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Abstract

The discovery of exoplanets in the 90s has transformed our ability to study the
formation, evolution, and structure of planetary systems. In particular, the huge,
high-temperature exoplanets known as hot Jupiters are fascinating laboratories for
extreme atmospheric physics, and their size, translucent atmospheres and proxim-
ity to their host stars makes them excellent targets for characterisation through
transmission spectroscopy. Recently, ultra-hot Jupiters (UHJs) have emerged as
a distinct class of their own, with their huge dayside temperatures (over 22,00 K)
driving entirely different chemistry than their cooler cousins, differing from that
predicted by earlier theory. This thesis presents an in-depth investigation at high
resolution of the chemical constituents of the UHJ WASP-121b at optical wave-
lengths, using a single transit from VLT/UVES. Until recently, this was a wave-
length regime little-explored in hot Jupiter atmospheres using cross-correlation
techniques. Using the Doppler spectroscopy method, which takes advantage of
the high radial velocity of the planet to disentangle its spectral lines from those of
its host star, two investigations were performed.

The first study comprises a comprehensive search for the molecules TiO and
VO, strong optical absorbers previously theorised to drive thermal inversions in
hot Jupiters. No signs of either molecule could be found, though confirmation
of the absence of VO awaits a more accurate linelist. These constraints provide
evidence for recent theory, suggesting that TiO and VO are thermally dissociated
in UHJs, and that the previously-observed thermal inversion in WASP-121b may
be driven by atomic metals.

The second study presents the results of a broad search for neutral and ionised
atomic species in the same dataset. Forty-three species were searched for over a
grid of varying temperatures and cloud-deck pressures. Twenty potential signals
were flagged and investigated in detail, with seven of these classified as detections
after applying a set of detection criteria assessing different aspects of the signals
in detail. This study underlines the huge potential in studying UHJs at optical
wavelengths and high-resolution. In the future, these techniques will be applicable
to observations from the next generation of high-resolution spectrographs, and may
one day be used to characterise habitable planets.

ii
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Chapter 1

Introduction

I’ll make my report as if I told a story, for I was taught as a child on

my homeworld that Truth is a matter of the imagination.
—Ursula K. Le Guin, The Left Hand of Darkness

Once, and not too long ago, the existence of planets outside our own solar sys-
tem was the stuff of speculation and science-fiction. Humanity imagined far-away
worlds and solar systems, populated them with aliens, and rendered them as back-
drops to thrilling space adventures.

Perhaps this is why the discovery of the first extra-solar planet orbiting a pulsar
(Wolszczan & Frail, 1992) has been, historically, rather unfairly ignored. It is
difficult to imagine life or adventure on these dark, dead, radiation-blasted worlds.
Instead, the first exoplanet discovery most often cited (and, indeed, the one which
resulted in half a Nobel Prize) is the later detection of the first exoplanet around a
Sun-like star, 51 Peg b (Mayor & Queloz, 1995). Mysterious as it was – a Jupiter-
mass gas giant orbiting close to its star, in defiance of our planetary formation
models – it was a system we could understand, one that was more familiar to us.
Science fiction had become fact, and exoplanet science exploded. Twenty-eight
years after Wolszczan and Frail’s pulsar planet, over 4000 exoplanets have been
discovered1, ranging from enormous gas giants one step below a brown dwarf to,
most recently, smaller terrestrial planets that can convincingly remind us of our
own Earth.

1According to the NASA Exoplanet Archive, accessed 17th November 2020.

1

https://exoplanetarchive.ipac.caltech.edu
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Very few areas of astronomy have captured the public interest as thoroughly; and,
unsurprisingly, it is potentially-habitable planets which excite most. Potential
"water-worlds" like GJ 1214b (Charbonneau et al., 2009) or K2-18b (Cloutier
et al., 2019) evoke images of Ursula K. Le Guin’s Earthsea (or the Kevin Costner
film Waterworld, if you must). Proxima Centauri b intrigues because of its relative
nearness to Earth (Anglada-Escudé et al., 2016); one can almost imagine visiting,
exploring vistas like the artist’s impression in Figure 1.1. Of course, K2-18b is
likely a sub-Neptune rather than a terrestrial world, and Proxima Cen b is blasted
with stellar radiation likely to render it extremely hostile to life, but these are
details that often escape the press.

Figure 1.1: Artist’s impression of the exoplanet Proxima Centauri b, a super-
Earth in the "habitable-zone" around Proxima Centauri, the closest star to Earth.
By ESO/M. Kornmesser.2

The reality is that we still know very little about the exoplanets we detect. Con-
sidering the extreme distance and faintness of exoplanets, their light drowned out
by that of their parent stars, it is remarkable that we can begin to characterise
them at all. Measurements of mass and radius have allowed us to begin to guess
tentatively at composition (e.g. Seager et al., 2007). Advanced and ingenious spec-
troscopic techniques have allowed us to explore the composition and dynamics of

2 Image source: https://www.eso.org/public/images/eso1629a/.

https://www.eso.org/public/images/eso1629a/
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atmospheres for the hottest and largest exoplanets (Charbonneau et al., 2002).
What has been found is, perhaps, even stranger than science fiction.

The enormous exoplanets known as hot Jupiters, with their translucent gaseous
atmospheres and close proximity to their parent stars, have presented fascinating
laboratories for extreme atmospheric physics. These bizarre worlds orbit their
parent stars on orbits just a few Earth days long. As a result of this proximity,
their atmospheres are so hot that their atmospheres host metals in gaseous form.
Models of HAT-P-7b have predicted rains of corundum, the material of rubies and
sapphires, on its cooler nightside (Armstrong et al., 2016); WASP-76b, meanwhile,
may rain iron (Ehrenreich et al., 2020). At smaller radii, the discovery of hot
Neptunes like GJ 436 b (Butler et al., 2004), watery sub-Neptunes like K2-18b
(Cloutier et al., 2019), extremely low-density "super-puffs" like Kepler 51b and d
(e.g. Libby-Roberts et al., 2020), and roasting-hot "lava worlds" like super-Earth
55 Cancri e (Fischer et al., 2008; Dawson & Fabrycky, 2010) further expand the
gallery of exotic planet types beyond those found in our own system.

As instruments and techniques for characterising exoplanets improve, it is likely
we will begin to refine our guesses about the composition and atmospheres of ever-
smaller, ever-cooler worlds, down to the terrestrial planets in the so-called habit-
able zone that most resemble Earth. We may one day begin to detect "biomark-
ers", unique signs of extraterrestrial life. It is impossible to predict what unusual
discoveries and strange planets may populate science and the press in the future;
but what is known is that the eyes of the world will be on the exoplanet community
for years to come.

1.1 Discovering Exoplanets

Due to the extreme faintness of exoplanets compared to their parent star, very
few have been directly observed. Instead, the existence of exoplanets is generally
inferred by the effects they have on their parent stars. Figure 1.2 shows a cumu-
lative histogram of exoplanet detections over time and their discovery methods.
Figure 1.3 shows the distribution in mass and orbital period of these exoplan-
ets, again sorted by their discovery methods. Six of the most common discovery
methods are described in the following sections.
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Figure 1.2: Cumulative exoplanet discoveries to date by discovery method. From
the NASA Exoplanet Archive, date as shown.

Figure 1.3: Demographic distribution in confirmed exoplanets to date by mass
and orbital separation from host star. Mass of planets discovered by radial velocity
is given as Mp sin i: see Section 1.1.2. From the NASA Exoplanet Archive, date as
shown.

https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/
https://exoplanetarchive.ipac.caltech.edu/exoplanetplots/
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1.1.1 Timing Variations

The discovery of the first exoplanet was made by measuring minuscule differences
in the time of arrival of the pulses of the pulsar PSR B1257+12 as it orbited the
centre-of-mass of the planetary system (Wolszczan & Frail, 1992). Pulsars – first
discovered by Jocelyn Bell Burnell in 1967 – are highly-magnetised, fast-rotating
neutron stars which emit beams of electromagnetic radiation from their magnetic
poles. The alignment of the pulsars observed from Earth is such that these beams
are measurable as radio "pulses" with extremely exact timings, and the swift
rotation of the pulsar causes the pulses to occur at a very high frequency, down to
the once-per-second or per-millisecond level. Only seven pulsar planets have been
discovered to date, but the precision to which pulse intervals can be measured
renders this technique sensitive to very low-mass exoplanets. PSR B1257+12 A,
the least massive exoplanet discovered so far, has a mass only twice that of our
Moon (Wolszczan, 1994). An extension of this technique has also been used to
discover planets around eclipsing binaries, where variations in the timing of the
eclipses are measured instead (e.g. Lee et al., 2009), and around pulsating stars,
where the timing of the pulsations is measured (e.g. Murphy et al., 2016).

1.1.2 Radial Velocity

A star in a system with planetary companions orbits their common centre-of-mass.
Though this centre-of-mass or barycentre is usually only a short distance from the
centre of the star, the star may nevertheless exhibit enough reflex motion in the
radial direction to be detectable by measuring the Doppler shift of the absorption
lines in the stellar spectrum. These radial velocity shifts are small, and require
extremely precise measurements to be detectable. This method is illustrated in
Figure 1.4. The radial velocity semi-amplitude of the reflex motion of the star to
the orbiting planet can be expressed as:

K1 =

√
G

1− e2
Mp sin i(M? +Mp)

−1/2a−1/2 (1.1)

where e is the eccentricity (often approximated as zero), i is the orbital inclination,
M? is the mass of the host star, Mp is the mass of the planet and a is the semi-
major axis of the orbit. As can be seen, this method is biased towards close-in
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Figure 1.4: Illustration of the radial velocity technique. At time/position 1, the
planet moves towards the observer and the star away, inducing a redshift in the
stellar lines. At time/position 2, the star appears at rest. At time/position 3, the
planet moves away from the observer and the star towards, inducing a blueshift. The
Doppler shift of the lines can be measured and plotted as seen on the left, to obtain
the semi-amplitude K and period of the star/planet system.

(and hence short-period) massive planets orbiting low-mass stars, although very
cool, low-mass stars present their own difficulties: they are often too faint to
observe at the high signal-to-noise required for precision RV measurements. The
first exoplanet discovered around a Sun-like star, the "hot Jupiter" 51 Peg b, has a
mass of 0.46 MJ and an orbital period of just 4 days, and induces a radial velocity
shift of 70 km s−1: just 1.2 Å at a wavelength of 5000 Å (Mayor & Queloz, 1995).
In comparison, Jupiter induces a radial velocity shift of only 12.7 m s−1 upon the
Sun, or 0.0002 Å at the same wavelength. The Earth induces an even smaller
shift, at 0.09 m s−1, or roughly 2 × 10−6 Å. Searching for Earth-like planets in
the "habitable zone" around Sun-like stars is currently out of reach to even the
most sensitive of instruments. Additionally, this method only provides a minimum
mass Mp sin i for the exoplanet, and to obtain a true mass another method must
be used to break the degeneracy with i.

Around 800 planets have been discovered using the RV method to date.3

1.1.3 Astrometry

This technique, similarly to the radial velocity method, relies on the movement of
the star as it orbits the barycentre of the planetary system. However, astrometry
measures this movement directly by tracking the change in the star’s position on

3All figures on exoplanet demographics in this section are taken from the NASA Exoplanet
Archive, accessed 17th November 2020.

https://exoplanetarchive.ipac.caltech.edu
https://exoplanetarchive.ipac.caltech.edu
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Figure 1.5: Image from VLT/SPHERE of the directly-imaged exoplanet PDS 70b,
caught in the process of formation from the protoplanetary disk. By ESO/A. Müller
et al.4

the sky. This is the oldest-known technique in use, but has not produced partic-
ularly encouraging results. For example, Pravdo & Shaklan (2009)’s detection of
a planet around VB 10 using astrometry could not be confirmed by a later study
using the RV method, which instead ruled the existence of the planet out to a
high significance and posited systematic effects as a reason for the false detection
(Bean et al., 2010). To date, no exoplanet has been detected using astrometry
alone. However, ESA’s GAIA mission, launched in 2013, is expected to result in
the detection of many exoplanets via precise astrometric measurements (Casertano
et al., 2008). So far, GAIA and HIPPARCOS astrometric data has been used to
further characterise the directly-imaged beta Pictoris b (Snellen & Brown, 2018)
and epsilon Indi Ab (Feng et al., 2019), discovered using the RV method, leading
to better constraints on planetary masses.

4 Image source: https://www.eso.org/public/images/eso1821a/.

https://www.eso.org/public/images/eso1821a/
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1.1.4 Direct Imaging

For some large, hot exoplanets at large separations it is possible to spatially re-
solve the exoplanet’s emission from that of its parent star, for example by the use
of a coronagraph to block out the stellar flux contribution and adaptive optics to
compensate for distortion by the Earth’s atmosphere. The exoplanets detected us-
ing this technique are generally young and still undergoing gravitational collapse,
thus emitting enough thermal radiation to be detected by imaging instrumenta-
tion. While the first exoplanet to be detected using this method orbits a brown
dwarf (Chauvin et al., 2005), exoplanets around very bright A-type stars have
been detected (Kalas et al., 2008; Marois et al., 2008; Lagrange et al., 2009) and
four exoplanets have been imaged around HR7899 (Marois et al., 2010). The
custom-built planetfinder SPHERE was added to the VLT in 2014, and has had
some success, detecting planets such as HIP 65426b (Chauvin et al., 2017) and the
"newborn" PDS 70b shown in Figure 1.5, imaged while still in the act of forming
(Keppler et al., 2018). However, only around 50 planets have been discovered by
direct imaging to date. Future instruments, such as ELT-CAM on the E-ELT (Eu-
ropean Extremely Large Telescope, due to start operations in 2025) and NIRCam,
NIRISS and MIRI on the JWST (launch date 31st October 20215) are expected
to add greatly to this number.

1.1.5 Microlensing

If two stars align very precisely with respect to an observer at Earth, the foreground
star acts as a lens, magnifying the light of the background or source star via
gravitational focussing. If the lens star has a planet in the location of one of the
lensed images of the source, a further lensing or "caustic event" is measured in
the light curve. Due to the precise alignments required for a microlensing event
to occur, exoplanet detections using this method are fairly rare, and surveys such
as OGLE, MOA, and KMTnet focus on continuous monitoring of crowded fields
to maximise the chances of detecting an event. The planets discovered using this
method are usually not amenable to further detailed characterisation. However,
this is the only detection technique able to detect "free-floating" planets without
a parent star (Sumi et al., 2011), and the only technique which can feasibly detect
planets orbiting stellar systems at very large distances from the Earth.

5As checked on 22nd January 2021.
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1.1.6 Transits

Like microlensing, transit detection relies on precise alignment; unlike microlens-
ing, transit events are, thankfully, far more common. Here, if the plane of the
exoplanet’s orbit is aligned in such a way that it passes directly between its host
star and the Earth, the subsequent dip in stellar flux as the planet passes in front
of the star can be measured (see Figure 1.6). This method allows a wealth of
information on the exoplanet to be derived. The depth of the decrease in observed
light – the "light curve" – is directly related to the planet-to-star radius ratio such
that, to first order, the fraction of light blocked or "transit depth" can be given
as the ratio of the projected areas of the star and planet. In addition, the length
of the transit allows us to estimate the orbital velocity and thus the period and
separation of the planet. Also, for a transit event to be observable, the alignment
of the planet must be close to 90°, and thus the true mass of the planet can be
determined from radial velocity measurements, breaking the MP sin i degeneracy.
With the mass and the radius of the exoplanet constrained, we can begin to es-
timate the planetary density and consider its composition. Finally, the timing of
the transits can be used to find other planets in the system, due to planet-planet
gravitational interactions varying the times of mid-transit (e.g. Lissauer et al.,
2011).

Though this method is biased towards larger exoplanets orbiting close-in to small
parent stars (leading to the blocking of a larger portion of incoming light), the
transit method has discovered a huge range of exoplanets, from super-inflated hot
Jupiters like WASP-12b (Hebb et al., 2009) to potentially rocky super Earths
like those found in the TRAPPIST-1 system (Gillon et al., 2016). NASA’s wildly
successful Kepler satellite is responsible for the discovery of almost 2000 exoplanets
alone, continuing operations in its K2 mission despite the failure of two of its
reaction wheels in 2013 and ending its service only when it ran out of fuel in
October 2018. Ground-based surveys like SuperWASP, HAT and KELT have also
seen great success. NASA’s follow-up to Kepler, TESS, was launched in 2018, and
is expected to discover thousands of exoplanets around bright nearby stars, with
107 planets confirmed to-date.6

Transiting planets also lend themselves well to a range of follow-up investigations.
Measurement of the Rossiter-McLaughlin effect – the change in observed Doppler

6As checked on 15th February 2021.
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shift in stellar lines as the planet passes in front of blue- and red-shifted areas
of its parent star – allows for the angle between the stellar rotational axis and
the exoplanet’s orbital plane to be derived (e.g. Winn et al., 2006; Wang et al.,
2018). Variations in brightness on the stellar surface, such as star-spots, lead to
characteristic dips and bumps in the light curve, allowing for "transit mapping"
of the stellar surface (e.g. Huber et al., 2010; Zaleski et al., 2019). Finally, and
most importantly for this thesis, transiting exoplanets are highly amenable to
follow-up observations to characterise their atmosphere. Transit surveys – such
as TESS, MEarth, TRAPPIST and SPECULOOS – are designed to search for
transiting exoplanets that can then be followed up by dedicated characterisation
efforts. Some of the methods used to perform this characterisation are explained
in the next section.

1.2 Characterising Exoplanet Atmospheres

It is astonishing to consider that the first detection of an exoplanet atmosphere
(Charbonneau et al., 2002) came only six years after the discovery of the first
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Figure 1.6: Illustration of a transiting exoplanet’s effects on the light-curve mea-
sured from its parent star. Not to-scale.
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exoplanet around a Sun-like star. A range of ingenious methods have been pio-
neered to perform the meticulous detective work of disentangling an exoplanet’s
atmospheric signal from its parent star. Though most of these techniques have
largely been used to characterise hot Jupiters, whose size and proximity to their
parent star makes them excellent candidates for such work, recent efforts have seen
success in the detection and characterisation of sub-Jovian planetary atmospheres
as well, including sub-Neptunes like K2-18b (Benneke et al., 2019) and even super-
Earths like GJ 1214b (Kreidberg et al., 2014). Four techniques are described in
the following section, focusing on methods common to transiting exoplanets.

1.2.1 Transmission Spectroscopy

As an exoplanet passes in front of its host star, a small amount of starlight filters
through its upper atmosphere at the day/night terminator or "limb" of the planet.
This starlight will be partially absorbed in a wavelength-dependent manner de-
pending on the scattering and absorption properties of the atoms and molecules
in the exoplanet atmosphere. At wavelengths where scattering and absorption is
strong, the atmosphere will be more opaque to the stellar radiation, so the depth of
the transit light curve, and thus the apparent planetary radius, will appear larger.
By measuring the change in transit depth/apparent radius of the exoplanet with
wavelength, a transmission spectrum can be deduced, as illustrated in Figure 1.7.
This technique had been explored theoretically by several groups (Seager & Sas-
selov, 2000; Brown, 2001) before its first successful use, a detection of a sodium
feature in the atmosphere of hot Jupiter HD209458b (Charbonneau et al., 2002).

The change in transit depth is dependent on the scale height H of the exoplanet’s
atmosphere, or the distance over which the atmospheric pressure decreases by e−1,
where

H =
kT

µmHg
. (1.2)

Here T is usually the equilibrium temperature of the exoplanet (the temperature
calculated by treating the planet as an externally-heated blackbody), g is the
exoplanet’s surface gravity, µ is the mean molecular weight of the gas in the
atmosphere, and mH is the mass of a hydrogen atom. Larger scale heights indicate
more extended atmospheres which take longer to become optically thick as pressure
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Figure 1.7: Illustration of transmission spectroscopy. On the left, the blue light is
absorbed by the planet’s atmosphere, while the red light passes through. This leads
to a larger radius being measured in the blue wavelength, R1, than at the red, R2.
Making several radius measurements at different wavelengths allows us to build a
spectrum of the exoplanet, seen on the right. Not to-scale.

increases/altitude decreases, increasing the total 2D area of atmosphere through
which stellar light can pass through. The typical change in depth as a function of
wavelength is proportional to the scale height, and can be approximated by the
ratio of the annular to stellar areas:

δtrans ≈
2rpNH

R2
?

(1.3)

where rp is the reference planetary radius, or the radius where the exoplanet
atmosphere becomes optically thick at all wavelengths; N is the number of scale
heights (generally 5 – 10; Seager et al. 2009) intercepted by the stellar light; and
R? is the radius of the star.

As a comparison, the scale height of Earth is 10 km, leading to a theoretical change
in transit depth of 10−7. The scale height of a hot Jupiter, with its lower molecu-
lar mass and higher surface temperature, is usually in the hundreds of kilometres,
increasing the transit depth to ∼ 10−4. Hot Jupiters thus make excellent targets
for transmission spectroscopy, though in recent years the technique has success-
fully been applied to sub-Jovian planets such as GJ 436b (Knutson et al., 2008;
Lothringer et al., 2018a) and HAT-P-26b (Wakeford et al., 2017a).

Transmission spectroscopy has resulted in the detection of several atomic and
molecular species, including sodium (Charbonneau et al., 2002), potassium (Sing
et al., 2011), hydrogen (Ehrenreich et al., 2015), calcium (Astudillo-Defru & Rojo,
2013), oxygen (Vidal-Madjar et al., 2004), helium (Spake et al., 2018) and water
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(Huitson et al., 2013). It has also led to discoveries of Rayleigh scattering, which
causes the effective planetary radius to increase towards bluer wavelengths (e.g.
Lecavelier Des Etangs et al., 2008). Conversely, flat and featureless transmission
spectra have been interpreted as the results of either opaque cloud decks or scat-
tering from aerosol hazes masking the expected features (e.g. Pont et al., 2008;
Kreidberg et al., 2014). Due to the need for extremely stable time-series data in or-
der to reach the necessary precision of ∼ 10−4, early transmission spectroscopy was
largely performed using space-based facilities such as the Hubble Space Telescope
and Spitzer. More recently, however, multi-object spectrographs have provided
the necessary stability for ground-based facilities to contribute (e.g. Gibson et al.,
2013a,b; Stevenson et al., 2014; Nikolov et al., 2018).

1.2.2 Secondary Eclipses

It is not just the primary transit which provides us with an opportunity to study
an exoplanet’s atmosphere. When the planet passes behind the host star, its
minuscule contribution to the star-planet flux is blocked out. By measuring the
flux before, during and after this secondary eclipse, the light reflected and/or
emitted from the exoplanet can be determined. This is illustrated in Figure 1.8.
Generally, this technique concentrates on detecting thermal emission from the
planet. Hot Jupiters generally have low albedos (Marley et al., 1999; Sudarsky
et al., 2003; Mallonn et al., 2019), and in the infrared the planet-to-star flux
contrast is higher, as emission from stars generally peaks in the optical.

By approximating the planet and star as blackbodies, the fractional secondary
eclipse depth can be approximated as:

δsec(λ) '
r2p Tp

R2
? T?

(1.4)

For a typical hot Jupiter observed in the Ks band (centred on 2.17 µm) the
change in eclipse depth is on the order of 10−3. Photometric measurement of
secondary eclipses thus allow the dayside of the planet to be determined, which
can then be compared to the planet’s equilibrium temperature to characterise the
efficiency of heat distribution. Similarly to transmission spectroscopy, secondary
eclipses can also be measured spectroscopically, at different wavelengths, to build
a spectral picture of the exoplanet atmosphere. This technique also allows us to
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Figure 1.8: Illustration of a full phase-curve with secondary eclipse. As the planet’s
hotter dayside rotates into view, an excess in flux is seen leading into the secondary
eclipse, where the planet passes behind the star and is blocked out. Here φ represents
the orbital phase. Not to-scale.

achieve an idea of its pressure-temperature structure, as secondary eclipses will
be deeper at wavelengths which probe hotter regions of the atmosphere, allow-
ing us to detect thermal inversions (see Section 1.3.1). Notable measurements of
secondary eclipses/emission spectra include those of HD209458b (Deming et al.,
2005), HD189733b (Charbonneau et al., 2008), hot Neptune GJ 436b (Stevenson
et al., 2010), and the first detection of water features in emission for WASP-121b
(Evans et al., 2015), thought to be caused by a thermal inversion.

1.2.3 Phase Curves

A phase curve is a measurement of how the light curve of the star-planet system
varies over the entire course of an orbit, not just during transits and eclipses. As
a planet orbits, its day- and nightsides rotate in and out of view. Hot Jupiters are
tidally locked, always presenting the same "face" of the planet towards their host
stars, setting up a strong temperature gradient between the day- and nightside.
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If the planet is observed in the infra-red, thermal emission due to absorbed and
re-radiated starlight causes an overall increase in flux when the planet’s hot day-
side is in view and a corresponding dimming when the cold nightside is in view
(as illustrated in Figure 1.8). The difference between the cold nightside and hot
dayside can thus be directly measured, allowing for a determination of the effi-
ciency of heat redistribution across the planet; the strongest variations are seen
when heat distribution is poor and the dayside re-emits the majority of absorbed
stellar radiation before it can be transported to the cold nightside. The first suc-
cessful map of the day-night contrast of an exoplanet was for the much-studied
HD189733b, by Knutson et al. (2007).

Measurements of phase curves have also revealed the presence of equatorial winds.
Typically, the brightest "hot-spot" on a planet would be expected to be found
at the centre of the dayside, the substellar point directly facing the star, and
the phase curve’s brightest point would thus be centred around secondary eclipse.
However, recent phase-curve observations have shown that the hot-spot is often
shifted from this substellar point (e.g. Stevenson et al., 2014; Demory et al., 2016).
This implies that atmospheric circulation in the form of strong winds across the
equator has pushed hot gas away from the substellar point and shifted colder
gas from the nightside towards the dayside in such a way that the hottest point
in the atmosphere is actually downwind from the substellar point, as predicted
by models of hot Jupiters (e.g. Showman & Guillot, 2002; Kataria et al., 2016).
Finally, and similarly to secondary eclipses, phase curves can also be measured
spectroscopically, allowing for the identification of atmospheric opacity sources
and exploration of the exoplanet’s dayside thermal structure (Kreidberg et al.,
2018; Arcangeli et al., 2019).

1.2.4 Doppler Spectroscopy

So far, the methods discussed have usually relied on broadband filters or low-
resolution spectroscopy, where R < 4000 (and R = ∆λ/λ). However, an adap-
tation of a method previously used to characterise spectroscopic binary systems
provided a new way to explore exoplanet atmospheres with high-resolution spec-
troscopy, where R > 25,000. Similarly to the RV method of discovering planets,
Doppler spectroscopy relies on the Doppler shift of spectral lines, but takes ad-
vantage of the much greater radial velocity of the planet when compared to its
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parent star. The work in this thesis concentrates on high-resolution observations
taken during transit: this differs from the low-resolution transmission spectroscopy
detailed in Section 1.2.1 in that the spectral lines of species can be resolved in-
dividually and directly, instead of hunting for broad-band features via changes in
apparent radius. Additionally, the Doppler spectroscopy method can also be used
to characterise non-transiting planets, or to explore spectroscopic phase curves,
allowing for a range of temperature and chemical regimes to be explored.

As an example, Doppler spectroscopy of a transiting planet is illustrated in Fig-
ure 1.9. Over the course of an orbit, the RV shift of a star may be only tens
of metres per second: the radial velocity semi-amplitude of the planet, mean-
while, will be on the order of 100s of kilometres per second for a hot Jupiter,
imparting a much greater Doppler shift on spectral lines resulting from absorp-
tion in the planet’s atmosphere. Over the course of a transit, the spectral lines
from the star and telluric lines from the Earth’s atmosphere are essentially static
or quasi-static, allowing us to isolate the signal of the exoplanet by using de-
trending techniques to strip out all signals which are static or quasi-static in time.
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Figure 1.9: Illustration of the principle behind Doppler spectroscopy. As the planet
orbits, the lines in its atmosphere are blue-shifted and red-shifted to a degree much
greater than the lines of the parent star. A time-series of spectra taken during transit
shows the quasi-static nature of the stellar and telluric lines and the Doppler-shifted
lines of the planetary atmosphere appearing during transit, much-enhanced here to
be visible to the naked eye. In reality, the exoplanetary spectrum lies below the
photon noise level.
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Figure 1.10: An example high-resolution transmission spectrum for TiO at 1500
K. At low resolution, only broader features can be seen. High-resolution Doppler
spectroscopy is sensitive to the thousands – even millions – of individual lines.

Ideally, this de-trending reduces high-resolution spectra of the system down to
photon-noise and the Doppler-shifted lines from the planetary transmission spec-
trum. These lines, unlike in low-resolution spectroscopy, are individually resolved
at high-resolution. Thus, the planetary signal can be extracted from the noise by
using cross-correlation with model spectra of the predicted transmission spectrum
for individual atomic or molecular species. This allows us to effectively sum up the
contributions to the spectrum from several individually resolved lines, numbering
in the hundreds or thousands for molecules, thereby strengthening the detection
signal. Further detail on the methodology behind this technique can be found in
Section 2.3.

One strength of this technique lies in its relative sturdiness against the effects of
instrumental systematics. Low-resolution spectroscopy has traditionally struggled
with the removal of instrumental systematics. Observations taken by WFC3 on the
HST, for instance, are complicated with issues such as "breathing" (thermal ex-
pansion and contraction of the telescope as it passes in and out of Earth’s shadow),
visit-long slopes (cause unknown), or the "ramp effect" (caused by charge trap-
ping on the detector).7 Despite efforts to develop more robust statistical methods
to account for these systematics (e.g. Carter & Winn, 2009; Gibson et al., 2012;
Waldmann, 2012) many contradictory results have been published and later chal-
lenged (e.g. Sing et al., 2009; Gibson et al., 2011; Espinoza et al., 2019). For both

7Examples of these can be found in Wakeford et al. (2016).
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transiting and non-transiting planets, the systemic velocity of the planet-star sys-
tem is known: for transiting planets, the radial velocity semi-amplitude KP can
also be calculated. This velocity information provides an extra dimension to help
isolate the planetary signal from time- and wavelength-dependent systematics,
and the chances of a systematic precisely mimicking an atomic or molecular signal
at this precise velocity is unlikely (though not impossible). However, although
this method excels at more unambiguously confirming the presence of molecular
or atomic constituents of the atmosphere, it is extremely difficult to extract any
other information of interest, such as the presence and location of clouds, scat-
tering properties, absolute abundances of atomic/molecular constituents, or the
temperature-pressure profile. It is thus best used in tandem with low-resolution
approaches. New and more complex approaches enabling stringent constraints
to be placed on atmospheric parameters are, however, in development, including
the combination of low-and high-resolution spectroscopy (Brogi et al., 2017; Pino
et al., 2018), principled statistical frameworks and likelihood mapping (Brogi &
Line, 2019; Gibson et al., 2020; Nugroho et al., 2020b; Hood et al., 2020), machine
learning (Fisher et al., 2020) and Doppler tomography (Watson et al., 2019).

Since this method was pioneered by the detection of CO in the atmosphere of hot
Jupiter HD209458b by Snellen et al. (2010), it has been used to detect molecules
such as CO, H2O, TiO, CH4, and HCN; and atomic species such as Fe, Ti, Mg,
Na, K, He, and Ca (e.g. Snellen et al., 2010; Brogi et al., 2012; Birkby et al., 2013;
Lockwood et al., 2014; Nugroho et al., 2017; Allart et al., 2019; Cabot et al., 2019;
Guilluy et al., 2019; Yan et al., 2019; Turner et al., 2020; Gibson et al., 2020;
Sánchez-López et al., 2020). The technique has seen especially extensive success
in the last three years with ultra-hot Jupiters (or UHJs) at optical wavelengths;
the cloudless, inflated atmospheres of UHJs render them excellent targets for such
work. KELT-9b, for example, is the hottest-known exoplanet to date (Teq > 4000
K); high-resolution observations of KELT-9b with HARPS revealed the presence of
Mg i, Fe i, Fe ii, Ti ii, Na ii, Na i, Cr ii, Sc ii and Y ii, along with hints of Ca i, Cr i,
Co i and Sr ii (Hoeijmakers et al., 2018, 2019). High-resolution spectroscopy has
also provided detections of Fe i, Fe ii, Ca i, Ca ii, Mg i, Cr ii and the Balmer series
of hydrogen in the UHJ KELT-20b/MASCARA-2b (Casasayas-Barris et al., 2018,
2019; Nugroho et al., 2020a). High-resolution explorations of the UHJ WASP-
33b revealed signs of TiO (Nugroho et al., 2017), Fe I (Nugroho et al., 2020b),
and Ca II (Yan et al., 2019), though TiO was not detected in later observations
by Herman et al. (2020). A search for FeH in several hot Jupiters resulted in
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tentative evidence for its presence in WASP-33b and KELT-20b/MASCARA-2b
(Kesseli et al., 2020).

This method, and others utilising high-resolution spectroscopic observations, also
allow for exploration of atmospheric dynamics via the detection of further, unex-
pected velocity shifts in the detected signals. If the detected atomic or molecular
signal is found to vary from the expected velocity position, this could be due to
atmospheric or planetary dynamics such as the rotational velocity of the planet
(Snellen et al., 2014), planetary winds (Brogi et al., 2016), or both (Louden &
Wheatley, 2015) imparting additional Doppler shifts to the exoplanetary signal;
or, perhaps, due to the presence of a chemical gradient across the limb of the planet
(Ehrenreich et al., 2020). This technique has even been used on non-transiting
planets, where a measurement of KP can be used to break theMP sin i degeneracy
and place a more rigorous mass constraint on the exoplanet in question (e.g. Brogi
et al., 2014).

1.3 Hot Jupiter Atmospheres

Though hot Jupiters are statistically rare, with just 0.4% of FGK stars thought
to host one (Zhou et al., 2019), observational biases have led to these large, short-
period exoplanets taking centre stage in the efforts to characterise exoplanet at-
mospheres. However, these extremely hot, tidally-locked gas giants have no direct
analogue in our own solar system, and interpretation of measurements made of
hot Jupiters must therefore be made via entirely novel theoretical frameworks. In
a comparatively short period of time, a large amount of theoretical literature has
been generated on the composition, atmospheric structure and dynamics of these
extreme worlds, and this body of work is under constant revision as observations
contradict or support expectations from theory.

1.3.1 Temperature Structure

The temperature structure of a hot Jupiter’s atmosphere directly influences both
its chemistry and its dynamics, and it is thereby one of the most important pa-
rameters underlying what we observe in transmission spectra. Commonly, the
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Figure 1.11: Illustration of a non-inverted (left) and inverted (right) temperature-
pressure profile. Altitude is given as a proxy for decreasing pressure: altitude is
proportional to − logP in hydrostatic equilibrium. Incoming stellar radiation is
absorbed by molecular or atomic species on the left, causing local heating: a thermal
inversion. Not to-scale.

temperature structure is described by a simple temperature-pressure or TP pro-
file, where pressure is also a proxy for the planet’s altitude. As altitude increases,
pressure decreases, and so, typically, does temperature. However, the presence
of atomic or molecular species in upper levels of the atmosphere which strongly
absorb incident light from the host star can lead to regions in the atmosphere
where temperature increases with altitude instead (see Figure 1.11 for an illustra-
tion of this). These temperature/thermal inversions are common in our own solar
system. Earth’s stratosphere hosts an inversion caused by the presence of ozone,
which absorbs UV radiation from the Sun, for example, and our own Jupiter has
a temperature inversion caused by absorption of visible light by a haze resulting
from methane photochemistry (e.g. Gillett et al., 1969; Yelle et al., 2001).

While all known drivers of temperature inversions in our solar system cannot
survive the temperatures present in hot Jupiter atmospheres, thermal inversions
were nevertheless predicted to exist in the atmospheres of the very hottest of hot
Jupiters. Early theoretical work using self-consistent, one-dimensional atmosphere
models predicted that at temperatures higher than Teq > 2000 K, TiO and VO
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would exist in their gaseous form and drive a thermal inversion via their strong
absorption at optical wavelengths (Hubeny et al., 2003; Fortney et al., 2006). This
theory formed part of the basis for a classification of hot Jupiters by Fortney et al.
(2008). Under this classification, the hottest of hot Jupiters, or the "pM" class,
were predicted to host temperature inversions based on the presence of gaseous
TiO/VO. Conversely, the cooler "pL" class would not host temperature inversions,
as they would be too cool to support the presence of TiO/VO in gaseous form:
these molecules would subsequently condense out of the upper atmosphere.

Early secondary-eclipse observations of several hot Jupiters using Spitzer seemed
to support the presence of temperature inversions in ultra-hot Jupiters, includ-
ing HD209458b (Knutson et al., 2008); TrES-4b (Knutson et al., 2009b); XO-2b
(Machalek et al., 2009); TrES-2b (O’Donovan et al., 2010); and HAT-P-7b (Chris-
tiansen et al., 2010). The presence of flux excesses in certain wavelength channels
could be explained by molecular emission features (rather than the expected ab-
sorption), which, under the assumption of local thermodynamic equilibrium, could
only occur in the presence of local heating caused by a temperature inversion. How-
ever, later work by Hansen et al. (2014) showed that several previous single-transit
measurements made using Spitzer had much higher uncertainties than previously
thought, and in the case of HD209458b, work by Zellem et al. (2014), Diamond-
Lowe et al. (2014), Schwarz et al. (2015), Evans et al. (2015) and Line et al. (2016)
showed results consistent with no temperature inversion layer. While robust ob-
servations of thermal inversions via emission features do exist (e.g. Evans et al.
2017, WASP-121b; Haynes et al. 2015, WASP-33b; Yan et al. 2020, WASP-189b),
other observations have found a surprising number of flat, blackbody-like emission
spectra for a number of ultra-hot Jupiters (Swain et al., 2013; Cartier et al., 2017;
Kreidberg et al., 2018; Arcangeli et al., 2018; Mansfield et al., 2018), showing
none of the emission or absorption features that would indicate the presence of
the expected temperature inversion.

There are several explanations for this surprising paucity of observed thermal
inversions, illustrated in Figures 1.12 and 1.13. It was theorised early on by Spiegel
et al. (2009) that at the very low pressures (∼ 1 mbar) where thermal inversions
occur, TiO and VO may not be abundant enough to be the main drivers, as TiO
is a heavy species and requires a substantial amount of vertical mixing to keep
it aloft at high altitudes. In this "gravitational settling" scenario, VO – while
lighter – may not be enough on its own to drive an inversion, as it is less abundant
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Figure 1.12: Gravitational settling (left) and UV photodissociation (right). On
the left, the surface gravity g is strong enough to overcome the vertical mixing
timescale KZZ . TiO and VO thus settle to colder altitudes and condense. On the
right, incoming UV radiation from the parent star dissociates TiO and VO into their
atomic constituents.

(assuming solar abundance) and less opaque to visible light. Knutson et al. (2010)
proposed that high levels of stellar activity could be responsible for the lack of
inversions seen in exoplanets where they would be expected, due to the high UV
flux breaking down the necessary inversion-driving molecules. Alternatively, the
cooler temperatures on the night-side could cause TiO and VO to condense out
(primarily into Ti3O5 and V2O3), and due to the high-speed winds from day- to
night-side expected in tidally-locked hot Jupiters, these condensed molecules are
not efficiently redistributed to the hot day-side. Thus, Ti and V remain locked in
condensed form (the cold trapping effect: Hubeny et al., 2003; Parmentier et al.,
2013, 2016; Beatty et al., 2017). Finally, Parmentier et al. (2018)’s models of
the ultra-hot Jupiter WASP-121b predicted that TiO and VO may be thermally
dissociated in the hot dayside atmosphere; the presence of these molecules in
the terminator during transmission would thus depend on their recombination
timescales compared to the atmospheric recirculation timescale.

Explaining the few thermal inversions that have been robustly observed has also
proven difficult, as detections of TiO and VO remain elusive. Sedaghati et al.
(2017) reported a detection of TiO in the ground-based transmission spectrum
of WASP-19b using VLT/FORS2, contradicting an earlier result from HST/STIS
that found no evidence of TiO (Huitson et al., 2013). However, a subsequent at-
tempt to reproduce the detection using IMACS on GMT by Espinoza et al. (2019)
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was unsuccessful, and instead found that the apparent TiO feature could be ex-
plained by insufficiently-removed contamination from the parent star. Haynes
et al. (2015) observed the dayside of WASP-33b (Teq ∼ 2700 K) at low resolution
with WFC3 on HST and found a thermal emission feature at ∼ 1 micron, consis-
tent with the presence of TiO. This claim was later strengthened by a detection of
TiO in the dayside spectrum of WASP-33b using high-resolution spectroscopy from
Subaru/HDS, by Nugroho et al. (2017). Once again, however, an attempt to repro-
duce this detection by Herman et al. (2020) using observations from two different
high-resolution spectrographs failed to find evidence for TiO, and a reassessment
of the original HDS data using a different and theoretically more accurate line list
for TiO found a much weaker signal (Serindag et al., 2020).

Figure 1.13: Night-side cold-trapping (top) and thermal dissociation (bottom).
On the top, powerful winds carry TiO and VO to the cooler nightside, where they
condense and are trapped. On the bottom, the hotter dayside temperatures are high
enough to dissociate TiO and VO, and the recombination timescale too slow for the
molecules to be visible in the limb.
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Other mechanisms and candidate species may, therefore, be responsible for the ob-
served temperature inversions. Zahnle et al. (2009) reported that the sulfur com-
pounds HS and S2, produced from photochemistry, could potentially have enough
opacity and abundance at high temperature to drive an inversion. Modelling by
Mollière et al. (2015) showed that at a carbon-to-oxygen or C/O ratio near unity,
the majority of oxygen and carbon molecules are locked into CO. This leads to a
depletion in the stratosphere of radiatively-cooling molecules such as CH4, H2O
and HCN, reducing the optical opacity needed to drive a temperature inversion to
the point where TiO and VO are no longer required. Instead, they suggest that
the more weakly-absorbing alkali metals Na and K may be the cause of temper-
ature inversions. Gandhi & Madhusudhan (2019) showed that AlO, CaO, NaH
and MgH can have high enough opacity to drive thermal inversions, especially
in cases where the C/O ratio is near unity and lower abundances are required.
Finally, an adaptation of the PHOENIX model atmosphere code (primarily used
for stars) for ultra-hot Jupiters by Lothringer et al. (2018b, 2020) and Lothringer
& Barman (2019) found that metal oxides were not required to create strong ther-
mal inversions, and that absorption by atomic metals such as Fe and Mg could
play an important role. This latter theory is supported by recent discoveries of
iron at high abundance in the atmosphere of the inversion-hosting hot Jupiter
WASP-121b (Gibson et al., 2020; Bourrier et al., 2020a; Cabot et al., 2020).

1.3.2 Atmospheric Dynamics and Exospheres

An understanding of the atmospheric dynamics of exoplanets is vital for the in-
terpretation of observations. Early theory predicted that all hot Jupiters would
be tidally-locked (Guillot et al., 1996). In the absence of any atmospheric motion
such as winds, the nightside of these planets, which face continuously away from
the host stars, would be very cold, on the order of just ∼ 200 K. However, seminal
work by Knutson et al. (2007, 2009a) on the phase curve of HD189733b inferred
dayside and nightside temperatures of 1250 K and 1000 K respectively, indicating
the existence of atmospheric circulation strong enough to transport heat from the
dayside to the nightside. The same work also discovered that the peak flux oc-
curred before secondary eclipse, indicating that the hottest region of the planet’s
atmosphere lay 20 – 30° of longitude east of the substellar point; atmospheric
dynamics in the form of strong equatorial winds had contrived to transport the
heat away from the substellar point. Subsequently, the difference between dayside
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and nightside temperatures, as measured from phase curves, has become a com-
mon tool to constrain the day-night heat transport of hot Jupiters (e.g. Bourrier
et al., 2020b), and the shifted hot-spot phenomenon has been commonly observed
(e.g. Stevenson et al., 2014; Demory et al., 2016). Winds have also been inferred
from high-resolution Doppler spectroscopy, where an additional blueshift in the
exoplanetary signal measured during transit can be attributed to the presence of
a high-speed wind blowing from the dayside to the nightside (e.g. Brogi et al.,
2016; Gibson et al., 2020). Work by Louden & Wheatley (2015) also spatially
resolved sodium absorption at high resolution, detecting a redshift on the leading
limb and a blueshift on the trailing limb, which they explain as a combination of
an eastward equatorial jet and the tidally-locked planetary rotation. General cir-
culation models of hot Jupiters have shown that both the eastward displacement
of the dayside hotspot and high-speed equatorial winds should be a universal fea-
ture of hot Jupiters, with winds reaching speeds of up to ∼10 km s−1 on ultra-hot
Jupiters.

The three-dimensional wind structure and its effect on the temperature is also vital
in the interpretation of exoplanet spectra. It directly influences the formation and
transport of clouds and hazes which can, for example, mute or obscure atomic and
molecular features in the transmission spectrum. This is also a three-dimensional
effect: though transmission spectra take a limb-averaged picture of the exoplanet
spectrum, modelled temperature maps of the limbs of hot Jupiters show that the
evening terminator is expected to be much hotter than the morning terminator
due to the transport of heat from the dayside (Parmentier et al., 2018), which
may lead to condensation of atomic species and the formation of clouds on one
side of the limb and not the other. This phenomenon may have been observed in
high-resolution spectra of the ultra-hot Jupiter WASP-76b, where the atmospheric
signature was spatially resolved by Ehrenreich et al. (2020). This team recovered a
signal attributed to neutral iron, and found it to be blueshifted by −11 km s−1 on
the hot evening terminator and unrecoverable on the cooler morning terminator,
possibly due to the condensation of iron across the cold nightside of the planet.

Many exoplanets are also predicted to have escaping atmospheres. Close-in exo-
planets are subjected to intense X-ray and UV radiation from their parent stars,
ionising species in the upper atmosphere and depositing heat via electron colli-
sions. This leads to inflation of the upper levels of the atmosphere, and drives
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hydrodynamic outflow and mass escape. Ultraviolet and near-ultraviolet observa-
tions are sensitive to these upper layers and the neutral and ionised atomic species
within. For example, a 10% increase in transit depth for HD209458b in the UV has
been measured, indicating an extended exosphere of H i, O i, C ii and Mg i, along
with an escaping tail of hydrogen reaching a velocity of up to 100 km s−1 (e.g.
Vidal-Madjar et al., 2003; Ben-Jaffel, 2007). An extensive H i atmosphere has also
been detected around the warm Neptune GJ 436b, with a transit depth reaching
∼ 50% around the Lyman alpha line (Ehrenreich et al., 2015; Lavie et al., 2017).
Finally, an escaping atmosphere was also detected around the UHJ WASP-121b
by Sing et al. (2019), with measurements of Mg ii and Fe ii found at high altitudes
exceeding the planet’s Roche lobe. This fascinating UHJ forms the basis of the
work contained in this thesis, and is explored further in the following section.

1.4 Motivation and Thesis Structure

Ultra-hot Jupiters, defined as those with dayside temperatures of over 2200 K
(Parmentier et al., 2018), are excellent candidates for atmospheric characterisa-
tion. Their higher temperatures lead to the dissociation of most molecules and
the partial thermal ionisation of atomic species in the hot dayside, preventing the
formation of high-altitude cloud decks and hazes (Helling et al., 2019). As a result,
atomic and molecular features are less suppressed by these opacity sources which
often dominate the spectra of cooler hot Jupiters, leading to flat transmission
spectra (e.g. Gibson et al., 2013a,b; Wakeford et al., 2017b; Kirk et al., 2017; May
et al., 2018; Espinoza et al., 2019; Wilson et al., 2020). Additionally, the dissocia-
tion of molecular hydrogen at temperatures over 2500 K leads to atomic hydrogen
becoming the dominant constituent of the atmosphere, lowering its mean molec-
ular weight (Parmentier et al., 2016; Lothringer et al., 2018b; Kitzmann et al.,
2018; Bell & Cowan, 2018). This reduction of the mean molecular weight, in com-
bination with the increased temperature, increases the atmospheric scale height,
thus increasing the amount of atmosphere observable during transits. The effects
of the dissociation of molecular hydrogen, and its recombination on the cooler
night-side, is also theorised to lead to increased day-night heat transport in UHJs
(Bell & Cowan, 2018), further altering their chemistry and dynamics and differ-
entiating them from their cooler cousins. Finally, when the terminator is probed
during transit, multiple temperature regimes are explored in a transition from the
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Parameter Value

WASP-121

M? (M�) 1.353+0.080
−0.079

a

R? (R�) 1.458± 0.080 a

Spectral type F6V a

Teff (K) 6459± 140 a

V -magnitude 10.44 a

vsys (km s−1) 38.36± 0.43 b

WASP-121b

T0 (BJD(TDB)) 2457599.551478± 0.000049 c

P (days) 1.2749247646± 0.0000000714 c

a/R? 3.86± 0.02 d

Rp/R? 0.1218± 0.0004 d

i (deg) 89.1± 0.5 d

Teq (K) > 2400
Kp (km s−1) ∼ 217

Table 1.1: Stellar and planetary parameters for the WASP-121b system utilised in
this paper. Values marked with (a) are adopted from Delrez et al. (2016); (b) from
Gaia Collaboration (2018); (c) from Sing et al. (2019); and (d) from Evans et al.
(2018).

hot day-side to the cooler night-side (Parmentier et al., 2018), so ionised and neu-
tral metals and recombined molecules may be observable in a single observation,
and simulations of UHJs have predicted a huge variety of such species to exist
(Lothringer et al., 2018b, 2020; Lothringer & Barman, 2019).

The ultra-hot Jupiter WASP-121b, discovered by Delrez et al. (2016), orbits a
bright F6V-type star (V = 10.5, Høg et al. 2000) with a period of just 1.27 days,
resulting in an equilibrium temperature of over 2400 K. It is thus an excellent target
for atmospheric characterisation, with a scale height of ∼ 960 km, and lies well
within the temperature regime of UHJs believed to host temperature inversions8.
A full list of system and planetary parameters is presented in Table 1.1. Recent
UV observations have found that WASP-121b has an extended and potentially
escaping atmosphere, with evidence for Fe ii and Mg ii during transit extending far
higher in the atmosphere than previously-detected features at redder wavelengths

8WASP-121b is also officially the third-best exoplanet of 2020, as voted for in Exocast’s
ExoCup 2020 (Wakeford et al., 2019).

https://twitter.com/exo_cast/status/1336371222142197763?s=20
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Figure 1.14: Artist’s impression of WASP-121b, showing tidal distortion into
ellipsoid shape and extended, escaping atmosphere. Image credit: Engine House
VFX/At-Bristol Science Centre/University of Exeter/JPL.

(Sing et al., 2019). An excess in UV absorption was previously reported by Salz
et al. (2019), and eclipse observations in the z’ band have determined upper limits
on the planet’s albedo (Mallonn et al., 2019).

When the work contained within this thesis began in 2016, Doppler spectroscopy
of hot Jupiters had taken place solely at infra-red wavelengths. WASP-121b rep-
resented an exciting opportunity to study the atmosphere of an ultra-hot Jupiter
using high-resolution observations made at optical wavelengths, opening up an
entirely new regime to this technique. The exoplanet community agreed. High-
resolution spectroscopic analysis using UVES (Gibson et al., 2020) and HARPS
(Bourrier et al., 2020a; Cabot et al., 2020) have since discovered the presence of Fe
I deeper in the atmosphere, with Cabot et al. (2020) also recovering a signal from
Hα. Several further studies at high-resolution using HARPS (Ben-Yami et al.,
2020; Hoeijmakers et al., 2020b) and ESPRESSO (Borsa et al., 2020) have recov-
ered signatures of a large range of atomic species including Cr i, V i, Mg i, Na i,
Ni i and Ca ii, with the latter believed to reside in the escaping atmosphere.

WASP-121b has also proven to be a rich target in the ongoing search for the elu-
sive temperature inversion. Low-resolution observations made with HST provided
a detection of water and tentative evidence for TiO or VO in transmission (Evans
et al., 2016; Tsiaras et al., 2018), with a follow-up study pointing at VO alone and
an unknown absorber at blue wavelengths suggested to be SH (Evans et al., 2018).
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Emission spectroscopy, again at low-resolution, provided the first direct measure-
ment of a temperature inversion via water features detected in emission (Evans
et al., 2017; Mikal-Evans et al., 2019), supported by phase-curve photometry from
TESS (Daylan et al., 2019; Bourrier et al., 2020b). However, an emission feature
found in the emission spectrum measured by Evans et al. (2017), tentatively at-
tributed to the presence of VO in retrieval model fitting, could no longer be fit
when additional secondary eclipse observations were included, and has since been
attributed to systematics (Mikal-Evans et al., 2020).

This thesis presents an exploration of the atmosphere of WASP-121b using high-
resolution spectroscopic observations of its transit taken with UVES, on the VLT,
an instrument that has previously proven successful in the characterisation of
exoplanet atmospheres (Czesla et al., 2015; Khalafinejad et al., 2017; Gibson et al.,
2019). Chapter 2 describes the observations, the custom Python pipeline written
to extract the spectra, and the Doppler spectroscopy methodology common to
Chapters 3 and 4. Chapter 3 presents an effort to unambiguously confirm the
presence of either TiO or VO in the atmosphere of WASP-121b using Doppler
spectroscopy on the red arm of the UVES data, following on from work by Evans
et al. (2016, 2017, 2018), in order to narrow down the potential cause of the
observed temperature inversion. Chapter 4 presents a large-scale search for a wide
number of atomic species, combining both arms of the same dataset. Chapter 5
summarises the work and its timeline, offers general conclusions, and speculates
on avenues for further work.



Chapter 2

Observations, Data Extraction and

Methodology

Compare the torrent and the glacier. Both get where they are going.

—Ursula K. Le Guin, The Left Hand of Darkness

2.1 Observations

Two transits of WASP-121b were taken on the nights of 25 December 2016 and
4 January 2017 as part of program 098.C0547 (PI: Gibson), using UVES (Dekker
et al., 2000), the Ultraviolet and Visible Echelle Spectrograph mounted on the
8.2m "Kueyen" telescope (UT2) of the VLT.

Echelle spectrographs differ from normal spectrographs by the use of a blazed
grating with a high angle of incidence, optimised for high-resolution by splitting
incoming light into a much greater number of orders. A cross-disperser is then
employed to separate overlapping orders on the detector so that they are roughly
parallel. Each order covers only a very narrow, slightly overlapping wavelength
range, but the increased number of orders leads to wide spectral coverage. Due
to the grating, each order is brighter in the centre than at the edges (the blaze
function). UVES is designed to operate efficiently in a wavelength range from
3000 Å (the atmospheric cut-off) to 11,000 Å (the long wavelength limit of the
CCD detectors). For this purpose, the incoming light is split into two arms –

30
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the blue arm (UV to visual) and the red arm (visual to near-infrared) – which
can be operated separately or in parallel with the use of a dichroic beam splitter.
The instrument also offers the use of three different image slicers. Image slicers
are designed to minimise slit losses by splitting the 2D image of the star into a
number of "slitlets", which are then fed to the spectrograph. By doing so, light
that would normally fall outside of the slit (especially when using a narrow slit for
high-resolution spectroscopy) is no longer lost. This splits each individual order
into several tightly-parallel orders, one for each slitlet. The process is illustrated
in the schematic in Figure 2.1, and an example of one of the raw science frames is
shown in Figure 2.2.

Rather than use any of the standard settings, a "free template" was utilised with
dichroic #2, image slicer #3, and cross-dispersers #2 and #4 for the blue and
red arms respectively, with a slit length of 10 arcseconds and a slit width of 0.3
arcseconds. The image slicer was chosen to increase signal-to-noise; the dichroic
and cross-disperser were chosen to ensure that important features such as the

Figure 2.1: Illustration demonstrating the principles behind the image slicer.
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Figure 2.2: Raw science frame from VLT/UVES, red arm. The individual slitlet
traces for each order from use of the image slicer can be seen. The difference in
background is due to the use of two CCDs for the red arm, and is removed during
debiasing.
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sodium H & K lines and the strong potassium doublet at 7665 and 7699 Å were
included in the data while also preventing order overlap. In the blue arm, this
resulted in R ∼ 80,000 from 3750 Å to 4950 Å over 29 spectral orders, centred on
4370 Å. In the red arm, R ∼ 110,000 was obtained, from 5600 Å to 8660 Å over
a range of 35 spectral orders centred on 7600 Å. The gap in wavelength coverage
between the red and blue arms is due to use of the dichroic. There is also a loss
of a single order in the centre of the red arm as the CCD detector for that arm
consists of a mosaic of two CCD chips (the upper and lower red chips) separated
by a 1 mm gap.

An exposure time of 100 seconds and a read-out time of ∼24 seconds was used
for both nights, resulting in a cadence of 124 seconds. Observation of the first
transit on 25 December 2016 covered 4.7 hours in 137 exposures: 28 pre-ingress,
83 in-transit and and 26 post-egress. Guiding was lost for exposures 70 – 72, and
these frames were subsequently removed from further analysis. The second transit
observation on 4 January 2017 covered 5.0 hours in 143 exposures, of which 39 were
pre-ingress, 80 in-transit and 24 post-egress. The small difference in the number of
exposures taken on each night was caused by a small pause in observations made
on the first night in order to correct the guiding. These datasets are extremely
rich, with extensive spectral coverage in the optical at high resolution, and thus
form the basis of all work undertaken in this thesis.

2.2 Data Reduction

2.2.1 Custom Pipeline

Though ESO provides the esorex pipeline for extracting UVES spectra, this
pipeline was found to poorly handle observations taken with the image slicer. An
illustration of the complexity of the raw science images can be found in Figure 2.2.
The order traces, used to track the position of the spectral orders across the CCD,
were found to be incomplete in the red arm and off-centre across both arms. Ef-
forts to adjust these within the pipeline failed, as did any attempt to change the
aperture width, which led to large sections of the spectra falling outside of the
aperture and being lost during extraction. To account for these difficulties, and to
allow finer control over the process and the final data products, a custom pipeline
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was written in Python. The creation and refinement of this pipeline and extraction
of the data thus formed the first significant part of the work undertaken in this
thesis.

This pipeline used the esorex pipeline to generate bias and flat-field frames, and
to generate an initial wavelength solution and order traces. Bias frames are zero-
second exposures taken with the intent of capturing an overview of the read-out
noise of the CCD, and are often made up of a median combination of several bias
frames taken on the night of observation. Flat-field frames are generated similarly,
but consist of exposures of a uniformly-illuminated surface so that the response of
the instrument and CCDs to a uniform light source can be measured. This allows
for the correction of any anomalies due to pixel-to-pixel variation in CCD sensi-
tivity or any optical structures enforced by slit geometry or instrumental response
(such as the blaze function). The wavelength solution is found by taking expo-
sures of a reference emission-line lamp for which the wavelengths of the emission
lines are known to high accuracy. This allows for the conversion of pixel space to
wavelength space using an algorithm specific to the instrument. Finally, the order
traces are generated from the flat-fields, which provide clearly-illuminated traces.

After rotating the raw science images to bring them in line with the calibration
frames and cropping overscan areas, the bias frames were manually corrected by
the average of the overscan areas and subtracted. Not performing this overscan
correction led to anomalously negative counts in low-flux areas of the final ex-
tracted spectra, especially in the blue arm. As mentioned, the order traces, as
generated by the esorex pipeline, were found to be slightly off-centre and in some
cases incomplete, and were manually adjusted in both the red and blue arms. This
correction could not be performed automatically (by, for example, edge-finding al-
gorithms) due to the complex and asymmetrical five-slitlet nature of the order
traces. A simple aperture extraction was then performed using an aperture width
of 55 pixels, chosen to comfortably contain all five of the order traces caused by
use of the image slicer. Optimal extraction had been tested in the very simi-
lar (though independent) pipeline described in Gibson et al. (2019), so was not
attempted here. Generally, subtraction of the background signal (due to diffuse
scattered light in the inter-order space from adjacent orders and general sky back-
ground light) would be performed at this stage, but since the five spectral traces
from use of the image slicer almost completely fill the slit, the background signal
is both minimal and hard to measure, and was not removed.
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Rather than merge orders together into one continuous spectrum via resampling of
the orders combined with flat-fielding and blaze correction, the raw flux from the
extracted orders was left alone (a data format difficult to extract via the standard
pipeline), and flat-fielding was not performed. This had the effect of maximally
preserving the data by reducing the amount of resampling that takes place in the
reduction and analysis process, important when hunting for very small signals.
Additionally, the instrumental response – and therefore the blaze function – was
found to change in time. The flat-fields, taken at the beginning of observations,
did not model this change in time, and flat-fielding the spectra thus left behind
time-dependent systematics. Due to this issue, and due to the fact that the blaze
correction is handled separately anyway (see Section 2.3.1), flat-fielding was not
performed.

The throughput of the blue arm of UVES peaks in the redder end of its spectral

Figure 2.3: Signal-to-noise for a single pixel element over time for the first (left
column) and second(right column) night of observations, for both the blue arm (top
row) and the red arm (bottom row). Each line represents a single order, color-coded
from bluest to reddest. The times of ingress and egress are marked with the dotted
lines.
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coverage: for the first night, a typical signal-to-noise ratio (SNR) of 30 – 40 per
spectral element was achieved in the centre of the orders. The red arm of UVES
also peaks at the red end of the wavelength range, and for the first night SNR
was typically 30 – 45 per spectral element in the centre of the orders. However,
SNR for the second night was greatly variable due to issues with both seeing and
pointing, with SNR falling to as low as 0 – 5 in both arms and the lowest count-
rates occurring predominantly during the transit. This is shown in Figure 2.3.
The second transit was therefore discarded, and analysis continued on the data
from the first night only.

Finally, the barycentric Julian date (BJDTDB) was calculated for each observation
using astropy.time routines. This date accounts for differences in light travel
time due to the position of the observatory relative to the barycentre of the solar
system.

2.2.2 Cleaning Outliers

Several outliers were present in the extracted spectra due to the presence of bad
pixels on the detector or cosmic ray hits, requiring the data to be cleaned before
further analysis. Initially, this cleaning was performed by the following two steps:

1. A two-component PCA (Principal Component Analysis) reconstruction of
the spectra was subtracted to remove all time- and wavelength-stable trends.
Five iterations of sigma-clipping were then performed upon the resulting
residuals to mask all outliers above 3σ. Masked values were set to zero
and the PCA reconstruction of the data added back on, thus replacing any
outliers with the value from the PCA reconstruction.

2. As some very strong outliers remained, having been recreated in the PCA
reconstruction, a further round of sigma-clipping (2 iterations clipping all
values above 3σ) was performed on the raw spectra, replacing the values
with the median of the surrounding 100 pixels in the spectral direction.

This cleaning process, as performed on the red arm, replaced an average of 0.6%
pixels per order, which was not expected to affect further analysis. However, this
process was later revisited and refined for the broad species search presented in
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Figure 2.4: Second, improved outlier cleaning process. a) extracted spectral time
series from pipeline, b) spectral time series after light sigma-clipping for worst out-
liers, c) spectral time-series after second round sigma-clipping on PCA residuals.

Chapter 4, as it was found to remove a significant amount of legitimate data in
the short-wavelength orders of the blue arm. The improvement entailed a slightly
modified reversal of steps one and two:

1. An aggressive sigma-clipping (2 iterations clipping all values above 3σ) was
performed on the raw spectra, replacing the values with the median of the
surrounding 100 pixels in the spectral direction.

2. A single-component PCA reconstruction of the data was then subtracted
from the spectra and two iterations of sigma-clipping performed on the resid-
uals, with the threshold set again at 3σ and masked values set to zero such
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that they are replaced with the value from the PCA reconstruction when it
is added back onto the data.

This modified process is shown in Figure 2.4. Though aggressive, it removed almost
all visible outliers, and replaced an average of only 0.07% pixels per order over
the blue and red arms. The results of Chapter 3 were checked using this revised
approach to cleaning the outliers and were not found to differ in any respect.

2.2.3 Spectral Alignment

The wavelength solution provided by the UVES pipeline was tested for accuracy
via cross-correlation with template spectra. First, the spectra were continuum-
subtracted via application of a high-pass filter. In the case of the blue arm, the
spectral lines present are predominantly those of the star; cross-correlation was
performed with a PHOENIX model (Husser et al., 2013) for an F6V star. In the
red arm, the stellar lines are more sparse and tellurics become dominant, so the
red arm was aligned instead to a telluric template generated from ESO’s SkyCalc
tool (Noll et al., 2012; Jones et al., 2013). A Gaussian was then fit to the peak
of the cross-correlation function and its peak used to determine the drift of the
provided wavelength solution from the expected position for each frame and order
in the spectrum.

Similarly to Gibson et al. (2020), total wavelength drift in the blue arm over the
course of the night was found to be. 1.3 km s−1, significantly less than a resolution
element (≈ 3.8 km s−1 at R ∼ 80,000) but larger than the potential correction for
the Earth’s barycentric motion. However, a significant order-to-order drift was
also found in the wavelength solution, with variations of up to ≈ 3 km s−1. This
is shown in Figure 2.5. In the red arm, total drift over the night was also found
to be . 1.3 km s−1, which is once again less than a resolution element: at R ∼
80,000, ≈ 2.5 km s−1. Order-to-order drift was much less than in the blue arm, at
only ∼ 1 km s−1.

For the analysis presented in Chapter 3, where a search is performed for the
molecules TiO and VO, the red arm wavelength solution provided by the UVES
pipeline was deemed fit for purpose, and no further alignment was performed.
However, for the analysis presented in Chapter 4, where a broader search for a
number of atomic species was performed, the wavelength solution for both the
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red and blue arms were corrected. This is due to the potential presence of the
species searched for in the stellar spectrum. Gibson et al. (2020) found that even
very minor sub-resolution-element shifts and inconsistencies in the wavelength
solution lead to imperfect removal of the stellar spectrum in the detrending steps
outlined in Section 2.3.1, causing contamination when searching for species present
in the stellar spectrum. TiO and VO are not expected to be present in the stellar
spectrum, so the original wavelength solution was retained for the work presented
in Chapter 3.

In the blue arm, correction was performed on both a frame-by-frame (i.e. over
time) and an order-by-order basis to adjust for the order-to-order drift. This lat-
ter correction was found to be impossible for the red arm due to the sporadic
placement of the telluric lines throughout the orders: some orders were free of
telluric lines and an order-individual alignment solution could not be found. As
the order-to-order drift was generally found to be much less in the red arm, it was
deemed sufficient to take an average of the wavelength drift over all orders and
correct on a frame-by-frame basis only. The correction was performed by interpo-
lation to a corrected wavelength solution based on the results of cross-correlation
with the template spectrum of choice using the python function np.interpolate.
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Figure 2.5: Order-to-order wavelength drift in blue arm of UVES data, from cross-
correlation with a spectral PHOENIX model. Each line represents one order, colour-
coded from bluest to reddest.
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In the same interpolation, the spectra were also linearised in wavelength and super-
sampled to 2/3 of the average pixel width for each order. Minimising the number
of interpolations performed on the data helps preserve spectral information and
reduces the introduction of noise.

As a result of alignment to the stellar spectrum, the blue arm was also corrected to
the rest frame of the star, eliminating the need for further barycentric correction.
As the red arm was aligned to a telluric spectrum, it remained in the rest frame
of the Earth. This is taken into account in the analysis presented in the following
section.

2.3 Cross-Correlation Methodology

2.3.1 Pre-Processing

The cross-correlation methodology performed for the analyses presented in Chap-
ters 3 and 4 shares a number of common features, and is based on techniques
common to searches for molecular and atomic species in high-resolution spectral
data (e.g. Snellen et al., 2010; Brogi et al., 2012; Birkby et al., 2013).

In order to search for the buried and Doppler-shifted exoplanetary signal, all trends
in the data which are static or quasi-static in time must be removed. Several de-
trending methods have been trialed in the literature for this purpose. When the
high-resolution spectra are predominantly at redder wavelengths, the predominant
source of such trends is the telluric spectrum from the Earth’s atmosphere. The
standard method for the removal of telluric lines from spectra is to take observa-
tions of a standard telluric A-star before or after each science frame. However,
Doppler spectroscopy relies on an ability to observe the Doppler shift of the exo-
planetary lines continuously, and interrupting science observations to take telluric
calibration frames would hinder this.

Many different detrending methods were considered for the analyses presented in
this thesis before the SysRem algorithm was selected. Airmass fitting, as pio-
neered by Snellen et al. (2010), works especially well for spectra taken at infra-red
wavelengths where the contribution from stellar lines is negligible and the spectra
are dominated by telluric lines. In this case, the spectra are detrended by fitting
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a linear function of airmass to either the individual pixels or to each wavelength
column. Any remaining variations due to the changing conditions in the Earth’s
atmosphere throughout the night are then modelled by measuring the flux of few
of the deepest H2O and/or CH4 lines over time and removed by, for example, linear
regression. Any remaining low-order structure is then removed by applying a high-
pass filter. This technique was used extensively for high-resolution spectra taken
by VLT/CRIRES (CRyogenic high-resolution InfraRed Echelle Spectrograph) be-
fore its removal in July 2014 for an upgrade (e.g. Brogi et al., 2012, 2014; Schwarz
et al., 2015). However, one notable drawback is that this technique normalises
the spectra, and thus removes the true continuum of the planetary spectrum.
The removal of the continuum introduces a number of degeneracies into the in-
terpretation of the planetary spectrum, as spectra with differing abundances or
temperature-pressure profiles will look identical.

Another approach to removing the telluric contribution (used by, e.g. Rodler et al.,
2012; Lockwood et al., 2014) is to model the telluric features using code such as
TERRASPEC (Bender et al., 2012) or ESO’s Molecfit (Smette et al., 2015),
which use theoretical calculations based on atmospheric conditions measured dur-
ing the observation. Unlike the previous method, this preserves the continuum
information, but it does not account for any instrumental systematic effects, which
must be removed using another method.

Neither of these methods are optimal at bluer, optical wavelengths, as they fail to
account for the contribution of the stellar spectrum. Additionally, they model only
trends and systematics that are already known. A different, blind approach using
singular value decomposition (SVD: Kalman 1996) proved successful for de Kok
et al. (2013), as did similar use of Principal Component Analysis (PCA: Murtagh
& Heck 1987; Press et al. 1992) by Piskorz et al. (2016, 2017). These statistical
methods find common modes over time for each pixel in a spectral time series,
and thus can be used to create a "map" of the common time-static trends in the
data series. The SysRem algorithm (Tamuz et al., 2005), originally developed
for transit survey light curves, implements a variation of the PCA process that
also weights the data by its errors, and since its first use for Doppler spectroscopy
by Birkby et al. (2013), it has proved a popular technique for the detrending of
high-resolution spectra (e.g. Birkby et al., 2017; Birkby, 2018; Nugroho et al.,
2017, 2020a; Gibson et al., 2020). However, once again this method removes
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the continuum, introducing degeneracies in the interpretation of the exoplanetary
spectra.

For all analyses presented in this work, SysRem is used to perform the detrend-
ing. Before this, however, the time-varying nature of the instrumental response
(specifically, the blaze function) needs to be accounted for.1 The pre-processing
process is illustrated in Figure 2.6.

Rather than remove the blaze function completely, the spectra are all placed upon
a common blaze function. First, each order of time-series spectra was divided by
the median spectrum for that order. The resulting residual spectra are smoothed
by a median filter with a kernel width of 15 pixels and a Gaussian filter with a
standard deviation of 50 pixels. This effectively models the time-variant nature of
the blaze function in each frame for each order. Dividing the original spectra by
this model thus corrects for the variation, and places each spectrum in an order on
the same, time-invariant blaze function. However, the blaze correction was found
to be unstable at the blue end of each spectral order, where the very low counts
made modelling the blaze function and its time variance difficult or impossible.
The first 600 and last 60 pixels of the blue arm (900/90 after the supersampling
described in Section 2.2.3) and the first 500 pixels of the red arm (750, likewise)
are thus removed from the analysis. This represents 22% of the pixels in the blue
arm of the data and 12% in the red arm. While this is a significant amount of the
data, it lies entirely at the low-SNR edges of the orders where very little usable
data is expected to exist, so this removal is expected to have a minimal impact on
the analysis.

The SysRem algorithm is then used to create and remove a 2D model repre-
sentation of the data, including all static and quasi-static trends in time such as
the stellar and telluric spectra and the now time-invariant blaze function. As in-
put, SysRem requires the pixel uncertainties. In Chapter 3, instead of using the
Poisson noise statistics, the pixel uncertainties were estimated by taking an outer-
product of the time-wise and wavelength-wise variance of each order. This was
done due to the removal of the stellar spectrum; Poisson noise estimates based on
read-noise and count-rates before this removal impose lower uncertainties on neg-
ative values of the residuals, biasing the uncertainty determination (Gibson et al.,

1While SysRem can theoretically handle removal of the time-varying blaze function, elimi-
nating the time variance beforehand makes SysRem more efficient: reducing the variance in the
data ensures that SysRem requires less components to completely remove dominant trends.
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2020). However, for the analysis presented in Chapter 4, it was found that the
stellar signal is more efficiently removed by SysRem if the Poisson uncertainties
are used instead.

Multiple passes of SysRem are run on the spectra. The typical result of the algo-
rithm is the residuals after iterative subtraction of the SysRem model generated
at each pass. However, in the analyses presented here, the SysRem models for
each pass are instead summed together. The spectra are then divided through
by the summed SysRem model (and then re-normalised to zero by subtracting

0.05

0.00

0.05 a)

0.05

0.00

0.05 b)

0.05

0.00

0.05 c)

7140 7160 7180 7200 7220

0.05

0.00

0.05 d)

wavelength (Å)

or
bi

ta
l p

ha
se

 

Figure 2.6: Example of pre-processing steps taken to remove all static and quasi-
static trends in spectra. A single order after cleaning of outliers is shown in a); b)
shows the same order after blaze-correction; c) shows the SysRem model created
from b); d) is the residuals created from dividing b) by c), theoretically leaving just
the photon noise and the exoplanet signal.
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1). This has the effect of preserving the relative line strengths of the transmis-
sion spectrum, which is expected to strengthen the signal at cross-correlation by
providing a better match to the templates. These detrended residuals are then
optimally weighted by the square of the pixel uncertainties (whether generated by
the outer product or Poisson calculations) so that the remaining analysis lends
less weight to noisy, low-SNR regions of the spectra.

In the blue arm, SysRem was performed in the stellar rest frame, in order to opti-
mise removal of the stellar spectrum that is most dominant at these wavelengths.
In the red arm, SysRem was performed in the telluric rest frame, as the telluric
lines are the dominant trend. The red arm was thus corrected to the stellar rest
frame after removal of the SysRem model. In Chapter 3, where the wavelength
solution was not realigned, the spectra were also linearised and supersampled to
2/3 the average pixel width at this stage.

It is also common in many studies of high-resolution spectroscopic data to have
to remove the Rossiter-McLaughlin effect from the spectra, i.e. the distortion in
spectral line shapes which occurs as the exoplanet crosses blue- and red-shifted
parts of the stellar disc. This is usually done via either fitting an empirical model
to the Doppler shadow in the data after cross-correlation with a stellar template
(e.g. Hoeijmakers et al., 2018), or by modelling the Rossiter-McLaughlin effect
from scratch using stellar models (e.g. Yan et al., 2017; Casasayas-Barris et al.,
2018; Turner et al., 2020). However, WASP-121b is in a near-polar orbit, and the
Rossiter-McLaughlin effect is expected to be negligible: the RM "trail" will be
nearly vertical, changing very little in time, and will be both well-separated from
the exoplanet signal and largely removed by SysRem. This was confirmed via
modelling by Cabot et al. (2020).

2.3.2 Model Transmission Spectra

In order to detect the presence of an exoplanetary signal in the data using the
cross-correlation technique, model transmission spectra must be generated for
each species of interest. These models are generated using high-temperature line
lists for the species in question, produced by databases such as HITRAN (Gor-
don et al., 2017), HITEMP (Rothman et al., 2010), or ExoMol (Tennyson &
Yurchenko, 2012). These line lists are either measured in the laboratory or gen-
erated from quantum chemistry calculations, and are used to generate absorption
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Figure 2.7: An example model transmission spectrum for atomic, neutral vana-
dium at 3000K created using Equation 2.1. a) is the model transmission spectrum;
b) shows the same spectrum in terms of fractional absorption, with the red line
representing the maximum filter used to remove the continuum and any large-scale
features. c) shows the spectrum with the continuum removed.

cross-sections at the temperatures and wavelengths required. The cross-sections
are then traditionally used to create a model atmosphere made up of several layers,
mimicking the expected temperature-pressure profile and assuming local thermo-
dynamic equilibrium; integrating radiative transfer equations over this layered
model atmosphere replicates the effects of photon propagation, and determines a
model transmission spectrum for the given parameters.

This traditional approach was used for Chapter 3, with models for TiO and
VO generated using the ExoMol line lists by QUB postdoctoral researcher Dr.
Stevanus Nugroho. However, the generation of these models, which is usually
performed over a grid of temperatures or other parameters of interest, is time-
consuming and requires a great deal of processing power. For Chapter 4’s broad
atomic species search, which necessitated the generation of a huge number of
models for a wide range of species, a different approach was made. While the
cross-sections for each species were still pre-generated by Dr. Nugroho, the trans-
mission spectra were approximated using an analytical expression from Gibson
et al. (2020), based on the formalism for isothermal chord optical depths and
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transit radii laid out by Heng & Kitzmann (2017). This formalism relies on a few
key assumptions. An isothermal atmosphere is commonly assumed in comput-
ing transmission spectra, as they are largely insensitive to temperature variations
(Brown, 2001). It has also been shown (by, e.g. Benneke & Seager, 2012; Wald-
mann et al., 2015) that isothermal atmospheres are very nearly isobaric, and that
transmission spectra should be insensitive to the pressure being probed as long as
the temperature is high enough and pressure broadening is relatively unimportant.
The resulting analytical equation, as adapted by Gibson et al. (2020) to explicitly
include wavelength-dependent opacity, computes the effective radius as:

R(λ) = R0 +H

[
γ + ln

(
P0

mg

√
2πR0

H

)]
+H ln

∑
j

χjσj(λ). (2.1)

Here, H, g, andm are the scale height, surface gravity and mean molecular mass of
the atmosphere; R0 and P0 are the reference radius and pressure at the "bottom"
of the atmosphere2; γ = 0.56, a dimensionless constant; χj is the volume mixing
ratio or VMR3 of species j; and σj is the wavelength-dependent cross-section of
species j. The first two terms in the equation are treated as constant: only the
latter varies. This equation results in transit radii that vary linearly with scale
height, as expected from theoretical work by Brown (2001), while also including
the expected wavelength dependence linked to opacity, as described by the χjσj

term. As opacity varies over many orders of magnitude, its effect on the transit
radius is comparable to that of the scale height despite the natural logarithm.

Notably, this equation also highlights many of the degeneracies present when in-
terpreting transmission spectra. The reference radius and pressure, R0 and P0,
are absorbed into a constant term, and are therefore degenerate, as expected from
numerical work by Benneke & Seager (2012). The mixing ratios χj are invariant
with wavelength and thus could also be enfolded into the constant term, indicat-
ing that abundance is also degenerate with the choice of R0 and P0. Finally, the
scale height controls the shape of the transmission spectrum, but not its normal-
isation, implying that the temperature is also degenerate with the normalisation,
as controlled by R0, P0 and χj. These degeneracies are important for the analyses
included within this thesis and are discussed further in Heng & Kitzmann (2017).

2Often this is defined as the point where the atmosphere becomes optically thick; however,
the reference radius is sometimes chosen to be the white-light transit radius, if this is known.

3VMR is defined as the ratio of the number of molecules/atoms of the species to the total
number of all molecules and atoms in the atmosphere.
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Scattering was accounted for by including Rayleigh scattering using the cross-
section of Lecavelier Des Etangs et al. (2008) and a grey cloud deck simulated by
simply truncating the model at a given pressure level Pcloud. The effects of H−

scattering were disregarded despite its theorised importance in UHJs (Parmen-
tier et al., 2018) to avoid further degeneracy with the cloud deck and Rayleigh
scattering. This equation was found by Gibson et al. (2020) to produce models of
sufficient accuracy for high-resolution cross-correlation: when compared directly to
models generated using the full radiative-transfer simulations, very little difference
is seen between these more complex models and those generated by the analyti-
cal expression, as long as the common assumptions of no pressure-broadening, a
well-mixed atmosphere and an isothermal temperature-pressure profile are made4.
Use of this equation allowed for the quick generation of hundreds and hundreds of
models for different species and parameters on the fly, allowing easy exploration of
a broad parameter space with minimal loss in the accuracy of the model spectra.

Before cross-correlation, the continuum and scattering profile was removed from
all of the model spectra, as the detrending described in the previous section re-
moves all large-scale variations from the data, including the the continuum and
scattering from the exoplanetary signal. The continuum-removal was performed
by subtraction of a low-pass filter consisting of either a forward-backward But-
terworth filter (Chapter 3) or a 1400-pixel maximum filter which was smoothed
by a Gaussian filter with a standard deviation of 40 pixels (Chapter 4). In both
cases, these removed all large-scale variations in the model spectra and normalised
them to zero. An example of a transmission spectrum before and after continuum
removal is shown in Figure 2.7.

2.3.3 Cross-Correlation

With the dominant trends removed from the data, theoretically what is left should
be merely the photon noise and, buried within, the exoplanet’s transmission spec-
trum. Although each individual planetary line has low SNR, if the signal from
each can be disentangled from the photon noise and combined, the planet spec-
trum can still be detected. This is most commonly done via cross-correlation.
Mathematically, cross-correlation is a similarity measure where the similarity of

4This is demonstrated in Figure 3 of Gibson et al. (2020).



Chapter 2. Observations and Methodology 48

two series is measured as a function of the displacement of one relative to another.
Cross-correlation for two continuous functions f and g is defined as:

(f ? g)(τ) =

∫ ∞
−∞

f(t)g(t+ τ)dt (2.2)

where τ represents the "lag" between the two similar functions and f(t) denotes
the complex conjugate of f (in the case where f and g are complex, this ensures
that aligned function features with imaginary components contribute positively to
the integral).

As an example, presume that f and g are identical apart from an unknown shift
along the x-axis. The cross-correlation function can be used to find how much g
should be shifted along the x-axis to make it identical to f . The formula essentially
"slides" g along the x-axis of f , multiplying them together at every position and
calculating the integral underneath. This process will result in a function with a
peak where the sum of f × g is maximised, or when the signals match exactly on
the x axis, due to the positive reinforcement of identical peaks and troughs in the
signal when multiplied together. If there is no offset between f and g, the resulting
function will peak at a value of zero; otherwise, the peak position will give the lag
between the two functions. Note that the size of the peak in the cross-correlation
function is dependent on how many "peaks" and "troughs" exist in the signals and
how well they match: the more matching features, the larger the resultant peak
where a match is found.

Cross-correlation in the context of Doppler spectroscopy thus compares each de-
trended spectrum to a template, producing as output a cross-correlation function
(CCF) which peaks when a match between the two is found, with an offset from
the centre of the function if an offset is found between the two matched signals.
This "fingerprint-matching exercise" (Birkby, 2018) effectively combines the signal
from every line in the exoplanetary spectrum which matches with the template,
boosting the signal-to-noise and allowing the exoplanetary signal to be detected.
It also allows for the direct detection of the Doppler shift of the exoplanet’s signal,
in that the cross-correlation function’s peak will be offset over time by an amount
representing the "lag" in pixels between the template (at rest) and the lines in the
exoplanet spectrum (blue- and red-shifted). This is illustrated in Figure 2.8. It
should be noted that in order for the cross-correlation process to work most effi-
ciently, the model spectra and the detrended spectra should be normalised, and
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Figure 2.8: Example of the cross-correlation process, using artificial data. a)
shows a single order of the time-series spectral residuals, i.e. after detrending. b)
shows a single frame from the residuals, while c) shows the relevant section of a
model transmission spectrum (here, TiO). Note the difference in y-axis scale: the
theoretical exoplanet signal in c) is several orders of magnitude smaller than the
residual noise in b). d) is the result of cross-correlating b) and c), with the peak
displaced from zero, showing a Doppler shift. e) is the time series of cross-correlation
functions, showing a visible "trace" from the start to the end of the transit (shown
as black dashed lines). Note that in reality, this trace is often not visible.
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their actual amplitude (i.e., scale height of the model spectra) is unimportant to
the cross-correlation. However, relative line strength (and thus temperature of the
model spectra) and especially line position (an accurate line list) are important
in achieving an effective match. Additionally, a lot of information is lost during
this process: the actual exoplanet spectra have been reduced to a single peak
in somewhat arbitrary units. The implications of this are discussed later in this
section.

As no exoplanet signal is expected in the out-of-transit frames, before cross-
correlation all orders of the time-series were weighted by a simple transit model for
WASP-121b using the equations of Mandel & Agol (2002) and assuming no limb-
darkening. This elminates noise caused by the contribution from out-of-transit
frames. As the spectra were linearised in wavelength either during spectral align-
ment or after detrending, cross-correlation could be performed simply, using the
NumPy function numpy.correlate. The wavelength axis was converted from pixel
lag into velocity space, with zero representing the stellar rest frame or corrected
systemic velocity vsys. For very strong signals, the cross-correlation function often
shows a visible peak which leaves a trace visible to the naked eye (e.g Snellen et al.,
2010). For weaker signals, for example those where the species in question is pre-
dicted to be less abundant or have less lines in the relevant wavelength range, the
next step is to integrate the cross-correlation time series over a range of predicted
planetary radial velocities, where the RV at each frame, vp, is given by:

vp(φ) = vsys +Kp sin (2πφ), (2.3)

where vsys is the systemic velocity, Kp is the radial velocity semi-amplitude of the
planet and φ is the orbital phase of the planet, where φ = 0 represents the mid-
transit time. Once again, vsys is expected to be zero, as the spectra have already
been shifted to the stellar rest frame by correcting for both the systemic and the
barycentric velocity. The integration is performed via interpolation of each frame
of the cross-correlation time series to a predicted radial velocity curve for a range
of values of Kp. Although WASP-121b is a transiting planet, and therefore Kp is
already fairly well-constrained (≈ 217 km s−1), this process, when performed over
a range of values for Kp, summed column-wise and stacked, allows for the building
of a 2D cross-correlation function "map". In these maps, the y-axis is Kp, the x-
axis remains as before the corrected systemic velocity vsys, and the detected signal,
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if any, manifests as a bright peak above the noise. This process is illustrated in
Figure 2.9.

In the work presented in this thesis, the spectral orders of the data have been
kept separate: it is at this point the maps for each order are summed, to form a
final master CCF map. One of these master CCF maps is thus created for each
model cross-correlated with the spectra data. Due to the earlier linearisation of
the data in wavelength, however, each order has a very subtly different vsys axis.
In Chapter 3, where only the red arm was analysed, the difference in vsys was
considered negligible enough to sum the CCF maps for each order directly. In
Chapter 4, the blue and red arms were combined, and thus the CCF maps were
interpolated to a common vsys scale calculated from the mean of the vsys scale for
every order.

Two final hurdles remained. First, as mentioned previously, the CCF is itself
in arbitrary units: almost all information apart from the detection itself has been
stripped away (although some studies have worked on extracting information from
the shape of the cross-correlation peak, e.g. Snellen et al. 2014; Pino et al. 2018).
Second, it is difficult to rigorously determine the significance of the detection. In
this work, two methods were generally attempted to set a detection significance
upon any signal. The simplest method is simply to divide the CCF map by
the standard deviation of the map outside of the predicted signal area. A more
robust method was also attempted: phase-shuffling, following Esteves et al. (2017),
where the time-series of CCFs is summed over all of the orders and then shuffled
randomly in time before being integrated to regenerate the CCF maps. This
process is repeated a number of times (usually > 1000), and the resultant maps
used to set a pixel-by-pixel standard deviation of the original, unshuffled map.
The original map is then divided by the pixel map of standard deviations. In both
cases, the z-axis of the map is now in standard deviations, and can be used to
set the detection significance. However, it should be noted that the noise in these
CCF maps is thought to be non-Gaussian, and such methods are only attempted
for lack of a more statistically-robust method. The non-Gaussianity of the noise is
demonstrated in Figure 2.10, showing that even for maps that seem to have well-
distributed noise with minimal structure, a deviation from a Gaussian is found.

The CCF maps were generally inspected by eye. In Chapter 4, an automated signal
detection was also attempted by implementing a simple search for a peak above
a certain σ threshold within a certain range of the expected velocity: however, in
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Figure 2.9: Example of integration of the CCF time series over differing values of
Kp, using artificial data. In a), a single order of the residuals is shown, with five
different Kp curves overplotted. φ represents orbital phase. b) shows the residuals
interpolated over each of the Kp curves (top) and summed downwards (bottom):
as can be seen, when the Kp curve matches that of the cross-correlation trace, a
peak is shown in the summation. c) shows the results of these summations for many
values of Kp stacked vertically to form a map. The bright peak represents a match
found between the model template and the data. The white cross-hairs indicate
the expected position of the peak; the signal position is shifted bluewards in vsys,
however, indicating a potential additional source of Doppler shifting, like winds.
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Figure 2.10: Example of non-Gaussianity in the noise contained in the CCF maps.
Top: the combined red+blue CCF map from Figure 4.5 showing a Ca ii signal. The
area enclosed by the dotted lines contains the signal and was excluded to produce
the histogram. Bottom: a histogram of pixel values from the CCF map (pink) with
a best-fit Gaussian overplotted (purple), showing mild deviance.
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practice it was deemed more rigorous to inspect every map by eye just in case. The
signal, if present, would be expected to peak at KP ≈ 217 km s−1 and vsys ≈ 0
km s−1. However, in practice the position of Kp often varied widely, as the traces
in the CCF time series are often broadened or noisy, and during transit the change
in radial velocity is at a minimum and thus harder to determine. Any variation in
the vsys position of the signal is often interpreted as, for example, a sign of winds
(e.g. Brogi et al., 2016). However, these shifts may have more prosaic sources, and
this is further explored in Section 4.5. It should also be noted that the process
can lead to false-positive signals, with Cabot et al. (2019) finding spurious signals
of up to 4 σ in their CCF maps.

2.3.4 Injection Tests

Information can also be gained from injecting a signal into the data and then
attempting to recover it. If, for example, a particular species is undetected after
cross-correlation, this does not necessarily mean the species does not exist in the
transmission spectrum: it may mean that the methodology is simply not sensitive
enough to recover it. If an injection of the expected signal can be recovered
successfully, this rules out the latter conclusion. Injection tests can also allow
the setting of detection limits on an undetected species: by injecting a signal at
a range of VMRs, the VMR for which the signal becomes undetectable or falls
below a certain threshold can be determined as the detection limit. (However,
this disregards the degeneracy between abundances and the scattering properties
of the atmosphere: see Section 3.3 for further discussion.)

In this work, injection tests were performed by convolving the template spectra
used for cross-correlation to the instrumental resolution and multiplying them into
the original spectra before the pre-processing steps outlined in Section 2.3.1 with
an applied Doppler shift of Kp = −217 km s−1. This value – the negative of the
expected Kp – was chosen so that injected signals would not be applied on top of
extant signals, thus artificially boosting the injected signal, while still maintaining
a similar Kp curve to the expected signal. The rest of the analysis would then
proceed as outlined above.



Chapter 3

Searching for TiO and VO in

WASP-121b

I come with empty hands and the desire to unbuild walls.

—Ursula K. Le Guin, The Dispossessed

3.1 Introduction

The temperature inversion, as described in Section 1.3.1, is a feature long predicted
to exist in the atmospheres of ultra-hot Jupiters (Hubeny et al., 2003; Fortney
et al., 2006, 2008). However, solid detections of the tell-tale emission features
caused by these inversions, or the molecules (TiO and VO) first theorised to drive
them, remained elusive in the years following this prediction. Some of the best
evidence of a temperature inversion was found in the UHJ WASP-121b. This hot,
inflated Jupiter (Teq > 2400K) had already revealed water emission features in its
emission spectrum at low-resolution (Evans et al., 2017), as well as an emission
feature tentatively ascribed to VO. Studies of its transmission spectrum at low
resolution had also shown evidence for TiO or VO (Evans et al., 2016; Tsiaras
et al., 2018), or VO alone, along with an unknown absorber in the blue optical
tentatively posited to be SH (Evans et al., 2018). This chapter presents a search
for TiO and VO in the transmission spectrum of WASP-121b at high-resolution
using UVES on the VLT, in an effort to confirm or constrain the presence of these
molecules in the atmosphere and narrow down the cause of the observed thermal
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inversion. UVES had already proved successful in the characterisation of exoplanet
atmospheres (Snellen, 2004; Czesla et al., 2015; Khalafinejad et al., 2017; Gibson
et al., 2019) and the blue arm of this data had already been explored in Gibson
et al. (2020). Section 3.2 briefly recaps the observations, data reduction, creation
of model spectra and Doppler spectroscopy methodology. Section 3.3 presents the
non-detection of TiO and VO and the results of the injection tests used to set
detection limits. Sections 3.4 and 3.5 discuss the results and their implications.

This work was previously published as Merritt et al. (2020) in Astronomy & As-
trophysics, and has been modified here to fit within the framework of this thesis.
A version of the paper itself can be found in the appendix. All work presented
is mine, with the exception of the transmission spectrum models described in
Section 3.2.3, which were created by Dr. Stevanus Nugroho.

3.2 Methodology

3.2.1 Observations and Data Reduction

Observations and data reduction were carried out as described in Sections 2.1 and
2.2. For this study, only the red arm of the data was used, for a wavelength
range of 5600 Å to 8660 Å at a resolution of R ∼ 110,000, as the vast majority
of the molecular lines of TiO and VO lie within this window. The spectra were
extracted using the custom pipeline detailed in Section 2.2.1, and the second night
of observations was discarded due to low SNR, as were frames 70 – 72 due to a
loss of guiding. The wavelength solution was checked by cross-correlation to a
telluric model, as outlined in Section 2.2.3, and total drift over the night was
found to be . 1.3 km s−1, with an order-to-order drift of ∼ 1 km s−1. Both of
these values are significantly less than a resolution element (≈ 2.5 km s−1 at R ∼
80,000) and on the same scale as the velocity "smearing" effect, i.e. the change
of velocity of the planetary signal over the course of a single exposure (here ≈
1.5 km s−1). Thus, the original wavelength solution was deemed fit for purpose,
with no further correction. Cleaning of outliers proceeded as outlined in the first
technique described in Section 2.2.2: this method removed approximately 0.6%
of pixels in each order, and was not expected to affect the analysis. A more
refined outlier-cleaning method (the second technique described in Section 2.2.2)
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developed for the work outlined in Chapter 4 was also tested, as this removed only
0.07% of pixels: no difference was seen in the results.

3.2.2 Pre-processing

Pre-processing was carried out as detailed in Section 2.3.1; an example of the
method upon a single order is shown in Figure 3.1. The time-series spectra, still
in their separate spectral orders, were placed onto a "common" blaze function to
remove variation. This was done by first dividing each order of the time-series by
the median spectrum, them smoothing the resulting residuals with a median filter
with a width of 15 pixels and a Gaussian filter with a standard deviation of 50
pixels. The original spectra were then divided by this model of the blaze function
variation. As the blaze correction was found to be unstable at the blue end of
each order, the first 500 pixels of each order were trimmed. The removed area was
generally very low in SNR, represented only 12% of each order and lay entirely
within the overlapping wavelength region of the echelle orders, thus its removal
was not expected to significantly impact the analysis.

The quasi-static telluric and spectral lines, as well as the now time-stable instru-
mental response, were then removed using 9 iterations of the SysRem algorithm,
dividing the blaze-corrected spectra through by the final SysRem model instead
of using the iteratively-subtracted residuals in order to preserve the relative line-
strengths of the planet’s transmission spectrum. The number of SysRem itera-
tions was arrived at empirically through injection tests, for which the goal was to
find the lowest number of SysRem iterations which would still provide a strong
detection of an injected signal. The number of injections was minimised as, at high
numbers of iterations, SysRem has been found to reduce or remove the exoplanet
spectrum (Cabot et al., 2019).

These detrended residuals were then weighted by the pixel variance, calculated by
taking the outer product of the mean time and wavelength variance of each time-
series of residuals. Finally, the spectra were super-sampled to 2/3 of the average
pixel width for each order, linearised in ∆λ and corrected to the stellar rest frame
in a single linear interpolation, adjusting for both the barycentric velocity variation
and the systemic velocity.
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3.2.3 Model transmission spectra

Models were generated for TiO and VO as described generally in Section 2.3.2,
using a method similar to that outlined in Nugroho et al. (2020a), with planetary
and atmospheric parameters taken from the transmission spectrum presented in
Evans et al. (2018) in order to provide the most direct comparison to their work.
The full list of system and planetary parameters is presented in Table 1.1 in
Section 1.4.

To calculate the cross-section of VO, the ExoMol line list (McKemmish et al.
2016, Tennyson & Yurchenko 2012) was used. The TiO cross-sections were gener-
ated using three different line lists: Plez (1998) in both its original 1998 incarnation
and the updated, corrected 2012 version (used in the detection of TiO in WASP-
33b by Nugroho et al. 2017), and the new ToTo line list from ExoMol (McK-
emmish et al., 2019). This was done to allow the benchmarking the performance
of the different TiO line lists against each other, both in the event of a detection
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Figure 3.1: Data-processing steps for a single echelle order. Top: raw extracted
time-series spectra after cleaning of outliers. Middle: time-series spectra after blaze-
correction. Bottom: detrended residuals from the division of the SysRem model
weighted by the uncertainties. Minor structure remains in the residuals due to lower
weighting of low-S/N orders caused by poorer seeing (horizontal banding) and due
to imperfect removal of time-dependent tellurics (vertical banding at bottom). The
telluric structure does not persist into the in-transit frames and is therefore weighted-
out in later analysis.
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and in our injection tests, as line lists are known to vary considerably. The Plez
(2012) and ToTo line lists both explicitly include experimental data: Plez (2012)
incorporates experimental line lists and ToTo includes experimentally-derived
energy levels. Conversely, the VO line list and Plez (1998) are derived entirely
from quantum chemistry calculations and are thus thought to be less accurate
and potentially inappropriate for high-resolution cross-correlation. This issue is
discussed further in Sec. 3.4.

For VO, only the isotopologue 51V16O was considered: 51V makes up 99.75% of
naturally-occurring vanadium and is the only stable isotope, while 16O makes up
99.76% of naturally-occurring oxygen, negating the need to consider other isotopo-
logues. For TiO, all five naturally-occurring isotopes of Ti were considered, result-
ing in cross-sections including 46Ti16O, 47Ti16O, 48Ti16O, 49Ti16O, and 50Ti16O.
All of these isotopes are stable and make up significant percentages of naturally-
occurring titanium: even the least-common, 50Ti, has a percentage abundance
of 5.18%. The cross-sections were calculated using HELIOS-K (Grimm & Heng,
2015) assuming a Voigt line profile with thermal and natural broadening only at
a resolution of 0.01 cm−1 with an absolute line wing cut-off of 100 cm−1.

The transmission spectrum of WASP-121b was produced by assuming a 1D plane-
parallel isothermal atmosphere divided into a hundred layers evenly spaced in
log pressure from 2 to 10−12 bar. All spectra were generated at four different
temperatures of 1500 K (consistent with Evans et al. 2018), 2000 K, 2500 K, and
3000 K in order to cover the range of potential temperatures at the limb. The scale
height was kept fixed at 550 km to provide the best match to the low-resolution
transmission spectrum measured by Evans et al. (2018); changing the scale height
has no effect on signal detection due to normalisation of the data and removal
of the continuum, but does affect the injection tests described in Section 3.3. An
example of one of the model spectra and how it changes with temperature is shown
in Fig. 3.2.

For both elements, a constant volume mixing ratio (VMR) was assumed at all
pressures, ranging from 10−13 to 10−3. For VO we also assumed a VMR of 10−6.6,
consistent with the detection of Evans et al. (2018). Rayleigh scattering by H2

and bound-free continuum absorption by H− was also included, with a VMR of
5× 10−10, and a grey cloud deck set at P = 20 mbar, again to be consistent with
Evans et al. (2018). The radius of the planet as a function of wavelength was then
calculated by integrating the opacity through transit chords.
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Figure 3.2: Example model spectrum of TiO with VMR = 10−6 before continuum
removal, with all four temperatures overplotted to show the change in relative line
strength with temperature. The black dotted line indicates the position of the cloud
deck.

Lastly, the continuum and the scattering profile from the model spectra was re-
moved by subtracting a forward-backward Butterworth low-pass filter to remove
any low-frequency structure from the model spectra caused by large areas of
densely overlapping lines, as all such structure was removed from our spectra
by the pre-processing steps outlined in Section 3.2.2. These low-frequency struc-
tures in the models also tended to "catch" any remaining structure in the spectra
that had been imperfectly removed by SysRem, causing spurious artifacts in the
cross-correlation.

3.2.4 Cross-correlation

Cross-correlation proceeded as outlined in Section 2.3.3, with each frame of each
order cross-correlated with the corresponding section of the model spectra (at rest)
using the NumPy function numpy.correlate. The resultant time series of CCFs
had an x-axis in pixel lag, which was converted to offset from the systemic velocity,
or vsys. The time series was then weighted by a simple transit model for WASP-
121b using the equations of Mandel & Agol (2002), assuming no limb darkening.
The cross-correlation time series was then integrated over a range of predicted
planetary radial velocity semi-amplitudes, using values for Kp from −500 to +500

km s−1 in steps of 1 km s−1, smaller than the average single resolution element of
the original spectra (∼ 2.5 km s−1). These were then summed column-wise in time
and stacked to create a series of cross-correlation velocity heat maps, one for each
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order, such that the y-axis was Kp and the z-axis was the height of the column-
wise sum of the CCFs. The individual order maps were then summed together to
form a final map. In order to set a detection significance, the map was divided
through by the standard deviation away from the predicted location of the signal
(Kp ∼ 217 km s−1, vsys ∼ 0 km s−1). The detection threshold was set at 4σ due to
both the simplistic significance calculation and the presence of noise fluctuations
in the cross-correlation map which can reach this level: as demonstrated by Cabot
et al. (2019), these fluctuations can be mistaken for detections if they appear in
the expected position.

This process was repeated for every template described in Section 3.2.3 and a
cross-correlation map generated for each template.

3.3 Results and Injection Tests

No significant signal was found in any of the cross-correlation maps for TiO or
VO at any volume mixing ratio, temperature or line list, whether at the expected
value of Kp or otherwise. Examples are shown in the top two rows of Fig. 3.3.

The possibility remained that this non-detection could be due to the predicted
signal being fainter than the code’s ability to retrieve it. To test this hypothesis,
a series of injection tests was performed, as described in Section 2.3.4. The model
spectra used to attempt to retrieve the signal described in Section 3.2.3 were
convolved to the instrumental resolution and multiplied into the original extracted
spectra before the pre-processing steps outlined in Section 3.2.2 at a Kp of −217

km s−1, a value chosen to have an identical velocity curve to the expected signal
but reversed, to ensure that the injected signal would not be enhanced by any
extant, undetected VO or TiO signal. For the Evans et al. (2018) log VMR value
of −6.6 and a similar log VMR of −7 for TiO, using the 1500 K temperature
also inferred by Evans et al. (2018), the injected signal was recovered at 6.9σ for
VO and 7.2σ for TiO, demonstrating that were VO present at the abundance
and temperature predicted by Evans et al. (2018), our technique would detect
it. A slice through the cross-correlation maps of both the non-detections and the
injection tests at the expected value of Kp is shown in Fig. 3.4.

The injection tests were also used to explore rough detection limits for VO and
TiO via the injection of templates identical in all parameters but for log VMR of
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Figure 3.3: Results from cross-correlation with VO (left) and TiO (right) tem-
plates, at a log VMR of −6.6 and −7 respectively, for 1500 K. Top row: cross-
correlation function time series summed over all echelle orders, showing no visible
trace. Middle: cross-correlation maps summed over all echelle orders, showing non-
detections for both species: the black dotted lines indicate the expected velocity
position for the signal (Kp = 217 km s−1). Bottom: results from injection tests,
showing a detection of the injected signal at 6.9σ for VO and 7.2σ for TiO at the
expected velocity position. Note that the expected value for vsys is zero as the spectra
have been corrected to the stellar rest frame.
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Figure 3.4: Slices taken from the cross-correlation maps in Fig. 3.3 at Kp =
±217 km s−1, with the non-detection in blue and the injection test in orange for
comparison.
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the species in question. The detection threshold was once again set at 4σ for the
reasons stated in Section 3.2.4. Assuming a temperature of 1500 K and a scale
height of 550 km, by interpolating from our injection tests, this technique can
theoretically detect the presence of VO in the atmosphere of WASP-121b down
to an abundance of log VMR [VO] = −7.9. TiO can be theoretically detected
to an abundance of log VMR [TiO] = −9.3, thus placing a detection limit upon
TiO lower than the limit of [TiO] < −7.9 placed by Evans et al. (2018). Both
of these detection limits are subsolar, where the solar abundance values are −7.1

and −8.0 for TiO and VO, respectively. A reduction in detection significance
with temperature was also found for both VO and TiO in our injection tests.
As scale height was held constant (at 550 km) in the model spectra to match
the previously-measured transmission spectrum of Evans et al. (2018), the effect
of increasing temperature is simply to change the relative line strengths of the
spectral lines, as can be seen in Figure 3.2. Increasing the temperature had the
effect of reducing the strength of many of the strongest lines, an effect not quite
offset by the strengthening of weaker lines. This led to the overall reduction in
detection significance shown in Figure 3.5.

However, it was noted that 550 km was an extremely conservative estimate for
the scale height of WASP-121b, based on the limb-averaged temperature of ∼1500
K presented in Evans et al. (2018). More recent work indicated that the limb
and nightside temperatures of WASP-121b may be much higher (Bourrier et al.,
2020b; Daylan et al., 2019; Gibson et al., 2020), which would result in much larger
scale heights: indeed, Gibson et al. (2020) retrieved a scale height of 960 km in
their analysis. As a simple test of the effects of increasing scale height, the models
were scaled linearly to mimic the effects of increasing the scale height from 550
km to 960 km. The results showed that increasing the scale height leads to a
significant increase in detection significance and a reduction in detection limits.
However, this work chose to assume the more conservative estimates of detection
significance gained from the lower estimate of the scale height.

A more robust method of obtaining a detection significance was also tested follow-
ing Esteves et al. (2017), in which the spectral time-series was shuffled randomly
in time and the cross-correlation maps regenerated 1000 times. These maps were
then used to set the pixel-by-pixel standard deviation of the original map. How-
ever, this method was found to result in similar or higher detection significances
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Figure 3.5: Detection significance vs. log volume mixing ratio abundance of VO
(top) and TiO (bottom) from signal injection tests for all four temperatures consid-
ered. Two scale heights of 550 km and 960 km were tested for all temperatures. The
black dotted line indicates the chosen detection threshold of 4σ. The plateauing at
high values of σ is caused by saturation of the signal. The flattening at low values
is thought to be due to the presence of ∼2σ noise peaks in the data.
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Figure 3.6: Two model transmission spectra for TiO generated using identical
parameters from two different line-lists, overplotted for comparison. Plez (2012) is
shown in purple; ToTo in orange. The red area shows the area of overlap.

than the simpler method outlined in Section 3.2.4, and once again the more con-
servative estimates from the initial method were adopted.

Caution should be applied in interpreting the results of these injection tests.
Firstly, the injected signal was identical to the template used to retrieve it, which
would artificially boost the detection signal, though this is not expected to do so
dramatically. Secondly, there is a known degeneracy between chemical abundances
and the scattering properties of the atmosphere (Benneke & Seager 2012; Heng &
Kitzmann 2017). For the injected spectral models, a cloud deck was placed at 20
mbar and H− was included with a VMR of 5× 10−10, consistent with Evans et al.
(2018): the derived detection limits are reliant on these assumptions and should
be considered in this context. Finally, the VO line list is known to be unsuitable
for high-resolution cross-correlation. This is discussed further in Section 3.4.

Injection tests were also performed using differing TiO line lists. While the results
from these line lists follow the same overall trend, some line lists resulted in higher
detection significance than others. In the case of ToTo, the increased number
of lines present in the line list was likely to be the cause of the improvement
in the signal recovery. For Plez (2012), the corrections made using laboratory
measurements of 48Ti16O increased the line strength of some of the stronger lines,
again likely to boost signal recovery.
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Figure 3.7: Detection significance vs. log volume mixing ratio abundance of TiO
for injection tests using three different line lists, including the results of injecting
one line list and retrieving with another. The black dotted line indicates the chosen
detection threshold of 4σ.

Additionally, the behaviour of the recovered detection signal was investigated when
injecting models created with one line list and retrieving with models using an-
other. Due to the small variations in line strengths and positions between different
line lists, this simple test served as an indication of the effects of using inaccurate
line lists in high-resolution cross-correlation. The differences between two models
generated with identical parameters and differing line lists is shown in Figure 3.6;
the results of these cross-injection tests are presented in Fig. 3.7.

Injecting the ToTo model and retrieving with Plez (2012) resulted in values for
the detection significance which did not rise above the chosen threshold of 4σ at
any log VMR: the differences between the two line lists caused the injected signal
to become essentially insignificant. However, when performing the inverse of this
test, injecting models using the Plez 2012 line list and retrieving using ToTo, the
detection significance rose once again. Though this did not reach the ∼ 7σ level
of tests using the same models for both injection and retrieval, it still resulted in
significant signals for a similar range of log VMR.
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The underlying cause for this difference may be due to the greater number of lines
in the ToTo line list. The densely-overlapping lines form a pseudo-continuum
in the models, which weakens overall line contrast. When cross-correlating using
ToTo models, the greater number of lines mitigated this effect: when attempting
retrieval using Plez (2012), which has less lines overall, the effect was enhanced,
and the signal was no longer well-recovered. This test emphasised the importance
of understanding the effects inaccurate line lists can have on signal retrieval using
the cross-correlation methodology, and this is discussed further in Section 3.4.

3.4 Discussion

The results of this work showed non-detections of TiO and VO in the atmosphere
of WASP-121b using the standard cross-correlation methodology. Additionally,
injection tests showed that if VO were present at the super-solar abundances pre-
dicted in Evans et al. (2018) or Mikal-Evans et al. (2019), the subsequent molecular
signal would be detected at a high significance. Doubt had already been placed
upon the existence of TiO in the limb of WASP-121b by Evans et al. (2018), who
fit their transmission spectra best with a model containing VO only; the emission
spectra presented in Evans et al. (2017) and Mikal-Evans et al. (2019) was sim-
ilarly best fit by models containing only VO. The non-detection of TiO in this
work was thus consistent with previous results and added further evidence to the
non-existence of TiO in detectable quantities in the atmosphere of WASP-121b.

Conversely, the non-detection of VO contradicted results presented in Evans et al.
(2016), Evans et al. (2017), Evans et al. (2018) and Mikal-Evans et al. (2019), who
found evidence for VO in both emission and transmission at low-resolution. It is
known that low-resolution spectroscopy is troubled by the imperfect removal of
systematics, especially shown in the case of STIS on HST (Gibson et al., 2017,
2019), the instrument used for the transmission spectrum presented in Evans et al.
(2018). The effects of systematics on low-resolution spectra could also be seen in
the improved retrieval analysis of the emission spectrum presented in Mikal-Evans
et al. (2019) using WFC3 on HST. Here, they no longer fit a strong feature at
1.2 micron attributed to VO in Evans et al. (2017): the 1.2 micron feature was
thus suspected to be an imperfectly-removed systematic. However, although in all
cases their evidence for VO was inferred from best-fit models rather than a direct
detection, models containing VO were best-fit in both transmission and emission,
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using two separate instruments. In the face of this strong evidence for the presence
of VO, the non-detection of VO in this work was highly interesting.

However, a major question remained about the suitability of the VO line list for
high-resolution spectroscopy in the detection of exoplanet atmospheres. The re-
cent release of the ExoMol group’s ToTo line list for TiO (McKemmish et al.,
2019) provided the exoplanet community with a TiO line list accurate enough at
high temperatures to be used with the cross-correlation technique, after previous
attempts showed that many of the current line lists were insufficient for this task
(Hoeijmakers et al., 2015). Their MARVEL codebase uses laboratory measure-
ments to correct and refine the quantum chemistry calculations used to generate
the line lists, theoretically resulting in more accurate results (McKemmish et al.,
2017). The ‘MARVEL-ised’ ToTo line list was found to perform slightly better
than other line lists in cross-correlation with M-dwarf stars (McKemmish et al.,
2019). However, the VO line list has not yet been similarly corrected. As a re-
sult, the ExoMol team cautioned that the VO line list used in this work was
probably not accurate enough for high-resolution spectroscopic exploration of ex-
oplanet atmospheres (Sergey Yurchenko, priv. comm.). Until a more accurate
high-temperature line list for VO is calculated, it is impossible to state whether
this non-detection is due to the true absence of gaseous VO in the limb of WASP-
121b or due to an inaccurate line list weakening the strength of the recovered
signal. Indeed, the injection tests presented in Section 3.3, in which models cre-
ated with one line list were injected and retrieval attempted using models created
with another (in order to mimic the effects of using inaccurate line lists), showed
drastic changes in signal detection and significance depending on which line lists
are used. The results concerning VO should thus be interpreted in this context.

Injection tests were also performed in order to set a rough detection limit on the
presence of VO and TiO, in which the presence of VO and TiO was ruled out at
abundances greater than −7.88 and −8.18 log VMR respectively at a temperature
of 1500 K. However, these figures all assumed a cloud deck placed at a constant
pressure of 20 mbar and a H− VMR of 5× 10−10. There is a well-known degeneracy
between abundance and scattering properties, where the presence of clouds and
hazes can mute spectral features such that a given spectral signal can be produced
by either a low fractional abundance of the species in a clear atmosphere or a higher
fractional abundance in the presence of clouds and hazes (Benneke & Seager 2012;
Heng & Kitzmann 2017). Since the methodology of this work removed both the
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continuum and the scattering profile from our spectra, it was impossible to make
any measurements which could break the degeneracy. This indicated that too much
weight cannot be placed upon these detection limits as absolute figures but rather
that they should be examined in the context of the strength of the lines appearing
above the continuum. The upper limits for both TiO and VO corresponded to a
line strength for the strongest lines in the template of ∼ 0.014 ∆F .

If concerns regarding the accuracy of the VO line list are momentarily set aside,
the non-detection of TiO and VO could have been caused by several factors. First,
it should be noted that the spectral models (see Section 3.2.3) assume a well-mixed
atmosphere. Atmospheric retrievals (e.g. Daylan et al. 2019; Mikal-Evans et al.
2019) show that the abundances of TiO and VO are expected to vary greatly
with altitude. In the case of a very hot thermosphere ( > 3000 K), TiO and VO
would be dissociated at high altitude, causing a truncation of the lines present
in the transmission spectrum over the altitude range probed by high-resolution
spectroscopy. This could potentially cause a dilution in signal that could lead to
a non-detection. Further work could focus on the injection of more sophisticated
spectral models where molecular abundance varies with pressure to test whether
high-altitude dissociation is strong enough to remove the possibility of detection
altogether.

It has been suggested that gravitational settling could drag TiO and VO down
from the upper atmosphere to the colder layer in the deeper atmosphere, where it
subsequently condenses. Alternatively, the cooler temperatures on the night-side
could cause TiO and VO to condense out (primarily into Ti3O5 and V2O3), and
due to the high-speed winds from day- to night-side expected in tidally-locked
hot Jupiters, these condensed molecules are not efficiently redistributed to the
hot day-side. Thus, Ti and V remain locked in condensed form (the cold-trapping
effect: Hubeny et al. 2003; Spiegel et al. 2009; Parmentier et al. 2013, 2016; Beatty
et al. 2017). However, the detection of Fe and Mg (Sing et al. 2019; Gibson et al.
2020; Bourrier et al. 2020a; Cabot et al. 2020) in the atmosphere of WASP-121b
suggests that cold-trapping does not play a large role, as Fe and Mg would be
expected to be cold-trapped as well.

Additionally, calculations from TESS phase curve measurements made by Bour-
rier et al. (2020b) and Daylan et al. (2019) indicate a nightside temperature for
WASP-121b of 2190 K, higher than the condensation temperatures of TiO and
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VO, although their observations probe high in the atmosphere (1 – 10 mbar) and
do not rule out the possibility of cold-trapping at lower altitudes.

Parmentier et al. (2018) predicted that TiO and VO may, in the case of WASP-
121b, be thermally dissociated in the dayside atmosphere; the detection of these
molecules in the terminator during transmission would thus depend on their recom-
bination timescales compared to the atmospheric recirculation timescale. However,
a recent work using the blue arm of the data presented in this thesis by Gibson
et al. (2020) retrieved a high limb temperature of & 3000 K, albeit using simplified
isothermal models. When considered in the context of the atmospheric retrievals
of Daylan et al. (2019), this temperature would cause the dissociation of TiO and
VO in the limb even at the lower altitudes probed by this data, reducing the log
VMR of both species to < −10, well below the detection limits set with injection
tests.

It is also interesting to note that the work of Evans et al. (2017), Evans et al.
(2018) and Mikal-Evans et al. (2019) inferred the presence of VO, but not TiO,
when both were predicted as inversion-drivers by Hubeny et al. (2003) and Fortney
et al. (2008) and were largely expected to occur together. It has been shown in
the models of Goyal et al. (2019) that greater abundance of VO over TiO is
only expected in a very narrow temperature range: ∼ 1700 – 1800 K assuming
rainout condensation, or ∼ 1200 – 1400 K assuming local condensation. This
highlighted the importance of robust detections and non-detections of TiO and
VO as a diagnostic for temperature and condensation processes in the atmospheres
of ultra-hot Jupiters.

Despite the non-detection of TiO and VO, Evans et al. (2018) still showed a feature
in their transmission spectra at 600 – 800 nm consistent with the presence of VO
(or perhaps another molecule absorbing strongly in this range). Additionally, their
emission spectra (Evans et al. 2017; Mikal-Evans et al. 2019) were still best-fit with
models containing VO and clearly showed water emission features consistent with
the presence of a temperature inversion. It was theorised by Spiegel et al. (2009)
that a hot Jupiter with a solar carbon-to-oxygen ratio would require TiO of at least
solar abundance to cause a temperature inversion, a level which both this work and
Evans et al. (2018) rule out in analysis. The analysis in this work now seems to
rule out the presence of VO also, although again it should be emphasised that VO
cannot be robustly ruled out using high-resolution cross-correlation methodology
until a more suitably accurate line list is published. Nevertheless, although TiO



Chapter 3. Search for TiO and VO 71

and VO were long thought to be the predominant cause of temperature inversions
in hot Jupiters, it may now be time to look for other culprits.

Recent theoretical work has postulated a range of potential optical absorbers such
as SiO, Fe, Mg, AlO, CaO and metal hydrides (Lothringer et al. 2018b; Lothringer
& Barman 2019; Gandhi & Madhusudhan 2019), some of which (such as AlO)
have absorption bands in the 600 – 800 nm range. Gandhi & Madhusudhan
(2019) also suggested a theoretical link between the C/O ratio and the presence
of a temperature inversion, postulating that a reduced infrared opacity due to a
low H2O abundance in WASP-121b could contribute towards the existence of an
inversion layer; the presence of H2O emission features, however, would appear to
rule out this possibility. Finally, the transmission spectrum presented by Evans
et al. (2018) shows a strong upward trend in the blue optical much steeper than
would be consistent with Rayleigh scattering, which they tentatively identify as
due to the presence of SH, another molecule known to absorb strongly in the
optical which could theoretically contribute to an inversion layer (Zahnle et al.,
2009). However, this slope could also be attributed to a forest of atomic metal
lines. Indeed, a recent analysis by our group of the blue arm of the UVES data used
in this thesis (Gibson et al., 2020) found strong evidence for the presence of Fe i

in the atmosphere of WASP-121b, a discovery supported by analyses of HARPS
high-resolution spectra by Bourrier et al. (2020a) and Cabot et al. (2020). Fe i

has strong absorption at blue-optical wavelengths, and as WASP-121 is an F6-
type star, this could lead to significant amounts of energy being deposited at high
altitudes and could potentially be the sole or predominant cause of the observed
temperature inversion. However, Fe I cannot be responsible for the absorption
feature seen in the transmission spectra at 600 – 800 nm in the transmission
spectrum of Evans et al. (2018) and if it is not caused by VO, the presence of
another optical absorber with strong absorption in this range cannot be ruled out.

Future searches could focus on the detection of a molecular species with strong
absorption features in this range, such as AlO and MgH, in order to constrain
the origin of this feature. Indeed, a tentative detection of AlO has already been
reported in the atmosphere of ultra-hot WASP-33b (von Essen et al., 2019), in-
dicating that this may be a productive avenue of inquiry. Alternatively, should
a more robust line list for VO be produced, a reanalysis of the data presented
in this work could more definitively confirm or rule out the presence of VO in
WASP-121b.
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3.5 Conclusion

This chapter presented a non-detection of TiO and VO in the atmosphere of the
ultra-hot Jupiter WASP-121b, a planet previously shown to have evidence for a
temperature inversion and for the existence of VO (but not necessarily TiO). Using
injection tests, it was shown that were VO present in the abundance predicted by
Evans et al. (2018), the molecular signal could be retrieved using this technique
with relative ease. Additionally, rough constraints were placed on the presence
of VO in the limb of WASP-121b using injection tests, and it was found that –
while bearing in mind the established degeneracy between scattering properties
and abundance – the presence of VO could be theoretically detected down to
a sub-solar log volume mixing ratio of −7.88, and TiO down to a sub-solar log
volume mixing ratio of −9.26. The absence of TiO and VO in transmission could
be due to thermal dissociation of these molecules on the hot dayside of WASP-
121b in conjunction with a slow recombination timescale, or due to cold-trapping
locking condensed TiO and VO on the colder nightside. However, this work also
emphasised that the VO line list utilised for this paper is thought to lack the
accuracy in line position required for high-resolution spectroscopic searches for
molecular species. Despite the strength of the detection in injection tests, it was
nevertheless clear that a definitive answer on the existence of VO in the limb of
WASP-121b using high-resolution spectroscopy would be dependent on a more
accurate, updated line list for VO.

Since the publication of this work in Merritt et al. (2020), a reanalysis of the
emission spectra in the work of Evans et al. (2017) and Mikal-Evans et al. (2019)
with data from four new secondary eclipse observations found no evidence of VO
in emission in the retrieval models fit to the emission spectrum (Mikal-Evans
et al., 2020), though this work once again confirmed the water features in emission
characteristic of a temperature inversion. Recent work from Gibson et al. (2020)
posited a different source species (Fe i) for the observed temperature inversion
in WASP-121b: however, Fe i cannot be responsible for the observed absorption
feature at 600 – 800 nm in the transmission spectrum presented by Evans et al.
(2018). If this feature is physical, and not caused by the presence of VO, a range
of molecular species could be responsible for this feature, and future work could
focus on the search for these and for many other such molecules theorised to be
present in the atmospheres of ultra-hot Jupiters.
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The lack of rigorous detections of TiO/VO, the detection of Fe i by Gibson et al.
(2020) and the work by Lothringer et al. (2018b) positing atomic metals as a driver
for thermal inversions motivated a new, different exploration of UHJ atmospheres:
the search for atomic species at optical wavelength. Since the completion of the
work in this chapter, there have been multiple searches for atomic species – in-
cluding Ti and V – in the atmosphere of WASP-121b (e.g. Ben-Yami et al., 2020;
Hoeijmakers et al., 2020b) which are relevant to the discussion in this chapter.
These works and their implications are, however, discussed in further detail in
the next chapter, Chapter 4, in which a broad-scale search for atomic species in
WASP-121b follows.



Chapter 4

An Inventory of Atomic Species in

WASP-121b

The idea is like grass. It craves light, likes crowds, thrives on

crossbreeding, grows better for being stepped on.
—Ursula K. Le Guin, The Dispossessed

4.1 Introduction

As discussed in Section 1.4, the class of exoplanets known as ultra-hot Jupiters
(UHJs) present an intriguing subject for characterisation. With dayside tem-
peratures of over 2200 K, these inflated giants are irradiated to the point that
their chemistry and atmospheric structure is expected to differ greatly from cooler
hot Jupiters. The higher temperatures lead to the dissociation of the molecular
and atomic species that form clouds and hazes in cooler hot Jupiters (Helling
et al., 2019), leading to clearer, more readily-characterisable atmospheres. The
dissociation of molecular hydrogen also lowers the mean molecular weight of the
atmosphere (Lothringer et al., 2018b; Parmentier et al., 2018; Kitzmann et al.,
2018), which in tandem with the extreme temperatures raises the scale height of
the atmosphere, increasing the area observable during transit.

74
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Simulations of UHJs using stellar models predicted a plethora of neutral and
ionised species to exist in the atmospheres of UHJs, with atomic metals poten-
tially providing the opacity needed to drive temperature inversions in their at-
mospheres (Lothringer et al., 2018b, 2020; Lothringer & Barman, 2019). Doppler
spectroscopy played a dominant role in the discovery of such species in UHJs, be-
ginning with the characterisation of the hottest-known exoplanet to date, KELT-
9b, with Hoeijmakers et al. (2018, 2019) revealing the presence of Mg i, Fe i, Fe ii,
Ti ii, Na ii, Na i, Cr ii, Sc ii and Y ii, along with hints of Ca i, Cr i, Co i and Sr ii.
High-resolution spectroscopy has also provided detections of Fe i, Fe ii, Ca i, Ca ii,
Mg i, Cr ii and the Balmer series of hydrogen in the UHJ KELT-20b/MASCARA-
2b (Casasayas-Barris et al., 2018, 2019; Nugroho et al., 2020a; Hoeijmakers et al.,
2020a; Stangret et al., 2020). High-resolution explorations of the UHJ WASP-33b
revealed signs of TiO (Nugroho et al., 2017), Fe i (Nugroho et al., 2020b), and Ca ii

(Yan et al., 2019), though TiO was not detected in later observations by Herman
et al. (2020). A search for FeH in several hot Jupiters resulted in tentative evi-
dence for its presence in WASP-33b and KELT-20b/MASCARA-2b (Kesseli et al.,
2020).

WASP-121b has proven to be a popular subject for similar work. Analysis by
Gibson et al. (2020) of the same UVES transits studied in this work, and by
Bourrier et al. (2020a) and Cabot et al. (2020) using HARPS (High-Accuracy
Radial-velocity Planet Searcher) on La Silla, discovered the presence of Fe i, with
Cabot et al. (2020) additionally detecting the presence of H-α. Analysis of the
same HARPS data by Ben-Yami et al. (2020) confirmed the presence of Fe i and
Fe ii, while presenting additional detections of V i and Cr i and a non-detection of
Ti i. Further analysis by Hoeijmakers et al. (2020b), again on the same HARPS
observations, confirmed the presence of Fe i, V i and Cr i, while adding detections
of Mg i, Na i, Ca i and Ni i and confirming non-detections of Ti i and TiO. Finally,
a study by Borsa et al. (2020) using data from VLT/ESPRESSO, published as a
pre-print while the work in this chapter was under review, confirmed many of the
previous detections and added novel detections of K i, Li i and exospheric Ca ii.

This chapter presents a broad search for atomic species in the transmission spec-
trum of WASP-121b at high resolution using UVES on the VLT, in an effort to
confirm previous detections and hunt for new undiscovered atomic signals. A total
of 20 potential signals were found, with 5 categorised as strong detections, 3 as
tentative detections and 12 as weak signals worthy of further investigation. The
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blue arm of this data had been explored in Gibson et al. (2020) and the red arm
in a non-detection of TiO and VO in Merritt et al. (2020) (presented Chapter 3
of this thesis): here, both arms of the data are combined for the first time. Sec-
tion 4.2 recaps the observations, data reduction, creation of model spectra and
Doppler spectroscopy methodology, especially where this differs from Chapter 3.
Section 4.3 details the detection criteria used in this work to judge the strength
of any potential signals. Section 4.4 presents the 20 potential signals found and
briefly discusses their key features. Section 4.5 discusses the implications of these
results further, and Section 4.6 looks at avenues for future work.

This work has been submitted to Monthly Notices of the Royal Astronomical
Society, and is currently undergoing editing following minor comments from the
referee. It has been modified here to take into account the referee comments and to
fit within the framework of this thesis. The submitted version of the paper can be
found in the appendix. All work presented here is the author’s, with the exception
of the atomic cross-sections mentioned in Section 4.2.3, which were generated by
Dr. Stevanus Nugroho.

4.2 Methodology

4.2.1 Observations and Data Reduction

Observations and data reduction were carried out as described in Sections 2.1 and
2.2. For this study, both the blue arm (previously presented in Gibson et al. 2020)
and the red arm (analysed in Merritt et al. 2020 and Chapter 3 of this thesis)
were used, as atomic lines for many of the species studied are present in both
wavelength windows. In the blue arm, R ∼ 80,000 was obtained, from 3750 Å to
4950 Å over 29 spectral orders, centred on 4370 Å. In the red arm, R ∼ 110,000
was obtained, from 5600 Å to 8660 Å over a range of 35 spectral orders centred
on 7600 Å. In combination, a total of 64 spectral orders from 375 nm to 866 nm
were used in this analysis. The spectra were extracted using the custom pipeline
detailed in Section 2.2.1, and the second night of observations was discarded due
to low SNR, as were frames 70 – 72 due to a loss of guiding. Bias subtraction was
found to lead to spuriously negative values in low-flux areas of the blue arm of the
data, and a correction from the overscan areas was implemented.
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It had been found by Gibson et al. (2020) that even minuscule inaccuracies (less
than 1.3 km s−1, significantly smaller than the average resolution element of 3.15
km s−1) in the wavelength would lead to imperfect removal of the stellar signal,
an important factor to consider when many of the atomic species being searched
for may also exist in the stellar spectrum. Additionally, although total wavelength
drift over each night was significantly less than a single resolution element in both
arms, the order-to-order variation of the wavelength solution in the blue arm was
found to be ∼ 3 km s−1. As a result, the wavelength solutions were corrected
via alignment to a telluric model spectrum (in the red arm) and a stellar model
spectrum (in the blue arm), as described in detail in Section 2.2.3. This alignment
was performed along with a linearisation in ∆λ, with the pixel size supersampled
to 2/3 of the average for each order. This alignment corrected the blue arm of the
spectra to the stellar rest frame, removing the need for a further barycentric and
systemic velocity correction, but left the red arm of the spectra in the Earth’s rest
frame. This was taken into account in the preprocessing steps in Section 4.2.2.

Cleaning of outliers proceeded as outlined in the second, improved technique de-
scribed in Section 2.2.2. This method replaced an average of 0.07% pixels per
order, and was not expected to affect the analysis.

4.2.2 Pre-processing

Pre-processing was performed as detailed in Section 2.3.1. The time-series spectra,
still in their separate spectral orders, were placed onto a "common" blaze function
in a manner identical to that outlined in Chapter 3.2.2. For both arms, the blaze
correction was found to be unstable at the low-flux blueward ends of the orders.
Thus, the first 900 and last 90 pixels of each order in the blue arm were removed
(identically to Gibson et al. 2020 after accounting for supersampling), as were the
first 750 pixels of the red arm (identically to Merritt et al. 2020, likewise). This
removed 22% of the pixels in the blue arm spectra and 12% in the red arm. While
this was a significant chunk of the data, the edges of the orders were low in SNR,
and minimal impact on any detections was expected.

Next, all static and quasi-static trends in time (such as the common blaze function,
the stellar spectrum and the telluric spectrum) were removed via the SysRem al-
gorithm (Tamuz et al., 2005). As in Chapter 3, the iteratively-subtracted residuals
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Figure 4.1: Pre-processing and cross-correlation. Left: Data processing of a single
raw echelle order (top), after wavelength alignment and correction for blaze varia-
tion (middle), and after division by SysRem model and weighting by uncertainties
(bottom). The dashed white lines indicate the times of ingress and egress. The
dashed black line indicates the approximate velocity shift of WASP-121b. Right:
the summed cross-correlation function time series (upper) and cross-correlation ve-
locity map (lower) for the blue (top) and red (bottom) arms of the data respectively,
for the Cr i model used to retrieve the signal presented in Fig 4.4. The white dashed
lines in the CCF time series plots represent the times of ingress and egress. The
black dashed lines indicate the expected position of the signal ‘trace’ in the CCF
time series. In the velocity maps, the black dashed cross-hairs indicate the expected
position of the signal; the white dashed cross-hairs mark the peak of the detected
signal. The colour bar represents detection significance σ.

were not used, in favour of dividing the blaze-corrected spectra by the iteratively-
added SysRem model to preserve relative line strength. The residuals were then
weighted by their pixel variance, in this case (unlike in Chapter 3) calculated from
the Poisson statistics, as this was found to lead to better removal of the stellar
signal. Also unlike the work presented in Chapter 3, three sets of weighted Sys-

Rem residuals were created for each arm, using 10, 15 and 20 passes of SysRem.
Currently, no reliable method appears to exist of determining the optimal number
of SysRem iterations beyond empirically optimising the strength of a recovered
signal or injection. Though this method was used in Merritt et al. (2020), it was
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not particularly feasible here given the search for a multitude of different species,
and hence a small range was selected instead.

In the blue arm, where stellar lines dominate, SysRem was performed in the rest
frame of the star. In the red arm, SysRem was performed in the telluric rest
frame, in order to optimise the removal of the dominant telluric spectrum. Thus,
after SysRem detrending, the red arm was then further corrected for the systemic
and barycentric velocities in a single interpolation, to bring the red arm spectra
into the stellar rest frame in line with the blue arm spectra. An example of this
process on the blue and red arms, including the cross-correlation process, is shown
in Figure 4.1.

4.2.3 Model transmission spectra

Cross-sections for neutral atomic species and their singly-ionised counterparts
numbering from atomic number one – hydrogen – to atomic number 39 – yt-
trium – were generated following Nugroho et al. (2017, 2020a,b) using HELIOS-K

(Grimm & Heng, 2015) with the Kurucz atomic line lists (Kurucz, 2018). A Voigt
line profile was used, with thermal and natural broadening only at a resolution of
0.01 cm−1 and an absolute line wing cut-off of 1 × 107 cm−1, except for H i and
He i which used 3 × 104 cm−1 and 1 × 105 cm−1 respectively. These values were
chosen to ensure important lines are not washed away. Yttrium was chosen as a
stopping-point as solar abundances for heavier elements are very low: an exception
was made for Cs i, due to its presence in late-M and L-dwarfs (e.g. Basri et al.,
2000).

As detailed in Section 2.3.2, rather than producing a transmission spectrum for
each species via numerical integration over a layered atmosphere, an analytical
expression for an approximate transmission spectrum was used to create the mod-
els (Equation 2.1). This equation, adapted from the work of Heng & Kitzmann
(2017) by Gibson et al. (2020), was found in the latter work to generate transmis-
sion models of sufficient accuracy for the detection of species with high-resolution
cross-correlation. When using standard assumptions of an isothermal, well-mixed
atmosphere, the equation produced model transmission spectra almost indistin-
guishable from those generated by the more rigorous method.
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Scattering was accounted for in the models by including Rayleigh scattering using
the cross-section of Lecavelier Des Etangs et al. (2008) and a grey cloud deck
simulated by simply truncating the model at a given pressure level Pcloud. The
important effects of H− scattering (Parmentier et al., 2018) were disregarded in
order to avoid further degeneracy with the cloud deck and Rayleigh scattering.

Spectra were generated for every species at three temperatures of 2000 K, 2500 K
and 3000 K based on the most recent estimates of the temperature of WASP-121b
at the limb (Mikal-Evans et al., 2019; Gibson et al., 2020). Additional models
were generated using a higher set of temperatures (from 3500 K to 9500 K, in
steps of 500 K) for the seven ions for which we found signals (given in Setion. 4.4).
A Jupiter-like composition was assumed for the mean molecular mass, and the
scale height, which is expected to vary with temperature, was instead fixed at H
= 960 km using a temperature of 2800 K (approximately the temperature at the
top of the atmosphere as measured by Mikal-Evans et al. 2019). As the continuum
was subtracted from both the data (as outlined in Section 4.2.2) and the model
spectra, the methodology was not particularly sensitive to the scale height as a
parameter: changing the scale height simply scales the model amplitude, which
should not affect the results of the cross-correlation detections (although this does
impact the injection tests). The reference radius and pressure were set at 1.8 RJ

and 20 mbar respectively. A full list of system and planetary parameters used in
this work is presented in Table 1.1.

Instead of varying the volume mixing ratio or VMR of each species, as was done
in Merritt et al. (2020) and Chapter 3.2.3, the position of the grey cloud deck,
Pcloud, was varied instead. This decision was made to highlight the degeneracy be-
tween VMR and Pcloud, emphasising that VMR (and, hence, absolute abundance)
cannot be determined if scattering properties are unknown. Four values of Pcloud

were chosen (1 bar, 0.05 bar, 1 mbar, 0.05 mbar). These were not physically mo-
tivated but instead selected to vary the amount of truncation of each model, to
give a good range of lines present above the continuum, for an arbitrarily-chosen
VMR of 10−8. An example of the 12 models created for a single species (Cr i) is
shown in Fig. 4.2. Given the degeneracy between reference pressure, radius and
abundance (e.g. Benneke & Seager, 2012; Heng & Kitzmann, 2017), this approach
was not sensitive to the abundances. Instead, this forced any detections to be
considered entirely in the sense of line strength present above the continuum (the
only parameter meaningfully measurable with this methodology).
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Figure 4.2: Examples of the model transmission spectra for Cr i in WASP-121b
at three different temperatures and four different positions of the grey cloud deck
Pcloud. The volume mixing ratio is held at 10−8. The blue and red regions indicate
the blue and red wavelength ranges of the UVES data.

This process resulted in 1312 model spectra being generated: three temperatures
and four values of Pcloud for 40 neutral species and 37 singly-ionised forms, plus
an additional 13 temperatures for seven of the ionised species. However, models
with no or extremely weak lines in the wavelength ranges of the blue and red arms
of the data were then eliminated, reducing the number to 792 models covering 43
neutral and ionised species. The model selection was not constrained in any other
way, such as by the supposed detectability of the species, as such constraints are
invariably model-dependent.

Finally, before cross-correlation, the continuum and scattering profile was removed
from all of the model spectra. This continuum-removal was performed by sub-
tracting a low-pass filter consisting of a 1400-pixel maximum filter applied in the
wavelength direction which was subsequently smoothed by a Gaussian filter with
a kernel of 400 pixels, removing all large-scale variations in the model and nor-
malising it to zero.
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4.2.4 Cross-correlation

Cross-correlation proceeded similarly to the process outlined in Section 3.2.4. How-
ever, the codebase had been substantially rewritten to take the pre-processed data
cubes outlined in Section 4.2.2 and a list of templates generated as per Section 4.2.3
and perform the steps described in this section in a fully automated fashion, pro-
ducing variable levels of output (saving every step, or saving only the final result)
depending on configuration. This automated search also produced plots as shown
in Figure 4.3 for all 792 model spectra tested, which could be quickly looked
through by eye.

Every frame of every order was cross-correlated with the corresponding section of
the model spectra at rest, binned down to the instrumental resolution of the order.
The resultant time series of CCFs was weighted by a transit model for WASP-
121b using the equations of Mandel & Agol (2002) with no limb-darkening. The
CCF time series were then integrated over a range of predicted planetary semi-
amplitudes KP , from 100 to 400 km s−1 in steps of 1 km s−1, smaller than the
average single resolution element of the original spectra (∼ 3.15 km s−1 averaged
over both arms). This range is smaller than that explored in Chapter 3 and Merritt
et al. (2020) in order to speed up computational time, but remains large enough
to judge the overall noise profile of the resultant map. The interpolated CCF
time series orders were then summed downwards and stacked to create a series of
cross-correlation velocity "heat" maps, as in Section 3.2.4.

Due to the varying resolution across the spectral range, the map for each order
had a slightly different scale in vsys. The maps for the blue and red arms were
thus interpolated to a velocity scale made up of the mean of the vsys scales for that
arm and summed over the orders to form final maps for the blue and the red arm
individually. The individual order maps were also combined into a final red + blue
map by interpolating to the mean of all vsys scales and summing again over the
orders, which had already been optimally weighted by their variance: this should
strengthen extant signals by using the full spectral range of the data.

Both methods of setting a detection significance mentioned in Section 2.3.3 (di-
vision by standard deviation away from signal location and phase-shuffling) were
attempted. The phase-shuffling method was only used on a limited subset of the
maps (those in which potential detections were found) due to its computationally-
intensive nature. Ass in Chapter 3, no discernible difference was found using this
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Figure 4.3: Output plot from automated species search. Top two plots: model
spectra without (top) and with (bottom) continuum removal, with blue and red arm
wavelength ranges shown. Centre: CCF maps for blue (top left), red (top right) and
combined (bottom centre) data. The signal peak has been automatically detected
and is shown with the red crosshairs. The white crosshairs show the expected posi-
tion. Bottom: a slice through the CCF maps at the KP of the detected signal in the
combined map. The red, blue and purple lines represent slices from the red, blue
and combined maps. The red dotted line is at 4σ for comparison purposes. Zero
vsys and the signal peak are shown with black dotted lines.
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method, beyond a slight increase in detection significance for most signals. Once
again, the method that generated a more conservative estimate of detection sig-
nificance was preferred. Detection significance was, in all cases, set independently
for the red, blue, and red + blue maps.

The fully-automated cross-correlation process was performed for every atomic
model template outlined in Sec. 4.2.3, with three cross-correlation maps (the blue
arm, the red arm, and the combined red + blue map) generated and plotted for
each model. The automated signal detection looked for the strongest peak within a
range of 10 km s−1 in vsys and 20 km s−1 in Kp from the "expected" signal position
of 217 km s−1 (from parameters in Delrez et al. 2016) and 0 km s−1 (i.e. the stellar
rest frame). Peaks in the maps of over 3σ in this range were highlighted for further
inspection, although in practice every cross-correlation map was investigated by
eye for potential signals.

4.2.5 Injection tests

In order to test the methodology’s sensitivity to the species being searched for,
and to judge the reliability of any potential signals, injection tests were performed
for every model used in the signal retrieval process following the process outlined
in Sections 2.3.4 and 3.3. Signals were once again injected with a Kp curve of
−217 km s−1, a value chosen to have an identical velocity curve to the expected
signal but reversed, to ensure that the detected injection is not enhanced by any
extant signal. The fact that the red arm spectra were not corrected to the stellar
rest-frame until after SysRem detrending was taken into account by introducing
a "de-correction" for barycentric and systemic velocity into the red-arm injected
models. The Doppler-shifted models were multiplied into the original extracted
spectra before the pre-processing steps outlined in Sec. 4.2.2, after which the cross-
correlation process continued almost identically. However, injection tests were
performed with 15 passes of SysRem exclusively, due to the computationally-
intensive nature of the process.

Additional injection tests were performed for all ionised species that showed signals
in detection. The models generated in Sec. 4.2.3 assumed hydrostatic equilibrium,
but from Sing et al. (2019) and Borsa et al. (2020) it is clear that WASP-121b
is likely to have an escaping exosphere containing ionised species, resulting in
much deeper spectral features than would be expected from the simple models



Chapter 4. Atomic Species in WASP-121b 85

generated in this chapter. The additional injection tests used models generated
in an identical manner to those described in Sec. 4.2.3 for the higher temperature
range of 3500 – 9500 K. These models were then scaled so that their features
matched the rough height of ∼ 0.25 – 0.3 Rp/R? reported for Fe ii and Mg ii in
Sing et al. (2019). For similar reasons, the H i models were scaled so that the H-α
line matched the height of ∼ 0.2 Rp/R? reported by Cabot et al. (2020).

4.3 Detection criteria

The cross-correlation process resulted in a signal present within the detection range
for 20 different species, with a huge range in detection strength, signal position, and
level of noise/additional structure in the cross-correlation map. Simply applying
a detection significance cut-off of 4σ, similarly to Merritt et al. (2020), was found
to be insufficient as a means of judging the reliability of the detected signals.
For example, some otherwise-dubious signals were found to be stronger than 4σ,
while some more likely signals fell just below. In addition, the methods used to
generate the detection significances were, though common in the literature, rather
simplistic, and relied on an assumption of Gaussian white-noise statistics which
largely ignores the presence of non-Gaussian structure in the map. In reality, the
statistics of these cross-correlation maps are poorly understood, and the detection
significance can be changed by as much as 0.5σ by simply changing the area used
to calculate the standard deviation, or by increasing/decreasing the number of
phase-shuffling iterations. New techniques are being pursued and have produced
encouraging results (Brogi & Line, 2019; Fisher et al., 2020; Gibson et al., 2020;
Nugroho et al., 2020b), but due to their computationally-intensive nature, these
methods were not attempted here.

Prospective signals were categorised using a more extensive set of diagnostic cri-
teria. The initial set of 20 species was selected via examination by eye of all of the
resulting cross-correlation maps. These were then judged considering the following
criteria:

1. Detection strength at or above 3.5σ. Though it has been shown (e.g. by
Cabot et al. 2019) that noise fluctuations in the cross-correlation map can
reach the 4σ level, a slightly less conservative value was used in this work
to avoid missing potentially-interesting signals.
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2. Position of the signal. Gibson et al. (2020) recovered a strong Fe i signal at
a vsys offset of ∼ −5 km s−1 and a Kp of ∼ 190 km s−1. This work recovered
the Fe i signal at Kp = 200 km s−1, vsys = −7.3 km s−1 (see Figure 4.4). The
negative vsys offset was also consistent with those observed by Hoeijmakers
et al. (2020b), Ben-Yami et al. (2020), Bourrier et al. (2020a) and Cabot
et al. (2020) and is thus thought to be reliable. Though the offset recovered
here was larger, it was still consistent to within a resolution element of UVES
(∼ 3.15 km s−1). Thus, any signal that lie within 3 km s−1 in vsys and 20
km s−1 of Kp of the Fe i signal presented in Gibson et al. (2020) was judged
to lie at the "expected" position.

3. Whether the signal was detected in injection tests. If a species was found
as both a standard detection in the data and in injection, this increased
confidence in the legitimacy of the signal. Conversely, if no signal was found
in injection for a species that presents a potential signal, it could be posited
that the methodology did not have the sensitivity to detect the species in
question, and the prospective signal was more likely to be spurious. Also, as
the signals were injected at a velocity far from the prospective exoplanetary
signal, this criterion accounted for cases where a model with very few lines
‘aliased’ similar lines found in other extant species, potentially leading to a
spurious detection. (See Co i, Section 4.4.10.)

4. The presence of structure in the maps. This was assessed by a visual in-
spection to determine whether any peaks of similar size to the signal existed
within the cross-correlation map.

5. Whether the species had been detected before, whether in other analyses
of WASP-121b (e.g. Hoeijmakers et al., 2020b; Cabot et al., 2020; Ben-
Yami et al., 2020; Borsa et al., 2020), or in other ultra-hot Jupiters such
as KELT-9b (Hoeijmakers et al., 2018, 2019) or KELT-20b (e.g. Casasayas-
Barris et al., 2019; Nugroho et al., 2020a). Though we elected to remain as
model-agnostic as possible, and thus assign no detectability criteria based
upon whether a species is expected in WASP-121b via models, the actual
previous detection of a species in WASP-121b or indeed in other ultra-hot
Jupiters lends credibility to a detected signal.
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Species σ Kp (km s−1) vsys (km s−1) T (K) Pcloud (bar) SysRem iterations

Fe i 8.8 200 -7.3 3000 0.05 10
Ca ii 6.4 235 -7.3 4500 1 10
Cr i 5.0 198 -5.5 2000 1 10
V i 4.4 226 -5.5 2000 5× 10−5 10
Ca i 4.2 199 -5.5 3000 5× 10−5 10
H i 5.7 236 -4.6 7000 1 15
K i 4.4 198 -6.4 3000 5× 10−5 20
Sc ii 4.2 212 5.5 2000 5× 10−5 20
Mn i 4.0 217 -4.6 2000 0.05 10
Co ii 3.8 218 -7.3 3000 1 15
Ni i 3.7 221 -11 2500 0.05 20
Co i 3.6 198 -13 2000 0.05 10
Cu i 4.6 203 -11 3000 5× 10−5 10
Sr i 4.0 203 0.9 2500 0.001 20
V ii 3.7 210 -11 2000 1 20
Ti i? 3.6 234 -5.1 2000 5× 10−5 10
Sr ii 3.6 201 -0.9 5000 5× 10−5 10
Ti ii 3.4 204 -14 7000 0.05 10
Fe ii 3.2 217 -9.2 3000 1 10
Mg i 2.9 198 -7.3 3000 1 15

? blue arm only

Table 4.1: Parameters for detected signals presented in Chapter 4, in order of
overall confidence. Here σ, Kp and vsys are the signal detection significance and
velocity location from the combined red + blue maps (apart from Ti i, for which the
blue arm results are presented). T and Pcloud are the temperature and cloud deck
pressure level parameters of the model for which the strongest signal was retrieved for
the species in question (shown in Fig. 4.8). The SysRem iterations column provides
the number of iterations which resulted in the strongest signal for the species.

4.4 Results

A table of the 20 potential signals and their parameters, sorted by the criteria
fulfilled, is presented in Table 4.1. The detection criteria fulfilled for each species
are elaborated upon on in Table 4.2.

The cross-correlation maps and slices through the maps at the relevant Kp, with
comparison to the injection tests, are found in Figures 4.4, 4.5, 4.6 and 4.7. In
each case, the result shown is that from the model with the temperature and Pcloud

which provides the largest detection significance: these models can be found in Fig-
ures 4.8 and 4.9. Similarly, the presented results are those generated from residuals
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Species
Significance
> 3.5σ

Expected
position

Present in
injection

Minimal noise
in map

Detected in
WASP-121b?

Detected in
other HJ?

Strength of
detection

Fe i X X X X [1, 2, 3, 4, 5, 6] [A, B, C, D] Strong
Ca ii X X X X [6] [E, F, G] Strong
Cr i X X X X [2, 3, 6] [H] Strong
V i X X X X [2, 3, 6] – Strong
Ca i X X X X [3] [I] Strong
H i X X × X [4, 6] [F, G] Tentative
K i X X × X [6] [J, K, L] Tentative
Sc ii X × X X – [H] Tentative
Mn i X X X × – – Weak
Co ii X X X × – – Weak
Ni i X × X × [3] – Weak
Co i X × X × – [H] Weak
Cu i X × × X – – Very weak
Sr i X × X × – – Very weak
V ii X × X × – – Very weak
Ti i ×? X X × – – Very weak
Sr ii X × × × – [H] Very weak
Ti ii × × X × – [D, H] Very weak
Fe ii × × X × [2, 6, 7] [C, D, F, H] Very weak
Mg i × X × × [3, 6] [H, M] Very weak

? significance > 3.5 in blue arm only

Table 4.2: Potential signals and the detection criteria they fulfil from Sec. 4.3.
References for WASP-121b: 1) Gibson et al. (2020), 2) Ben-Yami et al. (2020), 3)
Hoeijmakers et al. (2020b), 4) Cabot et al. (2020), 5) Bourrier et al. (2020a), 6) Borsa
et al. (2020), 7) Sing et al. (2019). References for other hot Jupiters: A) Nugroho
et al. (2020b), B) Ehrenreich et al. (2020), C) Stangret et al. (2020), D) Hoeijmakers
et al. (2018), E) Nugroho et al. (2020a), F) Casasayas-Barris et al. (2019), G) Turner
et al. (2020), H) Hoeijmakers et al. (2019), I) Astudillo-Defru & Rojo (2013), J) Sing
et al. (2011), K) Colón et al. (2012), L) Sedaghati et al. (2016), M) Vidal-Madjar
et al. (2013). Citations for species found in other hot Jupiters are non-exhaustive.

using the number of SysRem iterations that maximised the signal strength. (How-
ever, all signals were retrievable at 10 iterations.) It should be reiterated that the
temperature and Pcloud parameters are largely degenerate with other parameters;
in each case, the "best" model was simply the one which provided the closest match
to the exoplanetary signal out of those tested in terms of line strength above the
continuum. The detection significances presented are those found using the more
simplistic method of dividing the map by the standard deviation outside of the
signal area. Phase-shuffling (as described in Section 4.2.4) was found to vary the
detection significance very slightly but otherwise produced very similar results,
so the significances presented are those from the simpler, less computationally-
intensive method.
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Only the signals found to fulfill four or five of the detection criteria were considered
to be true detections. The strongest and most reliable signals were of Fe i, Cr i,
V i, Ca i and Ca ii, fulfilling five out of five of the detection criteria, and were
classified as strong detections. Relatively interesting signals were also found of
H i, K i and Sc ii, fulfilling four criteria each, and were classified in this work as
weak detections.

Tentative signals were found of Mn i, Co ii, Ni i and Co i: these signals were less
reliable, fulfilling 3 of the detection criteria. Finally, hints were found of Cu i, Sr i,
V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii. These satisfied only 1 – 2 of our detection
criteria. None of these weaker signals were claimed as possible detections, and
were presented in order to provide interesting avenues of exploration for future
work or as some small additional evidence for already-discovered species.

Further discussion of the stronger of these signals in depth is presented in this
section section, with reference to the cross-correlation maps shown in Figs. 4.4,
4.5, and 4.6. The very weakest signals are discussed as a whole in Sec. 4.4.13 and
are shown in Fig. 4.7

4.4.1 Fe i

As expected from previous work, the Fe i signal was detected strongly at 8.8σ,
within range of the expected location (Kp = 200 km s−1, vsys = −7.3 km s−1),
in the combined blue + red map. This independent confirmation of the previous
detection presented in Gibson et al. (2020) using both arms of the data fulfilled all
five of the detection criteria and served as a benchmark test for the analysis, as the
detection was previously well-characterised by Gibson et al. (2020) using the blue
arm of this dataset and confirmed by Cabot et al. (2020), Bourrier et al. (2020a),
Ben-Yami et al. (2020) and Hoeijmakers et al. (2020b) in the HARPS dataset.
Though the Fe i signal was detected at a larger negative vsys offset than the values
reported in the aforementioned works, it should be noted that UVES is less stable
in wavelength than HARPS, and less sensitive, with an average resolution element
of ∼ 3.15 km s−1. In addition, this analysis was performed with an independent
reduction and analysis pipeline.
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Figure 4.4: Results from cross-correlation for Fe i, Ca ii, Cr i, V i, Ca i and H i.
Top: the summed CCFs for the blue and red arms. φ represents the orbital phase.
The dashed white lines indicate ingress and egress. The dashed black line indicates
the expected position of the signal trace. Middle: the velocity map. The black
dashed cross-hairs indicate the expected position of the signal, while the white cross-
hairs centre on the peak of the detected signal. The colourbar represents detection
significance σ. Bottom: a slice of the velocity map at the value of Kp for which the
signal was located. The purple line is from the velocity map presented: the dotted
grey line shows the signal from the injection test of the same model, adjusted to
have the same vsys offset as the detected signal. The results for Ca ii are presented
in further detail in Fig. 4.5.
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Figure 4.5: Results from cross-correlation for Ca ii. Left: cross-correlation velocity
maps for the blue arm (top) and the red arm (bottom), showing lack of signal in
the blue arm. The colourbars represent detection significance σ. Right: as results
presented in Fig. 4.4. The red and blue dotted lines in the bottom-right plot represent
slices through the red and blue maps at the detected Kp. The grey dashed line
represents the injected signal for the same model with the line strength boosted to
∼ 0.25 – 0.3 Rp/R? and adjusted to have the same vsys offset as the detected signal.

4.4.2 Ca ii

A strong (∼ 6.3σ) signal for Ca ii was retrieved at the expected location (Kp =
236 km s−1, vsys = −7.3 km s−1), independently confirming the signal retrieved by
Borsa et al. (2020) using ESPRESSO. As shown in Fig. 4.5, a significant signal was
not detected in the blue arm of the data, which contains the strong Ca ii H and K
lines. Also, a strong signal was not detected in the blue arm for any of the original
Ca ii injection tests. This may be due to the presence of extremely broad H and K
lines in the stellar spectrum. The data have low SNR in the vicinity of these broad
stellar lines, especially after optimal weighting. A similar effect was observed by
Seidel et al. (2020) for sodium in the high-resolution transmission spectrum of the
bloated super-Neptune WASP-166b. The majority of the detected signal came
instead from the strong triplet at the redward end of the red arm data.



Chapter 4. Atomic Species in WASP-121b 92

Though Ca ii was not found in the original injection tests using models limited
by the assumption of hydrostatic equilibrium, it was recovered easily when the
injected models were scaled to account for a higher temperature and escaping at-
mosphere, as described in Sec. 4.2.5. Additionally, stronger signals were recovered
at higher temperatures, with the strongest signal found using a model generated
at 4500 K. It was thus surmised, with reference to Sing et al. (2019) and Borsa
et al. (2020), that Ca ii exists mainly in the hot extended exosphere of WASP-
121b. This is discussed further in Section 4.5. Outside of WASP-121b, Ca ii has
previously been detected in the atmosphere of the UHJ KELT-20b/MASCARA-
2b by Casasayas-Barris et al. (2019) and Nugroho et al. (2020a), where it is also
theorised to be part of an escaping atmosphere.

4.4.3 Cr i

The detection of Cr i in the HARPS transits analysed by Ben-Yami et al. (2020)
and Hoeijmakers et al. (2020b) was confirmed, with this analysis recovering the
signal at 5.0σ within range of the expected location (Kp = 198 km s−1, vsys =
−5.5 km s−1) and fulfilling all five of the detection criteria. As can be seen in
Fig 4.1, the signals were found in slightly different velocity locations in the blue
and red arms. The variation in offsets in vsys is discussed further in Section 4.5.

4.4.4 V i

This work also confirmed the HARPS detection of V i (Ben-Yami et al., 2020;
Hoeijmakers et al., 2020b), recovering the signal at 4.4σ within range of the ex-
pected location (Kp = 226 km s−1, vsys = −5.5 km s−1) and fulfilling all five of
the detection criteria.

4.4.5 Ca i

A Ca i signal of 4.2σ was retrieved close to the expected position, at Kp = 199
km s−1 and vsys = −5.5 km s−1. There was a small amount of structure present in
the cross-correlation map which, upon inspection of the maps from the individual
arms, seemed to result from an imperfect removal of the stellar Ca i signal in
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the red arm. This imperfect removal may be due to the fact that the red arm
data was detrended using SysRem in the rest frame of the Earth, in order to
optimise the removal of the telluric spectrum, which is usually far more dominant
within this wavelength range. Due to this structure in the cross-correlation map,
this detection fulfilled only four of the five detection criteria. However, Ca i was
detected in the HARPS datasets by Hoeijmakers et al. (2020b), lending further
confidence to its detection in the UVES dataset.

4.4.6 H i

A strong but exceptionally diffuse signal for H i was retrieved at 5.7σ, at the
expected location of Kp = 236 km s−1 and vsys = −4.6 km s−1. The diffuse nature
of the signal can be attributed to the broad nature of the Balmer lines in both the
model spectrum and in the signal present within the data. The high temperature at
which the strongest signal was detected (7000 K) would support this hypothesis, as
H i is presumably, like Ca ii, present in the extended atmosphere. This broadening
may also explain why the H i signal was not present in our injection tests, even
when the H-α line was scaled upwards to match the height of the feature found
by Cabot et al. (2020) in WASP-121b using differential transit analysis.

4.4.7 K i

The K i signal was recovered at 4.4σ and found in the expected position, at Kp =
198 km s−1 and vsys = −6.4 km s−1; however, it was only present in injection tests
at higher values of Pcloud than the model we found to produce the strongest signal.
Potassium is thought to be a commonly-detectable component of hot Jupiter at-
mospheres (Fortney et al. 2010, see also detections by e.g. Sing et al. 2011, Colón
et al. 2012, Sedaghati et al. 2016), but it is expected to be largely ionised at the
temperatures probed at the limb of WASP-121b. However, K was also detected in
the analysis of ESPRESSO data of WASP-121b presented by Borsa et al. (2020),
and its detection in the UVES data adds additional confidence to its presence,
no matter how unlikely. It is possible that differential transit analysis focused on
strong K lines could further confirm this detection (see Gibson et al., 2019, for
an example with UVES). This method could additionally explore other species
with few, strong lines in the wavelength region; previous detections made with
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Figure 4.6: As Fig. 4.4, for K i, Sc ii, Mn i, Co ii, Ni i and Co i. Note that the
summed CCFs have been omitted from this figure due to the lack of visible trace.
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this method in WASP-121b include Cabot et al. (2020)’s detection of both the
Na i doublet and an extended H-α feature attributed to atmospheric escape.

4.4.8 Sc ii

A Sc ii signal was recovered at 4.2σ. The signal seemed to be fairly clear and
well-defined within the cross-correlation maps, with a small amount of structure,
and at 212 km s−1 was well-placed in Kp, but the position of the signal in systemic
velocity was extremely unusual: the offset in vsys was positive, at 5.5 km s−1. Sc ii

had so far been discovered only in KELT-9b (Hoeijmakers et al., 2019), suggesting
that if its signal in the UVES data is physical, it is probing a high-temperature
region, perhaps in the exosphere (similarly to Ca ii, Sec. 4.4.2). This could also
partially explain the very different vsys. However, unlike Ca ii, the signal was not
recovered at a higher significance using higher-temperature models. Due to this,
and due to the unusual location of the signal, further investigation is encouraged.

4.4.9 Mn i

A signal was found for Mn i at 4.0σ and at the expected location in Kp = 217
km s−1, vsys = −4.6 km s−1. Though the signal appeared quite clear, there was a
great deal of structure in the map: the signal seemed to have a "trail" pointing
downwards in Kp, and there was an additional peak found at Kp = ∼ 375 km s−1.
Additionally, the model which resulted in the highest detection significance for
Mn i did not result in a detectable signal when injected, although Mn i was found
to be detectable in injection at higher temperatures/lower values for Pcloud (see
Figure 4.10). This result passed three of the diagnostic criteria. It should therefore
be considered not as a detection, but instead as weak evidence for the presence
of Mn i, and a potentially fruitful avenue for further investigation. To date, Mn i

has not been confirmed in an exoplanet atmosphere. However, it was theorised by
Lothringer et al. (2020) to be one of many species contributing to the increased
transit depth at short wavelengths seen in low-resolution transmission spectra of
UHJs, including WASP-121b (Evans et al., 2018).
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4.4.10 Co ii

A faint Co ii signal was detected at 3.8σ, close to the expected location (Kp =
218 km s−1, vsys = −7.3 km s−1). A Co ii signal was also seen faintly in injection.
However, the presence of structure in the map at a similar significance level greatly
reduced confidence in this detection, and Co ii has not yet been detected in an
exoplanet atmosphere. Again, further investigation is warranted.

4.4.11 Ni i

A faint Ni i signal was detected at 3.7σ. Though its position in Kp was within
acceptable parameters (at 221 km s−1), an unusually large negative offset in vsys
was seen at −11 km s−1. Potential causes for this are discussed in Section 4.5.
There was also a great deal of structure in the cross-correlation map. However, Ni i
was detected fairly strongly by Hoeijmakers et al. (2020b), potentially due to the
HARPS spectrograph’s higher resolution at blue wavelengths and their coverage
of the wavelength gap caused by our use of the dichroic in the UVES data. This
weak signal was therefore considered to be additional evidence, albeit weak, for
the presence of Ni i in WASP-121b.

4.4.12 Co i

A faint Co i signal was retrieved at 3.6σ. However, while its location in Kp (199
km s−1) was within the expected range, the signal position was once again at a
much greater negative offset in vsys, at −12.3 km s−1. A similarly large negative
offset was found in other potential signals, such as Ni i, and is discussed further
in Section 4.5. The presence of similarly-sized structure in the map also reduced
confidence in this detection. Evidence of Co i had previously been found in KELT-
9b by Hoeijmakers et al. (2019); Hoeijmakers et al. (2020b) searched for Co i in
WASP-121b, but did not detect a signal. The Co i signal thus fulfilled three out
of five of our diagnostic criteria, and was not classed as a detection but instead as
weak evidence worthy of further investigation.



Chapter 4. Atomic Species in WASP-121b 97

4.4.13 Other signals

Hints of Cu i, Sr i, V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii were also recovered. Further
details of these weak signals can be found in Table 4.1 and Fig. 4.7.

Of these signals, Mg i had been previously detected by Hoeijmakers et al. (2020b)
and Borsa et al. (2020) in WASP-121b. Here, the signal was recovered very weakly,
at 2.9σ, and it was surmised that Mg i was not detected as strongly due to the
wavelength coverage gap in the UVES data between the red and blue arms. This
gap, which was covered by the HARPS transits explored by Hoeijmakers et al.
(2020b) and the ESPRESSO transits in Borsa et al. (2020), contains a strong Mg i

triplet at ∼ 5200 Å. The lack of coverage of this triplet in the UVES data was
likely responsible for the comparatively much weaker detection. Though other
strong Mg i lines exist at the very blueward end of the blue arm of the UVES
data, this region of the spectra is low in SNR and was thus downweighted heavily
in the analysis.

A faint 3.2σ signal for Fe ii was found, but at a large negative vsys offset. Sing
et al. (2019) found strong evidence of escaping Fe ii in their NUV observations of
WASP-121b, and an Fe ii signal was recovered by both Ben-Yami et al. (2020) and
by Borsa et al. (2020). However, previous work on the blue arm of the dataset pre-
sented here by Gibson et al. (2020) did not retrieve a Fe ii signal, and Hoeijmakers
et al. (2020b) could not repeat Ben-Yami et al. (2020)’s detection in the HARPS
spectra. It is possible that variations in methodology are responsible for the elusive
nature of this signal, or perhaps even some intrinsic variation in the signal itself
caused by atmospheric dynamics. Alternatively, it is also possible that the puta-
tive Fe ii signal found in cross-correlation here and by Ben-Yami et al. (2020) and
Borsa et al. (2020) was simply an unfortunately-located noise peak. It was sug-
gested by Gibson et al. (2020) that the Fe ii lines may be significantly broadened
due to the larger velocity range within the escaping exosphere, leading to their
removal during pre-processing and a resulting non-detection at high-resolution.
Fe ii was readily-detected in the injection tests presented in this analysis at ∼
12σ, when the injected model is scaled so the features match those found in Sing
et al. (2019) (see Section 4.2.5), suggesting that the low number of spectral lines
in the model was not necessarily responsible for previous non-detections. A simple
test in which the injected spectral lines were broadened with a Gaussian kernel
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did, however, reduce the strength of the recovered injected signal by as much as
∼ 5σ.

The signal recovered for Cu i is surprisingly high in significance (4.6σ), and pre-
sented a cross-correlation map largely free of similarly-scaled structure. While
the vsys offset, at −11 km s−1, was anomalous, it was no more so than several
other signals retrieved by this methodology. However, examination of the model
(found in Figure 4.8) showed that there are few lines present in the model over the
wavelength range of the UVES data. The potential signal appeared to originate
from just four lines in the red arm, none of which were particularly strong. Ad-
ditionally, this species was not well-retrieved in the injection tests, especially not
at the temperature and cloud-deck level used to recover the original signal. It is
possible that these four lines were "aliasing" lines found in other extant species,
producing a false positive. If this signal was spurious, then it justifies the use of a
more elaborate set of detection criteria than simply the detection significance in
σ to judge the reliability of detections.

Both Sr i and Sr ii showed faint signals, at 4.0 and 3.6σ respectively. Sr ii was
previously tenuously detected by Hoeijmakers et al. (2019) in KELT-9b; similarly
to their work, a lot of positive structure was found in the cross-correlation maps,
casting doubt upon the veracity of the signals.

A potential V ii signal was also recovered at 3.7σ, which if physical would indicate
that enough of the V i is being ionised to be detectable in transmission. However,
it was once again found at the larger negative vsys offset (−11 km s−1) and fulfils
only two of the detection criteria.

Finally, some small hints of both Ti i and Ti ii were detected. Ti i was seen only
in the blue arm of the data at 3.6σ, close to the expected position. Its lack of
presence in the red+blue combined map was attributed to destructive addition
with a negative noise peak seen in the red map. Ti ii was seen in the combined red
+ blue map at 3.4σ. Both maps contained similarly-scaled structure, especially
Ti ii, which showed several peaks in the vicinity. Ti i was searched for – but not
found – in the HARPS dataset by both Ben-Yami et al. (2020) and Hoeijmakers
et al. (2020b). Borsa et al. (2020) searched for both Ti i and Ti ii and found
neither. The implications of this are discussed further in Section 4.5.
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Figure 4.7: As Fig. 4.6, for Cu i, Sr i, V ii, Ti i, Sr ii, Ti ii, Fe ii, and V ii. Note
that for Ti i, the velocity map presented is from the blue arm only, as the signal did
not appear in the combined blue + red velocity map.
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Figure 4.8: The first ten model transmission spectra used to recover the 20 signals
presented in this work. The left column shows the wavelength range of the blue
arm of our data: the right column shows the range of the red arm. Parameters of
these models can be found in Table 4.1. All ion models are shown before the scaling
described in Sec. 4.2.5.
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Figure 4.9: As Figure 4.8, for the rest of the model transmission spectra.
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4.4.14 Injection tests and non-detections

Of the 43 species searched for in WASP-121b, no sign was detected of the remain-
ing 23. Notably, the injection tests showed that several undetected species were
nevertheless theoretically detectable using this methodology for given values of T
and Pcloud: Y i, Y ii, Rb i, Sc i and Cr ii. Additionally, though the specific models
used to retrieve the K i, Cu i and Mn i signals did not present a signal in injec-
tion tests, these species were nonetheless detectable at higher values of T or lower
values of Pcloud. The results from these injection tests are presented in Fig. 4.10.
While Borsa et al. (2020) recovered a signal for Li i in their analysis of ESPRESSO
spectra, the injection tests presented here could not recover an injected signal for
any of the Li i models, suggesting that the non-detection in this analysis is simply
due to a lack of sensitivity, perhaps due to the lower resolution and stability of
the UVES spectra compared to ESPRESSO.

Unlike in Chapter 3 and Merritt et al. (2020), detection limits were not set upon
these species based upon the results of the injection tests. This analysis chose to
vary the position of the grey cloud deck Pcloud rather than VMR. As discussed in
Merritt et al. (2020), even had VMR been varied instead, any detection limits set
on abundances would be extremely contingent on the correct positioning of the
cloud deck due to the unbreakable degeneracies present when using the simplified
atmospheric models.

4.5 Discussion

The methodology presented in this chapter retrieved signs of 20 different atomic
species in the atmosphere of WASP-121b using a single UVES transit, standard
cross-correlation methodology and model transmission spectra generated using a
simple analytical approximation. Though it must be emphasised that only eight
of these signals were strong enough to be classified as potential detections, this
success nevertheless demonstrated the effectiveness of high-resolution broad species
searches in UHJs. The analysis also provided an independent confirmation of many
of the species detected in the HARPS dataset explored by Ben-Yami et al. (2020)
and Hoeijmakers et al. (2020b) and the ESPRESSO dataset explored in Borsa
et al. (2020).
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The presence alone of various species provides information on atmospheric con-
ditions at the limb of WASP-121b. The existence of transition metals such as
Fe, V and Cr in UHJ atmospheres was predicted by theoretical work using stellar
models by Lothringer et al. (2018b), Lothringer & Barman (2019) and Lothringer
et al. (2020), who posited that the strong optical opacity of these species would be
sufficient to drive the thermal inversion observed in emission (Evans et al., 2017;
Mikal-Evans et al., 2019). It has also been posited (e.g., by Lothringer et al., 2020)
that a forest of transition metal lines could be responsible for the strong opacity
seen at wavelengths < 3000 Å in transmission spectra of WASP-121b (Evans et al.,
2018), WASP-76b (Fu et al., 2020), and WASP-12b (Fossati et al., 2010; Haswell
et al., 2012; Sing et al., 2013). Due to the dense region of overlapping lines they
create, these species are extremely difficult to isolate at low-resolution, highlighting
the importance of high-resolution observations for confirming the presence of such
species. Additionally, the presence of any atomic species indicates that it is not
substantially condensed out at the limb of WASP-121b, indicating that substantial
regions of the limb of WASP-121b probed by this analysis are > 2000K: below this
temperature, it is expected that atomic species will have largely condensed out of
the atmosphere (Hoeijmakers et al., 2020b).

This chapter’s strong detection of Ca ii, tentative detection of H i, and weaker
signals for ions such as Sc ii, Co ii, Sc ii, Sr ii, Ti ii and V ii, indicated that the
analysis was probing much higher temperatures than might be expected from pre-
vious studies of the limb of WASP-121b (e.g. Evans et al., 2018; Gibson et al.,
2020). Signs of Sc ii and Sr ii had previously only been detected in the extremely
hot Jupiter KELT 9b (> 4000 K, Hoeijmakers et al. 2018, 2019). It was therefore
inferred that these detections arose from the existence of a hot escaping atmo-
sphere, as detected by Sing et al. (2019) and Borsa et al. (2020). This hypothesis
was strengthened by the diffuse nature of the recovered Ca ii and H i signals, sug-
gesting the presence of broadened spectral lines in the transmission spectrum, and
by the fact that despite the strength of the detection, Ca ii was only detected in
injection tests when the size of the spectral features in the models was "boosted"
to ∼ 0.25 – 0.3 Rp/R?, similar to those found by Sing et al. (2019) for Fe ii and
Mg ii.

The analysis also discovered hints of Ti i and Ti ii, neither of which were found
in the HARPS dataset by Ben-Yami et al. (2020) and Hoeijmakers et al. (2020b).
Though again it should be emphasised that only the slightest trace of a signal
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was found for both species, their potential presence is intriguing. As mentioned,
WASP-121b is known to host a temperature inversion due to the detection of
water features in emission (Evans et al., 2017; Mikal-Evans et al., 2019, 2020),
but no work to date has found convincing evidence of TiO, one of the molecules
thought to be responsible for driving temperature inversions in the hottest of hot
Jupiters (Hubeny et al., 2003; Fortney et al., 2008). Indeed, the explicit search
for TiO in the red arm of this data presented in Chapter 3 found nothing. It
has been suggested that perhaps absorption by atomic metals, most notably Fe i,
may be responsible for the atmospheric heating driving the temperature inversion
(Lothringer et al., 2018b; Gibson et al., 2020), and that the lack of Ti and TiO in
the atmosphere is due to a "cold-trap" mechanism: the lower condensation tem-
perature of TiO is causing it to condense out and become trapped in condensate
form in cooler areas of the atmosphere (Lodders, 2002; Hubeny et al., 2003; Spiegel
et al., 2009; Parmentier et al., 2013, 2016; Beatty et al., 2017). In this scenario,
Hoeijmakers et al. (2020b) posit that Ti would also be depleted, as chemical equi-
librium would respond to the depletion of TiO by driving more and more atomic
Ti into its oxide phase, causing further condensation until all Ti-bearing species
are condensed out of their gas phase. A detection of Ti i and Ti ii would seem
to contradict this explanation, and render the lack of TiO even more mysterious.
However, again it should be emphasised that the recovered signals presented here
were weak. Further exploration is required, perhaps with larger data sets consist-
ing of more transits and/or at higher resolution, in order to confirm or rule out
the presence of neutral or ionised atomic titanium.

A large amount of variance was seen in the position of the signals, in both vsys

and Kp. The variation in Kp was to some extent expected. In addition to the
approximate ±15 km s−1 uncertainty on the "true" value of Kp (calculated from
parameters presented in Delrez et al. 2016), only a small portion of the planetary
orbit is sampled during a transit, resulting in a large spread in Kp (Brogi et al.,
2018). Similar variation is seen in Hoeijmakers et al. (2020b) and Ben-Yami et al.
(2020), with Ben-Yami et al. (2020) seeing variance of ∼ 50 km s−1 in Kp.

The potential sources of variation in vsys are more complex. The slightly-differing
signal location between red and blue arms seen in Figure 4.1 was a fairly common
feature of the detected signals presented in this chapter. If physical, it may signify
that the analysis was probing different atmospheric regimes with the two different
wavelength ranges. However, given the known instability of UVES in wavelength
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when compared with more stable instruments like HARPS, and the different meth-
ods used to correct the wavelength solution for the blue and red arms outlined in
Section 4.2.1, this inter-arm variation in vsys is more likely to be due to differences
in alignment and wavelength solution accuracy between the blue and red arms.

Large shifts in vsys were also seen in the combined red+blue maps for a large num-
ber of the signals recovered. As previously mentioned, Fe i has been consistently
recovered with a blue-shifted vsys offset of −3 to −5 km s−1 (Gibson et al., 2020;
Cabot et al., 2020; Bourrier et al., 2020a; Ben-Yami et al., 2020; Hoeijmakers
et al., 2020b; Borsa et al., 2020), which has been attributed to the presence of
atmospheric dynamics: namely, strong day-to-nightside winds, predicted to be on
the order of ≈ 5 km s−1 (e.g. Kataria et al., 2016). The Fe i signal was found here
at −7.3 km s−1, broadly in agreement with previous measurements, especially con-
sidering that UVES is less stable in wavelength than HARPS, and less sensitive,
with an average resolution element of ∼ 3.15 km s−1. However, many of the more
tentative signals shown in Figure 4.6 and Figure 4.7 were found at more variant
vsys offsets. For example, Co i, Ni i, Co ii and several of the weakest signals were
found at larger negative vsys offsets, on the order of ≈ −10 km s−1. If physical,
it could perhaps be possible that these species are predominantly found in areas
of the atmosphere for which the wind speed is even higher, leading to a larger
blue-shift in the signal. However, winds this strong in the atmosphere are not
predicted by current GCMs of UHJs (Kataria et al., 2016). Instead, it is possible
that a variant blue-shift may be caused by material escaping the planet, pushed
away from the planet and the star by stellar pressure. Hydrogen has been observed
to reach velocities of up to 100 km s−1 in the escaping tail of HD209458b (Vidal-
Madjar et al., 2003; Ben-Jaffel, 2007). Speeds in the upper atmosphere could vary
between species as a result of either differing atomic weight or ionisation state
(due to interaction with magnetic fields).

Additionally, some species such as Sc ii and Mg i showed a red-shift in vsys. As
the observations probed the entire annulus of WASP-121b during transit, any
signals retrieved are the result of an average over the limb. If, for example, clouds
were blocking the side of the limb rotating towards the Earth, this could result
in an overall redshift being detected, though it should be noted that it would
seem very odd for this to happen to only some of the many species for which
evidence was found. Significant cloud mass is also not expected in UHJs due
to the high temperatures preventing condensates from forming, and this would
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be especially true for the hotter, blue-shifted evening terminator. Nevertheless,
GCMs by Flowers et al. (2019) for the cooler hot Jupiter HD 189733b showed that
a combination of winds, rotation and clouds can lead to velocity shifts of ± 10
km s−1 in different regions of the limb, so this explanation lies within the bounds
of theoretical possibility. Also, Ehrenreich et al. (2020) resolved their detection of
Fe i in the atmosphere of the UHJ WASP-76b to have a blueshift of −11 km s−1

on the ‘evening’ terminator and detected no signal from the nightside close to the
morning terminator, which they attributed to the condensation of iron across the
cooler nightside. A chemical gradient across the surface of the nightside of hot
Jupiters is predicted by theory (e.g. Komacek & Showman, 2016; Bell & Cowan,
2018) and could potentially explain both the large blue- and red-shifts seen in the
signals found in the UVES data, depending on the exact chemistry involved. It is
possible that using spectral models based on 3D atmospheric circulation models
could result in stronger detections, as was found for emission in infrared by Beltz
et al. (2020), and help uncover the cause of these offsets.

However, it is more likely that the source of this variance in vsys is simply due to the
inherent wavelength instability of UVES. During the alignment process outlined in
Sec. 4.2.1, order-to-order variation is seen in the wavelength solution for the blue
arm of ∼ 3 km s−1. While an attempt was made to correct this with alignment to
a stellar spectrum, it is possible that some variation remains, and no attempt was
made to refine the dispersion in each order. Also, the red arm was not corrected
for order-to-order variation due to both its smaller amplitude and the difficulty
of aligning telluric-free orders to the telluric spectrum used for alignment. If, for
example, some orders are more divergent from the correct wavelength solution
than others, then species with the majority of their lines in these orders would
naturally present signals with variant vsys offsets. This more prosaic explanation
is supported by the fact that the the strongest signals recovered here were all
detected at a vsys offset broadly consistent with previous works.

4.6 Conclusion

This chapter presented the results of a broad search for atomic species in the at-
mosphere of the ultra-hot Jupiter WASP-121b using high-resolution spectroscopy.
Using standard cross-correlation methodology on a single transit observation taken
with UVES, potential signals were recovered for 20 neutral and ionised atomic
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species. Using five detection criteria, these 20 species were categorised as strong
detections of Fe i, Ca ii, Cr i, V i and Ca i; tentative detections of H i, K i and Sc ii;
weak evidence for Mn i, Co ii, Ni i and Co i; and very weak hints of Cu i, Sr i, V ii,
Ti i, Sr ii, Fe ii, Mg i, and Ti ii. This work therefore presented independent confir-
mation/evidence for previous detections of Cr i, V i, Mg i, Ca i, Ni i, and Fe ii made
by Ben-Yami et al. (2020) and Hoeijmakers et al. (2020b) using HARPS, and for
the detections of Ca ii and K i by Borsa et al. (2020). Additional detections of H i

and Sc ii were made at 5.7 and 4.2σ respectively. It was also shown via injection
tests that our methodology is sensitive to Y i, Y ii, Rb i, Sc i and Cr ii, species
for which significant evidence was not found, though no detection limits were set
upon these species due the degeneracies present. The detection of such a wide
range of atomic species allows the first constraints to be set on the temperature
and refractory properties of WASP-121b, and provides a useful starting-point for
more in-depth characterisation of the exoplanet atmosphere.

The success of this search, in both confirming previous detections and in recover-
ing a large number of potential signals, echoes that of previous successful broad
species searches made in high-resolution for UHJs such as KELT-9b (Hoeijmakers
et al., 2018, 2019) and KELT-20b/MASCARA-2b (Casasayas-Barris et al., 2019;
Nugroho et al., 2020a). The recovery of a variety of signals in a single transit is
highly encouraging, and implies that the potential of high-resolution spectroscopy
for detecting atomic species in UHJs is as yet mostly untapped. However, although
a large number of potential signals were presented in this chapter, many of them
are extremely weak or tentative. Future work using a greater number of transits,
or with instruments with higher resolution and stability such as VLT/ESPRESSO,
should be encouraged to investigate the potential presence of many of the species
presented herein, as well as to further investigate the velocity offsets of each de-
tected species (e.g. Ehrenreich et al., 2020). Additionally, no solid constraints were
placed on the abundances of our detected species, or on the atmospheric structure
of WASP-121b. The removal of the continuum inherent to this methodology pre-
vents the measurement of any pressure-sensitive features which would allow the de-
generacies between abundances, temperature, scattering properties and reference
radius/pressure to be broken, and the cross-correlation method is not sensitive to
changes in amplitude caused by differing scale heights. New and more complex
approaches to high-resolution spectroscopic analysis have emerged in recent years,
including the combination of low- and high-resolution spectroscopy (Brogi et al.,
2017; Pino et al., 2018), principled statistical frameworks and likelihood mapping
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(Brogi & Line, 2019; Gibson et al., 2020; Nugroho et al., 2020b; Hood et al.,
2020), machine learning (Fisher et al., 2020) and Doppler tomography (Watson
et al. 2019, Matthews et al. in prep). These sophisticated methods enable more
stringent constraints to be placed on atmospheric parameters, and broad species
searches such as the one undertaken here present a starting-point for future work
using these sophisticated and more computationally-intensive methods to further
categorise the atmosphere of WASP-121b.



Chapter 5

Conclusions and Future Work

The only thing that makes life possible is permanent, intolerable

uncertainty: not knowing what comes next.
—Ursula K. Le Guin, The Left Hand of Darkness

5.1 Summary of Results

This thesis presents the results of an in-depth investigation into the constituents
of the atmosphere of the transiting ultra-hot Jupiter WASP-121b, using high-
resolution Doppler spectroscopy at optical wavelengths. When this work began in
2016, very little work on hot Jupiters had been performed at optical wavelengths
and high-resolution, as no significant spectral features were believed to be present
(aside from Na, K and Rayleigh scattering). However, theory suggested that
the optically-absorbing molecules TiO and VO were the main drivers of thermal
inversions in the atmospheres of the hottest of hot Jupiters (e.g. Fortney et al.,
2008), and that these may be observable in the optical transmission spectrum.
The tentative detection at low resolution of either TiO or VO in the transmission
spectrum of the UHJ WASP-121b by Evans et al. (2016) lent credence to this
theory, and was the initial justification for the work presented here. To this end,
two transits of WASP-121b were obtained from the UVES echelle spectrograph
mounted on the VLT on 25th December 2016 and 4th January 2017, though this
latter observation would later be discarded due to a loss of guiding during transit.

110
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Chapter 3 thus presents a search for TiO and VO in the red arm of the first
UVES transit using the Doppler spectroscopy technique. Doppler spectroscopy is
uniquely suited to confirm the presence of atomic or molecular species discovered
at low-resolution, as it is relatively unaffected by the instrumental systematics that
can plague low-resolution observations. The undertaking of this work, however,
first required the writing of a custom pipeline in Python to extract the data, as the
use of the image slicer in the observations was poorly handled by ESO’s provided
pipeline. Once this had been completed, an entirely new codebase was built from
the ground up (also in Python) to perform the Doppler spectroscopy and cross-
correlation methodology as outlined in Chapter 2, necessitating a good deal of
tweaking and experimentation.

While this work was being undertaken, the thermal inversion posited to exist in the
atmosphere of WASP-121b was confirmed by low-resolution emission spectroscopy
by Evans et al. (2017), which found water features in emission and a further
emission feature tentatively ascribed to VO (though later work in Mikal-Evans
et al. (2019, 2020) would eliminate this feature as a systematic, while confirming
the presence of water in emission). Additionally, another transmission spectrum
study at low-resolution by Evans et al. (2018) found evidence for VO without
TiO, as well as a slope in the blue optical too steep to be physically attributed to
Rayleigh scattering alone. The source of this slope was posited to be an unknown
optical absorber: the authors suggested SH. Finally, work by Nugroho et al. (2017)
provided proof of concept, with a detection of TiO using Doppler spectroscopy in
the emission spectrum of WASP-33b (though later work by Herman et al. (2020)
failed to replicate this).

Despite the confirmation of the thermal inversion in WASP-121b, and the evi-
dence for the presence of at least VO at low resolution, the search for TiO and
VO presented in this thesis found evidence for neither. Injection tests ruled out
the presence of either molecule at solar abundance, though these detection limits
are degenerate with the choice of cloud deck pressure and the scattering proper-
ties. However, an encounter with ExoMol project manager Sergey Yurchenko at
the UK Exoplanet Meeting in 2019 revealed that while the TiO linelist by McK-
emmish et al. (2019) used for this work was thought to be accurate enough for
high-resolution cross-correlation work, their VO line list was not. The effects of an
inaccurate line list were tested again via injection tests: as many line lists for TiO
existed, models were created for TiO using one line list and the signal retrieval



Chapter 5. Conclusions and Future Work 112

attempted using models generated from another, different line list. In many cases,
this resulted in a hugely weakened signal, proving that line-list accuracy is of enor-
mous importance to Doppler spectroscopy methodology. A more definite answer
on the presence of VO in WASP-121b will, therefore, have to wait for ExoMol’s
new, improved VO line list.

However, if neither TiO or VO drive the observed thermal inversion in WASP-121b,
another culprit had to be responsible. As mentioned, Evans et al. (2018) had found
an unexpectedly steep slope in their low-resolution transmission spectrum towards
the blue optical, and suggested that this absorption may be sufficient to drive the
thermal inversion. This supposition was backed by recent theory. Lothringer et al.
(2018b), in their adaptation of PHOENIX stellar models for ultra-hot Jupiters,
had found that thermal inversions in UHJs could be driven by atomic metals such
as Fe and Mg and/or metal hydrides, without the need to invoke TiO or VO. At
roughly the same time, Hoeijmakers et al. (2018) discovered Fe i, Fe ii and Ti ii
in the atmosphere of KELT-9b using Doppler spectroscopy, and added a host of
discoveries of other atomic species in their later work (Hoeijmakers et al., 2019).
Once the work outlined in Chapter 3 of this thesis and published as Merritt et al.
(2020) was completed, the natural progression was to investigate both the source
of the strong absorption in the blue optical found by Evans et al. (2018) and to
search for other atomic species.

A search for, and discovery of, Fe i in the blue arm of the UVES transit using
Doppler spectroscopy in combination with a likelihood mapping technique was
subsequently published by Gibson et al. (2020). Chapter 4 of this work outlines a
much broader and more general search for 43 neutral and ionised atomic species in
WASP-121b. This broader search was made computationally possible by the use
of an analytical expression to produce approximate transmission spectra, adapted
by Gibson et al. (2020) from work by Heng & Kitzmann (2017). The codebase
built for Chapter 3 was adapted and extended to be fully automated for both
standard Doppler spectroscopy and injection tests, and to use and combine both
the blue and red arms of the UVES data for greater SNR. This search resulted in
potential signals for 20 atomic species. This was rather more than was expected:
thus, a set of five detection criteria was created to sort and rank these signals.
Five of the signals were classified as strong detections (Fe i, Ca ii, Cr i, V i and
Ca i), three as tentative detections (H i, K i and Sc ii) and the remaining 12 sig-
nals as weak potential evidence worthy of further investigation (Mn i, Co ii, Ni i,
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Co i, Cu i, Sr i, V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii). Intriguingly, the Ca ii and
H i signals were very broad and diffuse, suggesting an exospheric origin: a theory
supported by the discovery of an escaping atmosphere for WASP-121b by Sing
et al. (2019). While this work was being undertaken and readied for publication,
Cabot et al. (2020), Ben-Yami et al. (2020), Hoeijmakers et al. (2020b) and Borsa
et al. (2020) also published results of very similar species searches in WASP-121b.
As a result, only the tentative detection of Sc ii remains novel. (A handful of the
weaker signals are also novel, but these are not claimed as detections due to their
unreliable nature.) However, the papers mentioned used data from either HARPS
or VLT/ESPRESSO: the work of Chapter 4 thus provides important independent
confirmations of these species using a different instrument and different method-
ology, and proves that broad species searches can be successfully performed in the
optical on a single transit using relatively fast and simple techniques.

The work contained in Chapter 3 was published in Astronomy & Astrophysics
as Merritt et al. (2020); a version of that paper can be found in the appendix
of this thesis. The work contained in Chapter 4 has been submitted to Monthly
Notices of the Royal Astronomical Society, and is currently undergoing revision
after minor comments by the referee. These comments were taken into account
in the preparation of this thesis. The submitted version of this paper can also be
found in the appendix.

5.2 Prospects for Future Work

It is clear from the recent explosion of papers exploring UHJs at optical wave-
lengths and at high resolution that this is a field of sudden and tremendous growth
and interest to the exoplanet community, and the work presented in this thesis
has added to the growing body of results proving the tremendous utility of opti-
cal high-resolution studies of UHJ atmospheres. Focus has moved away from the
detection of TiO and VO, with the work presented Chapter 3 adding to a grow-
ing body of non-detections of these elusive molecules, and onto the many atomic
species theorised to exist in UHJs by Lothringer et al. (2018b). However, the Ex-

oMol team are currently working to improve their VO line-list, bringing it to the
accuracy necessary for cross-correlation work. Until this is complete, it is perhaps
premature to rule out the presence of VO in WASP-121b, and future work should
certainly use this more accurate line-list to perform the search once more.
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As Chapter 4 shows, a broad species search using just a single transit from
VLT/UVES, analytically-generated transmission spectra, and basic cross-correlation
techniques can result in the detection of a plethora of atomic species, and show
hints of many more worthy of future, more dedicated exploration. WASP-121b re-
mains a deeply intriguing target for such observations, despite (or perhaps, because
of) the vast amount of scrutiny it has undergone both within the work contained
in this thesis and others (e.g. Gibson et al., 2020; Hoeijmakers et al., 2020b; Cabot
et al., 2020; Bourrier et al., 2020a; Ben-Yami et al., 2020). It is, however, by no
means the only promising target, with work on other such UHJs as WASP-33b,
WASP-76b and MASCARA-2b/KELT-20b also providing intriguing results (e.g.
Yan et al., 2019). Future work could focus on observations of any of these or other
UHJs, perhaps with the newer spectrograph ESPRESSO on the VLT: Borsa et al.
(2020)’s atomic species search in WASP-121b using ESPRESSO proves the utility
of this instrument for such work.

While work in this thesis has largely focused on transits, the emission spectra of
UHJs can also be explored at high resolution at optical wavelengths (e.g. Nugroho
et al., 2017; Yan et al., 2020; Pino et al., 2020). Emission spectra probe differ-
ent altitudes and temperature regimes to transmission spectra, observing the hot
dayside rather than the transition region at the limb. Observations of both the
transmission and emission spectra allow us to begin to build a clearer picture of
an exoplanet as a 3D object: even simple detections of atomic species, with no
further information, allow us to begin to place constraints on the temperature and
dynamics. Observations at high resolution of the phase curve of WASP-121b, for
example, might allow us to determine whether dissociated Ti and V exist in the
dayside atmosphere, thus explaining the non-detections of TiO and VO as due
to thermal or UV dissociation into constituent atomic species, rather than the
cold-trapping/gravitational settling proposed by, e.g., Spiegel et al. (2009).

While novel observations are always tempting, a great deal of archival data from
high-resolution spectrographs such as UVES, CARMENES and HARPS waits to
be investigated further, such as Kesseli et al. (2020)’s search for FeH in a number of
hot Jupiters from the CARMENES archive. Once a versatile, easily-generalisable
code base is built to automate the search for atomic and molecular species, such
as the one described in Chapter 4, it is a fairly simple matter to perform the
search on any number of datasets, and further work could focus on searches for
species in archival data. The speed and relative ease of running such searches
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would negate the need to focus only on the most likely candidates for atomic or
molecular species in the optical and allow a broad search to be performed across
many planets, including cooler hot Jupiters or smaller planets, which could result
in unexpected and novel detections.

However, as has been noted many times in this thesis, a simple search for atomic
or molecular features at high-resolution can only provide so much information:
it is generally very hard to extract atmospheric properties such as temperature
or abundances due to the degeneracies caused by the removal of the continuum
inherent in the methodology, and the statistics of the resulting cross-correlation
maps are poorly understood. Pioneering work by Brogi & Line (2019) demon-
strated a likelihood mapping technique designed to extract further information
from the Doppler spectroscopy method and place the results on a more principled
framework. The effectiveness of this technique was demonstrated on WASP-121b
by Gibson et al. (2020) and on WASP-33b by Nugroho et al. (2020b). Due to the
computational time required, likelihood mapping was not attempted for the broad
species search presented in Chapter 4. However, this broad species search would
provide an excellent stepping-off point for further investigation into the detected
signals, perhaps using the likelihood mapping technique, which may allow some of
the more tentative signals to be definitively discarded (or perhaps even confirmed).
Additionally, more traditional differential transit analysis (similar to Gibson et al.
2019, Cabot et al. 2020 or Turner et al. 2020) could provide exploration of the line
shape itself for species with very strong lines such as H-α and K, perhaps detecting
the broadening characteristic of atmospheric escape directly.

Whichever path is taken for future work, it is clear that even the single UVES
transit explored in this work may have much more to tell us about WASP-121b
and about ultra hot Jupiters. A wealth of information is out there, whether in new
observations or archival data, waiting to be discovered. As instrumentation and
techniques improve, and larger and larger telescopes come online, the number of
exoplanets we can characterise at high-resolution will expand. We will no longer be
limited to hot Jupiters and the occasional warm Neptune or super-Earth; instead,
we will begin to explore the constituents of smaller, further-out planets, delving
into cooler atmospheres and exploring a larger gallery of strange and alien worlds.
Far future work will, in fact, edge closer and closer to the perhaps misleadingly-
named "habitable zone". The imminent launch of JWST in – hopefully! – October
2021 will open up the characterisation of exoplanets to smaller and cooler objects,
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though only the most optimistic of predictions suggest it may characterise the
atmospheres of the terrestrial, potentially-habitable worlds of such great interest
to the public (Lustig-Yaeger et al., 2019).

However, it was predicted by Snellen et al. (2013) that a dozen transits from one of
the upcoming super-large ground-based telescopes such as the E-ELT (predicted
start of operations 2025) might be sufficient to detect the signature of atmospheric
oxygen from a nearby Earth twin orbiting an M dwarf: a potential biomarker. It
may be, then, that the first potential detection of extraterrestrial life will be made
in the next decade, and made using ground-based high-resolution spectroscopy. If
this is indeed the case, that detection will be based on the groundwork laid out
here and now, in our explorations of the small handful of strange and fascinating
planets we can observe in the current day.
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ABSTRACT

Thermal inversions have long been predicted to exist in the atmospheres of ultra-hot Jupiters. However, the detection of two species
thought to be responsible – titanium oxide and vanadium oxide – remains elusive. We present a search for TiO and VO in the atmo-
sphere of the ultra-hot Jupiter WASP-121b (Teq & 2400 K), an exoplanet with evidence of VO in its atmosphere at low resolution
which also exhibits water emission features in its dayside spectrum characteristic of a temperature inversion. We observed its trans-
mission spectrum with the UV-Visual Echelle Spectrograph (UVES) at the Very Large Telescope (VLT) and used the cross-correlation
method – a powerful tool for the unambiguous identification of the presence of atomic and molecular species – in an effort to detect
whether TiO or VO were responsible for the observed temperature inversion. No evidence for the presence of TiO or VO was found
at the terminator of WASP-121b. By injecting signals into our data at varying abundance levels, we set rough detection limits of
[VO] . −7.9 and [TiO] . −9.3. However, these detection limits are largely degenerate with scattering properties and the position of
the cloud deck. Our results may suggest that neither TiO or VO are the main drivers of the thermal inversion in WASP-121b; however,
until a more accurate line list is developed for VO, we cannot conclusively rule out its presence. Future works will consist of a search
for other strong optically-absorbing species that may be responsible for the excess absorption in the red-optical.

Key words. planets and satellites: atmospheres – planets and satellites: individual: WASP-121b – methods: observational – tech-
niques: spectroscopic

1. Introduction

An open question in the field of exoplanet atmospheres is that of
the existence and origin of thermal inversions in hot Jupiters. It
was postulated by Hubeny et al. (2003) and Fortney et al. (2008)
that the hottest of hot Jupiters (Teq > 2000 K) would host ti-
tanium oxide and vanadium oxide in their gaseous form, which
would strongly absorb ultra-violet and visible light and would
heat the upper atmosphere, leading to a rise in temperature with
altitude: hence, a thermal inversion. However, evidence for the
existence of thermal inversions has proven unexpectedly difficult
to discover. Direct detections of TiO or VO have been equally
elusive.

The first evidence of an inversion layer was reported by
Knutson et al. (2008) in the atmosphere of HD 209458b, us-
ing secondary eclipse observations from the Spitzer Space Tele-
scope. However, the later work by Hansen et al. (2014) shows
that several previous single-transit measurements made using
Spitzer had much higher uncertainties than previously thought
and work by Zellem et al. (2014), Diamond-Lowe et al. (2014),
Schwarz et al. (2015), Evans et al. (2015), and Line et al. (2016)
shows results consistent with no temperature inversion layer.
Further studies find a surprising number of flat, blackbody-like

emission spectra for a number of ultra-hot Jupiters (Swain et al.
2013; Cartier et al. 2017; Kreidberg et al. 2018; Arcangeli et al.
2018; Mansfield et al. 2018) showing none of the emission or
absorption features that would indicate the presence of the ex-
pected temperature inversion. Sedaghati et al. (2017) report a
detection of TiO in the ground-based transmission spectrum of
WASP-19b using FORS2 (FOcal Reducer/low dispersion Spec-
trograph 2) on the Very Large Telescope, contradicting an earlier
result from the Space Telescope Imaging Spectrograph on the
Hubble Space Telescope that found no evidence of TiO (Huit-
son et al. 2013). However, a subsequent attempt to reproduce the
detection using IMACS (Inamori Magellan Areal Camera and
Spectrograph) on Magellan has proven unsuccessful (Espinoza
et al. 2019). Haynes et al. (2015) observe the dayside of WASP-
33b (Teq ∼ 2700K) at low resolution with Wide Field Camera 3
on HST and find a thermal emission feature at ∼ 1 micron, con-
sistent with the presence of TiO. This claim has been strength-
ened by a detection of TiO in the dayside spectrum of WASP-
33b using high-resolution spectroscopy and the cross-correlation
technique by Nugroho et al. (2017) with observations taken
by the High-Dispersion Spectrograph on the Subaru telescope,
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which remains the strongest claim for TiO in the presence of an
exoplanet atmosphere.

Most searches for temperature inversions and the species be-
lieved to cause them have been performed using low-resolution
spectroscopy in transmission and emission, which are power-
ful techniques often used to characterise exoplanet atmospheres
(Seager & Sasselov 2000; Brown 2001). Transmission spec-
troscopy measures the apparent change in radius with wave-
length as a planet passes in front of its host star during transit,
divining a wealth of information on the thermal structure of the
atmosphere at the limb, the atomic and molecular species present
within, and the potential presence of clouds and hazes. Emission
spectroscopy aims to directly measure the exoplanet’s thermal
spectrum and provides similar information on the dayside atmo-
sphere of the planet, although it probes different altitudes and
utilises different geometry, leading to a differing sensitivity to
trace elements.

Due to the need for extremely stable time-series data (to
a precision of ∼10−4), much transmission and emission spec-
troscopy has been performed using space-based facilities such as
the Hubble Space Telescope and Spitzer (e.g. Charbonneau et al.
2002; Pont et al. 2008; Huitson et al. 2012; Berta et al. 2012;
Pont et al. 2013; Kreidberg et al. 2014; Nikolov et al. 2015; Sing
et al. 2016). Recently, multi-object spectrographs have provided
the necessary stability for ground-based facilities to also play a
role (e.g. Bean et al. 2010, 2011; Crossfield et al. 2013; Gibson
et al. 2013a,b; 2019; Jordán et al. 2013; Stevenson et al. 2014;
Lendl et al. 2016; Mallonn & Strassmeier 2016; Nikolov et al.
2016, 2018).

The recent adaptation of the high-resolution Doppler-
resolved spectroscopy technique (Snellen et al. 2010; Brogi et al.
2012; Birkby et al. 2013), originally used to characterise spec-
troscopic binary systems, has drastically improved our ability to
characterise exoplanet atmospheres from the ground. This tech-
nique takes advantage of the large radial velocity of the planet
and the corresponding Doppler shift in its atomic and molecu-
lar lines. This allows us to isolate the signal of the planet from
its parent star and from telluric lines by using detrending tech-
niques to remove static and quasi-static signals from a spectro-
scopic time-series. This leaves only the Doppler-shifted lines
from the planet’s transmission spectrum, which (unlike in low-
resolution spectroscopy) are individually resolved at high disper-
sion. Thus, the planetary signal can be extracted from the noise
using cross-correlation with model spectra of the predicted trans-
mission spectrum for individual atomic or molecular species, al-
lowing us to effectively sum up over several resolved spectral
lines (often numbering in the thousands) and thereby strengthen
the detection signal. This method has been used to detect evi-
dence of molecules such as CO, H2O, TiO, CH4, and HCN; and
atomic species such as Fe, Ti, Mg, Na, K, and Ca (Snellen et al.
2010; Brogi et al. 2012; Birkby et al. 2013; Lockwood et al.
2014; Nugroho et al. 2017; Hoeijmakers et al. 2018, 2019; Cabot
et al. 2019; Guilluy et al. 2019; Yan et al. 2019; Turner et al.
2020; Gibson et al. 2020). The extra velocity information en-
coded in this technique has also allowed for the detection of the
rotational velocity of the planet (Snellen et al. 2014) and plane-
tary winds (Brogi et al. 2016), along with greater constraints on
the mass of non-transiting planets due to the direct measurement
of the planetary radial velocity (Brogi et al. 2014). It is thus ide-
ally suited to work in tandem with low-resolution spectroscopy
to confirm the presence of atomic and molecular species.

Here we present high-resolution observations of WASP-121b
(Delrez et al. 2016), an ultra-hot Jupiter which orbits a bright
F6V-type star (V = 10.5, Høg et al. 2000) with a period of

just 1.27 days, resulting in an equilibrium temperature of over
2400 K. This places it well within the temperature regime of
ultra-hot Jupiters believed to host temperature inversions. The
combination of its high temperature and its highly inflated ra-
dius also make WASP-121b an excellent subject for transmission
and emission spectroscopy. Recent UV observations have found
that WASP-121b has an extended and potentially escaping atmo-
sphere, with evidence for Fe ii and Mg ii during transit extend-
ing far higher in the atmosphere than previously-detected fea-
tures at redder wavelengths (Sing et al. 2019). High-resolution
spectroscopic analysis by Gibson et al. (2020) using UVES (UV-
Visual Echelle Spectrograph) on the VLT and by Bourrier et al.
(2020) and Cabot et al. (2020) using HARPS (High-Accuracy
Radial-velocity Planet Searcher) on La Silla has also discovered
the presence of Fe i deeper in the atmosphere. An excess in UV
absorption was previously reported by Salz et al. (2019), and
eclipse observations in the z′ band have determined upper limits
on the planet’s albedo (Mallonn et al. 2019).

WASP-121b has also proven to be a rich target in the search
for temperature inversions. Low-resolution observations with
HST have provided a detection of water and tentative evidence
for TiO or VO in transmission (Evans et al. 2016; Tsiaras et al.
2018); more evidence for VO and the first direct measurement
of a temperature inversion via water features detected in emis-
sion (Evans et al. 2017); evidence for VO (although not TiO)
and an unknown blue absorber suggested to be SH (sulfanyl)
in transmission (Evans et al. 2018); additional emission mea-
surements and a new retrieval methodology also suggesting the
presence of VO (Mikal-Evans et al. 2019); and phase-curve pho-
tometry from TESS (the Transiting Exoplanet Survey Satellite)
which confirms the temperature inversion and suggests TiO, VO
or H− as the cause (Daylan et al. 2019; Bourrier et al. 2019). This
wealth of information concerning the existence of TiO or VO at
low resolution, in combination with excellent evidence for the
presence of a temperature inversion due to water emission fea-
tures, makes WASP-121b an excellent subject for study at high
resolution in order to confirm the identity of the species causing
the observed temperature inversion.

In the following pages, we present the results of a search for
TiO and VO in the atmosphere of the ultra-hot Jupiter WASP-
121b using high-resolution spectra from UVES/VLT (Dekker
et al. 2000), an instrument which has previously proven suc-
cessful in characterising exoplanet atmospheres (Snellen 2004;
Czesla et al. 2015; Khalafinejad et al. 2017; Gibson et al. 2019).
A first look at the blue arm of these observations was presented
in Gibson et al. (2020). In Sec. 2, we describe the observations
and the extraction of the data. In Sec. 3, we discuss the data pro-
cessing steps, the atmospheric models used, and the search for
TiO and VO using the cross-correlation method. Section 3.4 de-
tails our non-detection and the resulting injection tests used to
set detection limits for TiO and VO. Sections 4 and 5 discuss the
results and their implications.

2. Observations

Two transits of WASP-121b were observed on the nights of De-
cember 25 2016 and January 4 2017 as part of program 098.C-
0547 (PI: Gibson) using the high resolution echelle spectrograph
UVES, mounted on the 8.2m ‘Kueyen’ (UT2) telescope of the
VLT. A ‘free template’ with dichroic #2 and cross-dispersers #2
and #4 was utilised, and image slicer #3 was used to maximise
throughput and spectral resolution with a slit length of 10.0 arc-
sec. This resulted in R ∼ 110,000 from 565 nm to 946 nm over a
range of 33 spectral orders in the red arm, with a central wave-
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Fig. 1. Peak S/N for a single pixel element over time for the first night of
observations (top) and the second (bottom), showing all echelle orders.
The colour scale represents the wavelength range of the echelle orders
from blue to red. The times of ingress and egress are indicated by the
black dotted lines. The strong dip in S/N on the first night was caused
by loss of guiding: the three exposures affected were removed from our
analysis. The S/N of the second night was affected by pointing drift and
variable seeing.

length of 760 nm. For this paper we focus on analysis of the red
arm data only. Analysis and a search for features in the blue arm
can be found in Gibson et al. (2020).

An exposure time of 100 seconds and a read-out time of ∼24
seconds was used for both nights, resulting in a cadence of 124
seconds. The first transit observation covered 4.7 hours in 137
exposures: 28 before ingress, 83 in-transit, and 26 after egress.
Guiding was lost for exposures 70-72, and these were subse-
quently removed from our analysis. The second transit observa-
tions covered 5.0 hours and resulted in 143 exposures, of which
39 were pre-ingress, 80 in-transit, and 24 post-egress. The small
difference in the number of in-transit observations between the
two nights was caused by a short pause in observations during
the first night in order to correct the guiding.

The data were analysed using a custom pipeline written in
Python, similar to but independent of the pipeline outlined in
Gibson et al. (2019), which it was benchmarked against. This
pipeline was used to perform basic calibrations and extraction
of the time-series spectra for each spectral order. The UVES
esorex pipeline (version 5.7.0) was used to generate flat-field
and bias frames, provide an initial wavelength solution, and de-
termine the order trace positions. A simple aperture extraction
was performed with an aperture width of 55 pixels, chosen to
comfortably contain all five spectral traces for each order while
preventing any potential overlap. Optimal extraction had been
tested previously in the similar pipeline outlined in Gibson et al.
(2019) and was found to make little difference to the signal-
to-noise ratio (S/N) of the extracted spectra, as is expected for
bright targets where it can be assumed that background and read
noise are negligible compared to the stellar spectrum. As the
five spectral traces almost entirely fill the length of the extrac-
tion aperture, no background subtraction was performed as the
difference was found to be negligible on the same data.

Our custom pipeline allowed finer control over both the final
data products and the aperture size and centering during the ex-
traction process. We chose to extract and use the raw flux from
each spectral order, rather than merging the orders after perform-
ing resampling, flat-fielding and blaze correction. This was pre-
ferred as the instrumental response changes in time and cannot
be corrected by flat-fielding, and this also ensures optimal preser-
vation of spectral information at the order edges. The stability
of the wavelength solution was checked by cross-correlating the
spectral time-series for each order by a median spectrum of that
order: total drift over each night was found to be ∼1.3 km s−1,
significantly smaller than a resolution element (∼2.5 km s−1 at R
∼ 110,000). The original wavelength solution was thus deemed
to be fit for our purposes.

The throughput of the UVES red arm peaks at the red end of
the wavelength range, with a typical S/N of 30 to 45 per spec-
tral element in the centre of the orders for the first night. Due
to issues with both seeing and pointing, throughput for the sec-
ond night was far more variable, with S/N ranging from 2 to
55 and the lowest count-rates occurring predominantly during
the transit. We therefore discarded the second transit from our
analysis and present analysis from the first night only. The peak
S/N for each order over the course of both nights is presented in
Fig. 1: the time-dependent behaviour shown was largely consis-
tent across all pixel elements for a given order. The barycentric
Julian date (BJDTDB) was calculated for each observation using
astropy.time routines.

Outliers were removed from each order using a two-stage
process. A two-component principal component analysis (PCA)
reconstruction was subtracted from the data to remove all time-
and wavelength-stable trends. Five iterations of sigma-clipping
were performed upon the resulting residuals to mask all out-
liers above 3σ: their values were then set to zero. The PCA re-
construction was then added back onto the data, replacing any
clipped outliers with their value from the PCA reconstruction.
A few very strong outliers still remained in a small number of
orders and these were removed by performing a further round
of sigma-clipping upon the raw spectra and replacing the values
with the median of the surrounding 100 pixels. The cleaning pro-
cess replaced an average of 0.6% of pixels per order and was not
expected to affect our analysis.
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3. Analysis

3.1. Pre-processing steps

We follow a methodology common today in the search for
molecular and atomic species in high-resolution spectral time
series (Snellen et al. 2010; Brogi et al. 2012; Birkby et al. 2013;
Nugroho et al. 2017). The first step is to remove all trends within
the data that are static or quasi-static in time, leaving behind – in
theory – the Doppler-shifted planetary signal (after removal of
its continuum) plus photon noise. An example of our data pro-
cessing on a single order is shown in Fig. 2.

First, the variation in the blaze function was removed. This
was accomplished by dividing each order of time-series spectra
by the median spectrum, then smoothing the resulting spectral
residuals with a median filter with a width of 15 pixels and a
Gaussian filter with a standard deviation of 50 pixels, creating
a smoothed map of the blaze distortion per order. The original
time-series spectra were then divided through by the blaze dis-
tortion map. Instead of removing the blaze function altogether,
this placed each spectrum on a ‘common’ blaze. This was done
as any common trends in time would be removed later in the
pre-processing, and also ensured that spectral information was
optimally preserved. The blaze correction was found to be un-
stable at the blue end of each spectral order, where the S/N was
very low: subsequently, the first 500 pixels of each order were
removed from our analysis. This removed area represented only
12% of each order of 4096 pixels and lay entirely within the
overlapping wavelength region of the echelle orders, so its re-
moval was not expected to be significant.

Next, the quasi-static telluric and stellar spectral features
were removed from the time-series using the SysRem algorithm
(Tamuz et al. 2005). First used in this context by Birkby et al.
(2013), SysRem has become a standard tool for the detrend-
ing of high-resolution time-series spectra (e.g. Birkby et al.
2017, Nugroho et al. 2017). The main advantage SysRem re-
tains over other PCA-based detrending methods lies in its in-
herent treatment of the pixel uncertainties. Rather than simply
using Poisson-noise statistics, we estimated the pixel uncertain-
ties by taking an outer product of the time-wise and wavelength-
wise variance of each order. This was done due to the removal of
the stellar spectrum inherent to the cross-correlation technique.
Poisson-noise estimates based on count-rates and read-noise will
impose lower uncertainties on negative values of the residuals,
causing a bias in the uncertainty determination (Gibson et al.
2020).

We used SysRem to create 2D model representations of each
time-series order as an outer product of two column vectors. This
model was then subtracted from the data and the next SysRem
iteration determined from the residuals, which was subtracted
again. However, instead of using the resulting iteratively model-
subtracted residuals, we instead summed the SysRemmodels for
each iteration and divided each time-series order by this model.
This had the effect of preserving the relative line-strengths of the
planet’s transmission spectrum. The detrended residuals were
then weighted by the pixel uncertainties, which ensured that
noisier, low-flux areas of the time-series contributed less to the
analysis.

Finally, the spectra were super-sampled to 2/3 of the average
pixel width for each order and corrected to the stellar rest frame
in a single linear interpolation, adjusting for both the barycentric
velocity variations and the systemic velocity, and the wavelength
scale was linearised in ∆λ.

Parameter Value

WASP-121

M? (M�) 1.353+0.080
−0.079

a

R? (R�) 1.458 ± 0.080 a

Spectral type F6V a

Teff (K) 6459 ± 140 a

V-magnitude 10.44 a

vsys (km s−1) 38.36 ± 0.43 b

WASP-121b

T0 (BJD(T DB)) 2457599.551478 ± 0.000049 c

P (days) 1.2749247646 ± 0.0000000714 c

a/R? 3.86 ± 0.02 d

Rp/R? 0.1218 ± 0.0004 d

i (deg) 89.1 ± 0.5 d

Teq (K) > 2400
H (km) ∼ 550d

Kp (km s−1) ∼ 217

Table 1. Stellar and planetary parameters for the WASP-121b system
utilised in this paper. Values marked with (a) are adopted from Delrez
et al. (2016); (b) from Gaia Collaboration (2018); (c) from Sing et al.
(2019); and (d) from Evans et al. (2018).

3.2. Model transmission spectra

Constraining the existence of molecular or atomic features using
the high-resolution cross-correlation technique requires models
of the planet’s atmosphere to act as cross-correlation templates.
These models are generated using high-temperature line lists
for the species of interest to generate absorption cross-sections
which can be fed into radiative transfer models to create template
spectra for the cross-correlation process. However, the cross-
correlation technique is highly sensitive to line position and
small inaccuracies in line lists can result in the reduction or non-
detection of exoplanetary signals (Hoeijmakers et al. 2015).

Model spectra were generated for TiO and VO using a
method similar to that outlined in Nugroho et al. (submitted),
with planetary and atmospheric parameters taken from Evans
et al. (2018) in order to provide the most direct comparison to
their transmission spectrum. The full list of system and plane-
tary parameters used in this work is presented in Table 1.

To calculate the cross-section of VO, the ExoMol line list
(McKemmish et al. 2016, Tennyson & Yurchenko 2012) was
used. The TiO cross-sections were generated using three differ-
ent line lists: Plez (1998) in both its original 1998 incarnation
and the updated, corrected 2012 version, and the new ToTo line
list from ExoMol (McKemmish et al. 2019). This was done to
allow us to benchmark the performance of the different TiO line
lists against each other, both in the event of a detection and in
our injection tests, as line lists are known to vary considerably.
The Plez 2012 and ToTo line lists both explicitly include ex-
perimental data: Plez 2012 incorporates experimental line lists
and ToTo includes experimentally-derived energy levels. Con-
versely, the VO line list and Plez 1998 are derived entirely from
quantum chemistry calculations and are thus thought to be less
accurate and potentially inappropriate for high-resolution cross-
correlation. We discuss this issue further in Sec. 4.
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Fig. 2. Data-processing steps for a single echelle order. Top: raw extracted time-series spectra after cleaning of outliers. Middle: time-series spectra
after blaze-correction. Bottom: detrended residuals from the division of the SysRem model weighted by the uncertainties. Minor structure remains
in the residuals due to lower weighting of low-S/N orders caused by poorer seeing (horizontal banding) and due to imperfect removal of time-
dependent tellurics (vertical banding at bottom). The telluric structure does not persist into the in-transit frames and is therefore weighted-out in
later analysis.

For VO, we only considered 51V16O. For TiO, we considered
the five most stable isotopologues: 46Ti16O, 47Ti16O, 48Ti16O,
49Ti16O, and 50Ti16O. The cross-section was calculated using
HELIOS-K (Grimm & Heng 2015) assuming a Voigt line pro-
file with thermal and natural broadening only at a resolution of
0.01 cm−1 with an absolute line wing cut-off of 100 cm−1.

We produced the transmission spectrum of WASP-121b by
assuming a 1D plane-parallel isothermal atmosphere divided
into a hundred layers evenly spaced in log pressure from 2 to
10−12 bar. All spectra were generated at four different tempera-
tures of 1500 K (consistent with Evans et al. (2018)), 2000 K,
2500 K, and 3000 K in order to cover the range of potential
temperatures at the limb. The scale height was kept fixed at 550
km to provide the best match to the low-resolution transmission
spectrum measured by Evans et al. (2018). An example of one of
the spectra and its change with temperature is shown in Fig. 3.

For both elements, we assumed a constant volume mixing ra-
tio (hereafter VMR) at all pressures, ranging from 10−13 to 10−3.
For VO we also assumed a VMR of 10−6.6, consistent with the
detection of Evans et al. (2018). We included Rayleigh scattering
by H2 and bound-free continuum absorption by H− with a VMR
of 5× 10−10, and set a cloud deck at P = 20 mbar, again to be
consistent with Evans et al. (2018). The radius of the planet as
a function of wavelength was then calculated by integrating the
opacity through transit chords.

Lastly, we removed the continuum and the scattering pro-
file from the model spectra by subtracting a forward-backward
Butterworth low-pass filter to remove any low-frequency struc-
ture from the model spectra caused by large areas of densely

overlapping lines, as all such structure was removed from our
spectra by the pre-processing steps outlined in Sec. 3.1. These
low-frequency structures in the models also tended to ‘catch’
any remaining structure in our spectra that had been imperfectly
removed by SysRem, causing spurious artifacts in the cross-
correlation.

3.3. Cross-correlation

As described in Sec. 3.1, we divided the orders of our spectra
through by a SysRem model consisting of nine iterations to re-
move the stellar and telluric features. The optimal number of
SysRem iterations was arrived at empirically through injection
tests, where the aim was to find the lowest number of SysRem it-
erations that would still provide a strong detection of an injected
signal. The number of iterations was minimised as, at high num-
bers of iterations, SysRem has been found to reduce or remove
the exoplanet spectrum (Cabot et al. 2019). Unlike many re-
cent papers utilising the cross-correlation method (e.g. Yan et al.
2019), we did not need to model and remove the stellar spec-
trum or the Rossiter-McLaughlin effect, as TiO and VO are not
expected to exist in the atmosphere of WASP-121, an F6V star.
As also mentioned in Sec. 3.1, we further weighted the SysRem
residuals by the pixel variance to ensure that noisier areas of the
time-series contributed less to the analysis.

After wavelength linearisation and correction to the stellar
rest frame, each frame of each order was then cross-correlated
with the corresponding section of the model spectra (also at rest),
using the NumPy function numpy.correlate. As no planetary
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Fig. 3. Example model spectrum of TiO with VMR = 10−6 before continuum removal, with all four temperatures overplotted to show the change
in relative line strength with temperature. The black dotted line indicates the position of the cloud deck.

signal was expected in the frames occurring out of transit, and
any signal would be weaker during ingress and egress, the result-
ing time-series of cross-correlation functions was then weighted
by a simple transit model for WASP-121b using the equations of
Mandel & Agol (2002) and assuming no limb-darkening.

The cross-correlation function is expected to peak where
there is a match between the model template and the spectra; this
peak, if extant, will be Doppler-shifted over time, resulting in a
slanted trace in the cross-correlation time-series. For very strong
molecular signals, this trace can be seen with the naked eye (e.g.
Snellen et al. 2010). For weaker signals, such as those where the
molecules are predicted to be less abundant in the atmosphere,
the next step is to integrate the cross-correlation time series over
a range of predicted planetary radial velocity semi-amplitudes,
where the RV at each frame vp is given by:

vp(φ) = vsys + Kp sin (2πφ),

where vsys is the systemic velocity, Kp is the radial velocity
semi-amplitude of the planet and φ is the orbital phase of the
planet, where φ = 0 represents the mid-transit time. We note
that here, vsys is expected to be zero, as the spectra have already
been shifted to the stellar rest frame by correcting for both the
systemic and the barycentric velocity. The x-axis of the cross-
correlation time series can thus be thought of in terms of velocity
‘lag’ from the stellar rest frame.

We integrated the resulting cross-correlation function time-
series for each order by interpolating each order time-series to
a predicted radial velocity curve using values for Kp from -500
to +500 km s−1 in steps of 1 km s−1, smaller than the average
single resolution element of the original spectra (∼ 2.5 km s−1).
These were then summed column-wise in time and stacked to
create a series of cross-correlation velocity heat maps, one for
each order, where the y-axis was now Kp and the x-axis, as pre-
viously, was in velocity ‘lag’ from the stellar rest frame, or vsys.
These individual order maps were then summed together to form
a final map. The large range in Kp was chosen in order to cre-
ate large cross-correlation maps so that the overall noise profile
could be studied. Due to the use of the cross-correlation, the z-
axis was in arbitrary units: in order to set a detection significance,
the maps were divided through by their standard deviation away

from the location of the predicted signal. Our detection threshold
was set at 4σ due to both our simplistic significance calculation
and to the presence of noise fluctuations in the cross-correlation
map which can reach this level. As demonstrated in Cabot et al.
(2019), these fluctuations can be mistaken for detections if they
appear in the expected position.

This process was repeated for every template described in
Sec. 3.2 and a cross-correlation map was generated for each tem-
plate.

3.4. Results and injection tests

No significant signal was found in any of the cross-correlation
maps for TiO or VO at any volume mixing ratio, temperature
or line list, whether at the expected value of Kp or otherwise.
Examples are shown in the top two rows of Fig. 4.

The possibility remained that this non-detection could be due
to the predicted signal being fainter than our ability to retrieve
it. To test this hypothesis, we performed a series of injection
tests. The model spectra used to attempt to retrieve the signal
described in Sec. 3.2 were convolved to the instrumental resolu-
tion and multiplied into the original extracted spectra before the
pre-processing steps outlined in Sec. 3.1 at a Kp of -217 km s−1,
a value chosen to have an identical velocity curve to the expected
signal but reversed, to ensure that the injected signal would not
be enhanced by any extant, undetected VO or TiO signal. Two of
the resultant cross-correlation maps are shown in the bottom row
of Fig. 4, for the Evans et al. (2018) log VMR value of -6.6 and
a similar log VMR of -7 for TiO, using the 1500 K temperature
also inferred by Evans et al. (2018). The injected signal was re-
covered at 6.9σ for VO and 7.2σ for TiO, demonstrating that
were VO present at the abundance and temperature predicted
by Evans et al. (2018), our technique would detect it. A slice
through the cross-correlation maps of both the non-detections
and the injection tests at the expected value of Kp is shown in
Fig. 5.

The injection tests were also used to explore rough detection
limits for VO and TiO via the injection of templates identical
in all parameters but for log VMR of the species in question.
The detection threshold was once again set at 4σ for the reasons
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Fig. 4. Results from cross-correlation with VO (left) and TiO (right) templates, at a log VMR of -6.6 and -7 respectively, for 1500 K. Top row:
cross-correlation function time series summed over all echelle orders, showing no visible trace. Middle: cross-correlation maps summed over all
echelle orders, showing non-detections for both species: the black dotted lines indicate the expected velocity position for the signal (Kp = 217
km s−1). Bottom: results from injection tests, showing a detection of the injected signal at 6.9σ for VO and 7.2σ for TiO at the expected velocity
position. We note that the expected value for vsys is zero as the spectra have been corrected to the stellar rest frame.

Fig. 5. Slices taken from the cross-correlation maps in Fig. 4 at Kp = ±217 km s−1, with the non-detection in blue and the injection test in orange
for comparison.
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stated in Sec. 3.3. As shown in Fig. 6, assuming a temperature of
1500 K, by interpolating from our injection tests, we can theo-
retically detect the presence of VO in the atmosphere of WASP-
121b using our technique down to an abundance of log VMR
[VO] = −7.9. For TiO, we can theoretically detect its presence
down to an abundance of log VMR [TiO] = −9.3, thus placing
a detection limit upon TiO lower than the limit of [TiO] < −7.9
placed by Evans et al. (2018). Both of our detection limits are
subsolar, where the solar abundance values are -7.1 and -8.0 for
TiO and VO, respectively. We also find a reduction in detection
significance with temperature for both VO and TiO in our injec-
tion tests. As we held scale height constant (at 550 km) in our
model spectra in order to match the previously-measured trans-
mission spectrum of Evans et al. (2018), the effect of increasing
temperature is to change the relative line strengths of the spectral
lines. As can be partially seen in Fig. 3, increasing the tempera-
ture had the effect of reducing the strength of many the strongest
lines, an effect not quite offset by the strengthening of weaker
lines. This led to the overall reduction in detection significance
shown in Fig. 6.

However, we note that 550 km is an extremely conserva-
tive estimate for the scale height of WASP-121b, based on the
limb-averaged temperature of ∼1500 K presented in Evans et al.
(2018). More recent work has indicated that the limb and night-
side temperatures of WASP-121b may be much higher (Bourrier
et al. 2019; Daylan et al. 2019; Gibson et al. 2020), which would
result in much larger scale heights: indeed, Gibson et al. (2020)
retrieve a scale height of 960 km in their analysis. As a simple
test of the effects of increasing scale height, we performed a lin-
ear scaling of our models to mimic the effects of increasing the
scale height from 550 km to 960 km. The results, also presented
in Fig. 6, show that increasing the scale height leads to a signif-
icant increase in detection significance and a reduction in detec-
tion limits. We chose, however, to retain the more conservative
estimates gained from the lower estimate of the scale height.

A more robust method of obtaining a detection significance
was also tested following Esteves et al. (2017), in which the
spectral time-series was shuffled randomly in time and the cross-
correlation maps regenerated 1000 times. These maps were then
used to set the pixel-by-pixel standard deviation of the original
map. However, this method was found to result in similar or
higher detection significances than the simpler method outlined
in Sec. 3, and we have therefore adopted the more conservative
estimates from the initial method.

Caution should be applied in interpreting the results of these
injection tests. Firstly, the injected signal is identical to the tem-
plate used to retrieve it, which will artificially boost the detec-
tion signal, though this is not expected to do so dramatically.
Secondly, there is a known degeneracy between chemical abun-
dances and the scattering properties of the atmosphere (Benneke
& Seager 2012; Heng & Kitzmann 2017). For our injected spec-
tral models, we have assumed a cloud deck at 20 mbar and a H−
VMR of 5× 10−10, consistent with Evans et al. (2018), and our
detection limits should be considered in this context. Finally, the
VO line list is known to be unsuitable for high-resolution cross-
correlation. We discuss this further in Sec. 4.

We also present the results of injection tests using differing
TiO line lists in Fig. 7. While all line lists follow the same overall
trend, they can be seen to behave differently. In the case of ToTo,
the increased number of lines present in the line list is likely to
be the cause of the improvement in the signal recovery. For Plez
2012, the corrections made using laboratory measurements of
48Ti16O increase the line strength of some of the stronger lines,
again boosting signal recovery.

Additionally, we investigated the behaviour of the recovered
detection signal when injecting models created with one line list
and retrieving with models using another. Due to the small vari-
ations in line strengths and positions between different line lists,
this simple test serves as an indication of the effects of using
inaccurate line lists in high-resolution cross-correlation. Further
in-depth analysis of a range of TiO line lists and their effects
upon signal retrieval in the cross-correlation process will be pre-
sented in Nugroho et al. (in prep).

The results are presented in Fig. 7. Injecting the ToTo model
and retrieving with Plez 2012 results in values for the detec-
tion significance which do not rise above our chosen threshold
of 4σ at any log VMR: the differences between the two line
lists have caused the injected signal to become essentially un-
detectable. However, when performing the inverse of this test,
injecting models using the Plez 2012 line list and retrieving us-
ing ToTo, the detection significance rises once again. Though it
does not reach the ∼ 7σ level of tests using the same models for
both injection and retrieval, it still results in detectable signals
for a similar range of log VMR.

The underlying cause for this difference may be due to
the greater number of lines in the ToTo line list. The densely-
overlapping lines form a pseudo-continuum in the models, which
weakens overall line contrast. When cross-correlating using
ToTo models, the greater number of lines mitigates this effect:
when attempting retrieval using Plez 2012, which has less lines
overall, the effect is enhanced, and the signal is no longer well-
recovered. This test emphasises the importance of understanding
the effects inaccurate line lists can have on signal retrieval us-
ing the cross-correlation methodology; we discuss this further in
Sec. 4.

4. Discussion

Our results show non-detections of TiO and VO in the at-
mosphere of WASP-121b using the standard cross-correlation
methodology. Additionally, our injection tests show that if VO
were present at the super-solar abundances predicted in Evans
et al. (2018) or Mikal-Evans et al. (2019), we would detect the
subsequent molecular signal at a high significance. Doubt had
already been placed upon the existence of TiO in the limb of
WASP-121b by Evans et al. (2018), who fit their transmission
spectra best with a model containing VO only; the emission
spectra presented in Evans et al. (2017) and Mikal-Evans et al.
(2019) is similarly best fit by models containing only VO. Our
non-detection of TiO is thus consistent with previous results and
adds further evidence to the non-existence of TiO in detectable
quantities in the atmosphere of WASP-121b.

Conversely, our non-detection of VO contradicts results pre-
sented in Evans et al. (2016), Evans et al. (2017), Evans et al.
(2018) and Mikal-Evans et al. (2019), who find evidence for
VO in both emission and transmission at low-resolution. It is
known that low-resolution spectroscopy is troubled by the im-
perfect removal of systematics, especially shown in the case of
STIS on HST (Gibson et al. 2017, 2019), the instrument used for
the transmission spectrum presented in Evans et al. (2018). The
effects of systematics on low-resolution spectra can also be seen
in the improved retrieval analysis of the emission spectrum pre-
sented in Mikal-Evans et al. (2019) using WFC3 on HST. Here,
they no longer fit a strong feature at 1.2 micron attributed to VO
in Evans et al. (2017): the 1.2 micron feature is now thus sus-
pected to be an imperfectly-removed systematic. However, al-
though in all cases their evidence for VO is inferred from best-fit
models rather than a direct detection, models containing VO are
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Fig. 6. Detection significance vs. log volume mixing ratio abundance of VO (left) and TiO (right) from signal injection tests for all four temperatures
considered. Two scale heights of 550 km and 960 km were tested for all temperatures. The black dotted line indicates the chosen detection threshold
of 4σ.

Fig. 7. Detection significance vs. log volume mixing ratio abundance
of TiO for injection tests using three different line lists, including the
results of injecting one line list and retrieving with another. The black
dotted line indicates the chosen detection threshold of 4σ.

best-fit in both transmission and emission, using two separate in-
struments. In the face of this strong evidence for the presence of
VO, our non-detection seems puzzling.

However, a major question remains about the suitability of
the VO line list for high-resolution spectroscopy in the detec-
tion of exoplanet atmospheres. The recent release of the Exo-
Mol group’s ToTo line list for TiO (McKemmish et al. 2019)
provided the exoplanet community with a TiO line list accurate
enough at high temperatures to be used with the cross-correlation
technique, after previous attempts showed that many of the cur-
rent line lists were insufficient for this task (Hoeijmakers et al.
2015). Their MARVEL codebase uses laboratory measurements
to correct and refine the quantum chemistry calculations used to
generate the line lists, theoretically resulting in more accurate
results (McKemmish et al. 2017). The ‘MARVEL-ised’ ToTo
line list has been found to perform slightly better than other line
lists in cross-correlation with M-dwarf stars (McKemmish et al.

2019). However, the VO line list has not yet been similarly cor-
rected. As a result, the ExoMol team caution that the VO line
list used in this paper is probably not accurate enough for high-
resolution spectroscopic exploration of exoplanet atmospheres
(Sergey Yurchenko, priv. comm.). Until a more accurate high-
temperature line list for VO is calculated, it is impossible to state
whether our non-detection is due to the true absence of gaseous
VO in the limb of WASP-121b or due to an inaccurate line list
weakening the strength of the recovered signal. Indeed, our own
injection tests presented in Sec. 3.4, in which we inject models
created with one line list and attempt retrieval using another in
order to mimic the effects of using inaccurate line lists, show
drastic changes in signal detection and significance depending
on which line lists are used. Our results concerning VO should
thus be interpreted in this context.

We also performed a number of injection tests in order to set
a rough detection limit on the presence of VO and TiO, in which
we ruled out the presence of VO and TiO at abundances greater
than -7.88 and -8.18 log VMR respectively at a temperature of
1500 K. However, these figures all assume a cloud deck placed
at a constant pressure of 20 mbar and a H− VMR of 5× 10−10.
There is a well-known degeneracy between abundance and scat-
tering properties, where the presence of clouds and hazes can
mute spectral features such that a given spectral signal can be
produced by either a low fractional abundance of the species
in a clear atmosphere or a higher fractional abundance in the
presence of clouds and hazes (Benneke & Seager 2012; Heng
& Kitzmann 2017). Since our method removes both the contin-
uum and the scattering profile from our spectra, we are unable
to make any measurements which could break the degeneracy.
This indicates that we cannot place too much weight upon these
detection limits as absolute figures but rather that they should be
examined in the context of the strength of the lines appearing
above the continuum. Our upper limits for both TiO and VO cor-
respond to a line strength for the strongest lines in the template
of ∼ 0.014 ∆F.

If we momentarily set aside concerns regarding the accuracy
of the VO line list, the non-detection of TiO and VO could be
caused by several factors. First, it should be noted that our spec-
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tral models (see Sec. 3.2) assume a well-mixed atmosphere. At-
mospheric retrievals (e.g. Daylan et al. 2019; Mikal-Evans et al.
2019) show that the abundances of TiO and VO are expected
to vary greatly with altitude. In the case of a very hot thermo-
sphere ( > 3000 K), TiO and VO would be dissociated at high
altitude, causing a truncation of the lines present in the transmis-
sion spectrum over the altitude range probed by high-resolution
spectroscopy. This could potentially cause a dilution in signal
that could lead to a non-detection. Further work could focus on
the injection of more sophisticated spectral models where molec-
ular abundance varies with pressure to test whether high-altitude
dissociation is strong enough to remove the possibility of detec-
tion altogether.

It has been suggested that gravitational settling could drag
TiO and VO down from the upper atmosphere to the colder layer
in the deeper atmosphere, where it subsequently condenses. Al-
ternatively, the cooler temperatures on the night-side could cause
TiO and VO to condense out (primarily into Ti3O5 and V2O3),
and due to the high-speed winds from day- to night-side ex-
pected in tidally-locked hot Jupiters, these condensed molecules
are not efficiently redistributed to the hot day-side. Thus, Ti and
V remain locked in condensed form (the cold-trapping effect:
Hubeny et al. 2003; Spiegel et al. 2009; Parmentier et al. 2013,
2016; Beatty et al. 2017). However, the detection of Fe and Mg
(Sing et al. 2019; Gibson et al. 2020; Bourrier et al. 2020; Cabot
et al. 2020) in the atmosphere of WASP-121b suggests that cold-
trapping does not play a large role, as we would expect Fe and
Mg to be cold-trapped as well.

Additionally, calculations from TESS phase curve measure-
ments made by Bourrier et al. (2019) and Daylan et al. (2019) in-
dicate a nightside temperature for WASP-121b of 2190 K, higher
than the condensation temperatures of TiO and VO, although
their observations probe high in the atmosphere (1-10 mbar) and
do not rule out the possibility of cold-trapping at lower altitudes.

Parmentier et al. (2018) predicted that TiO and VO may, in
the case of WASP-121b, be thermally dissociated in the dayside
atmosphere; the detection of these molecules in the terminator
during transmission would thus depend on their recombination
timescales compared to the atmospheric recirculation timescale.
However, a recent work using the blue arm of the data presented
in this paper by Gibson et al. (2020) retrieves a high limb tem-
perature of & 3000 K, albeit using simplified isothermal models.
When considered in the context of the atmospheric retrievals of
Daylan et al. (2019), this temperature would cause the dissocia-
tion of TiO and VO in the limb even at the lower altitudes probed
by our data, reducing the log VMR of both species to < -10, well
below the detection limits we set with our injection tests.

It is also interesting to note that the work of Evans et al.
(2017), Evans et al. (2018) and Mikal-Evans et al. (2019) in-
fers the presence of VO, but not TiO, when both were predicted
as inversion-drivers by Hubeny et al. (2003) and Fortney et al.
(2008) and were largely expected to occur together. It has been
shown in the models of Goyal et al. (2019) that greater abun-
dance of VO over TiO is only expected in a very narrow temper-
ature range: ∼ 1700-1800 K assuming rainout condensation, or
∼ 1200-1400 K assuming local condensation. This highlights the
importance of robust detections and non-detections of TiO and
VO as a diagnostic for temperature and condensation processes
in the atmospheres of ultra-hot Jupiters.

Despite our non-detection of TiO and VO, Evans et al. (2018)
still show a feature in their transmission spectra at 600-800 nm
consistent with the presence of VO (or perhaps another molecule
absorbing strongly in this range). Additionally, their emission
spectra (Evans et al. 2017; Mikal-Evans et al. 2019) are still best-

fit with models containing VO and clearly show water emission
features consistent with the presence of a temperature inversion.
It was theorised by Spiegel et al. (2009) that a hot Jupiter with a
solar carbon-to-oxygen ratio would require TiO of at least solar
abundance to cause a temperature inversion, a level which both
we and Evans et al. (2018) rule out in our analysis. Our analy-
sis in this paper now seems to rule out the presence of VO also,
although again we emphasise that VO cannot be robustly ruled
out using high-resolution cross-correlation methodology until a
more suitably accurate line list is published. Nevertheless, al-
though TiO and VO were long thought to be the predominant
cause of temperature inversions in hot Jupiters, it may now be
time to look for other culprits.

Recent theoretical work has postulated a range of potential
optical absorbers such as SiO, Fe, Mg, AlO, CaO and metal
hydrides (Lothringer et al. 2018; Lothringer & Barman 2019;
Gandhi & Madhusudhan 2019), some of which (such as AlO)
have absorption bands in the 600-800 nm range. Gandhi & Mad-
husudhan (2019) also suggested a theoretical link between the
C/O ratio and the presence of a temperature inversion, postulat-
ing that a reduced infrared opacity due to a low H2O abundance
in WASP-121b could contribute towards the existence of an in-
version layer; the presence of H2O emission features, however,
would appear to rule out this possibility. Finally, the transmis-
sion spectrum presented by Evans et al. (2018) shows a strong
upward trend in the blue optical much steeper than would be
consistent with Rayleigh scattering, which they tentatively iden-
tify as due to the presence of SH, another molecule known to
absorb strongly in the optical and thus theoretically contribute
to an inversion layer (Zahnle et al. 2009). However, this slope
could also be attributed to a forest of atomic metal lines. Indeed,
a recent analysis by our group of the blue arm of the UVES data
used in this paper (Gibson et al. 2020) found strong evidence
for the presence of Fe i in the atmosphere of WASP-121b, a dis-
covery supported by recent analyses of HARPS high-resolution
spectra by Bourrier et al. (2020) and Cabot et al. (2020). Fe i has
strong absorption at blue-optical wavelengths, and as WASP-121
is an F6-type star, this could lead to significant amounts of en-
ergy being deposited at high altitudes and could potentially be
the sole or predominant cause of the observed temperature inver-
sion. However, Fe i cannot be responsible for the absorption fea-
ture seen in the transmission spectra at 600-800 nm in the trans-
mission spectrum of Evans et al. (2018) and if it is not caused
by VO, the presence of another optical absorber with strong ab-
sorption in this range cannot be ruled out.

Future searches could focus on the detection of a molecu-
lar species with strong absorption features in this range, such as
AlO and MgH, in order to constrain the origin of this feature.
Indeed, a tentative detection of AlO has already been reported in
the atmosphere of ultra-hot WASP-33b (von Essen et al. 2019),
indicating that this may be a productive avenue of inquiry. Al-
ternatively, should a more robust line list for VO be produced, a
reanalysis of the data presented in this work could more defini-
tively confirm or rule out the presence of VO in WASP-121b.

5. Conclusions

We present a non-detection of TiO and VO in the atmosphere
of the ultra-hot Jupiter WASP-121b, a planet previously shown
to have evidence for a temperature inversion and for the exis-
tence of VO (but not necessarily TiO). Using injection tests, we
show that were VO present in the abundance predicted by Evans
et al. (2018), we were able to retrieve the molecular signal using
our technique with relative ease. Additionally, we place rough
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constraints on the presence of VO in the limb of WASP-121b us-
ing injection tests and we find that – while bearing in mind the
established degeneracy between scattering properties and abun-
dance – we can detect the presence of VO down to a sub-solar
log volume mixing ratio of -7.88, and TiO down to a sub-solar
log volume mixing ratio of -9.26. The absence of TiO and VO
in transmission could be due to thermal dissociation of these
molecules on the hot dayside of WASP-121b in conjunction with
a slow recombination timescale, or due to cold-trapping lock-
ing condensed TiO and VO on the colder nightside. However,
we also emphasise that the VO line list utilised for this paper is
thought to lack the accuracy in line position required for high-
resolution spectroscopic searches for molecular species. Despite
the strength of our detection in our injection tests, it is neverthe-
less clear that a definitive answer on the existence of VO in the
limb of WASP-121b using high-resolution spectroscopy will be
dependent on a more accurate, updated line list for VO.

Recent work from our team (Gibson et al. 2020) posits a dif-
ferent source species (Fe i) for the observed temperature inver-
sion in WASP-121b: however, Fe i cannot be responsible for the
observed absorption feature at 600-800 nm in the transmission
spectrum presented by Evans et al. (2018). If it is physical, and
not caused by the presence of VO, a range of molecular species
could be responsible for this feature, and future work will fo-
cus on the search for these and for many other such molecules
theorised to be present in the atmospheres of ultra-hot Jupiters.
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ABSTRACT
Ultra-hot Jupiters (UHJs) present excellent targets for atmospheric characterisation. Their hot
dayside temperatures (T & 2200 K) strongly suppress the formation of condensates, leading
to clear and highly-inflated atmospheres extremely conducive to transmission spectroscopy.
Recent studies using optical high-resolution spectra have discovered a plethora of neutral
and ionised atomic species in UHJs, placing constraints on their atmospheric structure and
composition. Our recent work has presented a search for molecular features and detection of
Fe i in the UHJ WASP-121b using VLT/UVES transmission spectroscopy. Here, we present
a systematic search for for atomic species in its atmosphere using cross-correlation methods.
We uncover signals of 20 atomic species that we investigate further, categorising 5 as strong
detections, 3 as tentative detections, and 12 as weak signals worthy of further exploration. We
confirm previous detections of Cr i, V i, Ca i, and H i made using HARPS at 5.2, 4.6, 4.2 and
5.7f respectively, and independently re-recover our previous detection of Fe i at 8.8f using
both the blue and red arms of the data. We also show additional detections of K i and Sc ii at
4.4 and 4.2f respectively, and add a novel detection of exospheric Ca ii at 5.4f. Our results
further demonstrate the richness of UHJs for optical high-resolution spectroscopy.

Key words: planets and satellites: atmospheres – planets and satellites: individual: WASP-
121b – methods: observational – techniques: spectroscopic

1 INTRODUCTION

The recently-emerging class of exoplanets known as ultra-hot
Jupiters (hereafter UHJs) present an intriguing subject for study
and characterisation. These tidally-locked gas giants orbit on ex-
tremely short periods around their parent stars and thus experience
extreme irradiation, increasing their dayside temperatures to the
point where their chemistry and atmospheric structure are expected
to differ greatly from cooler hot Jupiters (dayside T & 2200 K, e.g.
Parmentier et al. 2018). The increased temperature leads to the dis-
sociation of molecules and the partial thermal ionisation of atomic

★ E-mail: smerritt01@qub.ac.uk

species in the hot dayside, thereby preventing the formation of the
high-altitude cloud decks and aerosol particles that dominate the
spectra of their cooler siblings (Helling et al. 2019). Instead, the
dominant source of continuum opacity comes from scattering by
H− ions created by the dissociation of molecular hydrogen and the
abundance of free electrons from the thermal ionisation of metals
(Arcangeli et al. 2018). The dissociation of molecular hydrogen at
temperatures over 2500 – 3000 K also leads to atomic hydrogen
becoming the dominant constituent of the atmosphere (Lothringer
et al. 2018; Parmentier et al. 2018; Kitzmann et al. 2018), reducing
themeanmolecular weight of the atmosphere. The effects of the dis-
sociation ofmolecular hydrogen, and its recombination on the cooler
night-side, is also theorised to lead to increased day-side/night-side
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2 S. R. Merritt et al.

heat transport in UHJs (Bell & Cowan 2018), further altering our
expectations of the atmospheric chemistry from the assumptions
made for cooler hot Jupiters.

These combined characteristics make UHJs excellent targets
for atmospheric characterisation via their transmission spectra (the
fingerprint of the exoplanet spectrum found as the light from the host
star passes through the upper layers of the atmosphere during tran-
sit). The reducedmeanmolecular weight of the atmosphere and high
temperature increases the scale height of the atmosphere, extend-
ing the amount of atmosphere observable during transit events. The
lack of high-altitude clouds and aerosols ensures that atomic and
molecular features are less suppressed by these sources of opacity,
as can often happen in cooler hot Jupiters (e.g. Gibson et al. 2013a,b;
Wakeford et al. 2017; Kirk et al. 2017; May et al. 2018; Espinoza
et al. 2019;Wilson et al. 2020). Additionally, when the terminator of
the atmosphere is probed in transit observations, multiple tempera-
ture regimes are explored in a transition from the hot day-side to the
cooler night-side (Parmentier et al. 2018), where both ionised and
neutral metals/atoms and recombined molecules may be observable
at the same time. Simulations of UHJs using stellar models have
predicted a plethora of neutral and ionised atomic species in their
atmospheres (Lothringer et al. 2018, 2020; Lothringer & Barman
2019). Successful observations exploring the atmospheres of UHJs,
both in transit and of their thermal/emission spectra and phase
curves, include those of WASP-33b (Haynes et al. 2015; Nugroho
et al. 2017, 2020b), WASP-103b (Kreidberg et al. 2018), WASP-
18b (Sheppard et al. 2017; Arcangeli et al. 2018), HAT-P-7b (Arm-
strong et al. 2016), KELT-20b/MASCARA-2b (Casasayas-Barris
et al. 2018, 2019; Stangret et al. 2020; Nugroho et al. 2020a; Hoeĳ-
makers et al. 2020a), WASP-76b (Seidel et al. 2019; Edwards et al.
2020; Ehrenreich et al. 2020; von Essen et al. 2020), and KELT-9b
(Yan & Henning 2018; Hoeĳmakers et al. 2018, 2019).

The recent adaptation of the high-resolution Doppler-resolved
spectroscopy technique (Snellen et al. 2010; Brogi et al. 2012;
Birkby et al. 2013), originally used to characterise spectroscopic
binary systems, has provided us with a new tool to inventory the
atomic and molecular constituents of exoplanet atmospheres. This
technique takes advantage of the large radial velocity of the planet
and the corresponding Doppler shift in its atomic and molecular
lines. This allows us to isolate the signal of the planet from its parent
star and from telluric lines by using detrending techniques to remove
static and quasi-static signals from a spectroscopic time-series. This
leaves only the Doppler-shifted lines from the planet’s transmission
spectrum, which (unlike in low-resolution spectroscopy) are indi-
vidually resolved at high dispersion. Thus, the planetary signal can
be extracted from the noise using cross-correlationwithmodel spec-
tra of the predicted transmission spectrum for individual atomic or
molecular species, allowing us to effectively sum up over several re-
solved spectral lines (often numbering in the thousands) and thereby
strengthen the detection signal. This method has been used to de-
tect evidence of molecules such as CO, H2O, TiO, CH4, and HCN;
and atomic species such as Fe, Ti, Mg, Na, K, He, and Ca (Snellen
et al. 2010; Brogi et al. 2012; Birkby et al. 2013; Lockwood et al.
2014; Nugroho et al. 2017; Allart et al. 2019; Cabot et al. 2019;
Guilluy et al. 2019; Yan et al. 2019; Turner et al. 2020; Gibson et al.
2020; Sánchez-López et al. 2020). The extra velocity information
encoded in this technique has also allowed for the detection of the
rotational velocity of the planet (Snellen et al. 2014) and planetary
winds (Brogi et al. 2016), along with greater constraints on the
mass of non-transiting planets due to the direct measurement of the
planetary radial velocity (Brogi et al. 2014). A full overview of the
technique can be found in Birkby (2018).

High-resolution Doppler spectroscopy has also played a huge
part in the characterisation of ultra-hot Jupiters. This technique was
used in a highly-successful attempt to inventory the species present
in the atmosphere of possibly the most notorious UHJ of them all,
KELT-9b. The hottest-known exoplanet to datewith a)4@ of 4050K,
Hoeĳmakers et al. (2018, 2019) revealed the presence of Mg i, Fe i,
Fe ii, Ti ii, Na ii, Na i, Cr ii, Sc ii and Y ii, along with hints of Ca i,
Cr i, Co i and Sr ii. High-resolution spectroscopy has also provided
detections of Fe i, Fe ii, Ca i, Ca ii, Mg i, Cr ii and the Balmer se-
ries of hydrogen in the UHJ KELT-20b/MASCARA-2b (Casasayas-
Barris et al. 2018, 2019; Nugroho et al. 2020a; Hoeĳmakers et al.
2020a; Stangret et al. 2020). High-resolution explorations of the
UHJ WASP-33b revealed signs of TiO (Nugroho et al. 2017), Fe i
(Nugroho et al. 2020b), and Ca ii (Yan et al. 2019), though TiO was
not detected in later observations by Herman et al. (2020). A search
for FeH in several hot Jupiters resulted in tentative evidence for
its presence in WASP-33b and KELT-20b/MASCARA-2b (Kesseli
et al. 2020).

One especially interesting target for atmospheric characteri-
sation, whether in high-resolution or low, is the UHJ WASP-121b
(Delrez et al. 2016). WASP-121b orbits a bright F6V-type star (V =
10.5, Høg et al. 2000) with a period of just 1.27 days, resulting in
an equilibrium temperature of over 2400 K. Low-resolution obser-
vations with HST have provided a detection of water and tentative
evidence for TiO or VO in transmission (Evans et al. 2016, 2018;
Tsiaras et al. 2018) and the first direct measurement of a tempera-
ture inversion via water features detected in emission (Evans et al.
2017). The temperature inversion was later confirmed by phase-
curve photometry from TESS (the Transiting Exoplanet Survey
Satellite; Daylan et al. 2019; Bourrier et al. 2020b). New secondary
eclipse measurements made by HST recently reconfirmed the pres-
ence of water emission features (Mikal-Evans et al. 2020), though
these observations have failed to reproduce a feature in the emis-
sion spectrum previously attributed to VO in Evans et al. (2017)
and Mikal-Evans et al. (2019), since attributed to systematics. Re-
cent UV observations, also with HST, found that WASP-121b has
an extended and potentially escaping atmosphere, with evidence for
Fe ii and Mg ii during transit extending far higher in the atmosphere
than previously-detected features at redder wavelengths (Sing et al.
2019). An excess in UV absorption was previously reported by Salz
et al. (2019), and eclipse observations in the I′ band have deter-
mined upper limits on the planet’s albedo (Mallonn et al. 2019).

At high resolution, a search for TiO or VO in the transmis-
sion spectrum of WASP-121b using UVES (UV-Visual Echelle
Spectrograph) on the VLT failed to detect either (Merritt et al.
2020), in conflict with earlier low-resolution work (Evans et al.
2016, 2018; Tsiaras et al. 2018), though the inaccuracy of the VO
high-temperature line-list was cited as a possible cause for the non-
detection of VO. Analysis by Gibson et al. (2020) of the sameUVES
transits, and by Bourrier et al. (2020a) and Cabot et al. (2020) us-
ing HARPS (High-Accuracy Radial-velocity Planet Searcher) on
La Silla, have discovered the presence of Fe i deeper in the atmo-
sphere, with Cabot et al. (2020) additionally detecting the presence
of HU. Analysis of the same HARPS data by Ben-Yami et al. (2020)
confirmed the presence of Fe i and Fe ii, while presenting addi-
tional detections of V i and Cr i and a non-detection of Ti i. Further
analysis by Hoeĳmakers et al. (2020b), again on the same HARPS
observations, confirmed the presence of Fe i, V i and Cr i, while
adding detections of Mg i, Na i, Ca i and Ni i, and confirming non-
detections of Ti i and TiO. This wealth of information from only a
handful of datasets showcases the huge potential of high-resolution
spectroscopy as a tool to explore the atmospheres of UHJs.
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In order to confirm and expand upon previous detections, we
present an atomic species inventory of the ultra-hot Jupiter WASP-
121b using high-resolution spectra from UVES/VLT (Dekker et al.
2000), an instrument which has previously proven successful in
characterising exoplanet atmospheres (Snellen 2004; Czesla et al.
2015; Khalafinejad et al. 2017; Gibson et al. 2019). A first look
at the blue arm of these observations was presented in Gibson
et al. (2020), and analysis of the red arm in a search for molecular
features was presented in Merritt et al. (2020): this paper presents
analysis of both the red and blue arms combined with the aim of
searching for a broad range of species. In Sec. 2, we describe the
observations and the extraction of the spectra. Sec. 3 discusses our
data-processing steps, the creation of model transmission spectra
for cross-correlation, the cross-correlation process and our injection
tests. Results of a broad-scale atomic species search are presented
alongside our detection criteria in Sec. 4; the results are further
discussed in detail in Sec. 5, including the results of our injection
tests and notable non-detections.

2 OBSERVATIONS AND DATA REDUCTION

Two transits ofWASP-121bwere observed using the high-resolution
echelle spectrograph UVES, mounted on the 8.2m ‘Kueyen’ tele-
scope (UT2) of the VLT. Observations were taken on the nights of
25 December 2016 and 4 January 2017 as part of program 098.C-
0547 (PI: Gibson) using a ‘free template’ with dichroic #2 and
cross-dispersers #2 and #4 for the blue and red arms, respectively.
Image slicer #3 was also used, in order to maximise throughput and
spectral resolution, with a slit length of 10 arcseconds. In the red
arm, this resulted in R ∼ 110,000 from 560 nm to 866 nm over a
range of 35 spectral orders, with a central wavelength of 760 nm. In
the blue arm, we obtained R ∼ 80,000 from 375 nm to 495 nm over
29 spectral orders, with a central wavelength of 437 nm. The blue
arm of this data was previously presented in Gibson et al. (2020),
and the red arm of this data was previously presented in Merritt
et al. (2020). The subsequent analysis in this paper uses both arms
for a total of 64 spectral orders from 375 nm to 866 nm.

An exposure time of 100 seconds and a read-out time of ∼24
seconds was used for both nights, resulting in a cadence of 124
seconds. The first transit observation covered 4.7 hours in 137 ex-
posures: 28 before ingress, 83 in-transit and 26 after egress. Guiding
was lost for exposures 70-72, and these were subsequently removed
from our analysis. The second transit observations covered 5.0 hours
and resulted in 143 exposures, of which 39 were pre-ingress, 80 in-
transit and 24 post-egress. The small difference in the number of
in-transit observations between the two nights was caused by a short
pause in observations during the first night in order to correct the
guiding.

The spectra were extracted using the custom Python pipeline
outlined in Merritt et al. (2020). This pipeline uses the UVES es-

orex pipeline (version 5.7.0) to generate flat-field frames, bias
frames, an initial wavelength solution and initial order traces but
allows finer control over both the final data products and the aper-
ture size and centering during the extraction process. We once again
choose to extract and use the rawflux from each spectral order, rather
than merging the orders after performing resampling, flat-fielding
and blaze correction. This is preferred as the instrumental response
changes in time and cannot be corrected by flat-fielding, and also
ensures optimal preservation of spectral information at the order
edges.

Extraction proceeded almost identically to the process outlined

in Merritt et al. (2020). However, bias subtraction was found to lead
to spuriously negative values in low-flux areas of the spectrum
in the blue arm, and a correction from the overscan areas was
implemented. Additionally, the order traces from the esorex pipeline
were found to be slightly off-centre, andwere corrected. Once again,
as the five spectral traces almost entirely fill the extraction aperture,
no background subtraction was performed.

The throughput of the UVES red arm peaks at the red end
of the wavelength range, with a typical signal-to-noise of 30 to 45
per spectral element in the centre of the orders for the first night.
Throughput of the UVES blue arm peaks again at the red end, with
a typical signal to noise of 30-40 for the first night. Once again,
we elected to discard the transit from the second night (January 4
2017) due to the greatly variable signal-to-noise ratio (S/N) ranging
from 2 – 55 over the night, with the lowest count rates being found
during the course of the transit. The analysis thus presented uses
spectra from the first night of observations only. The peak S/N
over the course of the observations can be found in Merritt et al.
(2020). The barycentric Julian date (BJDTDB) was calculated for
each observation using astropy.time routines.

Outliers were removed from the spectra by a two-stage process
slightly improved from the method outlined in Merritt et al. (2020).
First, the spectra were lightly sigma-clipped for values over 3 sigma
to remove themost extreme outliers, whichwere replaced by theme-
dian value of the surrounding 100 pixels. Then, a single-component
PCA reconstruction of the time-series spectra was subtracted from
the spectra to remove all time- and wavelength-dependent trends.
Two iterations of sigma-clippingwere performed upon the residuals,
with the values of any outliers set to zero: the PCA reconstruction
was then added back onto the data, replacing any clipped outliers
with their value from the PCA reconstruction. This process replaced
an average of 0.07% of pixels per order, and is not expected to affect
our analysis.

In an additional divergence from Merritt et al. (2020), spectral
alignment was performed to correct for small shifts in the original
wavelength solution provided by the esorex pipeline. This was not
thought to be necessary in the search for TiO and VO presented in
Merritt et al. (2020), as the total wavelength drift over each night
was found to be significantly less than a resolution element (∼2.5
km s−1 at R ∼ 110,000). However, Gibson et al. (2020) found that
order-to-order drift in the blue arm was ∼3 km s−1, probably due
to inaccuracies in the wavelength solution provided by the pipeline.
Additionally, as the goal of this work is to search for atomic species,
many of which may be present in the stellar spectrum, the need for
an accurate wavelength solution is increased in order to optimise
the detrending methods used to remove the stellar spectrum from
the data, as outlined in Sec. 3.1.

The blue arm of the spectra was aligned via cross-correlation
with a PHOENIX model for an F6V-type star (Husser et al. 2013).
The resultant detected velocity shifts were then smoothed with a
high-pass filter and applied to each frame and order of the blue arm
data separately. In the red arm, alignment could not be successfully
performed to the stellar spectrum due to the lack of lines and the
contamination due to the presence of tellurics. Instead, alignment
was performed via cross-correlation to a telluric template generated
from ESO’s SkyCalc tool (Noll et al. 2012; Jones et al. 2013). In the
red arm, the order-to-order discrepancy in the wavelength solution
was found to be much less (∼1 km s−1), and due to the sporadic
placement of tellurics throughout the red arm spectra, order-specific
alignment was very difficult for orders with few tellurics. As a result,
the wavelength corrections for each frame were averaged over the
orders and applied on a frame-by-frame basis only.
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In the same interpolation used to correct for variations in the
wavelength solution, the spectra for the blue arm was also cor-
rected for the systemic velocity of the WASP-121 system and for
the barycentric velocity variation; the red arm was not, in order to
optimise the removal of telluric features as outlined in Sec. 3.1.
Also simultaneously, all spectra were linearised in wavelength and
super-sampled to 2/3 of the average pixel width for each order. Min-
imising the number of interpolations performed on the data helps
preserve spectral information and reduces the introduction of noise.
The results of the extraction were cross-checked with an indepen-
dent pipeline (Gibson et al. 2020).

3 ANALYSIS

3.1 Pre-processing

We follow an almost identical methodology to that outlined in Mer-
ritt et al. (2020), based on techniques common to searches formolec-
ular and atomic species in high-resolution spectral time-series data
(e.g. Snellen et al. 2010; Brogi et al. 2012; Birkby et al. 2013; Nu-
groho et al. 2020a). In order to search for the buried exoplanetary
spectral signal, we must first remove all other trends from the time-
series which are static or quasi-static in time, including the stellar
spectrum and telluric absorption from the Earth’s atmosphere, fur-
ther modulated by the (time-varying) response of the instrument.
The removal of these trends should, in theory, result in residu-
als which are composed of purely photon noise and the Doppler-
shifted, continuum-removed planetary signal. In practice however,
the pre-processing is imperfect, and neither perfectly removes the
stellar and telluric lines, nor leaves the atmospheric signature of the
planet untouched. Here, we briefly recap the data processing, and
an example on a single spectral order is shown in Fig. 1.

First, we place all of the spectra on a ‘common’ blaze function,
which can vary with time. The correction is performed as in Merritt
et al. (2020) by dividing each order of time-series spectra by the
median spectrum, smoothing the resulting residual spectra with a
median filter with a width of 15 pixels and a Gaussian filter with
a standard deviation of 50 pixels, and dividing through each by its
smoothed residual spectra to correct the blaze variation.

Next, all static and quasi-static trends in time – such as the
‘common’ blaze function, the stellar spectrum and the telluric spec-
trum – are removed from the time-series using the SysRem algo-
rithm (Tamuz et al. 2005). First used in this context by Birkby et al.
(2013), SysRem has become a standard tool for the detrending of
high-resolution time-series spectra (e.g. Birkby et al. 2017;Nugroho
et al. 2020a). The main advantage SysRem retains over other PCA-
based detrending methods lies in its inherent treatment of the pixel
uncertainties. Unlike Merritt et al. (2020), we use the Poisson pixel
uncertainties calculated from the extracted spectra, which resulted
in more efficient removal of the stellar signal than the outer-product
variance method described in that work.

The blaze correctionwas found to be unstable at the blue end of
each spectral order. We thus remove the first 900 and last 90 pixels
of each order in the blue arm (identically to Gibson et al. 2020 after
accounting for 3/2 supersampling) and the first 750 pixels of the red
arm (identically to Merritt et al. 2020, likewise). This removes 22%
of the pixels in the blue arm spectra and 12% in the red arm. While
this is a significant chunk of the data, the edges of the orders are
low in S/N, therefore this has minimal impact on our detections.

We run multiple passes of SysRem to create a 2Dmodel repre-
sentation for each time-series. Instead of using the resulting model-

subtracted residuals as our final product, we instead sum the Sys-
Remmodels for each pass and divide our time-series spectra by this
model before subtracting 1. This process preserves the relative line
strengths of the planet’s transmission spectrum, without first having
to divide through by the stellar spectrum (Gibson et al. 2020). The
data uncertainties are also divided through by the model. The de-
trended residuals are then optimally weighted by the square of the
pixel Poisson uncertainties.

In the blue arm, where stellar lines dominate, SysRem is per-
formed in the rest frame of the star. In the red arm, SysRem is per-
formed in the telluric rest frame, in order to optimise the removal of
the dominant telluric spectrum. Thus, after SysRem detrending, the
red arm is then further corrected for the systemic and barycentric
velocities as outlined in Sec. 2, to bring the red arm spectra into the
stellar rest frame.

3.2 Model transmission spectra

Detecting the existence of atomic features using the high-resolution
cross-correlation technique requires spectralmodels of each species.
These models are generated using high-temperature line-lists for the
species of interest to generate absorption cross-sections, which are
then fed into radiative transfer models to create template spectra.

Cross-sections for neutral atomic species and their singly-
ionised counterparts numbering from atomic number one – hy-
drogen – to atomic number 39 – yttrium – were generated following
Nugroho et al. (2017, 2020a,b) using HELIOS-K (Grimm & Heng
2015) with the Kurucz atomic line lists (Kurucz 2018). We used
a Voigt line profile with thermal and natural broadening only at
a resolution of 0.01 cm−1 with an absolute line wing cut-off of
1 × 107 cm−1, except for H i and He i which used 3 × 104 cm−1
and 1× 105 cm−1 respectively. These values were chosen to ensure
important lines are not washed away.We chose to explore no further
than yttrium (as beyond this point, solar abundances become very
low) with the exception of Cs i, due to its presence in late-M and
L-dwarfs Basri et al. (e.g. 2000).

Rather than producing a transmission spectrum for each species
via numerical integration over a layered atmosphere, we instead
elect to use the analytical equation for an approximate transmission
spectrum used in Gibson et al. (2020), adapted from the work of
Heng & Kitzmann (2017). This equation computes the effective
radius as:

'(_) = '0 + �
[
W + ln

(
%0
<6

√
2c'0
�

)]
+ � ln

∑
9

j 9f9 (_).

Here, �, 6, and < are the scale height, surface gravity and mean
molecular mass of the atmosphere; '0 and %0 are the reference
radius and pressure, W = 0.56 is a dimensionless constant, j 9 is
the volume mixing ratio of species 9 , and f9 is the cross-section
of species 9 . Scattering is accounted for by including Rayleigh
scattering using the cross-section of Lecavelier Des Etangs et al.
(2008) and a grey cloud deck simulated by simply truncating the
model at a given pressure level %cloud. We disregard the important
effects of H− scattering (Parmentier et al. 2018) in order to avoid
further degeneracy with the cloud deck and Rayleigh scattering.

Gibson et al. (2020) found this to produce models of sufficient
accuracy for high-resolution detections, by comparing directly with
a full radiative transfer model, as long as the same common assump-
tions of no pressure-broadening, a well-mixed atmosphere, and an
isothermal atmosphere are made. The main benefit of this analytical

MNRAS 000, 1–20 (2020)



Atomic species inventory in WASP-121b 5

7140 7160 7180 7200 7220

0.05

0.00

0.05

or
bi

ta
l p

ha
se

7140 7160 7180 7200 7220

0.05

0.00

0.05

or
bi

ta
l p

ha
se

7140 7160 7180 7200 7220
wavelength (Å)

0.05

0.00

0.05

or
bi

ta
l p

ha
se

0.05

0.00

0.05

or
bi

ta
l p

ha
se

200 150 100 50 0 50 100 150 200
vsys (km/s)

100

200

300

400

K p
 (k

m
/s

)

0.05

0.00

0.05

or
bi

ta
l p

ha
se

200 150 100 50 0 50 100 150 200
vsys (km/s)

100

200

300

400

K p
 (k

m
/s

)

4

2

0

2

4

4

2

0

2

4

Figure 1. Pre-processing and cross-correlation. Left: Data processing of a single raw echelle order (top), after wavelength alignment and correction for blaze
variation (middle), and after division by SysRem model and weighting by uncertainties (bottom). The dashed white lines indicate the times of ingress and
egress. The dashed black line indicates the approximate velocity shift of WASP-121b. Right: the summed cross-correlation function time series (upper) and
cross-correlation velocity map (lower) for the blue (top) and red (bottom) arms of the data respectively, for the Cr i model used to retrieve the signal presented
in Fig 3. The white dashed lines in the CCF time series plots represent the times of ingress and egress. The black dashed lines indicate the expected position
of the signal ‘trace’ in the CCF time series. In the velocity maps, the black dashed cross-hairs indicate the expected position of the signal; the white dashed
cross-hairs mark the peak of the detected signal.

equation lies in its speed, which allows us to swiftly create hundreds
of spectra for a range of parameters. This greatly increases the effi-
ciency of a broad species search and allows quick exploration of the
effects of changing parameters with minimal loss in the accuracy of
the template.

We generated spectra for every species at three temperatures
of 2000 K, 2500 K and 3000 K based on the most recent estimates
of the temperature of WASP-121b at the limb (Mikal-Evans et al.
2019; Gibson et al. 2020). We additionally generated models using
a higher set of temperatures (from 3500 K to 9500 K, in steps of 500
K) for the seven ions for which we found signals (given in Sec. 4).
We assume a Jupiter-like composition for the mean molecular mass,
and the scale height, which is expected to vary with temperature,
was instead fixed at H = 960 km using a temperature of 2800
K (approximately the temperature at the top of the atmosphere

as measured by Mikal-Evans et al. 2019). As we are subtracting
the continuum from both the data (as outlined in Sec. 3.1) and
the model spectra themselves, we are not particularly sensitive to
the scale height as a parameter: changing the scale height simply
scales the model amplitude, which should not affect the results of
the cross-correlation detections (although does impact the injection
tests). The reference radius and pressure were set at 1.8 '� and 20
mbar respectively. A full list of system and planetary parameters
used in this work is presented in Table 1.

Instead of varying the volume mixing ratio or VMR of each
species, as was done in Merritt et al. (2020), we choose to vary
the position of the grey cloud deck, %cloud. Four values of %cloud
were chosen (1 bar, 0.05 bar, 1 mbar, 0.05 mbar). These were not
physically motivated but instead selected to vary the amount of
truncation of each model, to give a good range of lines present
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Figure 2. Examples of the model transmission spectra for Cr i in WASP-121b at three different temperatures and four different positions of the grey cloud deck
%cloud. The log volume mixing ratio is held at 10−8. The blue and red regions indicate the blue and red wavelength ranges of the UVES data.

above the continuum, for an arbitrarily-chosen VMR of 10−8. An
example of the 12 models created for a single species (Cr i) is shown
in Fig. 2. Given the degeneracy between reference pressure, radius
and abundance (e.g. Benneke & Seager 2012; Heng & Kitzmann
2017), this approach is not sensitive to the abundances. Instead,
this forces us to consider detections entirely in the sense of line
strength present above the continuum (the only parameter we can
meaningfully measure with our methodology).

This process results in 1312 model spectra being generated:
three temperatures and four values of %cloud for 40 neutral species
and 37 singly-ionised forms, plus an additional 13 temperatures
for seven of the ionised species. However, we then eliminate any
models with no or extremely weak lines in the wavelength ranges
of the blue and red arms of our data, reducing the number to 792
models covering 43 neutral and ionised species.We did not constrain
our model selection in any other way, such as by the supposed
detectability of the species, as such constraints are invariablymodel-
dependent.

Finally, before cross-correlation, the continuum and scatter-
ing profile is removed from all of the model spectra, as the pre-

processing steps outlined in Sec. 3.1 remove all large-scale variation
from our data, including from any extant exoplanetary signal. This
continuum-removal is performed by subtracting a low-pass filter
consisting of a 1400-pixel maximumfilter applied in the wavelength
direction which is subsequently smoothed by a Gaussian filter with
a kernel of 400 pixels, removing all large-scale variations in the
model and normalising it at zero.

3.3 Cross-correlation

As described in Sec. 3.1, we divide the spectra (and uncertainties)
through by a SysRemmodel in order to remove all dominant trends
before weighting the residuals by the pixel variance. We create
three sets of weighted SysRem residuals for each arm, using 10,
15 and 20 passes of SysRem. Currently there exists no reliable
method of determining the optimal number of SysRem iterations
beyond empirically optimising the strength of a recovered signal or
injection. Though this method was used in Merritt et al. (2020), it
is not particularly feasible here given our search for a multitude of
different species, and we instead choose to test a small range.
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Parameter Value

WASP-121

"★ ("�) 1.353+0.080−0.079
a

'★ ('�) 1.458 ± 0.080 a

Spectral type F6V a

)eff (K) 6459 ± 140 a

+ -magnitude 10.44 a

Esys (km s−1) 38.36 ± 0.43 b

WASP-121b

)0 (BJD()��) ) 2457599.551478 ± 0.000049 c

% (days) 1.2749247646 ± 0.0000000714 c

0/'★ 3.86 ± 0.02 d

'?/'★ 0.1218 ± 0.0004 d

8 (deg) 89.1 ± 0.5 d

)eq (K) > 2400
� (km) ∼ 960d

 ? (km s−1) ∼ 217

Table 1. Stellar and planetary parameters for theWASP-121b system utilised
in this paper. Values marked with (a) are adopted from Delrez et al. (2016);
(b) from Gaia Collaboration (2018); (c) from Sing et al. (2019); and (d)
from Evans et al. (2018).

We then cross-correlate each frame of each order with the
corresponding section of the model spectra, binned down to the
instrumental resolution of the order.As no planetary signal is ex-
pected in the frames occurring out of transit, and any signal will be
weaker during ingress and egress, the resulting time- series of cross-
correlation functions is then weighted by a simple transit model for
WASP-121b using the equations of Mandel & Agol (2002) and
assuming no limb-darkening.

The cross-correlation function is expected to peak where there
is a match between the model template and the spectral residuals.
This peak, if extant, will be Doppler-shifted in time according to the
motion of the planet around the parent star, resulting in a slanted
trace in the cross-correlation time-series. For very strong signals,
this trace can be seen with the naked eye (e.g. Snellen et al. 2010).
For weaker signals, the next step is to integrate the cross-correlation
time series over a range of predicted planetary radial velocity semi-
amplitudes, where the RV at each frame Ep is given by:

Ep (q) = Esys +  p sin (2cq),
where Esys is the systemic velocity,  p is the radial velocity semi-
amplitude of the planet and q is the orbital phase of the planet,
where q = 0 represents the mid-transit time. We note that here, Esys
is expected to be zero, as the spectra have already been shifted to
the stellar rest frame by correcting for both the systemic and the
barycentric velocity. The x-axis of the cross-correlation time series
can thus be thought of in terms of velocity ‘lag’ from the stellar rest
frame.

We integrate the resulting cross-correlation function time-
series for each order by interpolating each order time-series to a
predicted radial velocity curve using values for  p from 100 to 400
km s−1 in steps of km s−1, smaller than the average single resolu-
tion element of the original spectra (∼ 3.15 km s−1 averaged over
both arms). A smaller range than in Merritt et al. (2020) was chosen

in order to speed up computational time, while still remaining large
enough to judge the overall noise profile of the resultant map. The
 p-interpolated orders are then summed column-wise in time and
stacked to create a series of cross-correlation velocity heat maps,
one for each order, where the y-axis is now p and the x-axis, as pre-
viously, is in velocity ’lag‘ from the stellar rest frame, or Esys where
the stellar rest frame is zero. Examples of the cross-correlation func-
tion times series and the resulting velocity maps are shown for both
the red and blue arms in the right column of Fig. 1.

Due to the varying resolution across the spectral range, the
map for each order has a slightly different scale in Esys. The maps
for the blue and red arms are thus interpolated to a velocity scale
made up of the mean of the Esys scales for that arm and summed
over the orders to form a final map for the blue and the red arm.
The individual order maps are also combined into a final red + blue
map by interpolating to the mean of all Esys scales and summing
again over the orders, which have already been optimally weighted
by their variance: this should have the effect of strengthening extant
signals by using the full spectral range of our data.

Due to the use of cross-correlation and our previous removal
of the continuum from the data, the z-axis is in arbitrary units.
In order to set a detection significance, we initially used the com-
mon method also used in Merritt et al. (2020), where the maps
are divided through by their standard deviation away from the pre-
dicted signal. Again similarly to Merritt et al. (2020), we also tried
a more robust method of obtaining a detection significance, fol-
lowing Esteves et al. (2017). The time-series of cross-correlation
functions is interpolated to a common Esys scale and summed over
the orders to form a ‘master’ set of CCFs, which is then shuffled
randomly in time before regenerating the cross-correlation maps.
This is performed 1000 times, and the resultant maps used to set the
pixel-by-pixel standard deviation of the original, unshuffled map.
This ’phase-shuffling‘ method was only used on a limited subset of
the maps (those in which potential detections were found) due to the
computationally-intensive nature of the method. Also, as in Merritt
et al. (2020), we found no discernible difference using this method
beyond a slight increase in detection significance for most signals.
Once again, we prefer to use the method that generates a more con-
servative estimate of detection significance. Detection significance
was, in all cases, set independently for the red, blue, and red + blue
maps.

The fully-automated cross-correlation process was performed
for every atomic model template outlined in Sec. 3.2, with three
cross-correlation maps (the blue arm, the red arm, and the com-
bined red + blue map) generated and plotted for each model. The
automated signal detection looked for the strongest peak within a
range of 10 km s−1 in Esys and 20 km s−1 in  p from the ‘expected’
signal position of 217 km s−1 (from parameters in Delrez et al.
2016) and 0 km s−1 (i.e. the stellar rest frame). Peaks in the maps
of over 3f in this range were highlighted for further inspection,
although in practice every cross-correlation map was investigated
by eye for potential signals.

3.4 Injection tests

In order to test our sensitivity to the species we are searching for, and
to judge the reliability of any potential signals, we also performed
injection tests for every model used in the signal retrieval process.
Every model was convolved with the instrumental resolution using
a top-hat function and Doppler shifted to conform to a  p curve of -
217 km s−1, a value chosen to have an identical velocity curve to the
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Species f  p (km s−1) Esys (km s−1) T (K) %cloud (bar) SysRem iterations

Fe i 8.8 200 -7.3 3000 0.05 10
Ca ii 6.4 235 -7.3 4500 1 10
Cr i 5.0 198 -5.5 2000 1 10
V i 4.4 226 -5.5 2000 5 × 10−5 10
Ca i 4.2 199 -5.5 3000 5 × 10−5 10
H i 5.7 236 -4.6 7000 1 15
K i 4.4 198 -6.4 3000 5 × 10−5 20
Sc ii 4.2 212 5.5 2000 5 × 10−5 20
Mn i 4.0 217 -4.6 2000 0.05 10
Co ii 3.8 218 -7.3 3000 1 15
Ni i 3.7 221 -11 2500 0.05 20
Co i 3.6 198 -13 2000 0.05 10
Cu i 4.6 203 -11 3000 5 × 10−5 10
Sr i 4.0 203 0.9 2500 0.001 20
V ii 3.7 210 -11 2000 1 20
Ti i★ 3.6 234 -5.1 2000 5 × 10−5 10
Sr ii 3.6 201 -0.9 5000 5 × 10−5 10
Ti ii 3.4 204 -14 7000 0.05 10
Fe ii 3.2 217 -9.2 3000 1 10
Mg i 2.9 198 -7.3 3000 1 15

★ blue arm only

Table 2. Parameters for detected signals presented in this work, in order of overall confidence. Here f,  p and Esys are the signal detection significance and
velocity location from the combined red + blue maps (apart from Ti i, for which the blue arm results are presented). T and %cloud are the temperature and cloud
deck pressure level parameters of the model for which the strongest signal was retrieved for the species in question (shown in Fig. 7). The SysRem iterations
column provides the number of iterations which resulted in the strongest signal for the species.

expected signal but reversed, to ensure that the detected injection is
not enhanced by any extant signal.We also take into account the fact
that the red arm spectra are not corrected to the stellar rest-frame
until after SysRem detrending by introducing a ‘de-correction’ for
barycentric and systemic velocity into the red-arm injected models.
The Doppler-shifted models are then multiplied into the original ex-
tracted spectra before the pre-processing steps outlined in Sec. 3.1,
after which the cross-correlation process continues almost identi-
cally. However, injection tests were performed with 15 passes of
SysRem exclusively, due to the computationally-intensive nature of
the process.

We also performed additional injection tests for all ionised
species that showed signals in detection. The models generated
in Sec. 3.2 assume hydrostatic equilibrium, but from Sing et al.
(2019) we are aware that WASP-121b is likely to have an escap-
ing exosphere containing ionised species, resulting in much deeper
spectral features than would be expected from our simple model.
These injection tests used models generated in an identical manner
to those described in Sec. 3.2 for the higher temperature range of
3500 – 9500 K. These models were then scaled so that their features
matched the rough height of ∼ 0.25 – 0.3 '?/'★ reported for Fe ii
and Mg ii in Sing et al. (2019). For similar reasons, we also scaled
the H i models so that the H-U line matched the height of ∼ 0.2
'?/'★ reported by Cabot et al. (2020).

4 RESULTS

4.1 Detection criteria

The cross-correlation process resulted in a signal present within
the detection range for 20 different species, with a huge range in
detection strength, signal position, and level of noise/additional
structure in the cross-correlation map. Simply applying a detection
significance cut-off of 4f, similarly to Merritt et al. (2020), was
found to be insufficient as a means of judging the reliability of the
detected signals. For example, some otherwise-dubious signalswere
found to be stronger than 4f, while some more likely signals fell
just below. In addition, the methods used to generate the detection
significances are, though common in the literature, rather simplistic,
and rely on an assumption of Gaussian white-noise statistics which
largely ignores the presence of structure in the map. In reality, the
statistics of these cross-correlation maps are poorly understood, and
the detection significance can be changed by as much as 0.5f by
simply changing the area used to calculate the standard deviation, or
by increasing/decreasing the number of phase-shuffling iterations.
New techniques are being pursued and have produced encouraging
results (Brogi & Line 2019; Fisher et al. 2020; Gibson et al. 2020;
Nugroho et al. 2020b), but due to their computationally-intensive
nature, these methods were not attempted here for our large range
of species.

As a result, we categorise our prospective detections using a
more extensive set of diagnostic criteria. The initial set of 20 species
was selected via examination by eye of all of the resulting cross-
correlation maps. We then judged them considering the following
criteria:
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Species
Significance
> 3.5f

Expected
position

Present in
injection

Minimal noise
in map

Detected in
WASP-121b?

Detected in
other HJ?

Strength of
detection

Fe i X X X X [1, 2, 3, 4, 5] [A, B, C, D] Strong
Ca ii X X X X – [E, F, G] Strong
Cr i X X X X [2, 3] [H] Strong
V i X X X X [2, 3] – Strong
Ca i X X X X [3] [I] Strong
H i X X × X [4] [F, G] Tentative
K i X X × X – [J, K, L] Tentative
Sc ii X × X X – [H] Tentative
Mn i X X X × – – Weak
Co ii X X X × – – Weak
Ni i X × X × [3] – Weak
Co i X × X × – [H] Weak
Cu i X × × X – – Very weak
Sr i X × X × – – Very weak
V ii X × X × – – Very weak
Ti i ×★ X X × – – Very weak
Sr ii X × × × – [H] Very weak
Ti ii × × X × – [D, H] Very weak
Fe ii × × X × [2, 6] [C, D, F, H] Very weak
Mg i × X × × [3] [H, M] Very weak

★ significance > 3.5 in blue arm only

Table 3. Detected signals and the detection criteria they fulfil from Sec. 4.1. References for WASP-121b: 1) Gibson et al. (2020), 2) Ben-Yami et al. (2020),
3) Hoeĳmakers et al. (2020b), 4) Cabot et al. (2020), 5) Bourrier et al. (2020b), 6) Sing et al. (2019). References for other hot Jupiters: A) Nugroho et al.
(2020b), B) Ehrenreich et al. (2020), C) Stangret et al. (2020), D) Hoeĳmakers et al. (2018), E) Nugroho et al. (2020a), F) Casasayas-Barris et al. (2019), G)
Turner et al. (2020), H) Hoeĳmakers et al. (2019), I) Astudillo-Defru & Rojo (2013), J) Sing et al. (2011), K) Colón et al. (2012), L) Sedaghati et al. (2016),
M) Vidal-Madjar et al. (2013). Citations for species found in other hot Jupiters are non-exhaustive.

(i) Detection strength at or above 3.5f. Though it has been
shown (e.g. by Cabot et al. 2019) that noise fluctuations in the
cross-correlation map can reach the 4f level, we use a slightly less
conservative value to avoid missing potentially-interesting signals.

(ii) Position of the signal. Gibson et al. (2020) recovered a strong
Fe i signal at a Esys offset of ∼ 5 km s−1 and a  p of ∼ 190 km s−1.
We find the Fe i signal at  p = 200 km s−1, Esys = -7.3 km s−1
(see Fig. 3). The negative Esys offset is also consistent with those
observed by Hoeĳmakers et al. (2020b), Ben-Yami et al. (2020),
Bourrier et al. (2020a) and Cabot et al. (2020) and is thus thought to
be reliable. Though the offset we recover is larger, it is still consistent
to within a resolution element of UVES (∼ 3.15 km s−1). We thus
judge any signal that lies within 3 km s−1 in Esys and 20 km s−1 of
 p of the Fe i signal presented in Gibson et al. (2020) to lie at the
‘expected’ position.

(iii) Whether the signal is detected in our injection tests. If a
species is found as both a standard detection in the data and in
injection, this increases confidence in the detection. Conversely, if
no signal is found in injection for a species that presents a detected
signal, we might assume that we do not in fact have the sensitivity
to detect the species in question. Also, as we inject the signals at a
velocity far from the prospective exoplanetary signal, this criterion
accounts for cases where a model with very few lines ‘aliases’
similar lines found in other extant species, potentially leading to a
spurious detection. (See Co i, Sec. 4.3.10.)

(iv) The presence of structure in the maps. This was assessed by

a visual inspection to determine whether any peaks of similar size
to the signal existed within the cross-correlation map.
(v) Whether the species has been detected before, whether in

other analyses ofWASP-121b (e.g. Hoeĳmakers et al. 2020b; Cabot
et al. 2020; Ben-Yami et al. 2020), or in other ultra-hot Jupiters such
as KELT-9b (Hoeĳmakers et al. 2018, 2019) or KELT-20b (e.g.
Casasayas-Barris et al. 2019; Nugroho et al. 2020a). Though we
elect to remain as model-agnostic as possible, and thus assign no
detectability criteria based upon whether a species is expected in
WASP-121b via models, the actual previous detection of a species
inWASP-121b or indeed in other ultra-hot Jupiters lends credibility
to a previous detection.

4.2 Results of cross-correlation and injection tests

A table of the 20 potential detections and their parameters, sorted by
the criteria fulfilled, is presented in Table 2. The detection criteria
fulfilled for each species are elaborated upon on in Table 3.

The cross-correlation maps and slices through the maps at
the relevant  p, with comparison to the injection tests, are found
in Figs. 3, 4, 5 and 6. In each case, we have chosen the result
from model with the temperature and %cloud which provides the
largest detection significance: these models can be found in Fig. 7.
Similarly, we present the results from the number of SysRem it-
erations that maximises the signal strength: however, we note that
all signals are retrievable at 10 iterations. We reiterate here that the
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Figure 3. Results from cross-correlation for Fe i, Ca ii, Cr i, V i, Ca i and H i. Top: the summed CCFs for the blue and red arms. The dashed white lines indicate
ingress and egress. The dashed black line indicates the expected position of the signal trace. Middle: the velocity map. The black dashed cross-hairs indicate
the expected position of the signal, while the white cross-hairs centre on the peak of the detected signal. Bottom: a slice of the velocity map at the value of  p
for which the signal was located. The purple line is from the velocity map presented: the dotted grey line shows the signal from the injection test of the same
model, adjusted to have the same Esys offset as the detected signal. The results for Ca ii are presented in further detail in Fig. 4.

temperature and %cloud parameters are largely degenerate with other
parameters; in each case, the ‘best’ model is simply the one which
provides the closest match to the exoplanetary signal out of those
tested in terms of line strength above the continuum. The detection
significances presented are those found using the more simplistic
method of dividing the map by the standard deviation outside of
the signal area. Phase-shuffling (as described in Sec. 3.3) was found
to vary the detection significance very slightly but otherwise pro-

duced very similar results, so we have reverted to the simpler, less
computationally-intensive method here.

Our strongest andmost reliable signals are of Fe i, Cr i, V i, Ca i
and Ca ii, fulfilling five out of five of our detection criteria. Strong
detections are also found of H i, K i and Sc ii, fulfilling four criteria
each. Tentative detections are found of Mn i, Co ii, Ni i and Co i:
these signals are less reliable, fulfilling 3 of our detection criteria,
and are in need of further confirmation. Finally, we find hints of
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Figure 4. Results from cross-correlation for Ca ii. Left: cross-correlation velocity maps for the blue arm (top) and the red arm (bottom), showing lack of signal
in the blue arm. Right: as results presented in Fig. 3. The red and blue dotted lines in the bottom-right plot represent slices through the red and blue maps at
the detected  p. The grey dashed line represents the injected signal for the same model with the line strength boosted to ∼ 0.25 – 0.3 '?/'★ and adjusted to
have the same Esys offset as the detected signal.

Cu i, Sr i, V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii. These satisfy only
1 – 2 of our detection criteria. Further discussion of each of these
signals in depth is presented in the following section.

4.3 Individual species results

Given the large number of potential detections, in the following
section we discuss our stronger signals individually, with reference
to the cross-correlation maps shown in Figs. 3, 4, and 5. The very
weakest signals are discussed as a whole in Sec. 4.3.13 and are
shown in Fig. 6.

4.3.1 Fe i

As expected from previouswork, we detect the Fe i signal strongly at
8.8f, within range of the expected location ( p = 200 km s−1, Esys

= -7.3 km s−1), in the combined blue + red map. This independent
confirmation of our previous detection using both arms of the data
fulfils all five of our detection criteria and serves as a benchmark test
for our analysis, as the detection was previously well-characterised
by Gibson et al. (2020) using the blue arm of this dataset and
confirmed by Cabot et al. (2020), Bourrier et al. (2020a), Ben-Yami
et al. (2020) and Hoeĳmakers et al. (2020b) in the HARPS dataset.
Though we detect the Fe i signal at a larger negative Esys offset than
the values reported in the aforementionedworks, we note that UVES
is less stable in wavelength than HARPS, and less sensitive, with
an average resolution element of ∼ 3.15 km s−1. In addition, this
analysis was performed with an independent reduction and analysis
pipeline.
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Figure 5. As Fig. 3, for K i, Sc ii, Mn i, Co ii, Ni i and Co i. Note that the summed CCFs have been omitted from this figure due to the lack of visible trace.

4.3.2 Ca ii

We retrieve a strong (∼ 6.3f) signal for Ca ii in the expected location
( p = 236 km s−1, Esys = -7.3 km s−1). As shown in Fig. 4, we do
not detect a significant signal in the blue arm of our data, which
contains the strong Ca ii H and K lines. We also did not detect a
signal in the blue arm for any of our original Ca ii injection tests.
We theorise that this is due to the presence of extremely broad H
and K lines in the stellar spectrum. Our data will have low S/N
in the vicinity of these broad stellar lines, especially after optimal
weighting. A similar effect was observed by Seidel et al. (2020) for
sodium in the high-resolution transmission spectrum of the bloated
super-Neptune WASP-166b. The majority of our detected signal
comes instead from the strong triplet at the redward end of our red
arm data.

Though Ca iiwas not found in our original injection tests using
models limited by the assumption of hydrostatic equilibrium, it is
recovered easily when we scale the injected models to account
for a higher temperature and escaping atmosphere, as described in
Sec. 3.4. We also recover stronger signals at higher temperatures,
with our strongest signal found using a model generated at 4500

K. We thus surmise, with reference to Sing et al. (2019), that Ca ii
exists mainly in the hot extended exosphere of WASP-121b. This is
discussed further in Sec. 5. Ca ii has previously been detected in the
atmosphere of the UHJ KELT-20b/MASCARA-2b by Casasayas-
Barris et al. (2019) and Nugroho et al. (2020a), where it is also
theorised to be part of an escaping atmosphere.

4.3.3 Cr i

We confirm the detection of Cr i in the HARPS transits analysed by
Ben-Yami et al. (2020) and Hoeĳmakers et al. (2020b), recovering
the signal at 5.0f within range of the expected location ( p = 198
km s−1, Esys = -5.5 km s−1) and fulfilling all five of our detection
criteria. As can be seen in Fig 1, the signals are found in slightly
different velocity locations in the blue and red arms. We discuss the
variation in offsets in Esys further in Sec. 5.
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Figure 6. As Fig. 5, for Cu i, Sr i, V ii, Ti i, Sr ii, Ti ii, Fe ii, and V ii. Note that for Ti i, the velocity map presented is from the blue arm only, as the signal did
not appear in the combined blue + red velocity map.

4.3.4 V i

We also confirm the HARPS detection of V i (Ben-Yami et al. 2020;
Hoeĳmakers et al. 2020b), recovering the signal at 4.4f within
range of the expected location ( p = 226 km s−1, Esys = -5.5 km s−1)
and fulfilling all five of our detection criteria.

4.3.5 Ca i

We retrieve a Ca i signal of 4.2f close to the expected position, at
 p = 199 km s−1 and Esys = -5.5 km s−1. There is a small amount
of structure in the cross-correlation map which, upon inspection
of the maps from the individual arms, seems to result from an
imperfect removal of the stellar Ca i signal in the red arm. This
imperfect removal may be due to the fact that our red arm data is
detrended using SysRem in the rest frame of the Earth, in order to
optimise the removal of the telluric spectrum, which is usually far
more dominant within this wavelength range. Due to this structure
in the cross-correlation map, this detection fulfils only four of our
five detection criteria. However, Ca i was detected in the HARPS
datasets by Hoeĳmakers et al. (2020b), giving further confidence in
its detection in the UVES dataset.

4.3.6 H i

We retrieve a strong but exceptionally diffuse signal for H i at 5.7f,
at the expected location of  p = 236 km s−1 and Esys = -4.6 km s−1.
The diffuse nature of the signal can be attributed to the broad nature

of theBalmer lines in both ourmodel and in the signal presentwithin
the data. The high temperature at which we detect our strongest
signal (7000 K) would support this hypothesis, as H i is presumably,
like Ca ii, present in the extended atmosphere. This broadening may
also explain why the H i signal is not present in our injection tests,
even when the H-U line is scaled upwards to match the height of the
feature found byCabot et al. (2020) inWASP-121b using differential
transit analysis.

4.3.7 K i

The K i signal is recovered at 4.4f and is found in the expected
position, at  p = 198 km s−1 and Esys = -6.4 km s−1; however, it
is only present in injection tests at higher values of %cloud than
the model we found to produce the strongest signal. Potassium is
thought to be a commonly-detectable component of hot Jupiter
atmospheres (Fortney et al. 2010, see also detections by e.g. Sing
et al. 2011, Colón et al. 2012, Sedaghati et al. 2016), but it is
expected to be largely ionised at the temperatures probed at the limb
of WASP-121b, and has not yet been detected at low-resolution. It
is possible that differential transit analysis focused on strong K lines
could further confirm this detection (see Gibson et al. 2019, for an
example with UVES). This method could additionally explore other
species with few, strong lines in the wavelength region; previous
detections made with this method in WASP-121b include Cabot
et al. (2020)’s detection of both the Na i doublet and an extended
HU feature attributed to atmospheric escape.
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4.3.8 Sc ii

We retrieve a Sc ii signal at 4.2f. The signal seems to be fairly clear
and well-defined within the cross-correlation maps, with a small
amount of structure, and at 212 km s−1 is well-placed in  p, but
the position of the signal in systemic velocity is extremely unusual:
the offset in Esys is positive, at 5.5 km s−1. Sc ii has so far been
discovered only in KELT-9b (Hoeĳmakers et al. 2019), suggesting
that if this signal is physical, we are probing a high-temperature
region, perhaps in the exosphere (similarly to Ca ii, Sec. 4.3.2). This
could also partially explain the very different Esys. However, unlike
Ca ii, we do not retrieve the signal at a higher significance using
higher-temperature models. Due to this, and due to the unusual
location of the signal, we encourage further investigation.

4.3.9 Mn i

We find a signal for Mn i at 4.0f and at the expected location in  p
= 217 km s−1, Esys = -4.6 km s−1. Though the signal appears quite
clear, there is, however, a lot of structure in themap: the signal seems
to have a ‘trail’ pointing downwards in  p, and there is an additional
peak found at  p = ∼ 375 km s−1. Additionally, the model for which
we present the highest detection significance forMn i does not result
in a detectable signal when injected, although Mn i was found to
be detectable in injection at higher temperatures/lower values for
%cloud (see Fig. 8). This result passes 3 of our diagnostic criteria.
We therefore consider this as weak evidence for the presence of
Mn i, and a potentially fruitful avenue for further investigation. To
date, Mn i has not been confirmed in an exoplanet atmosphere.
However, it was theorised by Lothringer et al. (2020) to be one of
many species contributing to the increased transit depth at short
wavelengths seen in low-resolution transmission spectra of UHJs,
including WASP-121b (Evans et al. 2018).

4.3.10 Co ii

A faint Co ii signal is detected at 3.8f, close to the expected location
( p = 218 km s−1, Esys = -7.3 km s−1). A Co ii signal is also seen
faintly in injection. However, the presence of structure in the map
at a similar significance level greatly reduces our confidence in
this detection, and Co ii has not yet been detected in an exoplanet
atmosphere. Again, further investigation is warranted.

4.3.11 Ni i

We detect a faint Ni i signal at 3.7f. Again, though its position in
 p is within acceptable parameters (at 221 km s−1), the unusually
large negative offset in Esys is seen once again, at -11 km s−1. We
discuss potential causes for this in Sec. 5. There is also a great deal of
structure in the cross-correlation map. However, Ni i was detected
fairly strongly by Hoeĳmakers et al. (2020b), potentially due to
the HARPS spectrograph’s higher resolution at blue wavelengths
and their coverage of the wavelength gap caused by our use of the
dichroic in the UVES data. We therefore consider this additional
evidence for the presence of Ni i in WASP-121b.

4.3.12 Co i

We retrieve a faint Co i signal at 3.6f. However, while its location
in  p (199 km s−1) is within the expected range, the signal position
is at a much greater negative offset in Esys, at -12.3 km s−1. A

similarly large negative offset is found in several other potential
signals, such as Ni i, and is discussed further in Sec. 5. The presence
of similarly-sized structure in the map also reduces our confidence
in this detection. Evidence of Co i has previously been found in
KELT-9b by Hoeĳmakers et al. (2019); Hoeĳmakers et al. (2020b)
searched for Co i in WASP-121b, but did not detect a signal. The
Co i signal thus fulfils three out of five of our diagnostic criteria,
and we consider it worthy of further investigation.

4.3.13 Other signals

We also find hints of Cu i, Sr i, V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii.
Further details of these weak signals can be found in Table 2 and
Fig. 6.

Of these signals, Mg i has been previously detected by Hoei-
jmakers et al. (2020b) in WASP-121b. We recover this signal very
weakly, at 2.9f, and surmise that we do not detect Mg i as strongly
due to the wavelength coverage gap in our data between the red and
blue arms. This gap, which is covered by the HARPS transits ex-
plored by Hoeĳmakers et al. (2020b), contains a strong Mg i triplet
at ∼ 5200 Å. We surmise that our lack of coverage of this triplet is
responsible for our comparatively much weaker detection. Though
other strong Mg i lines exist at the very blueward end of the blue
arm of our data, this region of our spectra is low in S/N and is
downweighted heavily in our analysis.

We also find a faint 3.2f signal for Fe ii, but at a large negative
Esys offset. Sing et al. (2019) found strong evidence of escaping Fe ii
in their NUV observations of WASP-121b, and an Fe ii signal was
recovered by Ben-Yami et al. (2020). However, previous work on
the blue arm of the dataset presented here by Gibson et al. (2020)
did not retreive a Fe ii signal, and Hoeĳmakers et al. (2020b) could
not repeat Ben-Yami et al. (2020)’s detection in the HARPS spec-
tra. It is possible that variations in methodology are responsible
for the elusive nature of this signal, or perhaps even some intrinsic
variation in the signal itself caused by atmospheric dynamics. Al-
ternatively, it is also possible that the putative Fe ii signal found in
cross-correlation here and by Ben-Yami et al. (2020) is simply an
unfortunately-located noise peak. It was suggested by Gibson et al.
(2020) that the Fe ii lines may be significantly broadened due to
the larger velocity range within the escaping exosphere, leading to
their removal during pre-processing and a resulting non-detection
at high-resolution. Fe ii is readily-detected in our injection tests at ∼
12f when the injected model is scaled so the features match those
found in Sing et al. (2019) (see Sec. 3.4), suggesting that the low
number of spectral lines in the model is not necessarily responsible
for previous non-detections. A simple test in which we broadened
the injected spectral lines with a Gaussian kernel did, however, re-
duce the strength of the recovered injected signal by as much as ∼
5f.

The signal we recover for Cu i is surprisingly high in signif-
icance (4.6f), and presents a cross-correlation map largely free
of similarly-scaled structure. While the Esys offset, at -11 km s−1,
is anomalous, it is no more so than several other signals retrieved
by our methodology. However, examination of the model (found
in Fig. 7) shows that there are few lines present in the model over
the wavelength range of our data. The signal appears to originate
from just four lines in the red arm, none of which are particularly
strong. Additionally, this species is not well-retrieved in our injec-
tion tests, especially not at the temperature and cloud-deck level
used to recover the original signal. It is possible that these four lines
are ‘aliasing’ lines found in other extant species, producing a false
positive. If this signal is spurious, as we suspect, then it justifies

MNRAS 000, 1–20 (2020)



16 S. R. Merritt et al.

2.0

2.5

3.0

3.5

4.0

4.5

5.0 CrIICrIICrII2000K
2500K
3000K

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8 CuICuICuI2000K
2500K
3000K

2

3

4

5

6

7

8
KIKIKI2000K

2500K
3000K

2

3

4

5

6

7

8 MnIMnIMnI2000K
2500K
3000K

4

5

6

7

8
RbIRbIRbI2000K

2500K
3000K

4

6

8

10

12

14

16

18 ScIScIScI2000K
2500K
3000K

4 3 2 1 0
log Pcloud (bar)

4

6

8

10

12

14

16
YIYIYI2000K

2500K
3000K

4 3 2 1 0
log Pcloud (bar)

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0 YIIYIIYII2000K
2500K
3000K
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with the detection criteria in Sec. 4.1.
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our use of a more elaborate set of detection criteria than simply the
detection significance inf to judge the reliability of our detections.

Both Sr i and Sr ii show faint signals, at 4.0 and 3.6f respec-
tively. Sr ii was previously tenuously detected by Hoeĳmakers et al.
(2019) in KELT-9b; similarly to their work, we also find a lot of
positive structure in our cross-correlation map, casting doubt upon
the veracity of the signals.

We also recover a V ii signal at 3.7f, which if physical would
indicate that enough of the V i is being ionised to be detectable in
transmission. However, it is once again found at the larger negative
Esys offset (-11 km s−1) and fulfils only two of our detection criteria.

Finally, we detect some small hints of both Ti i and Ti ii. Ti i
is seen only in the blue arm of the data at 3.6f, close to the
expected position. We attribute its lack of presence in the red+blue
combined map to destructive addition with a negative noise peak
seen in the red map. Ti ii is seen in the combined red + blue map
at 3.4f. Both maps contain similarly-scaled structure, especially
Ti ii, which shows several peaks in the vicinity. Ti i was searched
for – but not found – in the HARPS dataset by both Ben-Yami et al.
(2020) and Hoeĳmakers et al. (2020b). We discuss the implications
of this further in Sec. 5.

4.4 Injection tests and non-detections

Of the 43 species we searched for in WASP-121b, we detect no sign
of the remaining 23. Notably, our injection tests show that several
specieswe did not detect in our broad species search are nevertheless
theoretically detectable using our methodology for given values of
T and %cloud: Y i, Y ii, Rb i, Sc i and Cr ii. Additionally, though the
specific models used to retrieve the K i, Cu i and Mn i signals do
not present a signal in injection tests, these species are nonetheless
detectable at higher values of T or lower values of %cloud.We present
the results from these injection tests in Fig. 8.

Unlike inMerritt et al. (2020), we do not choose to set detection
limits upon these species based upon the results of the injection tests,
as here we chose to vary the position of the grey cloud deck %cloud
rather than VMR. As discussed in Merritt et al. (2020), even had we
varied VMR, any detection limits we set on abundances would be
extremely contingent on the correct positioning of the cloud deck
due to the unbreakable degeneracies present using our simplified
atmospheric model.

5 DISCUSSION

Our methodology retrieved signs of 20 different atomic species in
the atmosphere of WASP-121b using a single UVES transit, stan-
dard cross-correlation methodology and model transmission spec-
tra generated using a simple analytical approximation. Though we
emphasise that many of our weaker signals are unreliable, our suc-
cess nevertheless shows the effectiveness of high-resolution broad
species searches in UHJs. We also provide an independent con-
firmation of many of the species detected in the HARPS dataset
explored by Ben-Yami et al. (2020) and Hoeĳmakers et al. (2020b),
and add several more potential detections to the inventory.

The presence alone of various species provides information on
atmospheric conditions at the limb of WASP-121b. The existence
of transition metals such as Fe, V and Cr in UHJ atmospheres was
predicted by theoretical work using stellar models by Lothringer
et al. (2018), Lothringer & Barman (2019) and Lothringer et al.
(2020), who posited that the strong optical opacity of these species

would be sufficient to drive the thermal inversion observed in emis-
sion (Evans et al. 2017; Mikal-Evans et al. 2019). It has also been
posited (e.g., by Lothringer et al. 2020) that a forest of transition
metal lines could be responsible for the strong opacity seen at wave-
lengths < 3000 Åin transmission spectra of WASP-121b (Evans
et al. 2018), WASP-76b (Fu et al. 2020), and WASP-12b (Fossati
et al. 2010; Haswell et al. 2012; Sing et al. 2013). Due to the dense
region of overlapping lines they create, these species are extremely
difficult to isolate at low-resolution, highlighting the importance of
high-resolution observations for confirming the presence of such
species. Additionally, the presence of any atomic species indicates
that it is not substantially condensed out at the limb of WASP-
121b, indicating that substantial regions of the limb of WASP-121b
probed by our analysis are > 2000K: below this temperature, we ex-
pect atomic species to largely have condensed out of the atmosphere
(Hoeĳmakers et al. 2020b).

Our strong detection of Ca ii, tentative detection of H i, and
weaker signals for ions such as Sc ii, Co ii, Sc ii, Sr ii, Ti ii and V ii,
indicates that our analysis is probing much higher temperatures
than might be expected from previous studies of the limb of WASP-
121b (e.g. Evans et al. 2018; Gibson et al. 2020). Signs of Sc ii
and Sr ii have previously only been detected in the extremely hot
Jupiter KELT 9b (> 4000 K, Hoeĳmakers et al. 2018, 2019). We
therefore infer that these detections arise from the existence of a
hot escaping atmosphere, as detected by (Sing et al. 2019). This
hypothesis is strengthened by the diffuse nature of our recovered
Ca ii and H i signals, suggesting the presence of broadened spectral
lines in the transmission spectrum, and by the fact that despite the
strength of our detection, Ca ii is only detected in injection tests
when we ‘boost’ the size of the spectral features in our models to ∼
0.25 – 0.3 '?/'★, similar to those found by Sing et al. (2019) for
Fe ii and Mg ii.

Our analysis also discovered hints of Ti i and Ti ii, neither of
which were found in the HARPS dataset by Ben-Yami et al. (2020)
and Hoeĳmakers et al. (2020b). Though we emphasise that we have
found only the slightest trace of a signal for both species, their po-
tential presence is intriguing. As mentioned, WASP-121b is known
to host a temperature inversion due to the detection of water features
in emission (Evans et al. 2017; Mikal-Evans et al. 2019, 2020), but
so far no work to date has found convincing evidence of TiO, one of
the molecules thought to be responsible for driving temperature in
versions in the hottest of hot Jupiters (Hubeny et al. 2003; Fortney
et al. 2008). Indeed, an explicit search for TiO in the red arm of this
data by Merritt et al. (2020) using a similar methodology to that
presented here found nothing. It has been suggested that perhaps
absorption by atomic metals, most notably Fe i, may be responsi-
ble for the atmospheric heating driving the temperature inversion
(Lothringer et al. 2018; Gibson et al. 2020), and that the lack of Ti
and TiO in the atmosphere is due to a ‘cold-trap’ mechanism: the
lower condensation temperature of TiO is causing it to condense
out and become trapped in condensate form in cooler areas of the
atmosphere (Lodders 2002; Hubeny et al. 2003; Spiegel et al. 2009;
Parmentier et al. 2013, 2016; Beatty et al. 2017). In this scenario,
Hoeĳmakers et al. (2020b) posit that Ti would also be depleted,
as chemical equilibrium would respond to the depletion of TiO by
driving more and more atomic Ti into its oxide phase, causing fur-
ther condensation until all Ti-bearing species are condensed out of
their gas phase. A detection of Ti i and Ti iiwould seem to contradict
this explanation, and render the lack of TiO even more mysterious.
However, we emphasise that our signals are weak, and hope for
further exploration with larger data sets consisting of more transits,
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perhaps at higher resolution, in order to confirm or rule out the
presence of neutral or ionised atomic titanium.

We see a large amount of variance in the position of our signals,
in both Esys and  p. The variation in  p is to some extent expected.
In addition to the approximate ±15 km s−1 uncertainty on the ‘true’
value of  p (calculated from parameters presented in Delrez et al.
2016), only a small portion of the planetary orbit is sampled during
a transit, resulting in a large spread in  p (Brogi et al. 2018). Similar
variation is seen in Hoeĳmakers et al. (2020b) and Ben-Yami et al.
(2020), with Ben-Yami et al. (2020) seeing variance of ∼ 50 km s−1
in  p.

The potential sources of variation in Esys are more complex.
The slightly-differing signal location between red and blue arms
seen in Fig. 1 is a fairly common feature of the detected signals pre-
sented in this work. If physical, it may signify that we are probing
different atmospheric regimes with the two different wavelength
ranges. However, given the known instability of UVES in wave-
length when compared with more stable instruments like HARPS,
and the different methods used to correct the wavelength solution
for the blue and red arms outlined in Sec. 2, we suspect that this
inter-arm variation in Esys is due to differences in alignment and
wavelength solution accuracy between the blue and red arms.

We also see large shifts in Esys in the combined red+blue maps
for a large number of the signals we recover. As previously men-
tioned, Fe i has been consistently recovered with a blue-shifted Esys
offset of -3 – -5 km s−1 (Gibson et al. 2020; Cabot et al. 2020; Bour-
rier et al. 2020a; Ben-Yami et al. 2020; Hoeĳmakers et al. 2020b),
which has been attributed to the presence of atmospheric dynamics:
namely, strong day-to-nightside winds, predicted to be on the order
of ≈ 5 km s−1 (e.g. Kataria et al. 2016). Our Fe i signal is found
at -7.3 km s−1, broadly in agreement with previous measurements,
especially considering that UVES is less stable in wavelength than
HARPS, and less sensitive, with an average resolution element of
∼ 3.15 km s−1. However, many of the more tentative signals shown
in Fig. 5 and Fig. 6 are found at more variant Esys offsets. For exam-
ple, Co i, Ni i, Co ii and several of the weakest signals are found at
larger negative Esys offsets, on the order of≈ - 10 km s−1. If physical,
it could perhaps be possible that these species are predominantly
found in areas of the atmosphere for which the wind speed is even
higher, leading to a larger blue-shift in the signal. However, winds
this strong in the atmosphere are not predicted by current GCMs of
UHJs (Kataria et al. 2016). Instead, it is possible that a variant blue-
shift may be caused by material escaping the planet, pushed away
from the planet and the star by stellar pressure. Hydrogen has been
observed to reach velocities of up to 100 km s−1 in the escaping tail
of HD209458b (Vidal-Madjar et al. 2003; Ben-Jaffel 2007). Speeds
in the upper atmosphere could vary between species as a result of
either differing atomic weight or ionisation state (due to interaction
with magnetic fields).

Additionally, some species such as Sc ii and Mg i show a red-
shift in Esys. As our observations probe the entire annulus ofWASP-
121b during transit, any signals we retrieve are the result of an
average over the limb. If, for example, clouds were blocking the side
of the limb rotating towards us, this could result in an overall redshift
being detected, thoughwe note that it would seemvery odd for this to
happen to only some of themany specieswe have found evidence for.
Significant cloud mass is also not expected in UHJs due to the high
temperatures preventing condensates from forming, and this would
be especially true for the hotter, blue-shifted evening terminator.
Nevertheless, GCMs by Flowers et al. (2019) for the cooler hot
Jupiter HD 189733b show that a combination of winds, rotation and

clouds can lead to velocity shifts of ± 10 km s−1 in different regions
of the limb, so this explanation lies within the bounds of theoretical
possibility. Also, Ehrenreich et al. (2020) resolve their detection of
Fe i in the atmosphere of the UHJ WASP-76b to have a blueshift
of - 11 km s−1 on the ‘evening’ terminator and detect no signal
from the nightside close to the morning terminator, which they
attribute to the condensation of iron across the cooler nightside. A
chemical gradient across the surface of the nightside of hot Jupiters
is predicted by theory (e.g. Komacek & Showman 2016; Bell &
Cowan 2018) and could potentially explain both the large blue-
and red-shifts seen in our data, depending on the exact chemistry
involved. It is possible that using spectral models based on 3D
atmospheric circulation models could result in stronger detections,
as was found for emission in infrared by Beltz et al. (2020), and
help uncover the cause of these offsets.

However, we find it more likely that the source of this vari-
ance in Esys is simply due to the inherent wavelength instability of
UVES. During the alignment process outlined in Sec. 2, we see
order-to-order variation in the wavelength solution for the blue arm
of ∼ 3 km s−1. While we attempt to correct this with alignment to
a stellar spectrum, it is possible that some variation remains, and
we additionally make no attempt to refine the dispersion in each
order. Also, the red arm was not corrected for order-to-order varia-
tion due to both its smaller amplitude and the difficulty of aligning
telluric-free orders to the telluric spectrum used for alignment. If,
for example, some orders are more divergent from the correct wave-
length solution than others, then species with the majority of their
lines in these orders would naturally present signals with variant
Esys offsets. This more prosaic explanation is supported by the fact
that the our strongest signals are all detected at a Esys offset broadly
consistent with previous works.

6 CONCLUSIONS

We have presented the results of a broad search for atomic species
in the atmosphere of the ultra-hot Jupiter WASP-121b using high-
resolution spectroscopy. Using standard cross-correlation method-
ology on a single transit observation takenwithUVES,we recovered
potential signals for 20 neutral and ionised atomic species. Using
five detection criteria, we categorised these 20 species into strong
detections of Fe i, Ca ii, Cr i, V i and Ca i; tentative detections of H i,
K i and Sc ii; weak evidence for Mn i, Co ii, Ni i and Co i; and very
weak hints of Cu i, Sr i, V ii, Ti i, Sr ii, Fe ii, Mg i, and Ti ii. We have
therefore presented independent confirmation/evidence for previous
detections of Cr i, V i, Mg i, Ca i, Ni i, and Fe ii made by Ben-Yami
et al. (2020) and Hoeĳmakers et al. (2020b) using HARPS, while
presenting an additional 6.3f detection of Ca ii believed to re-
sult from high-altitude atmospheric escape Sing et al. (2019) and
additional detections of H i, K i and Sc ii at 5.7, 4.4 and 4.2f respec-
tively. We have also shown via injection tests that our methodology
is sensitive to Y i, Y ii, Rb i, Sc i and Cr ii, species for which we
do not find significant evidence, though we decline to set detec-
tion limits upon these species due the degeneracies present. The
detection of such a wide range of atomic species allows us to begin
to set constraints on the temperature and refractory properties of
WASP-121b, and provides a useful starting-point for more in-depth
characterisation of the exoplanet atmosphere.

The success of our search, in both confirming previous detec-
tions and in recovering a large number of potential signals, echoes
that of previous successful broad species searches made in high-
resolution for UHJs such as KELT-9b (Hoeĳmakers et al. 2018,
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2019) andKELT-20b/MASCARA-2b (Casasayas-Barris et al. 2019;
Nugroho et al. 2020a). Our recovery of a variety of signals in a sin-
gle transit is highly encouraging, and implies that the potential of
high-resolution spectroscopy for detecting atomic species in UHJs
is as yet mostly untapped. However, although we have presented a
large number of potential signals in this work, we emphasise that
many of them are extremely weak or tentative. Future work us-
ing a greater number of transits, or with instruments with higher
resolution and stability such as VLT/ESPRESSO, is encouraged to
investigate the potential presence of many of the species presented
herein, as well as to further investigate the velocity offsets of each
detected species (e.g. Ehrenreich et al. 2020). We have also re-
frained from placing any solid constraints on the abundances of our
detected species, or on the atmospheric structure of WASP-121b.
Our removal of the continuum prevents the measurement of any
pressure-sensitive features which would allow the degeneracies be-
tween abundances, temperature, scattering properties and reference
radius/pressure to be broken, and the cross-correlationmethod is not
sensitive to changes in amplitude caused by differing scale heights.
New andmore complex approaches to high-resolution spectroscopic
analysis have emerged in recent years, including the combination
of low- and high-resolution spectroscopy (Brogi et al. 2017; Pino
et al. 2018), principled statistical frameworks and likelihood map-
ping (Brogi & Line 2019; Gibson et al. 2020; Nugroho et al. 2020b;
Hood et al. 2020), machine learning (Fisher et al. 2020) andDoppler
tomography (Watson et al. 2019, Matthews et al. in prep). These so-
phisticated methods enable more stringent constraints to be placed
on atmospheric parameters, and broad species searches such as ours
present a starting-point for futurework using these sophisticated and
more computationally-intensive methods to further categorise the
atmosphere of WASP-121b.
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