement could be consistent with low obliquity and
alignment. WASP-89 b is the most massive planet in our sample "p ≈ 5.82 MJup, thus it may have been
able to realign the star within the system lifetime. For WASP-129 b the situation is somewhat different.
Given its mass of "p ≈ 1 MJup and 0/'★ ≈ 15, it is unlikely to have been able to realign the star. Its
low obliquity may therefore be indicative of its origin. We speculate that WASP-129 b arrived at its
present location by gas-driven migration, and may therefore be more similar to the population of warm
Jupiters that more frequently have companion planets (Huang et al. 2016). The presence of a candidate
long period companion in the radial velocity data may support this picture. The low obliquity and wider
separations of WASP-105 b, WASP-106 b, WASP-130 b and WASP-139 b also fall into a similar category,
thus these may also be good candidates for disc-migration of giant planets. Nelson et al. (2017) found
that ∼15 % of hot Jupiters migrate by disc interaction. This fraction is not consistent with our findings.
This may indicate that our assumption of equating low obliquity/high-0/'★ with disc migration may be
faulty — indeed the picture is likely more complex than we present here. Alternatively, it may indicate an
unknown selection bias in our sample, or that our sample comprises two different populations of close-in
giant planets (Huang et al. 2016).

5.9 Conclusion

We have presented spectroscopic transits of 13 giant planets orbiting cool stars in weak-tide regimes. The
transits were observed with the HARPS spectrograph between 2010 and 2018, and our analysis is based
on the temporal variation in the shape of the cross-correlation functions during transit.
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Although we caution that this is still work in progress, we are able to draw some preliminary
conclusions from this work. We measure a range of spin-orbit misalignments within our sample,
in contrary to the expectation that giant planets orbiting cold stars are aligned with the stellar spin.
Five planets (WASP-29 b, WASP-68 b, WASP-107 b, WASP-131 b, and WASP-139 b) are significantly
misaligned with polar or retrograde orbits. Another three systems (WASP-89 b, WASP-99 b and WASP-
139 b) have low or indeterminate obliquities but are preferentially misaligned, though we cannot rule
out alignment. The remaining five systems (WASP-105 b, WASP-106 b, WASP-129 b, WASP-130 b,
WASP-132 b, and WASP-166 b) have low obliquities that are consistent with alignment of the orbit and
stellar spin. Some of the low obliquity systems are strong candidates for disc-migration owing to the
weaker tidal influence at these separations (0/'★ > 15).

We measure statistically significant orbital eccentricities in WASP-89 b (4 = 0.181 ± 0.006) and
WASP-129 b (4 = 0.208 ± 0.022). Of these two, the eccentricity of WASP-129 b is a new discovery.
Finally, we detect radial velocity acceleration in WASP-68, WASP-89, WASP-106, WASP-129, and
WASP-132, which could indicate additional unseen companions.

This work is expected to be an important addition to the sample of stellar obliquities of cool stars
with transiting planets, and will inform our knowledge on the role of tidal evolution in exoplanet systems,
the dynamical evolution of close-in giant planets, and the link between hot and warm Jupiters.
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Alignment of a star with the orbit of its
binary companion and circumbinary planet

6.1 Background

This Chapter is a small part of a much larger work on the obliquities of the primary component in eclipsing
binaries with a low-mass secondaries (EBLMs, Triaud et al. 2013). This was not originally meant to be
part of my PhD, but it came to fruition when I decided to apply for a Fulbright Scholarship to go to the
US for a six-month research visit. The reason behind this was that I had a vague idea of wanting to go
to the US for a postdoc after completing my PhD, so I thought a research visit at a US institution might
help me get a foot in the door.

As part of the application process that took place during the autumn of 2018, I had to write a research
proposal tailored to a specific University, so Amaury and I sat down to discuss some options. Over the
course of Amaury’s own PhD while working on the WASP survey, the team had found several hundred
eclipsing binary systems composed of a Sun-like primary and a low-mass (M dwarf) secondary (e.g.
Triaud et al. 2017). These systems came as a byproduct of looking for planets as they could mimic transit
signals given the small size of the secondary stars. After Amaury’s PhD he and the WASP team followed
up several hundred of these systems with the CORALIE spectrograph to get their mass from the radial
velocity orbits (e.g. Triaud et al. 2017; Martin et al. 2019), and gathered additional light curves for the
most interesting targets to derive more precise radii than the WASP data allowed (Gómez Maqueo Chew
et al. 2014; von Boetticher et al. 2017, 2019; Gill et al. 2019).

One of the primary goals of the EBLM project is to calibrate M dwarf stellar evolution models
by deriving an empirical mass-radius-temperature relation for M dwarfs. This can be accomplished
by combining primary and secondary eclipse light curves together with the radial velocity orbit of the
primary, as we saw in Chapter 2.1.3. However, EBLMs are single-lined binaries, so the derivation of the
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absolute dimensions of the secondary still depends on the mass, radius, and temperature of the primary
star. The absolute dimensions of the primary may be based on stellar evolution models (e.g. Maxted et al.
2015), or model-independent measurements (Stevens et al. 2018).

Roughly two dozen EBLMs from the WASP sample were observed in spectroscopy with CORALIE
during primary eclipse for the Rossiter-McLaughlin effect. The discovery of these systems had not
yet been published, so a research proposal started taking shape. TESS had recently finished surveying
the Southern sky in Cycle 1, which meant light curves with primary and secondary eclipses were now
available. These could be combined with the archival CORALIE radial velocity data to get the orbital
solution and expand the sample of mass-radius-temperature measurements on M dwarfs significantly.
With the orbital solution available, the spectroscopic transits can be used to derive the obliquity of the
primary star. This would provide a comprehensive characterisation of the orbit and components of
roughly two dozen low-mass eclipsing binaries, which can help constrain dynamical and tidal evolution
in binary systems. The obliquity of these stars are also of particular interest because they are potential
homes to circumbinary planets. In fact, the EBLM sample makes up the BEBOP (Binaries Escorted By
Orbiting Planets) radial velocity survey for circumbinary planets (Martin et al. 2019).

One of the potential host institutions that came up in our talk was The University of Chicago, where
one of Amaury’s collaborators on BEBOP, David Martin, was on a postdoctoral fellowship. David could
assist with some of the data access and interpretation for this project, and he was mentored by Daniel
Fabrycky who came with warm recommendations from Amaury as they had worked together previously.
We decided to pursue this for my research proposal, so I reached out to Dan at The University of Chicago
to inquire if he could host me. I was offered a Fulbright Scholarship from the U.S. - Norway Fulbright
Foundation that supported me from September 2019 to March 2020 at The University of Chicago. During
this time Dan acted as my second PhD advisor. Dan’s and David’s backgrounds are more theoretical than
what I was used to, so I found our discussions enriching as they provided some new perspectives.

While in Chicago my time was stretched thin because I was still somewhat occupied with working
on the c Men analysis, and as a result the EBLM work was not completed within those six months. Upon
returning to the UK I decided to put this project on hold and revisit it later as the work in Chapter 5 was
of higher priority to my thesis. However, I was not content with not having anything to show for those six
months in Chicago, so I was excited when an opportunity arose towards the end of my stay. In February
2020, in the final month before my return to the UK, David Martin had started a new position at The
Ohio State University (OSU) and invited me to visit the department for a week. Concurrent to this, both
of us were involved in TESS’ first circumbinary planet discovery (Kostov et al. 2020). Conveniently, the
system in question was one of the two dozen systems that was observed with CORALIE during a primary
eclipse to measure the Rossiter-McLaughlin effect many years ago. Within the EBLM team the binary
is referred to as EBLM J0608-59, though given the planet detection the system is also named after the
TESS Object of Interest (TOI) number, TOI-1338, which explains the two names referred to in the paper
below. This binary system became relevant overnight because of the planet residing in the system, so
while visiting David at OSU I decided to focus exclusively on the analysis of this system to publish a
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paper on the measurement of the primary star’s obliquity. I finished most of the analysis of the CORALIE
data within that one week at OSU and started writing the paper shortly after that. This work is also what
gave me much more experience and confidence in working on CCFs, which helped immensely when I
finally returned to and finished my work on c Men upon returning to the UK.
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Despite many spin–orbit measurements obtained on transiting
exoplanets (e.g. Winn & Fabrycky 2015; Triaud 2018), not many have
been obtained on eclipsing binaries. A list of historical measurements
can be found in Albrecht et al. (2011). Hale (1994) notes that binaries
with separation >30–40 au are usually found with random spins.
For tighter binaries, the most extensive collection of measurements
were produced by the BANANA survey (e.g. Albrecht et al. 2014),
which mainly targets massive stars, with a recent compilation from
the Torun project (Sybilski et al. 2018). So far, most binary pairs
appear spin–orbit aligned except DI Hercules (Albrecht et al. 2009),
CV Velorum (Albrecht et al. 2014), and AI Phe (Sybilski et al.
2018). The binary sample covered by the EBLM project is distinct
from these other efforts in focusing exclusively on small (M2/M1 �
0.3) mass ratio binaries with solar-like primaries. So far, three
measurements of β have been published by the project: WASP-30,
EBLM J1219-39 (Triaud et al. 2013), and EBLM J0218-31 (Gill et al.
2019), where all primary stars were found to be coplanar with their
respective orbits. We have collected Rossiter–McLaughlin measure-
ments on dozens of systems whose analysis are ongoing, exploring
parameter space in terms of veqsin i�,1, eccentricities, and orbital
periods.

In this paper, we report a spectroscopic primary eclipse of J0608-
59 to measure the stellar obliquity of the primary component
with respect to the binary and planet orbits from the Rossiter–
McLaughlin effect. J0608-59 is only the second primary star host to
a circumbinary planet to have a Rossiter–McLaughlin measurement
made, following the 41 d binary Kepler-16, which was found to be
aligned (Winn et al. 2011). Additionally, the 7.5 d binary Kepler-47 is
also thought to be spin–orbit aligned, based on eclipse spot-crossings
(Orosz et al. 2012).

2 O BSERVATIONS

A single spectroscopic primary eclipse of J0608-59 was observed
on 2010 November 2 using the 1.2-m Swiss Euler Telescope at
La Silla, Chile. The CORALIE instrument spans the visible range
(390–680 nm) with an average resolving power of R ∼ 55 000. We
obtained 19 exposures of 900 s each2 over 5.8 h, capturing the
primary eclipse entirely, including two spectra before ingress. The
data were reduced using the standard CORALIE Data Reduction
Software (DRS; Lovis & Pepe 2007). In brief, a cross-correlation
function (CCF) is derived between the observed spectra and a G2
numerical mask. A comparison is made with a reference thorium–
argon spectrum, which allows for corrections based on instrumental
variations throughout the eclipse (e.g. atmospheric variations since
CORALIE is not pressure stabilized). Overall, CORALIE is stable
to 5 m s−1, while the median radial velocity error per observation is
26 m s−1.

As a part of the EBLM program, J0608-59 received an additional
19 radial velocity measurements to map out its orbit with CORALIE.
From these data, we select three epochs between 2009 November 28–
29 and 2010 January 6 as reference spectra due to insufficient data
outside the spectroscopic eclipse night. J0608-59 was also selected
as a target in the BEBOP radial velocity search for circumbinary
planets. An additional 17 CORALIE measurements were made
and published in Martin et al. (2019), and an additional seven
HARPS measurements have been taken since. Finally, J0608-59
was observed in 12 TESS sectors (Kostov et al. 2020), 9 of which
were short-cadence data under the Guest Investigator Program

2Except the two initial points, which were 600 s.

Table 1. Target and binary orbital parameters. Subscripts 1 and 2 denote the
primary and secondary components, respectively. Brackets denote uncertain-
ties on last two digits.

Parameter Description Value

Target information
α Right ascension 06h08h31.s95
δ Declination −59◦32

′
28.′′1

Vmag Apparent magnitude 11.73

Stellar parameters
M1 (M�) Primary mass 1.127(68)
M2 (M�) Secondary mass 0.313(11)
R1 (R�) Primary radius 1.331(24)
R2 (R�) Secondary radius 0.3089(56)
Teff,1 (K) Primary temperature 6050(80)
Teff,2 (K) Secondary temperature 3330(50)
log g1 (cgs) Surface gravity 4.00(08)
[Fe/H]1 Metallicity 0.01(05)
aveqsin i�,1 (km s−1) Projected rotation 3.6(0.6)
Age (Gyr) Isochrone binary age 4.4(0.2)

Orbital parameters
Pbin (d) Binary orbital period 14.608559(13)
Tpri (BJD−xb) Time of primary eclipse 53336.8242(25)
K1 (km s−1) RV semi-amplitude 21.6247(34)
ebin Eccentricity 0.15603(15)
ωbin (◦) Periastron angle 117.554(72)
ibin (◦) Orbital inclination 89.70(18)
bbin (R1) Impact parameter 0.097(57)
abin (au) Separation 0.1321(24)
JTESS Surface brightness ratio 0.0926(28)
u Lin. limb darkening coeff. 0.40
v Quad. limb darkening coeff. 0.29

aDetermined from rotational line broadening using HARPS (Kostov et al.
2020).
bx = 2 450 000.

G011278 (PI: O. Turner). The BEBOP data were not used in the
analysis of this work, but we use orbital parameters (Table 1) from
Kostov et al. (2020) that are based on the BEBOP and TESS
data.

3 LI NE PRO FI LE ANALYSI S

Radial velocity measurements are typically determined from a cross-
correlation technique. The resulting CCFs are fitted with Gaussian
profiles to determine the effective radial velocity, i.e. treating any
distortion of the line profiles as a pure Doppler shift of the line
centre. The Rossiter–McLaughlin effect is, however, a spectroscopic
effect where the line profiles are distorted depending on the position
of the occulting body on the stellar disc.

While many techniques have been put forth to improve on the
modelling of the anomalous radial velocity during a spectroscopic
transit/eclipse to account for these effects (e.g. Albrecht et al. 2007;
Hirano et al. 2011), other methods have been developed for modelling
the spectral line distortions directly. These methods are commonly
referred to as Doppler tomography or Doppler shadow (Collier
Cameron et al. 2010; Cegla et al. 2016a; Hirano et al. 2020). Here, we
use the reloaded Rossiter–McLaughlin technique from Cegla et al.
(2016a) to directly retrieve the occulted light from the stellar disc with
no assumptions on the shape of the line profiles compared to other
methods. For this and future analyses, we have written a dedicated
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Table 2. Derived spin–orbit parameters. The bold values denote adopted values and model.

Model veq (km s−1) i�,1 (◦) β (◦) α ψ (◦) Prot (d) χ2 BIC

Rigid body 3.69+0.35
−0.25 90a 2.9+16.0

−15.8 0a – 18.3+1.4
−1.6 15.9 − 9.2

Differential rotation 3.89+0.87
−0.68 137.1+13.7

−74.8 9.7+12.4
−11.8 [− 1.85, −0.91]b 53.0+10.5

−16.4 17.3+3.7
−3.2 4.9 − 14.8

aFixed under rigid body assumption. b68 per cent confidence interval.

suggests a present-day rotation period of 18.1 ± 1.6 d, assuming a
stellar inclination of 90◦.

The rigid body model in the left-hand panel of Fig. 2 does not
accurately predict the surface velocity at the limbs. One could rightly
expect the behaviour at the limb to depend on the particular choice
of limb darkening models and its parameters, as well as the size of
planet grid. We addressed each of these scenarios by varying the limb
darkening coefficients within Gaussian uncertainties of 0.1, using a
power-2 limb darkening law (e.g. Maxted 2018), and increasing the
planet grid size up to 91 × 91. None made any detectable impact on
our results. Moreover, the centre-to-limb variation due to convective
blueshift (Cegla et al. 2016a,b) is expected to be symmetric around
the mid-transit time, while the data at both limbs seem to be
antisymmetric (dragged towards zero velocity), and thus cannot
explain the effect. Most likely the effect is due to correlated noise
of an unknown origin, possibly originating from nightly differences
between the reference and eclipse spectra. Nevertheless, we verified
that our results stayed consistent when only fitting the data between
the second and third eclipse contact points, obtaining differences
within the 1σ uncertainties of the parameters.

4.2 Formation scenario

Tidal evolution has three relevant effects on a binary: (i) alignment
of stellar spin axes, (ii) synchronization of stellar rotation rates, and
(iii) circularization of the orbit. The first two effects are believed to
occur on a roughly similar time-scale, whereas the circularization
is a much slower process, owing to there being significantly more
angular momentum in the orbit than in the stars (Hut 1981). J0608-
59 is too widely separated (R1/abin = 0.023) for circularization to
have occurred within our estimated lifetime of ∼4 Gyr,8 and so its
eccentricity of ebin = 0.156 is not surprising.

For non-circular binaries, such as J0608-59, tides do not synchro-
nize the rotation rates with the orbital period (14.61 d). Instead, the
stellar rotation will over time pseudo-synchronize with the orbital
motion at periastron (Hut 1981). Using their equation (42), the
pseudo-synchronous rotation period is 12.7 d for J0608-59. This is
significantly shorter than our derived rotation period of 18.1 ± 1.6 d.
On the other hand, using the gyrochronological age–rotation relation
for single stars from Mamajek & Hillenbrand (2008), the predicted
rotation period from stellar spin-down is estimated to be 19.6 ± 2.4 d
for our ∼4 Gyr star, which may provide a plausible explanation
for the measured rotation rate given the binary separation. We
therefore suggest that the primary star’s rotation rate is largely
unaffected by tides from the binary companion, but rather driven
by magnetic braking. This result is consistent with fig. 10 of
Torres, Andersen & Giménez (2010), showing that binaries with
R1/a � 0.1 are not necessarily pseudo-synchronized, and also remain
eccentric.

The fact that the star is not pseudo-synchronized may appear
at odds with an aligned projected obliquity of ∼0◦. However, we

8Derived in Kostov et al. (2020) using stellar isochrones.

present two simple explanations for this apparent discrepancy. First,
the stellar obliquity may too be unaffected by tides, but rather
the binary was primordially aligned and such alignment persisted
through its evolution. This points to the two stars having formed from
gravitational fragmentation within a single disc. If they are formed
at an initially wider separation (predicted by e.g. Bate, Bonnell &
Bromm 2002), then their orbital shrinkage would be due to accretion
and disc migration, and not a more violent scattering event, such
that the stellar alignment and circumbinary planet are preserved
(Martin 2019). An alternate explanation is that the time-scale of
spin alignment, at least in the case of J0608-59, is noticeably shorter
than that of pseudo-synchronization.

The Kepler-16 circumbinary planet system, by comparison, has
a wider binary (R1/abin = 0.013) that is also eccentric and spin–
orbit aligned, but contrarily has a rotation period equal to that
expected from pseudo-synchronization (∼35 d). However, Winn
et al. (2011) point out that this rotation rate also agrees well with the
expectation from gyrochronology. Our result may support the view
that the rotation of Kepler-16 A is only coincidental with the pseudo-
synchronous rotation period and has not been synchronized by tides,
but has rather spun down to its present rate due to the natural spin-
down of stars from magnetic braking. The Kepler-47 circumbinary
system is comparatively much tighter (R1/abin = 0.053) than both
J0608-59 and Kepler-16. Tides are most likely responsible for its
small eccentricity (0.023), near synchronization (Pbin= 7.448 d and
Prot= 7.775 d), and spin–orbit alignment (<20◦).

4.3 Differential rotation and true obliquity

Although unlikely, it is worth mentioning that the true stellar obliq-
uity may be non-zero, i.e. that the star is pointing either towards or
away from us and is thus still realigning. Ordinarily, an independent
measurement of the rotation period from spot modulation, together
with a projected equatorial rotational velocity from the Rossiter–
McLaughlin analysis, can provide a measurement of the stellar
inclination. However, Kostov et al. (2020) show that neither TESS
nor ASAS-SN photometry display any clear periodicity. We show
our fit to the differential rotation model in the right-hand panel of
Fig. 2. The fit favours a higher stellar inclination, i�,1 = 137.1+13.7

−74.8
◦,

with true obliquity ψ = 50.◦4 ± 13.◦4 and latitudes rotating antisolar
with α < 0 at the 99th percentile. The implied rotation period
here is 17.3+3.7

−3.2 d, which is similar to the rigid body case. The fit
improves the Bayesian Information Criterion by 5.5, showing an
improvement in the model, although the reduced χ2

ν = 0.45 suggests
we may be overfitting the data. There have only been detections
of antisolar differential rotation in three giant stars (Strassmeier,
Kratzwald & Weber 2003; Kővári et al. 2013; Kriskovics et al. 2014),
with only a small handful of main-sequence Sun-like candidates
(Benomar et al. 2018). Ultimately, we are not able to rule out
contributions from correlated noise and therefore consider it unlikely
that the star is inclined. We conclude that the rigid body model is
the most likely scenario and thus the true obliquity of the star is
low.
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sequences observed with CORALIE and HARPS, and currently the
only one known to host a circumbinary planet. However, our sample
has significant overlap with the BEBOP Doppler survey for circumbi-
nary planets therefore we may soon find more similar systems. In a
forthcoming paper, we will present obliquity measurements on ∼20
systems observed with CORALIE and HARPS, which will allow us
to place constraints on tidal evolution in low-mass binaries and their
circumbinary planets.
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Final remarks

In this final Chapter I reflect on how some of the results presented in this thesis are connected. Finally I
conclude by presenting some thoughts on future prospects.

7.1 Conclusions

Most of the work presented in this thesis are published articles that include their own sections dedicated
to conclusions, so I refer the interested reader to those sections. However, in this thesis I have presented
various pieces of work that at first glance do not necessarily tackle the same scientific question, so
some thoughts on how they can be reconciled may be warranted. For example, the bulk of Chapter 3
concerns the discoveries of brown dwarfs, while the final paper of that Chapter is an exoplanet discovery.
Chapters 4 to 6 are somewhat easier to reconcile as they all investigate spin-orbit misalignments and what
these measurements can tell about the dynamical history of the systems. Yet the companions studied in
this thesis span the mass continuum from the Earth-regime to low-mass stars, so the obliquity does not
necessarily probe the same processes in each system considered.

One commonality between these pieces of work is that they all in one way or another provide leads
to questions on how formation of planets, brown dwarfs, or stars occur. The picture of planet formation
is clearly more complex than once thought, as can be seen from the diversity of planetary systems that
have been discovered (Figure 1.5).

One topic that has come under scrutiny in recent years is the connection between brown dwarfs and
giant planets (e.g. Chabrier et al. 2014; Ma & Ge 2014). As the population of known brown dwarf
companions to Sun-like stars has grown, a picture has started taking shape that casts doubt on the current
definition of a brown dwarf, i.e. substellar objects with masses in the range ∼13–80 MJup (Chabrier et al.
2014). The different classes of planets tend to be distinguished by their formation, and there is a growing
body of evidence that indicate that such a definition is needed for brown dwarfs as well (Ma & Ge 2014).

175
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The largest piece of evidence for this is the brown dwarf desert, which is a lack of intermediate-mass
brown dwarfs (35 MJup < < sin 8 < 55 MJup) on orbits below 100 days (Grether & Lineweaver 2006;
Sahlmann et al. 2011; Ma & Ge 2014). The occurence rate of brown dwarfs on either side increases
of this mass range increases, which seems to indicate they belong to two separate populations. This is
also supported by their different eccentricity distributions, which may provide support for the low-mass
and high-mass brown dwarfs originating from two different formation channels (Ma & Ge 2014). In this
context, WASP-128 b (Hodžić et al. 2018) and 2M1510 AB (Triaud et al. 2020) add some new discoveries
to this landscape that will be important for future work in this area. Individually, these two discoveries
also provide new tests for substellar evolution models which are used to understand giant planets and
brown dwarfs alike.

My work on the obliquities is important to understand the difference in the formation and orbital
evolution of low-mass planets compared to giant planets. As we have seen in Chapter 1.4.3 tidal
dissipation in stars can shape the obliquity distribution in hot Jupiter systems (e.g. Winn et al. 2010a;
Dawson 2014). Ideally we would like to understand how much they are affected by tides at a population
level, which will then allow a better understanding of the underlying processes that misaligned (or did
not) the planet or star. One way forward is to acquire measurements of the stellar obliquity for a range
of planetary masses, stellar masses, orbital separations; ideally with accurate and precise ages which are
notoriously difficult to determine. Chapter 5 is a step in this direction, and I expect this work and future
measurements will improve our knowledge on the origin of hot Jupiters.

Stars hosting small planets are less concerned with tidal evolution (Barker & Ogilvie 2009b), so the
hope is that their obliquity distribution will be more telling of its formation than what we have seen in
hot Jupiters. However, we have only just started to probe this region of parameter space. One reason
for this is that most small planets were discovered by Kepler where the stars are too faint to measure
precise stellar obliquities with the Rossiter-McLaughlin effect. As a result, obliquities in systems with
low-mass planets were determined via asteroseismology (e.g. Chaplin et al. 2013), or new techniques that
study spot-crossing events in transit (Sanchis-Ojeda et al. 2012; Dai et al. 2018). Both these methods are
limited in scope due to a small sample size. Since 2018, new sub-Neptune planets are instead provided by
TESS and these planets orbit brighter stars so that spectroscopic follow-up is more feasible. Chapter 4.2
(Kunovac Hodžić et al. 2021) is a demonstration of this prospect, which is the second-lowest mass-ratio
system for which the Rossiter-McLaughlin effect has been measured (after TRAPPIST-1, Hirano et al.
(2020), Lim et al. in prep.). However, as seen in Kunovac Hodžić et al. (2021), a misaligned orbit for
a small planet does still not provide a clear-cut answer to its formation as inclined outer companions
can actively participate in their misalignment (Xuan & Wyatt 2020; De Rosa et al. 2020; Damasso et al.
2020). Future work may therefore have to consider similar effects in systems where outer companions
have not yet been detected. In this context, future data releases of Gaia may be able to constrain the
presence of such companions. The role of new spectrographs such as ESPRESSO and EXPRES cannot be
understated when expanding the sample to small planets, which boasts single-measurement photon-noise
limited precision of 10 cm s−1 (Pepe et al. 2020) and 30 cm s−1 (Blackman et al. 2020; Petersburg et al.
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2020), respectively.
Binary star formation is thought to occur from fragmentation of the collapsing molecular gas cloud

(Hoyle 1953) or disc-fragmentation (Kratter & Matzner 2006) and may therefore be different to the
formation pathway for planets. However, as we saw for the formation of brown dwarfs, nature does not care
about the labels we assign various objects. It is therefore of interest to explore how various observables
change as a function of the mass ratio of the system so we can better understand their differences in
formation. Studying the evolution of binary orbits by measuring rotation periods, eccentricities and
stellar obliquities may further aid our understanding on the role of tides in other systems such as hot
Jupiters. Chapter 6 is a step in this direction, and more work is expected on similar systems in future
work.

7.2 Future prospects

7.2.1 Young systems

Recent years has seen an avalanche of exoplanets transiting young stars, i.e. those with ages .800 Myr,
first with the K2 mission (David et al. 2016a,b, 2018a,b, 2019a,b; Livingston et al. 2018, 2019; Mann
et al. 2016a,b, 2017; Obermeier et al. 2016; Pepper et al. 2017; Rizzuto et al. 2018), and more recently
with TESS (Benatti et al. 2019; Bouma et al. 2020; Mann et al. 2020; Plavchan et al. 2020; Newton et al.
2019, 2021; Tofflemire et al. 2021). The ages of these planets range from ∼5–10 Myr at the youngest
end (David et al. 2016b; Mann et al. 2016a) to ∼700 Myr in open clusters such as Hyades and Praesepe
(Mann et al. 2016b, 2017, 2018; Livingston et al. 2018, 2019; Obermeier et al. 2016; Pepper et al. 2017;
Rizzuto et al. 2018).

Young systems are thought to be particularly useful at constraining the migration of planets. Disc-
free migration mechanisms such as planet-planet scattering and Kozai-Lidov are expected to happen on
timescales of several tens to hundreds of Myr (Naoz et al. 2011a; Fabrycky & Tremaine 2007), so catching
planets in their youth close to their star can provide some constraint on the timescales of different types
of migration. Most of the young planets observed until now are generally much less massive than Jupiter
and orbit close to their star, which can either be evidence of in-situ formation or rapid radial migration
due to disc-interaction within the first 5–10 Myr (David et al. 2016b; Mann et al. 2016a).

Some young systems have already been observed in spectroscopy during transit for the Rossiter-
McLaughlin effect, these include AU Mic b (Addison et al. 2020; Hirano et al. 2020; Martioli et al. 2020;
Palle et al. 2020), DS Tuc Ab (Montet et al. 2020; Zhou et al. 2020), TOI-942 b (Wirth et al. 2021), HIP
67522 b (Heitzmann et al. 2021), TOI-1726 c (Dai et al. 2020), and Kepler-63 b (Sanchis-Ojeda et al.
2013). With the exception of Kepler-63, all planets appear well-aligned with the spin of the star which
seems to favour migration due to disc-interaction. Of these, Kepler-63 is the oldest system at ∼250 Myr
and further measurements may constrain the timescales of dynamical migration scenarios. However,
young stars are typically chromospherically active, causing significant rotational varibility whose period
can be determined from photometry. They are also typically fast rotators, which makes spectroscopic
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measurements of E sin 8★ trivial. Together, these can constrain the inclination of the star which alone can
tell whether the planet is aligned or not (Masuda & Winn 2020; Newton et al. 2021; Tofflemire et al.
2021).

7.2.2 Sub-Neptunes and multiplanetary systems

As alluded to in Section 7.1, we have now reached a point where we can start probing the obliquity
distribution in stars hosting small planets. One exciting prospect about such systems is that they tend
to be closely packed systems of multiple planets which can rule out high eccentricity migration from
dynamical scattering that are believed to produce hot Jupiters on inclined orbits. Indeed, the general
expectation is that a close system of multiple planets migrate though disc-interaction and should have
low obliquities, as has been observed in a few systems (Hirano et al. 2012; Sanchis-Ojeda et al. 2012;
Chaplin et al. 2013). That is not to say that close multiple planet systems cannot be misaligned, as has
been demonstrated in Kepler-53 (Huber et al. 2013), HD 3167 (Dalal et al. 2019), and most recently in
K2-290 (Hjorth et al. 2021). A few explanations have been invoked for such systems, including orbital
tilting due inclined outer companions (Gratia & Fabrycky 2017); the disc may be torqued due to an
inclined stellar companion (Batygin 2012; Lai 2014; Zanazzi & Lai 2018), or the star itself may be tilted
from magnetic star-disc interactions (Lai et al. 2011). More measurements of the obliquity in systems
with multiple planets as well as constraints on outer planetary and stellar companions may therefore be
useful to constrain such scenarios.

7.2.3 True obliquities

The Rossiter-McLaughlin effect only measures the obliquity projected along the line-of-sight, _, shown
in Figure 1.6. In many cases it is the true obliquity, k, which is the quantity of interest. Recent work has
shown misaligned systems show a preference for k close to 90° (Albrecht et al. 2021), which may hold
clues to the dynamical evolution of the planetary orbit (Fabrycky & Tremaine 2007) or tidal evolution
of the star (Lai 2012). Future work may therefore include revisiting some of the previously measured
systems to determine the true obliquities.

The largest obstacle to determining the true obliquity is knowing the stellar inclination, which is
mostly down to the difficulty in determining the rotation period of the star. The rotation period is most
often found from a photometric timeseries, which in some cases may be available from TESS and is worth
exploring for the literature sample of Rossiter-McLaughlin measurements. In cases where the rotational
modulation may not be found from photometry it can also be determined from spectral activity indices
or precise radial velocity data.
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