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Abstract

The retrieval method, also known as the inverse method, has become a
fundamental analysis technique for modelling and understanding exoplanetary
atmospheres. In their simplest form, retrieval approaches aim to obtain the best
fit solution via fitting to observed spectra using an atmospheric model defined
with varying degrees of flexibility and complexity. The critical chemistry and
physics driving parameters sample the parameter space, guided by Bayesian
statistics, with the aim of attaining a best fit. This analysis returns estimates
for an object’s mass, radius, surface gravity, temperature-pressure structure
and cloud properties, as well as confirming and constraining the presence and
abundance of a variety of molecular species.

TauREx3 (Tau Retrieval of Exoplanets) is a Bayesian retrieval suite developed for
application to spectroscopic observations of exoplanet atmospheres. In the past,
retrieval techniques, including TauREx3, have mainly been applied to transit
spectroscopy. Therefore, the application of retrieval analysis to directly imaged
exoplanets and brown dwarfs is still greatly unexplored and novel territory. As
such, we have adapted TauREx3 for analysis of near-infrared spectrophotometry
from a variety of directly imaged gas giant exoplanets and brown dwarfs, including
a significant expansion of the forward model’s temperature-pressure structures
and cloud capabilities. The objects analysed as part of this work span the L and
T spectral and temperature regimes.

– i –



We first validate TauREx3 using high-quality data of brown dwarf GJ 570 D,
robustly comparing our results to those of other retrieval studies. We then explore
the atmosphere of the cool, directly-imaged exoplanet 51 Eri b. This work showed
evidence for the presence of ammonia in its atmosphere, as well as the ability to
fit the spectra without including cloud modelling in the retrieval.

We then conduct a thorough study of L-type, low surface gravity exoplanets,
free-floating objects and brown dwarfs. Our sample included VHS 1256 b, PSO
138, HR 8799cde and Beta Pic b. We employ a variety of cloud modelling
approaches, condensate species, cloud particle size distributions as well as probing
the inclusion of fractional (patchy) cloud coverage. In summary, these retrievals
did not display a clear preference for a particular cloud modelling approach,
likely due to the data quality inhibiting the ability of the retrieval to differentiate
between the cloud characteristics we probed.

Finally, our retrieval framework was then tested using simulated James Webb
Space Telescope (JWST) observations of VHS 1256 b and Ross 458 c. These
retrievals resulted in extremely precise, but not always accurate, parameter
constraints. This work demonstrated the need for causation when using retrieval
analysis as we enter the new high-quality data era of JWST.
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Lay summary

In 1995, with the discovery of a planet around a sun-like star beyond our solar
system, a new area of astronomy was born. Since then, the study of these
so called “exoplanets” has become a rapidly growing research area. For many
years, the detection of these foreign worlds was the focus of research, with the
development of many different approaches. One such approach is known as
“direct-imaging”, where light emitted from an Exoplanet is directly pictured via
large and sophisticated telescopes.

This light, when pictured at different wavelengths (positions along the electromag-
netic spectrum), can be used to construct a spectrum, which offers us a window
into the characteristics of the atmosphere of the exoplanet. The endeavour to
capture spectra of exoplanets has become one of the main goals of observational
astronomy, employing telescopes around the world and in space.

Once a spectrum of an exoplanet is produced, comparisons to atmospheric models
can be made. These models vary characteristics such as temperatures, chemistry
and cloud structures in the pursuit of replicating the observed spectrum. By
comparing to many thousands of model variations, Bayesian statistics can be
used to determine the atmospheric properties that best explain the observations.
This approach is known as a “retrieval” and is employed in this work to explore
the atmospheres of direct-imaged giant exoplanets.

The James Webb Space Telescope, with its large mirror and state of the art
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instruments aboard, dawns a new era of astronomy. Poised to observe many
exoplanets, it will redefine the quality of spectra we can produce. As such, we
also test the retrieval method using a suite of mock JWST observations, exploring
the novel characterisation capabilities it will permit and preparing for the arrival
of real data from JWST
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Chapter 1. Background

1.1 Introduction

The concept, debate and philosophy relating to the existence of planets beyond
Earth dates back thousands of years.

Epicurus (341–270 BCE): “There are infinite worlds both like and unlike this world
of ours. We must believe that in all worlds there are living creatures and plants
and other things we see in this world.”

Aristotle (384-322 BCE): “There cannot be more worlds than one”

Giordano Bruno (1548-1600 CE): “There are countless suns and countless Earths
all rotating around their suns in exactly the same way as the seven planets of our
solar system. We see only the suns because they are the largest bodies and are
luminous, but their planets remain invisible to us because they are smaller and
non luminous. The countless worlds in the universe are no worse and no less
inhabited than our Earth.”

Whilst the debate around the existence of any other planets has long been settled,
the debate around the potential existence of planets orbiting sun-like stars beyond
our solar system, so called “Extrasolar planets” or “Exoplanets”, was finally settled
in 1995 with the discovery of a Jupiter-sized planet 51 Pegasi b (or 51 Peg b),
orbiting solar-type star Mayor and Queloz (1995).

Since the detection 51 Pegasi b, a further ∼ 5000 exoplanets have been discovered
using a variety of detection techniques. Along with demonstrable proof that our
own solar system architecture is atypical, there have been many distinct types of
exoplanets discovered. Examples of these include:

• Terrestrial Planets: Rocky planets with masses and radii approximately
equivalent to Earth (∼1M⊕, ∼1R⊕).

• Super-Earths: Rocky, ocean or lava planets with masses ∼2-10 M⊕ and
radii ∼1.2-2 R⊕.

• Neptune-like: Planets resembling Neptune and Uranus, with H and He

– 2 –
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dominated atmospheric envelopes surrounding a solid/rocky core.

• Gas-giants: Large gaseous planets with masses and radii equivalent to
Jupiter (∼1MJup, ∼1RJup). This includes so called "hot jupiters" are highly-
irradiated exoplanets with very short orbital separations and periods. This
class also includes the cooler and wider orbital separation "super-Jupiters"
planets which are the focus of this work.

With such a diverse set of exoplanet discoveries, the study of their atmospheres
has become a focal point of current research. This has, in turn, also lead to
the significant expansion of atmospheric modelling approaches which attempt to
explain the atmospheric observations of an exoplanet. The ultimate aim of this
work is to characterise exoplanet characteristics, encompassing bulk planetary
properties, composition, chemical processes, the presence of clouds and tracing
formation pathways. These is all discussed in subsequent subsections.

1.2 Detection Methods

Currently, the four most successful detection methods are: (1) Radial velocity
method, (2) Transit method, (3) Gravitational microlensing, and (4) Direct
imaging. Initially, the radial velocity method accounted for most of the exoplanet
detection but was overtaken by the transit method in 2014. Both the Radial
velocity and transit method have so far detected 1 to 2 orders of magnitude more
exoplanets than the microlensing and direct imaging techniques.

Most of these techniques, apart from direct imaging, use indirect detection
approaches, where the presence of a planet is indicated by the behaviour of star
light as a function of time. These techniques probe differing regions of the mass
and orbital separation parameter space, as illustrated in Figure 1.2.

The following subsections describe the fundamentals and theory behind these
methods, summarising their advantages, limitations and biases. For extensive
reviews of these methods, as well as others, see Seager et al. (2010), Wright and
Gaudi (2013), Fischer et al. (2014), Perryman (2014) and Perryman (2018).
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Figure 1.1: Exoplanet detections relative to time with different colours indicating
different detection methods. Figure from NASA Exoplanet Archive (2022)

Figure 1.2: The mass vs orbital separation demographics of exoplanets from direct
imaging (navy), radial velocity (blue), transit (orange), and microlensing (green)
surveys. Figure from Bowler (2016)
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1.2.1 | Radial Velocity Method

The radial velocity (RV) method searches for the Doppler wobble of a star caused
by an orbiting exoplanet. As shown in Figure 1.3, the presence of a planet causes
the star to orbit around around the centre of mass of the system, which causes the
starlight to periodically blue shift and red shift relative to Earth. This effect is
know as the "Doppler wobble". As the star orbits the system’s centre of gravity,
observations of the star’s varying radial velocity can be made, and thus, the radial
velocity semi-amplitude K (maximum radial velocity observed from Earth) can
be determined. As outlined by Birkby (2018), the semi-amplitude K can then
be used to determine a lower limit on the mass of planet causing the Doppler
wobble, Mp, via:

K⋆ =

(
2πG

P

)−1/3
MP sin i

(Mp +M⋆)2/3
· 1

1− e2

1/2

(1.1)

where M⋆ is the stellar mass, P is the orbital period, e is the orbital eccentricity,
and i is the planets orbital inclination (see Lovis and Fischer (2010) for full
derivation of previous equation). When i=90◦, the planet’s orbit is viewed
edge on. This equation demonstrates that the mass of the planet is degenerate
with inclination. This equation also shows that the radial velocity method
is best suited to detecting close-in, giant planets which imprint the largest
Doppler wobble, as illustrated in Figure 1.2. This detection approach is therefore
biased towards detecting hot jupiter planets which cause a semi-amplitude, K, of
approximately 100 ms−1.

The radial velocity approach was used to detect 51 Peg b, the first known
exoplanet around a sun-like star (Mayor and Queloz, 1995). The radial velocity
curve from this detection is shown in Figure 1.3. It was also used to make one of
the earliest detection of a multi planet system (Lovis et al., 2005).

The precision of this technique, which employs high resolution spectrographs,
has improved greatly during the previous decades. The High Accuracy Radial
velocity Planet Searcher (HARPS) (Mayor et al., 2003) and HARPS-N (Cosentino
et al., 2012) instruments increased the precision from approximately 10 ms−1 to 1
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ms−1. Precision has increased even further, to approximately 20 cm−1 via Echelle
SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations
(ESPRESSO) (Netto et al., 2021, Pepe et al., 2021). This increasing precision
has allowed for the detection of smaller planets at smaller orbital separations in
Figure 1.2.

A limitation of this technique is that it is best suited for older and quiet stars.
Younger stars, with faster rotations and more stellar activity, can mask the signal
of orbiting planets. Figure 1.3 also illustrates that this technique has so far been
unable to detect planets at wide orbital separations beyond approximately > 15
AU.

1.2.2 | Transit Method

When a planet transits in front of it host star (during a primary eclipse), relative
to Earth, it causes a slight dimming of the brightness of the star. This is shown
in Figure 1.7, where the flux from the star dips as the planet eclipses the star.
This dimming can be observed and used to detect the presence of an exoplanet
by monitoring for regular and approximately equivalent dips in brightness of the
host star.

However, in order to observe a transit, a high inclination angle is required. Fischer
et al. (2014) outlines that the probability of an exoplanet being accessible by
transit observations can be determined a function of orbital separation combined
with host star and planetary radii:

Ptr = 0.0045

(
AU

a

)(
R⋆ +RP

R⊙

)[
1 + ecos(π/2− ω)

1− e2

]
(1.2)

where ω is the angle at which orbital periastron occurs, with ω=90◦ indicating a
transit, and e is the orbital eccentricity. Using this, and considering demographic
radii and separations, Fischer et al. (2014) highlights that for a typical hot Jupiter
Ptr=10%, for a typical super-Earth Ptr=2.5%, while for a typical Earth-sized
terrestrial planet Ptr=0.01%. This makes the transit method biased towards
primarily detecting giant exoplanets with orbital separations <1 AU as illustrated
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in Figure 1.2.

Since the first transiting exoplanet detection of OGLE-TR-56b (Konacki et al.,
2003), and despite the low probability of a transit, ground-based transit surveys
from the Wide Angle Search for Planet (WASP) (Pollacco et al., 2006) and
Kilodegree Extremely Little Telescope (KELT) (Pepper et al., 2007), combined
with space-based surveys from Kepler (Borucki et al., 2010, 2011), K2 (Howell
et al., 2014) and the Transiting Exoplanet Survey Satellit (TESS) (Ricker
et al., 2015) have combined to discover many thousands of exoplanets. These
transit surveys overcome the low probability of witnessing transiting events by
photometrically monitoring thousands of stars across large patches of the sky. For
example, TESS will observe 85% of the sky across its primary mission lifetime,
approximately 400 times more than the Kepler mission.

The transit method yields the radius and orbital inclination of the exoplanet.
Combined with radial velocity observations, the true mass of the exoplanet can
be determined by removing the inclination degeneracy.

The transit method has been responsible for 3755 exoplanet discoveries, account-
ing for almost four out of every five detections in the current total tally of known
exoplanets (NASA Exoplanet Archive, 2022). One of the most famous transit
discoveries is that of the TRAPPIST-1 system, with 7 terrestrial Earth-sized
planets closely orbiting their cool M dwarf host (Gillon et al., 2016, 2017). Figure
1.4 shows the observed transit curves of these seven exoplanets.

The disadvantages of the transit detection method include the high false positive
rate (Santerne et al., 2012, Sullivan et al., 2015) with candidates requiring robust
observational analysis and verification to confirm their validity.

1.2.3 | Gravitational Microlensing

When a star (lens star) passes in front of another star (source star) relative to
Earth it acts to magnify the brightness of the source. If the lens star is host to a
planet it acts to further magnify the source star, creating a detectable bump in
the observed light curve of the source star.
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As microlensing detections require stars to pass in front of each other, areas
with a high density of stars, such as the galactic bulge, have been the focus
of surveys. The Optical Gravitational Lensing Experiment (OGLE) microlensing
survey (Udalski, 2003) and the Microlensing Observations in Astrophysics (MOA)
survey (Bond et al., 2001) have facilitated in the detection of 121 exoplanets
(Akeson et al., 2013). These detections generally have separations within ∼10
AU with a variety of masses spanning from ∼13MJup right down to ∼1MEarth (see
Figure 1.2).

A substantial advantage of the gravitational microlensing approach is that it can
detect planets at distances of kpc, much further than other detection methods.
However, followup observations, especially of their atmospheres, are not possible
as these rare lensing events are very unlikely to repeat for a planet, and the
significant distance make the detected or candidate microlensing exoplanets
inaccessible to other detection methods.

1.2.4 | Direct Imaging

While all the previous detection methods use observations of a star to detect an
exoplanet, direct imaging uniquely detects emission directly from an exoplanet.
The significant challenge, for this method, is overcoming the extreme contrast in
brightness between the host star and an orbiting exoplanet which, for a young
giant planet, has a brightness 104 to 107 times fainter than that of its host (Biller,
2014). This contrast increases to ∼1010 for Earth-like exoplanets. The small
angular separation of the exoplanet from its host star, relative to Earth, also
requires very high spatial resolution in order to reduce the inner working angle
(IWA), which is the smallest angular separation at which a faint exoplanet may
be detected. As, IWA ∝ λ/D, where λ is wavelength and D is the diameter
of the telescope, observations of closer objects offer a more favourable physical
resolution of an imaged system.

Sophisticated adaptive optics systems (AO), combined with coronagraphs, are
used to distinguish a planet’s light from that of its host, as illustrated in Figure
1.5. This instrument uses a coronagraphs mask and Lyot stop to block much of
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the star light. As the planet’s light comes in at a slightly different angle, it misses
the coronagraphs mask and passes through the central area of the Lyot stop.
A deformable mirror is also used to correct for distortions in the incident light.
When the instrumental "speckle" noise is suppressed, and a sufficient signal-to-
noise level is reached, the faint orbiting exoplanets can be detected. Several
examples are illustrated in 1.5. This includes images of the four planets of the
HR 8799 system (Marois et al., 2008, 2010), Beta Pic b (Lagrange et al., 2010),
HD 95086b (Rameau et al., 2013) and 51 Eri b (Macintosh et al., 2015).

As outlined in Madhusudhan et al. (2014), the bolometric luminosity of a gas-
giant planet varies smoothly with respect to time and can be approximated by:

Lbol(t)

L⊙ ∝
(
1

t

)α

Mβκγ, (1.3)

where t is time, M is mass, κ is the photospheric Rosseland mean opacity.
The terms α, β and γ can be approximated as 5/4, 5/2 and 2/5 respectively
(Stevenson, 1991). The evolution, with respect to time, of a gas-giant exoplanet’s
luminosity is also illustrated in Figure 1.6. As these objects get fainter with age,
direct imaging searches are best suited for observations of young stars.

Direct imaging surveys, completed and currently ongoing, have strived to
overcome the technical challenges presented by this detection technique. Direct
imaging surveys include the Gemini NICI Planet Finding Campaign (Liu
et al., 2010, Biller et al., 2013, Nielsen et al., 2013), the VLT NaCo Large
Program (Desidera et al., 2015, Chauvin et al., 2015, Reggiani et al., 2016),
the International Deep Planet Survey (Vigan et al., 2012, Galicher et al., 2016),
Gemini Planet Imager Exoplanet Survey (GPIES; Macintosh et al., 2014, Nielsen
et al., 2019), SHINE (SpHere INfrared survey for Exoplanets) via VLT-SPHERE
(Chauvin et al., 2017, Desidera et al., 2021, Langlois et al., 2021, Vigan et al.,
2021) and the Young Suns Exoplanet Survey (YSES; Bohn et al., 2020). With
many null detections, these surveys have also demonstrated the rare and elusive
nature of giant exoplanets with wide orbital separations.

A disadvantage of direct imaging, when compared to techniques such as the
transit method, is that properties such as mass of the exoplanet can only be
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Figure 1.6: Giant exoplanet evolutionary tracks for radius, luminosity,
temperatures and surface gravity. The dotted and solid lines indicate different
formation pathways. Figure from Fortney et al. (2008).

inferred from evolutionary model which are degenerate with the age of the system
(see Figure 1.6). However, when combined with radial velocity and astrometric
observations, dynamical masses for directly imaged exoplanets can be yielded
(Dupuy and Liu, 2017, Snellen and Brown, 2018a, Brandt et al., 2019, 2021a,b).
However, direct imaging has demonstrated advantages such as the ability to
capture images of accreting protoplanets within an protoplanetary disk, such
as PDS 70 b and c (Keppler et al., 2018, Haffert et al., 2019). Such observations,
therefore, offer a unique window into planet formation processes and pathways.
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1.3 Atmospheric observation techniques

Following the initial discoveries of exoplanets, techniques were developed to allow
for the probing of their atmospheres. Approaches to observe the atmospheres of
exoplanets fall into 3 categories: (1) Transit Spectroscopy, (2) High-Resolution
Doppler Spectroscopy, and (3) Direct imaging spectroscopy. These techniques are
thoroughly outlined in Seager et al. (2010), Fischer et al. (2014), Perryman (2018),
Birkby (2018), Madhusudhan et al. (2014), Crossfield (2015), Biller and Bonnefoy
(2018), Kreidberg (2018), Parmentier and Crossfield (2018) and Madhusudhan
(2019). The following subsections outline these approaches, describing their
capabilities and limitations.

1.3.1 | Transit Spectroscopy

Transit spectroscopy has been the most prolific approach for obtaining a spectrum
of an exoplanet since its initial employment two decades ago (Charbonneau et al.,
2002). It has been used to build a substantial library of transit spectra as shown
in Figure 1.8, particular using Hubble Space Telescope (HST). This approach
has been greatly facilitated by the significant occurrence rate of planets with the
favourable transiting geometry that is required in order to obtain a transmission
spectrum. This approach can be broken into the three main categories outlined
in the following subsections and are all illustrated in Figure 1.7.

1.3.1.1 | Transmission spectrum

When a transiting exoplanet passes in front of its host star (primary eclipse),
light passes thorough the exoplanet atmosphere. Sophisticated post-processing
algorithms (eg. iraclis; Tsiaras et al., 2016, 2018) can be used to compare the
spectral observation of the star before or after and during the transit (illustrated
by positions A and B in Figure 1.7). These spectral differences yield absorption
imprints from the planets as the starlight passes through its atmospheric annulus.
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(Seager and Sasselov, 2000, Brown, 2001). The first successful application of this
technique came in 2002 for hot Jupiter HD 209458 b (Charbonneau et al., 2002).
This approach is mainly sensitive to the upper section of the planetary atmosphere
(10−5 to 1 bar) and is, thus, very sensitive to the presence of high-altitude clouds
and hazes (Fortney, 2005, Sing et al., 2016).

As outlined in Madhusudhan et al. (2014), the expected depth of the absorption
features present, in a haze-free atmosphere, is proportional to the atmospheric
scale height:

H =
kT

µg
(1.4)

where k is the Boltzmann’s constant, T is the temperature of the planet’s
atmosphere, µ is the mean molecular weight of the atmosphere, and g is the
surface gravity. Approximating an absorbing atmospheric annulus of to 5-10 scale
heights above the planetary radius, the change in the measured transit depth is:

δdepth ≃
(
RP + 10H

R∗

)2

−
(
RP

R∗

)2

(1.5)

where RP and R* are the planetary and stellar radii, respectively. If we consider a
typical transiting planet with an atmospheric scale height of ∼250 Km, a nominal
transit depth of ∼2.5% would increase by 0.1% when observed at wavelengths
that possess significant features of atmospheric absorption (Madhusudhan et al.,
2014). This change in transit depth can then be used to make inferences about
the atmospheric composition of the exoplanet.

Limitations of this approach include the requirement of a transiting geometry,
making many exoplanet atmospheres inaccessible to this atmospheric observation
technique. Transit spectra only convey signatures from a thin layer of the
planetary atmosphere. If this layer has cloud present, observations can often yield
a flat spectrum (Berta et al., 2012). The spectrum is also only representative of
the day and night-side atmospheric terminator of the a tidally locked hot jupiter.
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1.3.1.2 | Transit emission spectrum

A transiting exoplanet passes behind its host star during a secondary eclipse. By
comparing spectral observations just before and during this secondary eclipse,
indicated by positions C and D in Figure 1.7, and again employing sophisticated
post-processing algorithms, the day-side emission spectrum is produced.

As outlined in (Madhusudhan et al., 2014), the observed depth of a secondary
eclipse can be predicted via the Rayleigh-Jeans limit:

depth =

(
Rp

R∗

)2(
Tp

T∗

)
(1.6)

where Rp and R* are the planetary and stellar radii, and Tp and T* are their
corresponding temperatures.

Charbonneau et al. (2005) and Deming et al. (2005) detected the first transit
emission observations for the hot Jupiters TrES-1 and HD 209458b. With their
high temperatures, hot Jupiters emit significant amounts of detectable infrared
radiation, making this approach possible. These spectra are generally obtained
in the near and mid-infrared as the contrast is more favourable than optical
wavelengths.

Limitations of secondary eclipse spectroscopy again include the need for a
favourable geometry to permit this approach to be employable. The emission
spectrum derived also only conveys information from the day-side face of a tidally
locked hot Jupiter.

1.3.1.3 | Transit phase curve

A transit phase curve is the monitoring of the change in brightness throughout
an orbit of a transiting exoplanet as a function of time, with an example phase
curve illustrated in Figure 1.7. This brightness is a combination of both emission
from the exoplanet atmosphere combined with reflected starlight. This brightness
oscillates up and down as the hot dayside hemisphere comes in and out of view
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during the orbit.

It allows for the probing of longitudinal structure and inhomogeneities present
in the atmosphere. Properties related to temperature, chemistry and cloud
coverage can be inferred (Knutson et al., 2009, 2012). Phase curves have also
be used to make inferences about the weather (wind) present in exoplanet
atmospheres (Armstrong et al., 2016) Phase curves are wavelength dependent,
with observations in the optical indicating longitudinal variations in albedo
and observations in the infrared conveying variations in temperatures and
composition.

Whilst a phase curve can offer great insight into the atmospheres of exoplanets,
their production requires a large tally of observations, and preferably for an
entire orbit. Therefore, this approach is best suited to short period planets (hot-
Jupiters) as it is easier to monitor for a whole orbit.

1.3.2 | High-Resolution Doppler Spectroscopy

Doppler spectroscopy probing of exoplanets is a powerful tool in the pursuit of
robustly cataloging the chemical species present in their atmosphere. Within
phase resolved spectral observations, which include light from both the host star
and orbiting exoplanet, this approach searches for the Doppler motion of the
exoplanet which has semi-amplitude radial velocity approximately 1000 times
higher than that of its host.

For this approach, stellar and telluric lines from the observations are first removed,
leaving behind only the high resolution lines of the exoplanet. High resolution
spectral templates of molecular species that are predicted to present are then
generated. These templates are then employed to perform cross-correlation
analysis, where the templates are compared to the observations, aiming to match
spectral line positions and depths along with the Doppler shift at different orbital
phases. The individual lines have a low SNR, but cross-correlation leverages
the presence of many thousands of molecular absorption lines present in the
observations where:
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SNRp ∝
√
Nlines (1.7)

where Nlines is the number of lines detected during the cross-correlation process
Birkby (2018). The template is compared to to each observation at different
phases. The cross-correlation technique will sample different planet semi-
amplitude radial velocities, Kp. This requires accounting for the systemic velocity
of the system (Vsys) and Earth’s velocity via the barycentric correction (Vbary).
Therefore, as outlined in Birkby (2018), the total velocity of the planet can be
stated as:

Vp = VRV + Vsys + Vbary (1.8)

This allows for the planet to be placed in its rest frame and the summation of all of
the cross-correlations at different orbital phases. When the correct Kp is sampled
by the cross-correlation, the Doppler shifted line positions within template will
match those in the observations. Therefore, there is a spike in signal at the rest
frame velocity, indicating a successful detection.

This approach has been used successfully to detect the presence of many molecules
and atomic species in hot Jupiter atmospheres (Snellen et al., 2010, Brogi et al.,
2012, Birkby et al., 2013, Hoeijmakers et al., 2018). High resolution Doppler
spectroscopy has also been used in relation to directly imaged exoplanets and
brown dwarfs. Snellen et al. (2014) exploited the fact widely separated planets
are not tidally locked and therefore used rotational broadening of CO lines to
constrain the rotational velocity to Beta Pic b.

1.3.3 | Direct Imaging Spectroscopy

Spectroscopy of directly-imaged exoplanets, which is the focus of this work, is
carried out using the same principles as outlined for detecting direct imaging
exoplanets. By combining AO and coronographic systems with spectrographs,
spectral observations of direct imaged exoplanets can be made. These spectra
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normally possess low resolutions of R ∼ 100, and have currently been restricted
to the near infrared by the need for favourable contrast with the host star.

During the last decade, SPHERE (Beuzit et al., 2008) and GPI (Macintosh et al.,
2014) have been the workhorses in the production of direct imaging exoplanet
spectroscopy (Macintosh et al., 2015, Zurlo et al., 2016, Bonnefoy et al., 2016,
Samland et al., 2017, Chilcote et al., 2017, Rajan et al., 2017). In recent years,
direct interferometric imaging has also produced many spectra of direct imaging
exoplanets via the VLT’s GRAVITY instrument (Gravity Collaboration et al.,
2017, 2019, Nowak, M. et al., 2020). High-resolution spectral observations of
direct imaged exoplanets has also be conducted via KECK (Konopacky et al.,
2013, Wang et al., 2021).

Compared to the atmospheric observation methods previously outlined, direct
imaging emission spectroscopy has many advantages. For example, unlike
transmission spectroscopy which only probes the upper sections of an exoplanet’s
atmospheres, direct imaging spectroscopy offers a window into much deeper
within the atmosphere. The quality of data also regularly permits for the robust
detection of molecules such as H2O, CH4 and CO (see Table 1 in Madhusudhan
(2019) for extensive list of these detections).

Directly imaged exoplanets are also not tidally locked and thus convey infor-
mation related to cloud coverage and rotation via variability in their observed
spectroscopy (Bowler et al., 2020, Zhou et al., 2020, Biller et al., 2021).

1.4 Defining an exoplanet, brown dwarf and free

floating object

Separating exoplanets, brown dwarfs and free floating objects is an ambiguous
process due to to intense debate regarding the best properties to use as defining
characteristics. The currently adopted classification approach comes from the
2003 Working Group on Extrasolar Planets (WGECP) of the International
Astronomical Union (IAU) which outlined (verbatim):
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Figure 1.8: Left: Compilation of hot jupiter transmission spectra from Sing
et al. (2016). Right: Compilation of direct imaging emission spectra from
Madhusudhan (2019).
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(1) objects with true masses below the limiting mass for thermonuclear fusion of
deuterium (currently calculated to be 13MJup for objects of solar metallicity) that
orbit stars or stellar remnants are planets (no matter how they formed). The
minimum mass required for an extrasolar object to be considered a planet should
be the same as that used in the solar system;

(2) substellar objects with true masses above the limiting mass for thermonuclear
fusion of deuterium are brown dwarfs, no matter how they formed nor where they
are located;

(3) free-floating objects in young star clusters with masses below the limiting mass
for thermonuclear fusion of deuterium are not planets, but are sub-brown dwarfs
(or whatever name is most appropriate).

1.4.1 | Brown Dwarfs

Brown dwarfs, often termed as substellar objects, are objects which posses a
lower temperature and luminosity to stars, with masses too low to sustain stable
hydrogen fusion, but which are massive enough to sustain a short period of
deuterium burning. With defined mass range of ∼13-80MJup, they inhabit the
mass space between planets and stars, and are sometimes referred to as “failed
stars”.

Brown dwarfs, originally called black dwarfs, before being relabeled by Tarter
(1976), were first predicted in the 1960s in Kumar (1963) and Hayashi and Nakano
(1963). Confirmation of their existence paralleled that of exoplanets in the 1990s,
with the discovery of Gliese 229B (GJ 229B) (Nakajima et al., 1995, Oppenheimer
et al., 1995). Since this initial discovery, thousands more have been discovered.

As Brown dwarf atmospheric, and thus spectral properties, greatly overlap with
those of directly imaging exoplanets, approaches to modelling are identical.
Brown dwarf spectra, as they have a higher signal-to-noise ratio and higher
resolution than that of directly imaged exoplanet, are ideal for testing and
calibrating modelling approaches.
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1.4.2 | Free-floating objects

The ‘Free floating object’, ‘free-floating planetary mass object’, ‘isolated plane-
tary mass object’, ‘sub brown dwarfs’ and ‘rogue planet’ are terms used to describe
a class of object that inhabits the planetary mass regime but does not have a
host star. Their origin is difficult to trace, with predictions made that these
formed via regular stellar formation processes or that they formed as a planet
and were later ejected by processes such as gravitational perturbations. Their
properties are almost identical to those of direct-imagined exoplanets. Thus, as
in case of brown dwarf spectra, these objects are ideal for developing and testing
atmospheric models. This is because, without a host star to suppress during
observations, the quality of spectral observations for these objects surpasses that
of direct imaging exoplanets.

1.5 Atmospheric chemistry

Atmospheres of giant exoplanets, and brown dwarfs, are constructed predomi-
nantly from hydrogen (H) and helium (He). Other key, but much less abundant,
elemental species included carbon (C), oxygen (O) and nitrogen (N) (Lodders
and Fegley, 2002, 2006). Despite their lower abundances, the chemical behaviour
of these elemental species is vital in shaping the observed spectral signatures of
these objects. Many factors and processes impact the overall chemistry present
in the atmospheres of giant exoplanets and brown dwarfs, but none more so than
temperature. These atmospheres can be in a state of chemical equilibrium or
disequilibrium, with different sections of the atmospheres existing in one chemical
state and other sections in a different chemical state due to dynamical processes
present. This is discussed in the following subsections.
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1.5.1 | Chemical equilibrium

In a state of chemical equilibrium, the chemical composition of an atmosphere
is controlled by temperature, pressure, elemental abundances and the gibbs free
energy (Burrows and Sharp, 1999). Chemical equilibrium requires that chemical
reactions happen on shorter timescales than other dynamical processes, such as
atmospheric mixing and turbulence, and is the dominant chemical state in the
hottest and most dense sections of atmosphere. When considerations of chemical
equilibrium are made, solar abundances of elemental species are often assumed.
In a state of chemical equilibrium, the hot atmospheres of giant exoplanet and
brown dwarf atmospheres above temperatures of approximately 1400 to 1300 K
are dominated by H2O, CO and N2 while cooler atmospheres, below 1300 K
but above 500 K, are dominated by H2O, CH4 and NH3. In ultra-hot giant
exoplanet and brown dwarf atmospheres, with temperatures above 1800-2000 K,
or high pressure atmospheric sections of cooler objects, chemical equilibrium is a
good approximation of the atmospheric state. However, at lower temperatures,
considerations of the presence of chemical disequilibrium become more important.

1.5.2 | Chemical disequilibrium

Chemical disequilibrium arises when the timescale of dynamical processes within
the atmosphere is shorter than that of chemical reactions which maintain a state
of equilibrium. A key driver of chemical disequilibrium is the turbulent vertical
mixing of atmospheric constituents, otherwise know as eddy diffusion. The level
in the atmosphere which departs from a rigid state of equilibrium is known as
the quench level or quench pressure. This quench point is crucial, as it is often
positioned in or below the observable section of giant exoplanet and brown dwarf
atmospheres. Chemical disequilibrium is common in atmospheres of objects with
temperatures < 1300 K (Barman et al., 2011a, Zahnle and Marley, 2014). As
such, due to the cool nature of the gas-giant planets within our solar system,
chemical disequilibrium is also present in their atmospheres. Photochemical
reactions are also a key driver of disequilibrium chemistry. However, this is more
prevalent in hot Jupiter atmospheres compared to directly imaged exoplanet and
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brown dwarf atmospheres due to the high levels of upper-atmospheric irradiation
enacted by the proximity to their host star.

Carbon chemistry, at temperatures ∼ 1300 K, is the most common tracer of
the presence of chemical disequilibrium as it often breaks from the chemical
equilibrium predictions. At this temperature, CH4 should become the dominant
carbon bearing species. However, CO is often seen to continue being dominant
with CH4 being observably depleted. This is thought to to be due to CO being
transported from deeper and hotter in the atmosphere up to the higher and cooler
sections of the atmosphere. An illustration of this is shown in Figure 1.9 where
increasing vertical diffusion, Kh, switches CH4 and CO as the dominant carbon
bearing molecules.

1.6 Atmospheric classification

The discovery of Brown dwarfs, defining a new class of objects, brought the need
for a novel spectral classifications. The same approach as for stars was adopted,
with an extension to the OBAFGKM spectral sequence (Cannon and Pickering,
1901) with the addition of the L, T and Y classifications (Kirkpatrick, 2005,
Kirkpatrick et al., 2012, Cushing et al., 2011). Each of these classes have 10 sub-
types, numbered 0 to 9, with 0 indicating the earliest of a class and 9 the latest.
This same classification approach was then also adopted for directly imaged giant
exoplanets and free floating objects as their similarly non-irradiated atmospheres
possess characteristics resembling those of brown dwarfs.

These classes are defined primarily by the dominant molecular features present
in their spectra and their relative photometric colours (see Figure 1.10). The
presence or absence of clouds within the upper atmosphere of these objects also
plays an important role in shaping their spectral signatures, as illustrated in
Figure 1.11. Within the L, T and Y sequence, H2O, CO and CH4 are the dominant
molecular features observed. All the aforementioned features are closely linked
with temperature such that as these objects’ spectral, photometric and color
characteristics evolve significantly as a function of spectral type.
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Chemical 
equilibrium

Quench point

Chemical 
disequilibrium

Figure 1.9: Illustration of carbon chemistry disequilibrium for a 600 K giant
planet. The temperature-pressure profile, shown in blue, can be compared to
the temperature-pressure curve of CH4 and CO, shown by the black dot-dash
line. In a state of chemical equilibrium CH4 should be dominant when the
blue temperature-pressure profile is to the left of the black dot-dash line. The
disequilibrium CH4 (orange) and CO (gray) mixing ratios, above the quench
point, are illustrated for different amounts of vertical diffusion Kh, with the solid
indicating the lesser and the dashed line indicating the greater. Below the quench
point chemical equilibrium is followed. Figure from Marley and Robinson (2015)
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1.6.1 | L dwarf atmospheres

L dwarfs have temperatures from approximately 2200 to 1400 K. The spectral
standards were defined by Kirkpatrick (2005) and are illustrated in Figure 1.10.
The transition from M to L type is set by the weakening of clear TiO and VO
absorption features at approximately 0.77 µm and 0.85 µm respectively. These
features eventually disappearing at the mid-L stage. H2O and CO absorption
features also begin to appear at this transition, with these features deepening
and becoming more pronounced across the L dwarf sub-types. Formation of
condensates, linked to the disappearing TiO and VO, also play a key role in
the spectral signatures presented by L dwarfs. The formation of silicate, iron,
titanium and vanadium clouds, in the upper section of L dwarf atmospheres
(Burrows and Sharp, 1999, Lodders and Fegley, 1999, Allard et al., 2001, Lodders,
2002, Marley et al., 2002, Tsuji, 2002, Helling and Casewell, 2014, Gao et al., 2021)
acts to reduce the luminosity and make the object appear redder, as illustrated
in Figure 1.10. The spread of colours for L dwarfs is also attributed to varying
gravity and metallicity (Gao et al., 2021).

1.6.2 | T dwarf atmospheres

T dwarfs have temperatures of approximately 1400 to 600 K. The spectral
standard for this class of object were defined in Kirkpatrick (2005) and Burgasser
et al. (2006) and is illustrated in Figure 1.10. The transition from L to T type is
again marked by changing chemistry and cloud properties. At approximately 1400
K, if chemical equilibrium is present, the CO reservoir in the upper atmosphere
of these objects transition to CH4 (Lodders and Fegley, 2002), with several CH4

absorption features becoming prominent across the near infrared for T dwarfs
as shown in Figure 1.10. Both H2O and CH4 features become more pronounced
across the T sub-types. This is due to the breakup and sinking of photospheric
clouds removing a strong source of opacity from the atmosphere (Allard et al.,
2001, Helling and Casewell, 2014, Gao et al., 2021, Ackerman and Marley, 2001,
Burgasser et al., 2002, Tsuji and Nakajima, 2003, Marley et al., 2010). The
removal of clouds, combined with deepening CH4 absorption features, acts to
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make the objects bluer across the T dwarf sub types. The eventual dimming in
late T dwarfs is suspected to be caused by the appearance of sulfide and chloride
clouds (Morley et al., 2012). The end of the T dwarf regime is marked by the
emergence of NH3 absorption between 1.1 and 1.7 µm, as indicated in 1.10.

1.6.3 | Low surface gravity L/T transition atmospheres

Benchmark brown dwarfs and directly imaged exoplanets diverge in colour the
end of the L type sequence. The current cohort of direct imaging exoplanets, due
to detection biases, are much younger and have much less contracted atmospheres
compared to more massive and older benchmark brown dwarfs. As such, for these
less massive and puffier objects, the standard brown dwarf L to T transition is
now followed. For the lower surface gravity objects the sinking and breakup of
clouds in the latter stages of the L dwarf sequence is disrupted. This delayed
removal of cloud opacity, combined with the cooling temperatures, means these
objects have reduced luminosity and even further reddening. The discovery of
many such objects has acted to populate an extension of the initial L dwarf branch
on the colour-magnitude diagram shown by the late-L "companions" illustrated
in Figure 1.10 where the eventual breakup and sinking of clouds happens at cooler
temperatures than those for objects.

1.7 Atmospheric modelling approaches

There has been significant development in the field of modelling exoplanet
and brown dwarf atmospheres over the past two decades. Traditionally,
the comparison of observed spectra and photometry to modeled spectra was
dominated by the use of self-consistent forward models. Now, however, with
increases in data quantity and quality, the retrieval method is fast becoming the
dominant approach for interpreting observations. These differing approaches are
summarised in the following subsections.
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1.7.1 | Self-consistent forward modelling

The self-consistent forward modelling approach makes a number of cornerstone
equilibrium assumptions. The atmosphere is modelled via assumptions of thermo-
chemical equilibrium, radiative-convective equilibrium and local thermodynamic
equilibrium (LTE) (Madhusudhan et al., 2014, Madhusudhan, 2019). This
approach normally approximates the chemical constituents of the atmosphere
using solar elemental ratios. The assumption of radiative-convective equilibrium,
along with constraints on chemistry, allows for the self-consistent determination
of the temperature-pressure profile. Under this assumptions, paired with
considerations of radiative transfer, a spectrum for an atmosphere can be
produced.

This approach is then used to produce a suite of so called "grid models" for
varying macroscopic properties such as effective temperature and surface gravity.
Comparison to these grid models, with iterates across many thousands of spectra,
are used to derive the best fit via a chi squared or reduced chi squared fit.

This approach is highly applicable to atmospheres where chemical equilibrium
is expected to dominate. However, for cooler or highly dynamical atmospheres,
where considerations of the presence of chemical disequilibrium becomes impor-
tant, such an approach can struggle to correctly account for all features in an
observed spectrum. As such, some recent self-consistent models have incorporated
considerations of disequilibrium chemistry.

1.7.2 | Retrieval models

In this work we employ the retrieval method. This approach is reviewed in Fortney
(2018) and Madhusudhan (2018) and is outlined in Figure 2.1. In its simplest
form, the technique obtains a best fit to observed spectra using a parametric
forward model constrained by a minimal amount of constraining assumptions.
Variations in the forward model are driven by freely adjusting a combination of
chemical abundances ("free chemistry") along with a parametric temperature-
pressure profile. These critical chemistry and physics driving parameters freely
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explore the available parameter space in order to statistically derive the best-fit to
an observation. Also known as the "Inverse technique", this approach calculates
the probability posterior distributions of these forward model parameters that
best fit the observed data.

Retrieval models generally use a Bayesian algorithmic approach to select the
best fit model. As outlined in Chapter 2, the use of Bayesian retrievals allows
the formal inclusion of prior knowledge and full exploration of the likelihood
probability distribution of the data. The statistical sampler allows the parameters
to vary freely within the allowed context of the forward model. Bayesian retrievals
have now become the norm in atmospheric analyses of transmission and secondary
eclipse spectra of transiting exoplanets. However, its use in direct imaging
exoplanet and brown dwarf studies is still novel. Bayesian parameter inference
has been regularly demonstrated as an effective tool in the pursuit of statistically
rigorous exoplanet atmospheric characterisations.

1.8 Outline of Chapters 2-6

In chapter 2 we outline the retrieval code TauREx along with modifications and
developments made for this work. In Chapter 3 we apply a retrieval approach to
the T dwarf GJ 570 D and the cool exoplanet 51 Eri b. In Chapter 4 we then
apply the retrieval approach to 6 L-type objects including PSO 318, VHS 1256
b, HR 8799cde and Beta Pic b. In Chapter 5 we produce a set of James Webb
Space Telescope spectral observations simulations and perform retrieval tests on
these simulations. In Chapter 6 we summaries this work and outline future work.
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Figure 2.1: Flowchart of the key components used in inverse retrieval techniques.

2.1 TauREx3

TauREx3 (Tau Retrieval of Exoplanets) is a publicly available1 Bayesian retrieval
code designed for application to spectroscopic observations of exoplanet atmo-
spheres (Waldmann et al., 2015a,b, Al-Refaie et al., 2019). It can be employed
to analyse emission, transmission and phase-curve spectroscopic data. Figure
2.1 gives an overview of the TauREx code for emission retrieval. The following
subsections outline the key components of TauREx.

2.1.1 | Radiative transfer forward model

TauREx3’s radiative transfer forward model, as described in Waldmann et al.
(2015b), is as follows. The thermal radiation is described by the Schwartzschild
equation:

1TauREx3: https://github.com/ucl-exoplanets/TauREx3_public
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µ
dIλ(τ, µ)

dτ
= Iλ(τ, µ)−Bλ(T ), (2.1)

where Iλ is the intensity per wavelength, λ, Bλ is the Planck function at
temperature T, µ = cosθ is the upward inclination, and τ is the total optical
depth as a function of altitude (z):

τλ(z) =
Nm∑
m=1

τλ,m(z), (2.2)

where τλ,m is the optical depth per absorbing species, m:

τλ,m =

∫ z∞

z

ςλ,m(z
′)χm(z

′)ρN(z
′)dz′, (2.3)

ςλ,m(z
′) is the absorption cross section, χm is the column density, and ρN is the

number density. The upwelling radiance is expressed via:

Iλ(τ, µ) = Iλ(τs)e
−(τs−τ)µ +

∫ τ

τs

Bλ(Tτ ′)e−(τs − τ)µ
dτ ′

µ
, (2.4)

which sums the radiation at the planetary surface (set as a pressure point for
gaseous planets), and the the integrated emission contribution from all the
individual plane-parallel layers.

The transmittance of the modelled atmosphere, T , and its derivative is defined
as a function of optical depth:

T τ = e−τ ,
δT τ

δτ
= −e−τ . (2.5)

Therefore, the summed top-of-atmosphere radiation (TAO, τ=0, z = ∞) is
expressed via:

Iλ(τ = 0) = Bλ(Ts)e
−τs +

∫ τs

0

Bλ(Tτ )
δTλ(τ)

δτ
dτ, (2.6)
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where τs and Ts are the optical depth and temperature at the planetary surface.
We define this quality as Femission:

Femission = Iλ(τ = 0) (2.7)

2.1.2 | Emission mode for direct imaging

We modified TauREx3 to allow us to model directly imaged targets. First, we
removed stellar emission from the forward model and added an inverse square
law scaling for the exoplanet or brown dwarf emission:

Absolute Flux = Femission ·
R2

D2
· Scal, (2.8)

where Femission is the emission flux from the forward model, R is the object
radius and D its distance from the Earth. Scal is a scaling calibration factor,
to account for imperfect absolute flux calibration assumptions. A calibration
factor such as this has been used in Oreshenko et al. (2020), Mollière et al. (2020)
and Burningham et al. (2021). Within the retrieval, Scal can also be inversely
considered as scaling the observed data to the model derived flux via Obscal:

Obscal =
1

Scal

, (2.9)

2.1.3 | Addition of inferred parameters

We have added surface gravity log(g) as an inferred parameter, determined via
Newton’s Law of Universal Gravity:

log(g) = log

[
GM

R2

]
, (2.10)

where G is the gravitational constant, M is the object’s mass and R is the object’s
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radius.

We have also included the calculation of the carbon to oxygen (hereafter C/O)
ratio, which for the brown dwarfs and exoplanets we study in this work, is driven
predominantly by the relative abundances of H2O and CH4 for T dwarf and H2O
and CO for L dwarfs. The inferred C/O ratio is calculated via:

C/O =
∑

molecules

χcarbon · n
χoxygen · n

, (2.11)

where χ is the mixing ratio of the relative molecules and n is the number of
oxygen or carbon atoms in a given molecule (eg. for CO ncarbon=1 and noxygen=1,
for H2O ncarbon=0 and noxygen=1, ).

We also add an inferred metallicity via the retrieved abundances, following the
same approach employed in Kitzmann et al. (2020) and Gonzales et al. (2020).
This is approximated by summing metal-containing molecules within the retrieval
weighted by the number of metal (non-hydrogen) atoms present which is then
divided by the abundance of neutral hydrogen. This value is then compared, in log
space, to solar metallicity, determined using the relevant elemental abundances
using values from Asplund et al. (2009). Metallicity is therefore calculated via:

Mobject =
∑

molecules

χm · n
χH2 · 2

, (2.12)

where χm is the mixing ratio of a particular molecule m, n is the number of metal
atoms in a given molecule (eg. for CO2 n=3, H2O n=1), χH2 is the mixing ratio
of neutral hydrogen. Therefore [M/H] is determined via:

[M/H] = log

(
Mobject

Msolar

)
, (2.13)

where Msolar is determined via all relevant solar elemental abundances relative
to the solar H abundance. We note this is not how metallicity is determined in
self-consistent forward models. The method outlined previously is only possible

– 37 –



Chapter 2. Retrieval method: TauREx3

Figure 2.2: Illustrations of TauREx3’s constant molecular abundances with
pressure/altitude. These are referred to as isoprofiles.

due to employing constant abundances with pressure while this is not the case in
self-consistent model.

We have included the effective temperature Teff as a derived parameter which is
useful for comparing retrieval results to grid models and evolutionary tracks. For
this, we followed the same approach as adopted in Line et al. (2015), integrating
the spectrum from 0.1 to 50 µm (at the native resolution of the input cross
sections) to calculate the total emission flux. The effective temperature is then
derived using the Stefan-Boltzmann law.

2.1.4 | Atomic and Molecular opacity

TauREx has its own purpose built molecular and atomic opacities, which can be
accessed from the publicly available ExoMolOP database (Chubb et al., 2020)2.
The line lists used for this work originate mainly from the ExoMol project
(Tennyson and Yurchenko, 2012) but also HITEMP (Rothman et al., 2010),
HITRAN (Rothman et al., 1987) and MoLLIST (Bernath, 2020). This includes
the latest line lists for H2O (Polyansky et al., 2018), CO (Li et al., 2015), CO2

2ExoMolOP: http://exomol.com/data/data-types/opacity/
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(Yurchenko et al., 2020), CH4 (Yurchenko et al., 2017), VO (McKemmish et al.,
2016), TiO (McKemmish et al., 2019), H2S (Azzam et al., 2016) and NH3 (Coles
et al., 2019). ExoMol provides line lists for extended temperature ranges for a
variety of molecules. We note that some of these cross-sections have imperfections,
such as in the case of CH4 (Yurchenko et al., 2017), where a more accurate and
complete line list is available via TheoReTS (Rey et al., 2016).

The TauREx3 cross-sections used in this work were sampled at R = λ
∆λ

= 15,000
across the 0.3 - 50µm wavelength region. For a more detailed discussion of
TauREx’s line list library see Chubb et al. (2020). During the molecular
and atomic radiative transfer calculations performed by TauREx, the model is
produced at a much higher resolution than that of the observed spectrum. These
high resolution spectra are then binned down to the data resolution in order to
calculate the log-likelihood during the retrieval.

2.1.4.1 | Alkali cross sections

The pressure and temperature broadened profiles for the resonance doublets of Na
and K are computed using methods described in Allard et al. (2016) and Allard
et al. (2019). All other line data for these atomic species are taken from either
the NIST (Kramida et al., 2013) or Kurucz (Kurucz and Bell, 1995) database.
We note here that all the results presented in this work were retrieved using the
broadening parameters of Allard et al. and non-resonance lines from the Kurucz
database, unless stated otherwise.

2.1.5 | Retrieved abundances

The molecular trace-gas mixing ratio profiles (as a function of pressure), in
the forward model are set, and retrieved, as isoprofiles, as shown in Figure
2.2. Therefore, the retrieved abundances convey the mean abundance within
the observable atmospheric region. This is the region where there is significant
spectral contribution to the observed spectrum. TauREx3 does allow for pressure
dependent abundance profiles (Changeat et al., 2019) but this comes at a
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significant increase in model complexity and so will be explored in later work.

2.1.6 | Temperature-pressure profiles

To accurately model directly-imaged emission spectroscopy, an appropriate
temperature-pressure parameterisation must be adopted. TauREx offers a
variety of temperature-pressure profile options, ranging from radiative two-stream
modelling such as the Guillot (2010) prescription (for highly-irradiated planets)
to more ad-hoc geometric approaches in which temperature-pressure nodes are
allowed to vary freely. The Madhusudhan and Seager (2009) and Lavie et al.
(2017) prescriptions have also been added to TauREx3. In Figure 2.2, we
illustrate the npoint and Madhusudhan and Seager (2009) temperature-pressure
profiles.

2.1.6.1 | npoint

The npoint parameterisation (Waldmann et al., 2015a) is a non-physically
constrained and very flexible geometric profile. It can be used to model an infinite
amount of pressure and temperate points within a model. However, we limit our
setup to three points in this work, as illustrated in 2.2 . Therefore our npoint

profile is determined by parameters including the top of atmosphere temperature,
T top, and top of atmosphere pressure, P top (set at 10−3 bar in this work). The
other parameters include the tropopause temperature and pressure, T 1 and P 1, as
well as the surface pressure P surf (set at 500 bar for this work) and temperature
T surf. Temperatures are then linearly interpolated between these temperature-
pressure nodes in log space.

2.1.6.2 | Madhusudhan and Seager (2009)

The temperature-pressure profile outlined in Madhusudhan and Seager (2009)
is a zonal combination of exponential curves, and hence does not permit local
discontinuities (Burningham et al., 2017). The profile is split into three zones
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Ttop , Ptop

T1 , P1

Tsurface , Psurface

(a) n-point profile

T0 , P0

T1 , P1

T3 , P3

Zone 1

Zone 2

Zone 3

(b) Madhusudhan and Seager (2009) Profile

Figure 2.2: TP profiles used in our analysis. The top panel outlines the structure
of the n-point profile, with n = 3 in this example. The bottom panel outlines the
structure of the Madhusudhan and Seager (2009) profile, when thermal inversions
are ruled out.
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with pressure and temperature being related by:

P0 < P < P1 : P = P0e
α1(T−T0)1/2 (Zone 1),

P1 < P < P3 : P = P2e
α2(T−T2)1/2 (Zone 2),

P > P3 : T = T3 (Zone 3),

(2.14)

where T0 and P0 are the top-of-atmosphere temperature and pressure, and T3

represents the isothermal temperature for atmospheric layers below P3. Thermal
inversions are ruled out by setting P2 = P1, as inversions are not expected in
the objects considered in this work. With this condition in effect, and using
principles of continuity at zonal boundaries, we consider five free parameters
within our analysis: α0, α2, P1, P2, and T3. We note too that P3, and T3 act
as an anchor point for the temperature-pressure profile and can be set as values
beyond the bottom-of-atmosphere (500 bar, hereafter BOA) boundaries of our
radiative transfer considerations. This is the same profile parameterisation used
in Gonzales et al. (2020), Burningham et al. (2017) and Burningham et al. (2021).

2.1.6.3 | Lavie et al. (2017)

We also added a less flexible profile following a simple parameterisation employed
in Lavie et al. (2017) and originating from a reduced version of equation 126 in
Heng et al. (2014):

T 4 =
T 4
int

4

(
8

3
+ m̃κ0

)
(2.15)

where Tint is the internal temperature and κ0 the constant component of the
infrared opacity. m̃ is column density determined via P0 = m̃ · g with g being
the surface gravity at the bottom of our model atmosphere (500 bar). This
simpler and radiative equilibrium enforcing profile paramterisation only has two
free parameters within our retrievals: κ0 and Tint.
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2.1.7 | Bayesian Analysis

TauREx employs Bayesian statistics as the cornerstone for the retrieval analysis,
as outlined in Waldmann et al. (2015a). Bayes’ theorem states that:

P (θ | x,M) =
P (x | θ,M)P (θ,M)

P (x | M)
, (2.16)

where P (θ,M) is the Bayesian prior, and M is the forward model. P (θ | x,M)

is the posterior probability of the model parameters θ given the data, x, assuming
the forward model M. The likelihood, P (x | θ,M) is given by:

P (x | θ,M) =
1

E
√
2π

exp

[
−1

2

N∑
λ

(
xλ −Mλ

Eλ

)2
]
, (2.17)

where E is the error on the input spectral data (Waldmann et al., 2015a). An
illustration of a 2-dimensional posterior and accompanying likelihood is shown in
Figure 2.3.

2.1.7.1 | Error inflation

We added the ability to inflate the E spectral error, as done in Line et al. (2015)
and Burningham et al. (2017), via:

E2
λ = σ2

λ + 10b, (2.18)

where σλ is the measured error for the λth flux and b is a tolerance factor
which is included as a free parameter in the retrieval analysis (Tremaine et al.,
2002, Hogg et al., 2010, Foreman-Mackey et al., 2013). The 10b error inflation
term can account for imperfections in the forward model’s capability to fit the
observed emission spectrum (Line et al., 2015) and/or account for underestimated
uncertainties.
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It also allows for the down-weighting of sections of a spectrum where the spectral
resolution is highest as well as possessing the smallest error bars. Such sections
of data can lead to the neglect of other important parameters driving regions
of a spectrum. Including the error inflation can therefore allow for a more
equally weighted consideration of a whole spectrum when performing the Bayesian
evidence calculations.

2.1.8 | Nested Sampling via Multinest

TauREx includes the implementation of Bayesian statistics via nested sampling
(NS) using Multinest (see section 2.1.8.1) (Feroz and Hobson, 2008, Feroz et al.,
2009, 2013) via PyMultinest (Buchner et al., 2014). As outlined by Waldmann
et al. (2015a), NS derives the Bayesian Evidence, E, via:

E =

∫
P (θ | M)P (x | θ,M)dθ, (2.19)

E = P (x | M). (2.20)

The Bayesian Evidence allows the retrieval to perform model comparison and
selection. The statistical results from MultiNest are then used to derive the
parameter estimates which combine to produce the highest Log-Evidence. NS,
as performed by Multinest, also allows for efficient parallelisation, permitting the
use of high performance cluster computing resources (see Figire 2.4).

Via the nested sampling Log-Evidence, we can compare model results using the
Bayes Factor B:

log(B) = ∆log(Ev) = log(Ev2)− log(Ev1). (2.21)

This is a ratio of evidence of two competing models (Ev1 and Ev2), allowing for
comparison. Table 2.1, from Kass and Raftery (1995) outlines how log(B) can
be interpreted.
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Figure 2.3: (a) Posterior of two dimensional model fit. (b) Evolving likelihood
Li(X) for different parameter space points X. Figure from Feroz et al. (2019).

Table 2.1: Interpretation of the Bayes ratio outlined in Kass and Raftery (1995)

log(B) Interpretation
0 - 0.5 No Evidence

0.5 - 1 Some Evidence

1 - 2 Strong Evidence

>2 Decisive
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2.1.8.1 | Multinest

Multinest is a posterior distribution and global Bayesian evidence estimation tool
for tackling and evaluating multi parameter/dimensional problems. Multinest
probes the parameter space by firstly initialising samples which are referred to
as live points. In the case of our retrievals, these parameter live points combine
to create a model spectrum where the likelihood is determined. Multinest then
disregards the live points with the lowest likelihood, replacing them with a new
value within the permitted parameter space. We note here this parameter space
is controlled by the priors set on each individual parameter, which are discussed
in section 2.1.9. Multinest repeats the disregarding and re-initializing of live
points in an effort to search for the areas of parameter space which maximise the
likiehood. A key component of Multinest is that it employs ellipsoidal nested
sampling which is outlined in Feroz et al. (2009). Within this work, Multinest
allows us to statically probe exoplanet and brown dwarf spectra using models
with approximately 15-25 parameters usually employing 1000-5000 live points.
By employing high performance computing (clusters), this tool allows us to
employ many computer nodes/cores (see Figure 2.4). This is essential as our
retrieval, when using multi nest can run for long durations of time depending
on model-dimensionality and data quality. Typical retrievals of low to medium-
resolution direct imaging data in the mid-IR take only few hours if employing
several hundred cores.

2.1.9 | Priors

TauREx has preset default priors set for all the possible free parameters. This
includes all that are necessary for the forward model such as mass, radius,
temperature-pressure prescription and atmospheric trace gases considered. By
default TauREx employs uninformative uniform priors with large prior ranges
(e.g. trace-gas abundance priors are log-uniform, log(abundances) = 1.0− 1.0×
10−12). The default values can be manually over-ridden, allowing the user to
limit or open-up the parameter space. Narrowly defined bounds have the benefit
of reducing computational expense but run the risk of being overly restrictive.
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Figure 2.4: TauREx3 speedup demonstration when using Cirrus cluster.

The priors and prior bounds set for the retrieval analysis performed in this work
were either uniform, log-uniform or Gaussian priors based on values from previous
published studies (when such values were available).

2.1.10 | Clouds

Due to the expectation of the presence of cloud related opacity for many of
the objects studied within this work, as highlighted in 2, we tested, expanded
and added to the cloud capabilities of TauREx3’s forward model. The following
subsections outline TauREx3’s current and novel cloud paramterisations.

2.1.10.1 | Simple powerlaw clouds

We have added a power law slab and deck cloud capability, following the same
prescription outlined in Burningham et al. (2017) and Gonzales et al. (2020). In
the case of the slab cloud, the total optical depth is determined via:

τcloud = τ0

(
λ

λ0

)α

=
∑

τLayers (2.22)
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where λ0=1µm. τ0 and α are the two retrievable components of this cloud
prescription as well as the top pressure boundary of Ptop and the bottom pressure
boundary of the cloud Pbottom. τcloud is distributed throughout the layers in the
cloud slab pressure boundaries, weighted by dτ/dP ∝ P where dP is relative to
Pbottom. Therefore, the total optical depth is distributed such that the bottom
layer has the maximum optical depth while the top layer has the minimum optical
depth present. In total, the power law slab is retrieved via 4 parameters: τ0, α,
Ptop and Pbottom. An illustration of the slab cloud is shown in Figure 2.5(a).

The optical depth of the power law deck cloud again follows τ ∝ λα and is
controlled via the Ptop pressure where the cloud becomes optically thick with
τ=1. The cloud opacity scales with pressure via dτ/ dP ∝ exp(∆P/Φ) where ∆P
is the height above and below the Ptop pressure and ϕ is:

Φ =
Ptop · (10∆logP − 1)

10∆logP
. (2.23)

The opacity decay is therefore parameterised by ∆ logP . Therefore, in total, the
power law slab is retrieved via 3 parameters: Ptop, ∆ logP and α. An illustration
of the deck cloud is shown in Figure 2.5(b).

We also added a novel cloud setup called Slab Infinity Deck (SID). This
parameterisation mirrors that of the aforementioned slab cloud structure but
with an infinite opacity below below Pbottom. An illustration of the SID cloud is
shown in Figure 2.5(c).

We note that these cloud paramerisations can be transformed into grey-clouds,
where the cloud opacity is constant with wavelength, by setting α=0. These are
flexible and simplistic cloud approach but do lack the rigour of the more physically
motivated approaches included in Mollière et al. (2020) and Burningham et al.
(2021). As such, the slab and deck approach does not allow us to probe specific
cloud species or particle sizes but is still suitable for analysis within this work.
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Figure 2.5: Diagram outlining cloud structures employ in this study. (a) outlines
the slab cloud structure. (b) outlined the deck cloud structure. (c) outlined the
slab infinity deck (SID) cloud structure.

2.1.10.2 | Lee et al. 2013 Mie opacity approximation

Here we outline a Mie theory cloud opacity prescription offered in TauREx. This
cloud prescription is outlined in Lee et al. (2013) and was also employed in Lavie
et al. (2017). Using equation 2.3, the cloud’s optical depth τcloud is added via:

τλ,m =

∫ z∞

z

Qext(z
′)πr2c · χm(z

′)ρN(z
′)dz′, (2.24)

where Qext is the extinction efficiency and rc is the spherical particle radius.
The extinction efficiency Qext is approximated via the dimensionless, cloud
composition quantity Q0 (see Figure. 2.6):
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Figure 2.6: Extinction efficiency curves for various condensate species compared
to approximations from Lee Mie opacity regime. Figure from Lee et al. (2013).

Qext =
5

Q0x−4 + x0.2
(2.25)

where x = 2πrc/λ with λ corresponding to wavelength.

The Lee Mie regime results in five possible parameters for including this Mie
opacity cloud prescription in TauREx’s retrievals. These are Q0, rc, the mixing
ratio of the cloud χ, the top pressure of the cloud layer Ptop and the bottom
pressure of the cloud layer Pbottom where these last two parameters define the
clouds spatial thickness. Given the expectation of silicate clouds being the
dominant source of cloud opacity for the objects considered in this work, we
set Q0=10 when employing this cloud parameterisation as this is representative
of "astro silcate" Lee et al. (2013).
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2.1.10.3 | Bohren & Huffman Mie opacity for homogeneous spheres

We also used the Mie regime for species specific opacity sources from Bohren
and Huffman (1983) (hereafter BH Mie) which considered homogeneous spherical
particles. This is implemented in a similar way to the aforementioned Lee Mie
scattering approximation with some key differences.

In the BH Mie implementation, the cloud’s wavelength dependent optical depth
τcloud is computed via the the extinction efficiency which is not approximated and
instead determined via:

Qext = Qabs +Qscat (2.26)

where Qscat is the scattering efficiency and Qabs is the absorption efficiency. The
calculation of Qext employs the real and imaginary refractory indices for a given
cloud condensate species.

Overall, this BH Mie regime results in four possible fitting parameters to include
in this cloud opacity in TauREx3’s retrievals. These are particle radius rc, χ,
Ptop and Pbottom where the latter three parameters have the same meaning as
in the Lee Mie regime. For the BH Mie implementation, we consider a particle
size distributions for rc instead of a constant value (as in the case of the Lee Mie
implementation). The different particle size distributions are outlined in following
subsection.

2.1.10.4 | Particle size distributions

Several different particle size distributions have been adopted in previous retrieval
studies of directly imaged exoplanets and brown dwarfs. Burningham et al.
(2021) used the Hansen distribution (Hansen, 1971) as well as a lognormal
distribution for analysis of 2M2224-0158. Mollière et al. (2020) also used a
lognormal distribution for analysis of HR 8799e. For the BH Mie model TauREx3
offers the "cloud" particle size distribution from Sudarsky et al. (2003):
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n(r) ∝
(
r

rc

)6

exp

[
−6

(
r

rc

)]
(2.27)

The "haze" distribution from Deirmendjian (1964) is also available:

n(r) ∝ r

rc
exp

[
−2

(
r

rc

)] 1
2

(2.28)

where rc is the dominant mean radius. We also added a lognormal particle size
distribution akin to that from Ackerman and Marley (2001):

n(r) ∝ 1

r
√
2π lnσg

exp

− ln2
(

r
rc

)
2 ln2 σg

 (2.29)

where σg is the standard deviation which controls the width of the lognormal
distribution. The retrieval calculates Qext for BH Mie via the radii given by the
particle size distribution and determines the average which is weighted by relative
concentration of each particle size. A visual comparison of the various particle
size distributions is shown in Figure 2.7.

2.1.10.5 | Patchy/Fractional clouds

In an effort to permit investigation into the potential presence and impact of
patchy clouds on exoplanet and brown dwarf spectra, the basic patchy cloud
consideration from Marley et al. (2010) has been added:

FTot = Cfrac · FCloudy + (1− Cfrac) · FClear (2.30)

where FTot is the total flux, FClear is the flux from regions without clouds, FCloudy

is the flux from regions with clouds and Cfrac is the fraction of surface area
with clouds. The non-cloud properties are identical for the two forward models
which are linearly combined. Employing this fractional cloud consideration
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Figure 2.7: Comparison of particle size distributions included in TauREx3. Shown
is the lognormal Ackerman and Marley (2001), "cloud" potential exponential
from Sudarsky et al. (2003) and "haze" potential exponential from Deirmendjian
(1964).
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therefore acts to add an additional retrieved parameter, Cfrac, to the cloud opacity
parameterisations.
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3.1 Introduction

While nearly 5000 exoplanets have been confirmed to date, (NASA Exoplanet
Archive, 2022, Akeson et al., 2013), only a very small fraction have been directly
imaged due to the significant technical challenge of detecting a signal from an
exoplanet many times fainter than its host star. However, extreme coronagraphic
spectrometers, including VLT’s Spectro-Polarimetric High-contrast Exoplanet
REsearch instrument (SPHERE) (Beuzit et al., 2008), the Gemini Planet Imager
(GPI) (Macintosh et al., 2014) and VLT’s GRAVITY (Gravity Collaboration
et al., 2017), have made it possible to start the characterisation and classification
effort of directly imaged exoplanet demographics (Nielsen et al., 2019, Vigan et al.,
2020). The current state of direct imaging spectroscopy is covered extensively in
Biller and Bonnefoy (2018)

The development of extrasolar planetary spectroscopy (see Tinetti et al., 2013)
has mainly been driven by studies of transiting hot-Jupiters and has allowed for
unprecedented insight into the diversity of their atmospheres. This led to the
expansion and application of retrieval (inverse) atmospheric modeling techniques
(outlined in Figure 2.1) to exoplanetary spectra (see Line et al. (2013) for a review
of early exoplanetary retrieval codes). There are now a variety of retrieval codes
developed for exoplanet atmospheric characterisation, examples include Nemesis
(Irwin et al., 2008), Chimera (Line et al., 2013), BART (Harrington et al., 2016),
SCARLET (Benneke, 2015), POSEIDON (MacDonald and Madhusudhan, 2017),
Brewster (Burningham et al., 2017), HyDRA (Gandhi and Madhusudhan, 2018),
petitRADTRANS (Nowak, M. et al., 2020, Mollière et al., 2019), Platon II (Zhang
et al., 2020), Helios-R2 (Kitzmann et al., 2020) and TauREx3 (Al-Refaie et al.,
2019).

In previous studies TauREx has been applied to observations of transiting
exoplanets (Tsiaras et al., 2016, 2018, Waldmann et al., 2015a,b, Changeat et al.,
2019, Rocchetto et al., 2016, Tsiaras et al., 2019, Edwards et al., 2020, Skaf et al.,
2020, Pluriel et al., 2020), with a comparative study of TauREx, CHIMERA and
NEMESIS retrieval codes to be found in Barstow et al. (2020) with a review of the
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current state-of-the-art in Barstow and Heng (2020) and Madhusudhan (2019).

In comparison to transit spectroscopy, there have only been a handful of attempts
to apply a retrieval approach to directly imaged exoplanet and brown dwarf
spectroscopy or photometry. These include HR8799b (Lee et al., 2013), GJ 570D
(Line et al., 2014), GJ 570D and HD 3651B (Line et al., 2015), 11 T dwarfs
(Line et al., 2017), HR8799b-e (Lavie et al., 2017), 2MASS J05002100+0330501
and 2MASS J2224438-015852 (Burningham et al., 2017), GJ 570D and the
Epsilon Indi brown dwarf binary system Kitzmann et al. (2020), 6 T and 8
Y dwarfs (Zalesky et al., 2019), β Pic b (Gravity Collaboration et al., 2020),
HR 8799e (Mollière et al., 2020), HR 8799c (Wang et al., 2020) and the SDSS
J1416+1348AB binary (Gonzales et al., 2020). Here we use the TauREx3 retrieval
tool to carry out analysis of directly-imaged exoplanet 51 Eridani b (hereafter 51
Eri b) and brown dwarf benchmark GJ 570D.

Despite the significant development in the field of directly-imaged exoplanet
spectroscopy in the last decade, upcoming telescopes will prove essential to further
our understanding of these objects. The James Webb Space Telescope (JWST)
(Gardner et al., 2006) and the soon to be constructed Extremely Large Telescope
(ELT) (Udry et al., 2014, Brandl et al., 2014), will lead to increased observational
capacity, requiring refined and robust analysis techniques. Retrieval tools will be
a corner stone for the analysis of these next generation of observations.

Facilitated by the aforementioned instruments, direct imaging will be a very
important technique for the future with the notable benefits that it offers when
compared to the currently dominant technique of transmission spectroscopy.
These include the ability to view exoplanet and brown dwarf atmospheres as
they rotate (Crossfield et al., 2014) (as they are not tidally locked) and being
able to probe further into the atmosphere, unlocking more spectral features and
atmospheric characteristics. The currently observed selection of directly imaged
exoplanets are limited to young gas-giants which orbit their host stars at large
radial distances. They show similar properties to free-floating planetary mass
objects and old, field brown dwarfs. As a result, these three subsets of object can
have the same spectral types. The youngest start out as a hot M spectral type,
evolving via cooling firstly to an L type, then to a T type (Kirkpatrick, 2005)
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before finally becoming a very cool Y type (Cushing et al., 2011, Miles et al.,
2020), at the limits of current observational capabilities. In this study we will be
focusing on T spectral type objects, with their atmospheric signatures dominated
by H2O and CH4 absorption.

The importance of cloud modelling for directly imaged exoplanets and brown
dwarfs has been well explored and debated (Chilcote et al., 2017, Bowler et al.,
2020, Zhou et al., 2020, Marley et al., 2010, Morley et al., 2012, Mollière et al.,
2020, Burningham et al., 2021, 2017, Lee et al., 2013, Marley et al., 2012,
Morley et al., 2014, Charnay et al., 2018, Lew et al., 2020). Previous studies
of 51 Eri b, for example, used clouds in their self-consistent grid modelling
(Samland et al., 2017, Rajan et al., 2017) to successfully fit the planet’s spectral
energy distribution (SED). For a recent and extensive review of exoplanet clouds
see Helling (2019). Alternative explanations for the observed SEDs have been
explored in Tremblin et al. (2016) and Tremblin et al. (2017), who demonstrated
that a reduced atmospheric temperature gradient can reproduce the SEDs of late
L and T type brown dwarfs, without the need to invoke clouds. The mechanism
reducing the temperature gradient in these atmospheres has been proposed to
be diabatic convection triggered by the CO/CH4 chemical conversion in brown
dwarf atmospheres (Tremblin et al., 2019).

We now describe the specifics of both our retrieval approach and other tools used
in our spectral analysis, as applied to spectra of 51 Eri b and GJ 570D.

3.2 Two benchmark T dwarfs: GJ 570D and 51

Eri b observations

In this section we give a brief overview of our current knowledge and understand-
ing of GJ 570D and 51 Eri b as well as describing the origin of the data used in
their model fitting analysis. We chose to focus on T dwarfs in this first application
of TauREx3 to directly-imaged targets as in this temperature regime their SED’s
are thought to be less influenced by clouds, which are expected to exist below
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the observable photosphere (Lodders and Fegley, 2006, Burrows and Sharp, 1999,
Burrows et al., 1997). The inclusion of GJ 570D allows us to benchmark TauREx3
against previous studies using other retrieval codes (Kitzmann et al., 2020, Line
et al., 2015, Burningham et al., 2017). 51 Eri b offers a comparable spectral type
object but allows us to investigate a completely different mass regime and it has
no existing free-chemistry retrieval analysis. We note that clouds seem to be more
prominent in the observable atmosphere for low surface gravity objects such as
51 Eri b (Marley et al., 2012, Charnay et al., 2018).

3.2.1 | GJ 570D

GJ 750D (or 2MASS J14571496-2121477) is a cool T7.5 brown dwarf, with an
age of 1-5 Gyr (Liu et al., 2007), and was among the first T dwarf companions
to be discovered by Burgasser et al. (2006, 2004). It is a very wide component
in a hierarchical quadruple system, comprising the inner spectroscopic binary
companions GJ 570B and C and the primary GJ 570A from which GJ 570D orbits
at a projected separation of 1525 ± 25 AU (Burgasser et al., 2000). GJ 570D
has been included in order to compare TauREx3 against other retrieval studies
as it has become commonly included in novel retrieval approach validations
(Kitzmann et al., 2020, Line et al., 2015, Burningham et al., 2017, Line et al.,
2014, 2017, Piette and Madhusudhan, 2020). It also offers the opportunity to
compare retrieval results against studies using grid model fitting. GJ 570D has a
comparable spectral type to the exoplanet 51 Eri b, also included in this study.

3.2.1.1 | Observations and calibration

We used observations of GJ 570D taken by the SpeX spectrograph (Rayner et al.,
2003), which is mounted on the 3m NASA InfraRed Telescope Facility. The
measured spectrum is part of the SpeX Prism Library (Burgasser, 2014) and
was first published in Burgasser et al. (2004). The data were reduced using
the pipeline described in Cushing et al. (2004), with the spectrum spanning
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Figure 3.0: Top: SpeX prism spectrum of GJ 570D, flux calibrated using SPLAT
and the object’s 2MASS J , H and K band magnitudes. The spectrum used
by Kitzmann et al. (2020), produced using a different absolute flux calibration
approach, is included for comparison. Bottom: Published data for 51 Eri b. We
include Y , J and H band SPHERE data from Samland et al. (2017), along with
the GPI J and H data from Macintosh et al. (2015) (which is updated using a
revised stellar flux and presented in Rajan et al. (2017)) along with GPI K1 and
K2 band data from Rajan et al. (2017). There is a clear difference in the J band
brightness, and also a difference in the H band brightness, between the GPI and
SPHERE observations.
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0.65 to 2.56 µm at an average spectral resolving power of 120 (varying with
wavelength between 85 to 300). Using the SpeX Prism Library1 data analysis
toolkit (SPLAT2) (see Burgasser and Splat Development Team (2017) for details),
we flux calibrated the data using photometry from the 2MASS survey3 (Skrutskie
et al., 2006).

The spectra shown in Figure 3.0a have then been calibrated using J (15.324 ±
0.05 mag), H (15.268 ± 0.09 mag) and K-band (15.242 ± 0.16 mag) fluxes.
In the following analysis we used the spectrum calibrated using the H-band
magnitude. As outlined in Line et al. (2015), neighbouring pixels may not be
statistically independent, due to the duplication of flux information. Therefore,
when analysing this data set we only include every third data point (pixel) in our
model fitting.

3.2.2 | 51 Eri b

51 Eri b was the first exoplanet discovered by GPI (Macintosh et al., 2014), and
has one of the smallest angular and physical separations (∼0.5", ∼13 AU) of any
directly imaged exoplanet. It orbits a young F0-type host, with age estimates
of 20 ± 6Myrs from Macintosh et al. (2014) and 26±3Myrs from Nielsen et al.
(2016). With a spectral type of T6.5±1.5 (Rajan et al., 2017), 51 Eri b is notably
the latest spectral type planet yet imaged.

Exhibiting methane absorption (a first for directly-imaged exoplanets) with its
lower effective temperature (∼700K) and low mass (< 10 MJup), 51 Eri b defined
a new category of directly-imaged exoplanets. Further, its SED indicates that
the L/T transition occurs at lower temperatures for these lower surface gravity
objects compared to the higher surface gravity brown dwarfs (Rajan et al., 2017).

Studies of this exoplanet have included clouds in order to fit the spectroscopic
and photometric data. Rajan et al. (2017) used two self-consistent grid models,
one with a patchy iron/silicate cloud scattering component, and the other with

1SpeX Prism Library: http://pono.ucsd.edu/~adam/browndwarfs/spexprism/library.
html

2SPLAT: http://pono.ucsd.edu/~adam/browndwarfs/splat/
32MASS Survey Archive: https://irsa.ipac.caltech.edu/Missions/2mass.html
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sulfide/salt cloud scattering to explain the spectral profile, while Samland et al.
(2017) used grid models produced using petitCODE (Mollière et al., 2015, 2017)
which employed a slightly modified version of the Ackerman and Marley (2001)
prescription in their cloud modelling. Samland et al. (2017) also tested the Morley
et al. (2012) cloud models against their observations. Samland et al. (2017)
couldn’t differentiate between patchy and uniform clouds while Rajan et al. (2017)
found a preference for patchy iron/silicate clouds in the model fitting. Both
studies concluded that clouds were needed to fit the spectrum well. We outline
previous model fitting results from previous studies in Table 3.4. Neither Samland
et al. (2017) or Rajan et al. (2017), however, employed a free chemistry model as
we have done in this study.

3.2.2.1 | Observations

In this study we used a combination of observations of 51 Eri b from 2015-
2016. These included spectroscopic data taken with GEMINI-GPI’s Integral
Field Spectrograph (Macintosh et al., 2014) (IFS) in the J , H, K1 and K2

bands (Rajan et al., 2017) (where J and H band observations are updated from
Macintosh et al. (2015)) and VLT-SPHERE’s IFS (Beuzit et al., 2008, 2019) using
its Y J , Y H filters (Samland et al., 2017). The spectra are shown in Figure 3.0b,
calibrated as outlined in (Samland et al., 2017) and (Rajan et al., 2017).

We also employed photometric measurements from KECK-NIRC2’s (McLean and
Sprayberry, 2003) Lp and Ms filters (Rajan et al., 2017), where we used two
combinations of data for our analyses: one which combined SPHERE’s Y , J and
H bands along with GPI’s K1 and K2 band data and the other which combined
only the GPI bands. We used this approach as the aforementioned GPI and
SPHERE observations differed significantly in brightness in both the J and H

bands.

Unlike with the GJ 570D data, we did not exclude any data from the analysis.
This was motivated by the data’s already low spectral resolution, combined
with the relatively large errors, where exclusion of data would severely impact
the retrievals ability to constrain parameters. We note that the potential for
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correlated noise to impact the retrieval is more prominent when using these full
data sets.

3.3 Modelling

3.3.1 | TauREx3

TauREx3 was employed for our retrieval analysis. The following subsections
outline our retrieval setup. See Chapter 2 for a full outline of TauREx3.

3.3.1.1 | Retrieval model setup

Using MultiNest, we sampled the parameter space using 3000-5000 live points at
a sampling efficiency of 0.8. We employed the the npoint temperature-pressure
profile for this study which is described in Chapter 2.

We consider a model atmosphere with pressures ranging from 10−3 to 500 bar,
with 100 layers uniformly sampled in log-space. We assume a hydrogen dominated
atmosphere with a H2 and He mixing ratio He/H2 = 0.17567. In our study
we include the cross sections for H2O (Polyansky et al., 2018), CO (Li et al.,
2015), and CH4 (Yurchenko et al., 2017), NH3 (Coles et al., 2019) and Na+K
Allard et al. (2016, 2019). The molecular trace-gas mixing ratio profiles (as a
function of pressure), in the forward model are set as constant with pressure
(isoprofiles). Collision induced absorption (CIA) of H2–H2 and H2–He (Abel
et al., 2011, Fletcher et al., 2018, Abel et al., 2012) is also included.

We use error inflation (as outlined in Section 2.1.7.1) for our analysis of GJ
570D but not for our 51 Eri b analysis. This is because 51 Eri b’s observations
have much larger error bars and the observation’s resolution is more uniform
throughout the spectrum, negating the spectral band weighting issue experienced
with the GJ 570D data set (again, see Section 2.1.7.1). In our GJ 570D data it
is apparent that that K band errors are much smaller than the J band data (see

– 65 –



Chapter 3. Retrieval study of cool, directly imaged exoplanet 51 Eri b

Figure 3.0a). The impact of adding this error inflation parameter acted to allow
the fit to the J band data to improve without affecting the goodness of fit in the
K band and also allowed for the overall Log Evidence to increase slightly. This
was interpreted as an increase in error size in the K band, while negligible in
the J band, allowing for a better overall fit by de-weighting the small error bars
found predominately in the K band when performing the Bayesian likelihood
calculation.

In the case of the 51 Eri b data analysis we use multiple scaling factors Scal

to account for the inclusion of observations from different instruments. This is
employed in the case of the SPHERE Y , J and H data (Scal SPH) being combined
with the GPI K1 and K2 band data (Scal GPI). When employing data from a
single instrument we simply use one scaling Scal factor.

3.3.1.2 | Retrieval priors

The priors and prior bounds set for the retrieval analysis performed in this paper
were either uniform, log-uniform or Gaussian priors. See Table 3.1 for a full
overview of the priors set.

Given the lower quality of the 51 Eri b data we adopted an informative Gaussian
prior for our retrievals. This was based on the system age estimate from Rajan
et al. (2017) and the evolutionary tracks from Fortney et al. (2008) as shown in
Figure 3.1. We didn’t adopt a Gaussian prior on the mass as the reported values
in the literature (Macintosh et al., 2015, Nielsen et al., 2019, Samland et al., 2017,
Rajan et al., 2017) have a large spread in the planetary mass regime. However,
we did enforce a flat planetary mass prior of 1-13MJup in the case of 51 Eri b.

3.3.2 | ATMO 2020

We compare our cloudless retrievals to self-consistent radiative-convective grid
models. For this we use the recently published ATMO 2020 set of atmosphere and
evolutionary models for cool brown dwarfs and self-luminous giant exoplanets
(Phillips et al., 2020).
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Figure 3.1: Evolutionary tracks from Fortney et al. (2008) with age uncertainty
of 51 Eri system from Rajan et al. (2017) indicated. The Gaussian radius prior
we adopt for the 51 Eri b analysis is also indicated.
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The ATMO code is a 1D radiative-convective equilibrium model, and has been
most recently described in Phillips et al. (2020) and Goyal et al. (2020). Briefly,
ATMO defines the TP-profile of an atmosphere on a logarithmic optical depth grid
with 100 model levels. The outer boundary condition in the first model level is
fixed at a pressure of 10−5 bar and is given an optical depth of τ ∼ 10−4 − 10−7

depending on surface gravity. The inner boundary condition in the last model
level is not fixed in pressure and is given an optical depth of τ = 1000. The
model then iterates the pressure and temperature in each model level towards
radiative-convective and hydrostatic equilibrium using a Newton-Raphson solver.
On each iteration chemical equilibrium abundances are calculated for the current
TP-profile using a Gibbs energy minimisation scheme based on that of Gordon
and McBride (1994). ATMO also has the ability to calculate non-equilibrium
chemical abundances self-consistently with the TP-profile, using kinetic networks
or relaxation schemes (Phillips et al., 2020, Drummond et al., 2016). Once the
chemical abundances have been computed, the opacities used by ATMO can be
obtained from pre-computed correlated-k tables for individual gases (Amundsen
et al., 2014), and are combined within the code using the random overlap to
obtain the total mixture opacity consistently with the pressure, temperature
and abundances in each iteration (Amundsen et al., 2017). The radiative flux
is computed by solving the integral form of the radiative transfer equation in
1D plane-parallel geometry including isotropic scattering following Bueno and
Bendicho (1995). The convective flux is computed using mixing length theory
using the same method as Gustafsson et al. (2008), with the adiabatic gradient
computed using equation of state tables from Saumon et al. (1995).

This grid includes solar metallicity atmosphere models spanning Teff = 200 −
3000K and log(g) = 2.5 − 5.5 (g in units of cm/s2), with steps of 100K for
Teff > 600K, 50K for Teff < 600K, and 0.5 in log(g). The ATMO 2020 model set
consists of three atmosphere model grids spanning this parameter range. The
first is calculated assuming chemical equilibrium, and the second and third are
calculated assuming non-equilibrium chemistry with different strengths of vertical
mixing. Each model in the grid is generated with the ATMO code and consists of
a TP-profile, chemical abundance profiles, and a spectrum of the emergent flux
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from the top of the atmosphere, which are publicly available for download4.

3.3.2.1 | Sampling using Markov Chain Monte Carlo

To calculate the best fits from the ATMO 2020 grid to the spectrophotometry
of 51 Eri b (see section 3.2.2), we used a Markov chain Monte Carlo (MCMC)
method utilising the emcee python package (Foreman-Mackey et al., 2013). We
generated each independent model using an interpolation to the ATMO 2020 grid
with temperatures ranging from 200K to 3000K and log(g) from 2.5 cm/s2 to
5.5 cm/s2 for models assuming chemical equilibrium, and temperature ranging
from 350K to 1800K and log(g) from 3.0 cm/s2 to 5.5 cm/s2 for models assuming
non-equilibrium chemistry due to vertical mixing. The radius was constrained
between 0.07R⊙ (∼ 0.7RJup) and 0.2R⊙ (∼ 2RJup) for both cases, using a rough
estimation from the ATMO evolutionary tracks, given the system’s age. With this
grid, the MCMC was set up with 100 walkers and was executed for 500 steps.
The posteriors were constructed after discarding the first 200 steps, to account
for the ‘burn-in’. This eliminates any bias caused by the initial values supplied to
the MCMC as a starting point in the parameter space. All results are reported
with an uncertainty of 1σ.

3.4 Results: GJ 570D

In order to evaluate TauREx3’s emission model against brown dwarf observations,
we perform retrieval analysis on the Spex observations of GJ 570D. We compare
our results with previous studies which employed other retrieval codes, with the
aim of determining if the results were consistent with these previous studies. The
results of the comparison are shown in Table 3.2, with the retrieval priors used

4ATMO 2020: http://opendata.erc-atmo.eu
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Figure 3.2: GJ 570D retrieval spectral fit

in the analysis listed in Table 3.1.

3.4.1 | Na+K systematic model bias

We encountered a systematic bias in the retrieved estimates for mass and radius
when attempting to fit the 0.85-2.5µm spectrum of GJ 570D using a flat prior.
This bias resulted in a non-physical radius (see Fortney et al., 2008 and Chabrier
et al., 2009 for typical radii) of 1.4 to 1.55 RJup, along with a mass value that
converged to the prior’s upper boundary. The mass was also found to increase
with the radius, likely in an effort to maintain the best fit surface gravity.

To investigate this effect, we ran retrievals with varying absolute flux calibrations
and also employed the Madhusudhan and Seager (2009) temperature-pressure
profile. Neither of these approaches negated the systematic bias. The application
of a tight Gaussian prior on the radius was also tested, but in this case the
mass was still seen to converge to the upper boundary of its flat prior. We
find this systematic issue to be sensitive to the sodium and potassium (Na+K)
cross sections, a dominating source of contribution in near-infrared model fitting
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Figure 3.3: A comparison of different methods used to compute the resonance
doublet and non-resonance lines of Na and K. The first panel gives cross sections
for K computed at T = 1000 K, P = 0.1 bar, and the second panel the cross
sections for K computed at T = 600 K, P = 10 bar. The cross sections in
green are those which were used in Kitzmann et al. (2020). All other combinations
shown (using either Burrows et al. (Burrows and Volobuyev, 2003) or Allard et
al. (Allard et al., 2016, 2019) for the computation of the resonance doublets, and
either NIST (Kramida et al., 2013) or Kurucz (Kurucz and Bell, 1995) for the
non-resonance lines) were tested in the present study.

as shown in Line et al. (2015), Burningham et al. (2017) and Oreshenko et al.
(2020).

It is noteworthy that this issue seems most prevalent when fitting the whole 0.85
- 2.5 µm spectrum. The resonance doublets of K and Na are at ∼0.77 µm and
∼0.59 µm respectively. We encountered examples when the bias issue would not
be present when fitting only 0.85 - 1.2 µm (∼0.77 µm K / ∼0.59 µm Na resonance
doublet impacted region), or 1.2 - 2.5 µm (non-resonance lines/resonance doublet
line wings region). This indicates a potential issue with either the combination of
the resonance doublets and non-resonance lines within the Na+K cross sections,
or with the extent of the broadening of the resonance doublets. Some different
combinations of computing the cross sections of the resonance doublet and non-
resonance lines of K are illustrated in Figure 3.3. The resonance doublets tested in
the present study were either treated using the broadening parameters of Burrows
et al. (Burrows and Volobuyev, 2003) or Allard et al. (Allard et al., 2016,
2019). The non-resonance lines from both the NIST (Kramida et al., 2013) or
Kurucz (Kurucz and Bell, 1995) databases were also tested. Testing various
combinations didn’t negate the aforementioned bias. We again note that the
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results presented in this study (Tables and Figures) were retrieved using the
broadening parameters of Allard et al. and non-resonance lines from the Kurucz
database. The issues related to the Na and K cross sections are discussed further
in Section 3.6.

We therefore present two separate retrieval analyses for GJ 570D. First, to avoid
the impact of this systematic bias but to still attain a set of values for the scaling
factors (radius, distance and Scal) along with the mass (and by extension the
inferred surface gravity) we ran a retrieval fitting only the 1.2 - 2.5 µm part of
the spectrum. This cut-off of the potassium resonance doublet impacted region
of the spectrum allowed for physically credible results for the mass and radius
using flat priors. We then used these values as fixed (non-fitted) priors in a
subsequent retrieval to infer the chemical properties of the atmosphere. This was
necessary as extending the fit of the 1.2 - 2.5 µm retrieval to the 0.85 - 1.2 µm
data showed a significant mismatch between the model fit and the observed SED
in this region, as shown in Figure 3.2. This two-step approach leads to the most
credible values for the retrieved parameters but does lead to a very slightly lower
Bayesian Evidence value (see section 2.1.8) due to a slightly worse fit of the J

band peak.

While this strategy did derive results consistent with previous studies it does have
its limitations and imperfections. Firstly, the assumptions of flat priors while also
truncating the data is not an ideal approach. The temperature pressure profile,
which is fit in the second retrieval, is significantly constrained as the scaling
factors, with which it is intricately linked, are fixed. The same can be said for
the alkali abundance, which is strongly correlated to surface gravity. While our
approach derives an alkali abundance consistent with previous studies, likely as
a result of being able to make use of the alkali dominated wavelength region, we
acknowledge this has been driven to an extent by our constraint on this parameter.

3.4.2 | Scaling factors and bulk parameters

The model posteriors for the mass, radius, Scal and distance, along with the
inferred surface gravity, can see seen in Figure 3.4, along with the spectral fit
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Figure 3.4: GJ 570D bulk parameter posterior probability distributions for the
spectral fit of the 1.2-2.5µm data used.

– 76 –



Chapter 3. Retrieval study of cool, directly imaged exoplanet 51 Eri b

to the data used. These results are also summarised in Table 3.2. In general,
the retrieved parameter values are consistent with previous studies. Values from
previous studies can also be seen in Table 3.2. Mass is consistent with all previous
studies outlined in the table, apart from the equilibrium chemistry retrieval
presented in Kitzmann et al. (2020). Radius is consistent with all previous free
chemistry retrievals quoted in the table, and is 2σ consistent with the slightly
lower radii presented in the equilibrium chemistry retrieval from Kitzmann et al.
(2020) and non-retrieval analysis conducted in previous studies. As mass and
radius are largely consistent with previous studies, so too is the inferred surface
gravity. As the distance prior is well-constrained because of the precise Gaia
measurements (Gaia Collaboration et al., 2016, 2018), the distance parameter
does not play a significant role in the scaling of the spectrum. Our retrieved
effective temperature matches well with all previously conducted retrieval studies,
whilst some other studies such as Saumon et al. (2006) and Burgasser et al. (2006)
have obtained slightly higher values for this parameter.

3.4.3 | Abundances

The posterior distributions for the retrieved abundances are shown in Figure 3.5,
and listed in Table 3.3. The resulting SED fit, derived combining these retrieved
abundances along with the locked scaling parameters outlined previously, is shown
in Figure 3.2. These show that the three most abundant molecules are H2O, CH4

and NH3, whilst Na+K is also well constrained.

The abundance for Na+K that we retrieve is similar to that from Kitzmann et al.
(2020) but noticeably different from the values presented in Line et al. (2015)
and Burningham et al. (2017), which we ascribe to the use of the broadening
coefficients from Allard et al. (2016) and Allard et al. (2019) in our analysis and
that from Kitzmann et al. (2020).

Overall, these abundances (and by extension the C/O and [M/H] ratio) are similar
to those from previous retrieval studies of this object presented in Line et al.
(2015), Burningham et al. (2017) and Kitzmann et al. (2020). Our super-solar
0.87+0.08

−0.07 C/O ratio for GJ 570D is in good agreement with the reported 0.65 −
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0.97 C/O for its host star presented in Line et al. (2015). Our value is slightly
lower than that derived in Line et al. (2015)’s and Kitzmann et al. (2020)’s free
chemistry retrievals, but is consistent with Kitzmann et al. (2020)’s equilibrium
chemistry model. We do note however that this comparison is imperfect, as
our inferred C/O value only considers the pure gas phase and this neglects the
elemental losses dues to condensation.

3.4.4 | Temperature-Pressure profile

Our retrieved temperature-pressure profile is very similar to that obtained in the
Kitzmann et al. (2020) study (see Figure 3.5 for comparison, where the blue
band marks the one sigma error on our derived profile). The agreement in the
1 − 10 bar pressure region is particularly close, as expected in this region which
contributes most to the spectral emission profile. We are further encouraged
that this good agreement continues up into the stratospheric region where the
constraining influence of the spectral emission is smaller.

3.5 Results: 51 Eri b

In this section we outline our results for 51 Eri b, compared to previous studies, all
of which required clouds to produce the observed SED. Here, we find that inverse
retrieval methods can recreate the observed SED with cloud-free atmospheres
but using a more flexible (npoint) temperature-pressure profile. We also present
retrievals including clouds (power law) combined with a less flexible (Lavie et al.,
2017) temperature-pressure profile for comparison. We also compare our results
for 51 Eri b to those for GJ 570 D (which is a close match in spectral type). We
also find evidence of an ammonia detection.

We ran retrievals on the SPHERE Y , J , and H band data and separately on
the GPI J and H band data. For both retrievals, we adopted the GPI K1 and
K2 data. We present comparison posteriors in Figure 3.7, with the results from
the individual data sets shown in Figures 7.1 and 7.2. As Samland et al. (2017)
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Figure 3.5: GJ 570D mixing ratio posteriors. C/O and [M/H] posteriors are
inferred parameters, while all the other parameters are sampled as part of the
retrieval. The retrieved temperature-pressure profile is also shown along with a
comparison to the median profile retrieved in the Kitzmann et al. (2020) study

.
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did not fit the GPI K1 and K2 data in their study, we also present retrieval
results using only the SPHERE Y , J and H band data. The posteriors for these
results are presented in figure 7.3. We do note here, however, that Samland
et al. (2017) included SPHERE and GPI photometry in their fitting which was a
driving component of the high metallicity they derive.

The retrieval priors used in this analysis are presented in Table 3.1, with an overall
summary of the retrieval results in Tables 3.4 and 3.5. The following subsections
focus on the retrievals which used the npoint temperature-pressure profile and
omitted clouds as these derived the highest Log(Ev). We then discuss the cloudy
retrievals in a subsequent subsection.
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Table 3.5: Summary of 51 Eri b retrieved molecular
abundances , C/O ratio and metallicity [M/H] with a
comparison to our retrieved values for GJ 570D. These
are the values from the highest Log(Ev) (cloudlesss,
npoint TP) retrievals.

51 Eri b (1)1 51 Eri b (2)2 GJ 570D
log(H20) −3.52+0.16

−0.16 −3.50+0.16
−0.19 −3.33+0.03

−0.03

log(CH4) −3.63+0.12
−0.13 −3.60+0.09

−0.11 −3.39+0.03
−0.03

log(NH3) −4.85+0.15
−0.18 −4.61+0.11

−0.14 −4.58+0.04
−0.04

log(CO) −3.32+1.13
−5.68 −5.10+2.27

−4.54 −7.66+3.22
−2.86

log(Na+K) −9.52+1.69
−1.59 −7.65+2.58

−2.83 −5.99+0.03
−0.03

C/O 0.97+0.09
−0.20 0.92+0.19

−0.27 0.87+0.08
−0.07

[M/H] −0.04+0.95
−0.49 −0.26+0.66

−0.18 −0.19+0.05
−0.03

1 51 Eri b (1) refers to results retrieved using SPHERE
Y , J , H and GPI K1, K2 band data.

2 51 Eri b (2) refers to results retrieved using GPI J , H,
K1 and K2 band data

3.5.1 | Scaling factors and bulk parameters

Our highest Log(Ev) posterior probability distributions for the Mass, Radius, Scal

and Distance, along with the inferred surface gravity are presented in Figure 3.7.
We find that our retrieval analysis is able to produce excellent fits to 51 Eri b’s
observed SED (see Figure 3.5) while deriving physically credible mass and radius
values. This is the case when analysing each data set as outlined previously.

The Scal factors derived indicate a preference for a brighter K band absolute
flux calibration in both retrievals where this data is employed. In the cases of
the SPHERE data being employed within the retrieval, an Scal ∼1 is derived,
indicating a model preference for this absolute flux calibration given the priors
set. All the derived Scal values can be found in Figure 7.1, 7.2 and 7.3

We note that the cloudless models used in the previous studies did not fit the SED
particularly well. The cloudless models (Saumon and Marley, 2008) in Macintosh
et al. (2015) derived a barely sub-stellar mass of 67 MJup with a low radius of 0.76
RJup while Samland et al. (2017)’s cloudless model (Mollière et al., 2015, 2017)
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(a)

(b)

Figure 3.5: 51 Eri b SED fits via cloudless retrievals. (a) illustrates the model
fit for retrievals including the SPHERE data where the dark violet fit shows
the retrieval fit to only the SPHERE Y , J and K band data and the dark
blue fit shows the retrieval fit when the SPHERE data is combined with the
GPI K1 and K2 data. (b) shows the SPHERE Y ,J ,H and GPI K1 and K2
data fit extrapolated to longer wavelengths, with the inclusion of KECK-NIRC2
photometry.
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(c)

(d)

Figure 3.5: 51 Eri b SED fits via cloudless retrievals. (c) illustrates the model
fit for the retrieval using the GPI J , H, K1 and K2 data. (b) shows the GPI
J , H, K1, K2 data fit extrapolated to longer wavelengths, with the inclusion of
KECK-NIRC2 photometry.
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Figure 3.6: 51 Eri b spectral fit using ATMO

derived a mass that was 1σ consistent with that of a planetary mass object, but
had an improbably small radius of 0.40 RJup for a Jovian exoplanet, violating
electron degeneracy pressure laws for an object such as this (Chabrier et al.,
2009). We attempted to fit the SED of 51 Eri b using a cloudless ATMO grid
model as shown in Figure 3.6 and Figure 7.0, illustrating that these grid models
are unable to explain the SED of this object or to constrain its surface gravity,
radius or effective temperature, using both chemical equilibrium and chemical
disequilibrium assumptions as shown in Figures 7.0.

Our retrieved effective temperature values are consistent with expectations for a
T dwarf except in the case of the retrieval using only the SPHERE data as longer
wavelength data is neglected in this instance. This resulting SED fit is, however,
inaccurate when extrapolated to the K band as shown in Figure 3.5a.

3.5.2 | Abundances, tentative ammonia detection

The highest Log(Ev) posterior distributions for the retrieved abundances are
shown in Figure 3.7 while retrieved abundances are shown in Table 3.5.
Comparison with GJ 570D shows that the abundances of 51 Eri b and GJ 570D
match to within 1σ, not unexpected given their similar spectral types (51 Eri b:
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Figure 3.7: 51 Eri b posteriors. Blue indicates the retrieved values from the
SPHERE Y ,J ,H and GPI K1,K2 data set. Green indicates the retrieved values
from the GPI J ,H,K1,K2 data set. Log(g), C/O and [M/H] posteriors are
inferred parameters, while all the other parameters are sample as part of the
retrieval. A comparison of the retrieved temperature-pressure profiles from each
respective data set are also shown.
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T6.5±1.5, GJ 570D: T7.5). We see that the derived [M/H] values for 51 Eri b,
while consistent with GJ 570 D, have large uncertainties. This can also be seen
in the large posterior tails for [M/H] shown in Figure 3.7. This appears to be a
result of the large uncertainties see in the retrieved CO abundances.

As presented in Table 3.5, the retrieved Na+K abundance for 51 Eri b is the only
abundance which is not 1-σ consistent with that retrieved for GJ 570D. This
could either be a physical effect due to 51 Eri b’s much lower surface gravity,
or it could be related to the Na and K cross sections used in our retrievals. It
could also be an impact of absent data below ∼1µm where this species plays a
key role in contribution. We combine the Na and K cross sections together at
solar abundance ratios, which could be an incorrect assumption for one or both
of these objects. However, we found a minimal change in the retrieval results
when separate Na and K cross sections (not combined at solar ratios) were used.

We report a tentative detection of ammonia in the atmosphere of 51 Eri b. This
is another example of similar characteristics between 51 Eri b and GJ 570 D. This
detection is at a confidence of ∼ 2.7σ (log(b) = 2.36) for the data set combining
SPHERE and GPI obervations, and at 2.5σ confidence (log(b) = 1.95) for the
data set employing only GPI observations. This was done using a Bayes factor
to sigma conversion (Trotta, 2008). If verified, this would be the first detection
and constraint on the presence of ammonia in a directly imaged exoplanet. This
molecular species is present in planet forming, or protoplanetary disks (Salinas
et al., 2016) and has long been included in models of substellar atmosphere
(Ackerman and Marley, 2001, Saumon et al., 2012). It is also been shown to
be present in Jupiter’s atmosphere (Becker et al., 2020).

We also tested a de-correlated data set, where we attempted to negate the impact
of possible covariance noise by only analysing one of every three data points (as
done for the GJ 570 analysis, as outlined in Section 3.2.1.1). Despite this, the
ammonia detection was still present in the retrieval result.

We note, however, that this detection in both retrievals presented in Figure 3.7
and Table 3.5 are driven by the GPI K1 and K2 band data. We do not detect
ammonia when only analysing the Y , J and H band data as shown in Figure
7.3. Also, as noted previously, this analysis does not account for potential cross

– 87 –



Chapter 3. Retrieval study of cool, directly imaged exoplanet 51 Eri b

correlated noise, which could reduce the confidence of this detection.

3.5.3 | Temperature-Pressure profile

The derived npoint temperature-pressure profiles, retrieved with each data set are
shown in Figure 3.7. We also tested the Madhusudhan and Seager, 2009 profile
but found that the model preferred the npoint profile in each case, deriving a
higher Log Evidence.

Despite the differing spectral data inputs, the results are similar and are consistent
at the 2-sigma level. We attribute the hotter profile between ∼20 to 100 bar when
using only GPI data due to this having a brighter J band peak compared to the
SPHERE J band peak as shown in Figure 3.0b.

We do not include the temperature-pressure profile retrieved using only the
SPHERE data as this is an imperfect solution, as mentioned previously (given
its inability to explain the GPI K1 and K2 data). This is a symptom of
neglecting data, photometric and spectroscopic, at the longer wavelengths in
the case of this particular retrieval. Samland et al. (2017) avoided such an issue
by employing photometric data points at longer wavelengths. The similarities
in atmospheric properties between 51 Eri b and GJ 570D, as highlighted in the
previous subsection, also encompass the temperature-pressure profile. This is
shown in Figure 3.8, where the temperature gradients of both objects are similar
but 51 Eri b has a slightly steeper, and thus more isothermal, temperature
gradient.

In Figure 3.9 we show how our retrieved temperature-pressure profile differs
mainly in the Y and J-band photospheric contributions regions when compared
to the radiative-convective equilibrium profile from the ATMO 2020 grid models.
In other words, our retrieval analysis derives cooler Y and J-band photospheric
temperatures.

The differences between profiles derived for 51 Eri b compared to the GJ 570 D
retrieval (see Figure 3.8) and ATMO 2020 fitting (see Figure 3.9) may indicate the
presence of an unmodelled cloud as the profile departs from an adiabatic gradient
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Figure 3.8: Retrieved 51 Eri b TP profile compared to the GJ 570D TP profile.

and becomes more isothermal. This kind of behaviour has been noted in previous
retrieval studies such as Burningham et al., 2017 and Mollière et al., 2020 when
a cloudless retrieval attempted to account for clouds included in mock data by
making the profile more isothermal. As we noted above, our retrieved profile
acts to produce a cooler Y and J photosphere and as such may be inadvertently
mimicking the presence of a cloud layer. Alternatively, reduced, non-adiabatic
temperature gradients triggered by chemical transitions have been suggested as
an explanation for the SEDs of brown dwarfs (Tremblin et al., 2016, 2019). Thus,
the retrieved non-adiabatic temperature profile could also be indicative of thermo-
compositional convection taking place in the atmosphere of 51 Eri b.
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Figure 3.9: Temperature-pressure profile comparison between profiles derived by
TauREx3 and ATMO 2020 for 51 Eri b.

3.5.4 | The question of formation

Parameters derived from retrieval analysis can allow us to peer into the formation
history of exoplanets (Gravity Collaboration et al., 2020). Here, one can attempt
to differentiate between possible formation mechanisms for 51 Eri b, primarily
gravitational instability (GI) (Bodenheimer, 1974, Boss, 1997, Durisen et al.,
2007) or core accretion (Pollack et al., 1996, Lissauer and Stevenson, 2007). GI is
a rapid mechanism that has similarities with the general star formation process.
When the system is very young, the disk may become massive enough to become
gravitationally unstable, producing spiral density waves that may collapse to
form bound objects, which could then slowly contract to produce planetary-
mass bodies. Core accretion is a process by which a initially formed solid core
slowly accretes gas and planetesimals within a disk. Once this solid core passes a
critical mass, “runaway gas accretion” occurs, resulting in a rapid gain of material.
Overall, the timescale of core accretion is much longer than that of GI.

All our derived radii values are consistent with the classical cold start and hot
start planetary thermal evolution models from Fortney et al. (2008) (updated
models from Marley et al. (2007)) as outlined in Figure 3.10, using age estimates
from Macintosh et al. (2015) or Rajan et al. (2017). Figure 3.10 also shows that
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our derived surface gravity values are consistent with both classical cold start
and hot start model predictions at the 2-sigma level. As such, with the current
uncertainties derived from retrievals such as that presented in this study, we are
unable to differentiate between formation pathways using these models.

However, using carbon and oxygen abundances from Luck (2017) (Identifier: c
Eri, Carbon log ε = 8.41, Oxygen log ε = 8.80) we derive a C/O ratio of ∼0.41 for
51 Eri. Therefore, the large mass retrieved for 51 Eri b, its ∼13 AU separation,
both coupled with a super-stellar C/O ratio could point towards formation via
GI (e.g., Vigan et al., 2017). A core accretion pathway would happen on a
much longer timescale resulting in planetesimal enrichment (Mordasini et al.,
2016), thus lowering the initial C/O ratio (Espinoza et al., 2017). However,
Ilee et al. (2017) illustrate that even GI could produce a wide range of possible
atmospheric abundances and so one should interpret the C/O ratio with caution.
We also note that a super-stellar C/O ratio for a T dwarf could also be due to
oxygen depletion via condensate processes and the formation of clouds below the
photosphere (Lodders and Fegley, 2006, Burrows and Sharp, 1999). Therefore,
the use of inferred C/O ratio informing on possible formation pathways should
be approached with caution for T dwarf exoplanets.

3.6 Discussion

We have presented retrieval results which are consistent with previous studies
and often provide improvements relative to forward models used in non-retrieval
studies. This can mainly be attributed to the increased flexibility of model
parameters, especially in the free chemistry retrievals. However, consistency
between retrieval studies is encouraging when taking into account the use of
different samplers, temperature-pressure prescriptions and differing cross-section
inputs. The success of these studies demonstrates the scope for application of
these tools to both the extensive archival data and future planned observations
of brown dwarfs and directly imaged giant exoplanets.

There are, of course, limitations and imperfections in our retrieval analysis as
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we make assumptions such as isoprofile (constant) mixing ratios, something
not expected to be the case in real atmospheres. However, adding additional
capabilities to existing retrieval frameworks, such as non-isoprofile mixing ratios,
will certainly be probed in future work using both archival and future observation
of directly-imaged exoplanets and brown dwarfs. In fact, the current quality and
quantity of brown dwarf observations offer a perfect testbed for new modelling
parameterisations.

Retrieval analysis is also quite computationally intensive, often requiring com-
puting clusters to run within a reasonable time frame when compared to
simply iterating over a grid of forward models. This could become increasingly
problematic when significantly higher resolution and increased spectral coverage
observations from JWST allow for further parameters to be probed, increasing
the overall parameter space and, hence, the computational expense. Recently,
however, efforts have been made to use machine learning for the model selection,
showing the possibilities for significant gains in computational efficiency (Zingales
and Waldmann, 2018).

Based on our analysis of the GJ 570D spectrum, we found that different
approaches when considering the Na+K line broadening can have a significant
effect on the retrieved abundances. This seems to have knock-on effects with
other retrieved parameters, such as radius and mass, seemingly in an attempt to
preserve surface gravity for a larger object whilst driving up the metallicity.These
parameters have been found to be degenerate in other studies such as Kitzmann
et al. (2020). Some potential reasons for the issues caused by the Na and K cross
sections are outlined below.

• The profiles of Allard et al. (2016) and Allard et al. (2019) are only
considered valid up to a H2 density of 1021 cm−3. They therefore break-
down at pressures above 10-100 bar. Kitzmann et al. (2020) took the
approach here of switching back to Voigt profiles at these high pressures.
The difference in cross sections computed using these varying approaches
is illustrated in Figure 3.3. It can be seen that the divergence between the
computed cross sections used in this work and those of Kitzmann et al.
(2020) are much higher at larger pressures for this reason. We would not
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Figure 3.10: Planetary thermal evolution tracks for different planet masses from
Fortney et al. (2008), updated from Marley et al. (2007). Dotted lines indicate
hot start planets. Solid lines indicate cold start planets. Purple highlighted region
indicates the age of 51 Eri b, as stated in Rajan et al. (2017). The error bar
indicates the retrieved 2 sigma confidence boundary for surface gravity from the
SPHERE Y , J , H and GPI K1, K2 data set with the age estimate from Rajan
et al. (2017).
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expect the deviations at such larger pressures to have such an impact, but
it is worth looking into this more in the future.

• The line cores of Na and K, based on the data of Allard et al. (2016) and
Allard et al. (2019), are computed considering Lorentzian broadening only,
with the effects of Doppler broadening not taken into consideration. It is
possible this has some effect and is worthy of further investigation.

• We considered the effects due to using both different sources and different
line-wing cutoffs for the non-resonance lines of Na and K. We compared
using lines from the NIST (Kramida et al., 2013) and the Kurucz (Kurucz
and Bell, 1995) databases, and found Kurucz contains more lines for both
Na and K. The effects of these various approaches for different pressures and
temperatures can be seen in Figure 3.3. The larger number of non-resonance
lines in the Kurucz database leads to a larger overall opacity when pressure-
broadening is taken into account, with more pronounced effects at higher
pressures. However, the use of the different sources for the non-resonance
data was found to have negligible effect on the retrieval results.

• We tried using a completely different scheme for treating the line profiles of
the Na and K resonance doublets; that of Burrows and Volobuyev (2003).
The use of these cross sections did show some effects in terms of the retrieved
parameters of Na+K abundance, radius, and mass. However, they still did
not give physically plausible radius and mass values, which led us to proceed
with the method of splitting the spectra into two regions, as outlined in
Section 3.4.1

• We only use H2-broadening and not He-broadening for the Na and K
resonance doublets. As the contribution from H2-broadening is much higher
than from He, this is thought to be a good approximation. However, it
would be worth looking into He-broadening in the future, as outlined in
Peach et al. (2020) and Peach (2017).

• We did not implement an instrument profile within our analysis as used in
Kitzmann et al. (2020). Such a profile can account for flux being spread
across instrument pixels. TauREx3 does not account for such a spread
when binning the higher resolution forward model to the resolution of
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the observation. Such an instrument profile could explain why Helios-R
(Kitzmann et al., 2020) was able to fit the heavily alkali influenced J band
peak more successfully than TauREx3 and thus may have helped negate
the bias issue we experienced in this study. This was also one of the few
differences in our retrieval approach and that outlined in the (Kitzmann
et al., 2020) study.

We could not identify the exact source of the issue causing unrealistic radius and
mass values to be retrieved when the full wavelength coverage spectrum is used.
However, it is apparent that the Na+K cross sections used in the retrievals can
have a significant impact on the retrieved parameters.

We note there are currently three studies that have used the updated broadening
coefficients from Allard et al. (2016) and Allard et al. (2019) in analysis of T
dwarf spectra. One of these studies, Kitzmann et al. (2020), did not encounter
this issue for GJ 570D. Oreshenko et al. (2020) negated these known issues
when modeling the 0.85 - 1.2 µm region by neglecting this wavelength region in
their analysis. Piette and Madhusudhan (2020) modulated their K cross sections
with a multiplicative factor within their retrieval while only analysing data >1.1
µm. This topic warrants further investigation in the future, but we note that
it may be less prevalent when studying data from JWST, which will benefit
from having wider wavelength spectral coverage, down-weighting the problematic
Na+K dominated region when carrying out retrieval analysis. Further studies of
the broadening behaviour of Na and K lines in laboratory settings would likely
prove invaluable.

More dynamical (model independent) constraints for directly imaged exoplanets
and brown dwarfs will help reduce the volume of parameter space explored by
the retrieval method. Such measurements have been carried out for Gl 229B
(Brandt et al., 2019), ultracool binaries (Dupuy and Liu, 2017) and Beta Pic b
(Snellen and Brown, 2018a, Dupuy et al., 2019a), with HST monitoring campaigns
also underway for cool brown dwarfs (Dupuy, 2018, Dupuy et al., 2020a). This
would significantly improve constraints on retrieval mass priors, and may also
help constrain the radius values retrieved in various studies as surface gravity
plays a key role in shaping the SED. Retrieval analyses have, quite often,
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returned physically improbable radius values, both in the results presented here
(which we attribute to the issues of the Na+K opacities) and in other studies
(Kitzmann et al., 2020). Additionally, the temperature-pressure structure would
also likely be better constrained, as radius and effective temperature are inversely
correlated. During this study we have seen examples of pressure-temperature
profiles changing as a result of varying radii whilst maintaining a similar surface
gravity, demonstrating a significant and problematic degeneracy. Dynamical
and model independent mass measurements for objects in the directly-imaged
regime will help constrain the parameter space significantly. Better parallax
measurements, such as from Gaia, help constrain the scaling factor (radius)
further. For example, both our and the Kitzmann et al. (2020) study benefited
from better distance constraints versus that of Line et al. (2015) and Burningham
et al. (2017). The narrowing of parameter space for these model drivers may result
in the ability to better probe other, more elusive, properties, and will also reduce
the computational expense of retrieval analyses.

We retrieved very similar effective temperatures and abundances for both 51 Eri
b and GJ 570D. This further supports the use of brown dwarfs as proxies for
the harder-to-observe cohort of planetary mass companions. Another example
of a close exoplanet analogue is PSO J318.5-22, a free-floating planetary mass
brown dwarf with a spectrum which closely matches those of the atmospheres of
the HR 8799 planets (Bonnefoy et al., 2016, Liu et al., 2013, Miles et al., 2018).
These free floating objects are much easier to observe and can offer a window into
their characteristic counterpart exoplanets, as we can make use of the superior
quality of spectral data availability for these objects. Therefore, in the same way
PSO 318 has long been documented to have overlapping properties with the same
spectral type HR 8799 planets, 51 Eri b also has striking chemical similarities to
the benchmark T dwarf GJ 570D and other late T dwarfs from the Line et al.
(2015) and Line et al. (2017) studies.

The atmospheric similarities between the bona fide exoplanet 51 Eri b and late-T
field brown dwarfs extends to mixing ratios, most notably that of ammonia. We
acknowledge, though, that such a tentative detection, motivated by the GPI K

band data, needs further observations to provide a higher confidence detection.
This could be achieved using VLT-GRAVITY (Gravity Collaboration et al.,
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2017), Subaru-REACH (Lozi et al., 2018, Kotani et al., 2018) or KECK-KPIC
(Pezzato et al., 2019). These instruments deliver higher-resolution observations
than that provided by SPHERE and GPI. This would allow us to detect more
subtle features. The high-resolution data from REACH and KPIC would allow
us to probe individual lines using both retrievals and cross-correlation methods
(Hoeijmakers et al., 2018, Brogi and Line, 2019).

We only employed a single scaling Scal factor for 51 Eri b when considering data
take from a single instrument and two in the case of the SPHERE plus GPI
combination. However, this may be an imperfect approach in the case of using
only the GPI data as this spectrum is stitched together from different bands
which can employ different data reduction pipelines and photometric calibrations.
Such an approach of allowing each band to scale independently was a successfully
strategy adopted in Nowak, M. et al. (2020) when combining observations of Beta
Pic b. Crucially, such flexibly appears employable when using a high quality data
set, as in the case of the GRAVITY Beta Pic b data used in the Nowak, M. et al.
(2020), with this data appearing to anchor the model and deriving very small
uncertainty for the GRAVITY data scaling factor. Our 51 Eri b data quality from
GPI data is such that we didn’t find this necessary, given the large uncertainties
present in the data we analyse in this study. Future studies should be able to
allow for scaling factors in each band when improved data becomes available
for this exoplanet. The Scal factor is directly correlated to the retrieved radii
and can act to help the retrievals to maintain a physically sensible and higher
radii instead of purely accounting for possible calibration imperfections, creating
a degeneracy. This behaviour is likely exacerbated by the trend of retrievals
deriving small radii (Burningham et al., 2021). Our experience of this factor with
the data sets used in this study is that it commonly acted to scale down the model
(Scal<1) which can then be counterbalanced by a higher radius, especially given
the priors we applied in the case of 51 Eri b. This is why we placed a Gaussian
prior on this parameter when also employing one on the radius parameter, in
an effort to restrict this degeneracy and the ability for the retrieval to simply
use Scal to retrieve our set radius prior. This will likely be a continued issue for
retrievals going forward, where scaling factors designed for flux calibration and
possible variability considerations could mask the documented inability of models
to derive expected radii values, especially when using flat priors.
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Unlike previous studies, we were able to fit the spectral profile of 51 Eri b
without clouds, with the retrievals showing a Bayesian preference for this over
our cloudy retrievals. This is an interesting and important result as previous
studies all employed cloud models within grid modelling, often based on more
rigidly parameterised temperature-pressure profile assumptions (e.g. radiative-
convective equilibrium) and chemistry. We acknowledge and stress, however, that
our ability to fit the data with a preference for a cloudless modelling may be due to
our flexible temperature-pressure profile being able to mimic and account for the
presence of an unmodelled cloud. Our result matches with that from Burningham
et al. (2017) and Mollière et al. (2020), where synthetic data of cloudy L dwarfs
was successfully fit due to the use of a flexible temperature-pressure profile.
Mollière et al. (2020) also showed that when an incorrect cloud model was
employed to fit synthetic cloudy data the retrieval determines a preference for
a cloudless fit. The degenerate ability for a flexible temperature-pressure profile
to account for clouds in the absence of any cloud modelling within a retrieval may
be negated in the future by employing data across a wider wavelength range, when
such data becomes available. Retrieval analysis including clouds will be explored
in future work.

Our ability to fit the 51 Eri b data without clouds may have also been assisted
by the free chemistry nature of the retrieval, where grid-model are often much
more constrained based on coarse parameter sampling or solar abundance ratios.
In the case of abundances, for example, exoplanets have been shown to possess
a variety of chemical compositions, often deviating from norms seen in our own
solar system. For example, exoplanets can possess C/O ratios much higher than
that present in our solar system (Madhusudhan et al., 2012, Moses et al., 2013).
This is further shown by the super-stellar C/O ratio we retrieved for 51 Eri b.
This parameter allows us to hypothesise possible formation pathways. Due to 51
Eri b’s large retrieved mass, measured orbital separation and retrieved C/O ratio,
we suggest this may hint at formation via gravitational instability (Vigan et al.,
2017). Further observations of 51 Eri b, using instruments such as GRAVITY,
may help further constrain the C/O ratio via higher resolution K band data and
permit a more in depth analysis of possible formation scenarios for this exoplanet.

Overall, we suggest the best approach is using a combination free-retrieval
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and self-consistent modelling, as performed in this study, when characterisation
self-luminous objects. Ideally, when improved data becomes available from
instruments aboard JWST, GPI2 and SPHERE+, the results derived from this
different approaches should converges to agreement.

3.7 Summary

We introduce TauREx3 which we have modified to be suitable for directly imaged
objects, and apply it to the benchmark brown dwarf GJ 570D and the cool
exoplanet 51 Eri b.

We discuss issues with the Na+K cross sections when applied to T dwarf spectra.
The retrievals converged to a high mass and radius, likely due to biases introduced
by the methods used to compute these cross sections. This issue was overcome by
splitting the retrieval into two parts. Part 1 retrieved the mass, radius, distance
and Scal using the 1.2-2.5µm data, while part 2 retrieved the chemical profile
of the atmosphere using the 0.85-2.5µm data. This allowed for more plausible
results.

We compared our GJ 570 D results with other studies that performed retrieval
analyses of this object (Kitzmann et al., 2020, Line et al., 2015, Burningham et al.,
2017). The different analysis of GJ 570D, across various retrieval codes, shows an
encouraging stability of most parameters, especially relating to the atmospheric
chemistry as well as the temperature-pressure profile. We therefore successfully
demonstrate TauREx3’s suitability for brown dwarf emission analysis.

We also carried out free chemistry and cloudless retrieval analyses on all published
spectroscopy observations of 51 Eri b, while comparing our results to previous
studies that used grid modelling. The main results of our 51 Eri b retrieval
analysis are:

• Our retrievals result in excellent fits to the observations without requiring
cloud scattering, deriving a higher Log(Ev) when compared to retrievals
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including power law clouds. This is in contrast to the cloudy atmosphere
conclusions made in all previous studies (Macintosh et al., 2015, Samland
et al., 2017, Rajan et al., 2017) who employed grid model fitting. However,
this could be due to our flexible temperature-pressure profile being able
to account for un-modelled clouds with this behaviour also being seen in
Burningham et al. (2017) and Mollière et al. (2020).

• We confirm and constrain the presence of H2O and CH4.

• We find tentative evidence of NH3 in the atmosphere of 51 Eri b, to a ∼2.7
sigma confidence. Further observations are required to confirm this.

• We retrieve a super-solar C/O ratio, and a solar consistent [M/H] for 51
Eri b.

• Our surface gravity values are consistent with both classical hot-start and
cold-start planetary thermal evolution models from Fortney et al. (2008).

• We demonstrate the importance of the K-band observations for constraining
the effective temperature and temperature-pressure profile.

• Our highest Log(Ev) retrieve literature consistent radius values of 1.18+0.12
−0.12RJup

and 1.09+0.11
−0.11RJup for our two data sets. This is despite not employing cloud

modelling, something previous studies struggled to do.

• Our analysis highlights strong similarities between the retrieved molecular
mixing ratios and temperature-pressure profiles of 51 Eri b and GJ 570D.
The slight gradient differences in temperature-pressure profiles is attributed
to possibly accounting for an un-modelled cloud structure in the case of 51
Eri b’s retrieval by adopting a more isothermal gradient.

• Our retrieved npoint temperature-pressure profiles for 51 Eri b adopts a
much more isothermal profile compared to the adiabatic profile employed
in the unsuccessful ATMO 2020 grid model fit. This more isothermal
profile, again, could account for the impact of an unmodelled photospheric
cloud structure, or alternatively could be indicative of diabatic convection
triggered by the CO/CH4 chemical transition (Tremblin et al., 2016, 2019)
in the atmosphere of 51 Eri b.
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• Our retrieved super-stellar C/O ratio, coupled with our retrieved mass
and previously measured orbital separation, hints at a possible formation
pathway of gravitational instability for 51 Eri b. However, this conclusion
is tentative and higher quality data is required for a more thorough analysis
of the possible formation history of 51 Eri b.
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4.1 Introduction

Characterising gas giant planet and brown dwarf atmospheres requires a complex
and delicate combination of chemistry and physics to explain the observational
data. These are all webbed together in the form of radiative transfer, convection,
clouds, opacities and the many other physical processes that dictate their
atmospheric emission spectrum. Modelling clouds remains amongst the most
significant challenges for modelling atmospheres, both in and beyond our solar
system. However, correctly modelling clouds is vital for understanding the
evolution and properties of giant exoplanets as well as brown dwarfs (Marley
and Robinson, 2015, Gao et al., 2021, Morley et al., 2012, 2014, Lew et al.,
2020, Helling, 2019, Marley et al., 2013, Gao et al., 2020, Helling, 2020). Low
surface gravity L dwarfs, which are the focus of this study, sit in the ∼1100
to 2200 K temperature range with masses <30MJup. These objects regularly
display evidence of cloud coverage in the form of muted absorption features
(flattened spectra) caused by the presence of cloud scattering (Gao et al., 2021).
The presence of clouds is also supported by the photometric and spectroscopic
variability commonly seen in the objects (Bowler et al., 2020, Zhou et al., 2020,
Biller et al., 2021, Apai et al., 2013, 2021, Biller et al., 2018, Vos et al., 2019,
2020), thought to be the result of evolving patchy cloud coverage.

Retrieval models that take into account the optical properties of clouds are
now commonly used to fit exoplanet transmission spectra (Tsiaras et al., 2018,
MacDonald and Madhusudhan, 2017, Barstow and Heng, 2020, Fisher and Heng,
2018). However, the application of cloudy frameworks within retrievals applied
to emission spectra of directly imaged exoplanets is still a largely unexplored and
novel territory. There have been extensive retrieval studies of Y and T dwarfs
(Line et al., 2015, 2014, 2017, Zalesky et al., 2019) which did not require clouds.
Burningham et al. (2017) and Burningham et al. (2021) have used retrievals to
probe the atmospheres of cloudy L dwarfs. The former used a cloud modelling
approach such as the power law slab and deck, where the cloud opacity is set via
a simple power law relative to the wavelength, to model the mid-L and high mass
brown dwarfs 2MASS J05002100+0330501 and 2MASSW J2224438−015852. The
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latter then explored a much more in depth and complex multi-cloud layered
analysis of 2MASSW J2224438-015852. This is the most statically robust cloud
investigation into a brown dwarf to date, demonstrating the power of high quality
data across the near and mid infrared. Gonzales et al. (2020) applied a power
law slab and deck cloud framework to both SDSS J1416+1348AB L+T and high
mass binary components. The cloudy HR 8799 planets have also been the focus of
several retrieval studies using clouds (Lavie et al., 2017, Mollière et al., 2020, Lee
et al., 2013, Wang et al., 2020). These studies collectively show the applicability
of retrieval analysis to directly imaged exoplanets and brown dwarfs of different
spectral types and the ability to probe their cloud properties using various cloud
parameterisation approaches.

Cloudless explanations for the observed spectra have been explored in Tremblin
et al. (2016, 2017, 2015), who demonstrated that a reduced atmospheric
temperature gradient can reproduce the spectra of late L and T type brown
dwarfs, without the need to invoke clouds. This is done via modelling carbon
chemistry moving from CO to CH4 dominance through the transition from L
to the T dwarf, triggering a diabatic convection which reduces the temperature
gradient (Tremblin et al., 2019). However, Burningham et al. (2021) shows the
ability to detect specific species and compositions of clouds when high quality
data are available in the case of L dwarf 2MASSW J2224438-015852, detecting
layers of enstatite and quartz clouds. The cloud vs cloudless debate will likely be
settled when high quality data become available from James Webb Space Telecope
(JWST), with the possibility of both theories playing important roles.

Our work is motivated by two factors. First, we wish to test TauREx3’s Al-Refaie
et al. (2019) applicability to L dwarf spectra using observations from multiple
cloudy exoplanets and low mass brown dwarfs. Our sample of targets allows
us to both benchmark our results against previous studies while also applying a
retrieval framework to several new objects. Second, the launch of JWST Gardner
et al. (2006) will define a new era of infrared astronomy, fueling new discovers
much like Hubble has for the previous decades. Such data quality will require
well tested and calibrated modelling approaches. Several of the objects we have
included in our sample will have either JWST Early Release Science (ERS) and
Guaranteed Time Observations (GTO) data, so we aim to test our approach using
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already existing ground-based data for these objects. In the following section we
give brief summaries of the current knowledge of each object in our sample and
highlight which data we used. We then outline the retrieval approach setup in
the following section before moving on to outlining the results and an overall
discussion of our findings.

4.2 Targets and data

In this section we outline the objects we include within our retrieval analysis and
also outline the data we use for each. Our sample encompasses PSO 318, VHS
1256b, HR 8799cde and Beta Pic b. This sample includes mid-late L dwarfs with
low surface gravities and estimated masses <30 MJup (and down to planetary
masses in several cases). These objects together provide a good test bed for our
cloud retrieval analysis, offering different data qualities to exploit and test. Some,
having been included in previous retrieval studies offer the ability to benchmark
TauREx3 against these codes. The properties of the objects included in our
sample are discussed in the following subsections and outlined in Table 4.3. An
overview of the data used for each object is given in Figure 4.2 along with the
relevant references.

4.2.1 | PSO 318

PSO 318 is a free floating, 8.3±0.5 MJup (Allers et al., 2016) late-L dwarf with
low surface gravity (Liu et al., 2013). This object is also one of the reddest L
dwarfs known (see Figure 4.1). It has an age 20-25 MYr (based on membership
of the Beta Pic moving group)Allers et al. (2016). L band spectroscopy has
indicated the presence of Methane (Miles et al., 2018). This object has been
extensively studied in regards to variability (Biller et al., 2018, Vos et al., 2019,
Biller et al., 2015) which has suggested variations as high as 7-10 % in the J band.
Such variability is a strong indication of clouds and hints at the possibility of an
evolving patchy cloud structure in the photosphere. PSO 318 is a spectral and
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Figure 4.1: Color magnitude diagram of field dwarfs spanning M, L, T and Y
dwarfs. PSO 318, VHS 1256b, Beta Pic b and HR 8799cde are indicated. Data
used to compile this figure are from Best et al. (2020a) catalogue which is a
compilation of Dupuy and Liu (2012), Dupuy and Kraus (2013), Liu et al. (2016),
Best et al. (2018) and Best et al. (2020b). The figure highlights the red nature
of the mid-late L dwarfs.
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(a) PSO 318
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Figure 4.2: (a) PSO 318 data from Liu et al. (2013) and Miles et al. (2018). (b)
VHS 1256 b data from Gauza et al. (2015) and Miles et al. (2018). (c) HR 8799
c data from Greenbaum et al. (2018), (Wang et al., 2020) and (Konopacky et al.,
2013). (d) HR 8799 d data from Zurlo et al. (2016) and Greenbaum et al. (2018)
(e) HR 8799 e data from Zurlo et al. (2016), Greenbaum et al. (2018) and Gravity
Collaboration et al. (2019). (f) Beta Pic b data from Greenbaum et al. (2018)
and Nowak, M. et al. (2020).
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characteristic analogue to many young, directly imaged exoplanets, particularly
those in the HR 8799 system Bonnefoy et al. (2016). This makes it an ideal
laboratory to test models given the high quality data we have available for this
object.

For our analysis of PSO 318 we employ SpeX spectrograph (Rayner et al.,
2003) J , H, and K spectroscopy (Liu et al., 2013) combined with NIRSPEC
(McLean et al., 1998) L band spectroscopy (Miles et al., 2018). For the SpeX
data and as outlined in Line et al. (2015), neighbouring pixels may not be
statistically independent, due to the duplication of flux information. Therefore,
when employing this data set we only use every third data point (pixel) for our
model fitting. We then de-resolved the NIRSPEC data down to the approximate
resolution of the SpeX data in ensure similar spectral resolution of data in each
band. The data used is shown in Figure 4.2a

4.2.2 | VHS 1256b

VHS 1256b is a low surface gravity 19±5 MJup (Dupuy et al., 2020b) , very red,
late-L dwarf companion of the M dwarf binary VHS1256-1257AB with a wide 8"
separation (Gauza et al., 2015, Stone et al., 2016).Dupuy et al. (2020b) places
this object at a separation of 22.2+1.1

−1.2 pc. With favourable angular separation for
observing and characteristics similar to many young directly imaged exoplanets,
such as the HR8799 planets Bonnefoy et al. (2016), VHS 1256b is another ideal
laboratory to test and calibrate models models for objects with lower signal-to-
noise observations. Spectroscopy of this object has shown weaker alkali features
and a h band shape consistent with a low surface gravity object with a young age
(Gauza et al., 2015). Rich et al. (2016) showed evidence of thick cloud coverage on
this object via model fitting of photometry across 0.8-5µm. VHS 1256b is the most
variable of the low surface gravity cohort, with variability amplitudes of >25%
over an 8-hour long HST observation (Bowler et al., 2020, Zhou et al., 2020),
making it one of the most variable substellar objects ever observed. and thus a
prime candidate for the presence of evolving patchy clouds. L band spectroscopy,
as with PSO 318, has indicated the presence of Methane (Miles et al., 2018).
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For our analysis of VHS 1256 b we employ SofI J , H, and K spectroscopy
combined with NIRSPEC L band spectroscopy (Miles et al., 2018). Both the
SofI and NIRSPEC data were de-resolved to the approximate resolution of the
SpeX data used for PSO 318. The data used is shown in Figure 4.2b

4.2.3 | HR 8799cde

Consisting of four (currently known) planets (Marois et al., 2008, 2010, Currie
et al., 2011), HR 8799 system is one of the most intensively studied systems in
exoplanet science (Lavie et al., 2017, Zurlo et al., 2016, Bonnefoy et al., 2016,
Gravity Collaboration et al., 2019, Konopacky et al., 2013, Wang et al., 2021,
Mollière et al., 2020, Lee et al., 2013, Wang et al., 2020, Marley et al., 2012,
Greenbaum et al., 2018, Skemer et al., 2012, Oppenheimer et al., 2013, Skemer
et al., 2014, Ingraham et al., 2014, Barman et al., 2015, Rajan et al., 2015, Wang
et al., 2018, Petit dit de la Roche et al., 2020). It remains the only system with
more than two confirmed exoplanets that have been directly imaged. The system
is located at a distance of 41.29 ± 0.15pc (Gaia Collaboration et al., 2018) with
an estimated age of ∼30 Myr (derived via on possible membership of Columba).
The planets orbit within 15 and 72 au from the host start (Wang et al., 2018).
Model fitting has suggested that the HR8799 planets may process patchy cloud
coverage (Marois et al., 2008, Marley et al., 2010) as well as non equilibrium
chemistry (Mollière et al., 2020, Skemer et al., 2012). This system, given its
spectral similarities with VHS 1256 b and PSO 318, has also been the target of a
variability monitoring campaign (Biller et al., 2021). As a multi-planet system, it
offers a unique test bed for probing formation relations to mass, separation and
migration. HR 8799cde have spectral types of ∼L6-L8 (Zurlo et al., 2016) however
they possess the same red colour as VHS 1256 b and PSO 318 (see Figure 4.1).
The HR 8799 planets have been the focus of several previous retrieval studies:
Lavie et al. (2017) carried out retrieval analysis of all four planets using HELIOS;
Wang et al. (2020) focused on on HR 8799c using petitRADTRANS while Mollière
et al. (2020) also used petitRADTRANS for analysis of HR 8799e.

For HR 8799d we employ Y H band data from the VLT-SPHERE (Beuzit et al.,
2008, 2019) Integral Field Spectrograph (IFS) (Zurlo et al., 2016) combined with
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H, K1 and K2 data from GEMINI-GPI’s (Macintosh et al., 2014, Greenbaum
et al., 2018) IFS (Greenbaum et al., 2018).

For HR 8799c we employ J , H and K band data from the Subaru-CHARIS IFS
(Wang et al., 2020) combined with H, K1 and K2 data from GEMINI-GPI’s
(Macintosh et al., 2014, Greenbaum et al., 2018) IFS (Greenbaum et al., 2018).

For HR 8799e we combined Y H data from SPHERE with GPI H band data along
with VLT-GRAVITY (Gravity Collaboration et al., 2017) K band spectroscopy
(Gravity Collaboration et al., 2019). The data used for these objects is shown in
Figure 4.2d, 2d and 2e.

4.2.4 | Beta Pic b

Beta Pic b was one of the original exoplanets to be directly-imaged (Lagrange
et al., 2010) and has an early to mid L dwarf spectral type (see Figure 4.1).The
Beta Pic system has an age of 24±3 Myrs (Bell et al., 2015). Beta Pic b resides at
a distance of 19.44± 0.05 pc from its host. (Gray et al., 2006). It is housed within
an edge-on circumstellar disk (Smith and Terrile, 1984) in which it has a non-
circular orbit (Nowak, M. et al., 2020). The combination of this disk, along with
well documented age constraints and mass measurements (Brandt et al., 2021b),
make this object an ideal laboratory system for probing formation pathways and
evolution. The photometric colors and luminosity of this exoplanet overlap with
those of early-type brown dwarfs (see Figure 4.1) but its mass estimate of 9.3+2.6

−2.5

Mjup (Brandt et al., 2021b) places it in the planetary mass regime. Beta Pic b
has also been the focus of previous retrieval studies. Nowak, M. et al. (2020),
using petitRADTRANS, have inferred an approximately stellar C/O ratio of Beta
Pic b’s atmosphere. Beta Pic b’s high mass, when combined with this inferred
C/O ratio, may suggest a core accretion pathway accompanied by significant
planetesimal enrichment (Nowak, M. et al., 2020, Öberg et al., 2011, Öberg and
Bergin, 2021). A second exoplanet, Beta Pic c, has now also been discovered in
this system (Gravity Collaboration et al., 2020, Lagrange et al., 2019).

Within this study we make use of the Y , J and H band spectroscopy from
GEMINI-GPI’s IFS (Macintosh et al., 2014, Chilcote et al., 2017) and the VLT-
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Figure 4.3: Comparison of flexible npoint (Waldmann et al., 2015a) vs relatively
inflexible Lavie et al. (2017) temperature-pressure profile when employed in
retrieval of cloudy L dwarf spectra. PSO 318 was used for this example.

GRAVITY (Gravity Collaboration et al., 2017) K band spectroscopy (Nowak,
M. et al., 2020). The data used is shown in Figure 4.2c.

4.3 TauREx3 setup

4.3.0.1 | Retrieval setup

Previous retrieval studies have shown the ability of a flexible temperature-
pressure profile to account for or mimic the presence of clouds by adopting
an isothermal gradient (Mollière et al., 2020, Burningham et al., 2017). We
also tested TauREx3’s flexible npoint profile using L dwarf data and this was
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again the case as shown in Figure 4.3. For this reason, within our retrievals we
employed a relatively inflexible temperature-pressure profile which determined
the temperature in each model layer via the same parameterisation outlined in
Lavie et al. (2017) which acts to enforce a radiative equilibrium gradient.

The molecular trace-gas mixing ratio profiles (as a function of pressure), in the
forward model are set as isoprofiles (constant with pressure). The atmospheric
forward model is described in Waldmann et al. (2015a) and Al-Refaie et al. (2019).
We consider a model atmosphere with pressures ranging from 10−3 to 500 bar,
with 100 layers uniformly sampled in log-space. We assume a hydrogen dominated
atmosphere with a H2 and He mixing ratio He/H2 = 0.17567. In our study we
include the line lists for H2O (Polyansky et al., 2018), CO (Li et al., 2015),
CO2 (Yurchenko et al., 2020) and CH4 (Yurchenko et al., 2017) as these are the
dominant absorbers in the near-IR. Collision induced absorption (CIA) of H2–H2

and H2–He (Abel et al., 2011, Fletcher et al., 2018, Abel et al., 2012) is also
included.

We employ the Lee Mie and BH mie cloud opacity parameterisations within
our retrievals (see Chapter 2). Given the expectation of silicate clouds being
the dominant source of cloud opacity for the objects considered in this work,
we set Q0=10 when employing the Lee Mie cloud parameterisation as this is
representative of "astro silcate" Lee et al. (2013). For the BH mie cloud opacity
we test both the lognormal and "cloud" particle size distributions (see Chapter
2), as well as modelling a variety of condensate species.

In this work we employ linear scaling factors for different bands of data when
there are spectroscopic gaps between data, similar to the approach employed in
Mollière et al. (2020), Gravity Collaboration et al. (2020) and Burningham et al.
(2021).

4.3.0.2 | Priors

The priors and prior bounds set for the retrieval analysis performed in this work
were either uniform, log-uniform or Gaussian priors based on values from previous
published studies (when such values were available). See Table 4.1 for a full
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overview of the priors set.

We adopted a Gaussian prior of 1.2±0.1RJup for the objects in our sample apart
from PSO 318, where we use 1.4±0.1RJup based on the assumption of a more
inflated object (Miles et al., 2018, Allers et al., 2016). For mass we set a planetary
mass flat prior of 1-13MJup for PSO 318 and HR 8799c and d. For VHS 1256 b
we set a low surface gravity assumption via a flat 1-25MJup prior. For HR 8799e
and Beta Pic b we set Gaussian priors based on measured dynamical masses of
9.6±1.9 MJup (Brandt et al., 2021b) and 9.6±2.6 MJup (Brandt et al., 2021a)
respectively.

4.3.1 | TEA - Thermochemical equilibrium abundances

In order to compare the retrieved abundances in the free chemistry mode of
TauREx3 to those predicted by equilibrium chemistry, we employ the open-
source1 Thermochemical Equilibrium Abundances (TEA) code. The code ingests
the retrieved temperature-pressure profile and derives the abundances that satisfy
the thermochemical equilibrium requirement. This allows us to determine if the
retrieved abundance significantly deviates from those derived by TEA, enabling
inference of chemical equilibrium vs disequilibrium. This can be done by
comparing the molecules with the best constraints on their abundances. As
this study focuses on cool T dwarfs, we expect that the three best constrained
molecules should be H2O, CO, CO 2 and CH4.

4.4 Exo-REM setup

In addition to our free retrieval with TauREx3, described in section 4.3, we
performed further analysis by comparing a grid of self-consistent model emission
spectra with the data. This grid was obtained using the self-consistent 1D
radiative-equilibrium model Exo-REM2 (Charnay et al., 2018, Baudino et al.,

1TEA: https://github.com/dzesmin/TEA
2Exo-REM 2.2.0: https://gitlab.obspm.fr/dblain/exorem
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2015, Baudino et al., 2017, Blain, D. et al., 2021). Our Exo-REM models assume
no external light source, and solar elemental abundances (Lodders, 2019). Species
abundances are determined using non-equilibrium chemistry (see Blain, D. et al.,
2021, for details about the Exo-REM implementation).

The atmosphere is modelled using the plane-parallel approximation and 81 levels
uniformly spaced in log-space between 102 and 10−6 bar. The modelled emission
spectra are calculated from 40 to 30 000 cm−1 (0.3 to 250 µm) with a step of 20
cm−1 and includes the gas opacities of CH4, CO, CO2, FeH, H2O, H2S, HCN,
K, Na, NH3, PH3, Ti and VO, collision-induced absorption of H2–H2, H2–He and
H2O–H2O, as well as Rayleigh scattering from CH4, CO, CO2, H2, H2O, N2, NH3,
He and the other noble gases.

We included absorption and scattering by clouds – calculated from the extinction
coefficient, single scattering albedo, and asymmetry factor interpolated from pre-
computed tables for a set of wavelengths and particle radii (Charnay et al.,
2018). For simplicity, only the radiative and opacity contributions of Mg2SiO4

and Fe clouds – assuming Cfrac = 1 – were included, although most temperature
profiles obtained cross the condensation curve of other species. The vertical
distribution of the cloud masses are modelled following the approach of Ackerman
and Marley (2001), which assumes an equilibrium between the cloud condensation
and sedimentation, determined by the vertical eddy diffusion coefficient Kzz and
the free parameter fsed. In all our Exo-REM models, we assumed fsed = 1, while
Kzz was self-consistently determined using mixing length theory.

For our Exo-REM models, the metallicity M/H is obtained by keeping the H,
He, and other noble gases elemental abundances fixed at their solar value, while
multiplying all the other elemental abundances, except C, by M/H. The different
C/O ratios are obtained by changing the elemental abundance of C.

Our grid is constructed by changing the gravity at 1 bar, the effective temperature
Teff (since the effect of external light sources are negligible, Teff is equal to the
intrinsic temperature), the M/H and the C/O ratio. The parameters for our grid
of models, their ranges and the step used are displayed in Table 4.2. The C/O
ratio grid points were 0.3, 0.55 (i.e. ≈ the solar C/O), and 0.75. We used the
exact same model grid for all targets.
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Table 4.2: Exo-REM atmospheric model grid fitted on the targets

Parameter Range Step

log10(g) (cm/s2) 3.5–4.5 0.5
Teff (K) 1050–1400 50
[M/H] (× solar) -0.5–1 0.5
C/O 0.3–0.75 see text

Once the grid is generated, we re-bin the modelled spectra to the wavelengths
of the observed spectrum. We then find the distance between the planet and
the observer that minimises the reduced χ2 between each re-binned modelled
spectrum and the observed spectrum. Finally, we compare the models using
these minimised reduced χ2 values. Our results are presented in Table 4.3.

4.5 TauREx3 results

In the following subsections we summarise our retrieval results for each of the
objects considered. A summary of the bulk parameters retrieved or inferred is
shown in Table 4.3 which also includes and extensive collection of values derived
from previous studies of these objects. A statistical comparison of the various
cloud parameterisations and species tested is shown in Table 4.4. The posteriors
(corner plots) shown are those from the retrievals which determined the highest
log(Ev) value.

4.5.1 | PSO318

Our best fit model spectrum for PSO 318 is shown in Figure 4.4. The best fit
model spectrum replicates the SpeX data well, but fails to fit the L band NIRSpec
data. The poor fit to the NIRSpec data is likely due to the low S/N ratio of these
data compared to the higher S/N ratio of the SpeX data. This issue persists
despite allowing for error inflation in the SpeX data with possesses the higher
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signal-to-noise ratio (SNR).

Our retrieval constrains well the presence of H2O and CO but is unable to
constrain the presence of CH4 and CO2 (see Figure 7.4). Despite the methane
non-detection here, Miles et al. (2018) present evidence for the presence of CH4

from fits to the L band NIRSpec data. However, our retrievals are likely unable
to detect this due to the SpeX data driving the fit for PSO 318 while Miles
et al. (2018) fit the L band NIRSPEC data separately. We derive a C/O ratio of
0.44+0.05

−0.06 but as PSO 318 is a free floating object a comparison with a host is not
possible. We derive a metallicity [M/H] of 0.2+0.8

−0.8 making it largely unconstrained.

Our retrieved radius of 1.25+0.01
−0.01RJup is well constrained but we note this

parameter was informed by a Gaussian prior (see Table 4.1), possibly introducing
significant bias. This radius is slightly lower than the ∼1.4RJup radius derived
in the Allers et al. (2016) study but is close to the Miles et al. (2018) best fit of
1.3RJup, using the same data as used in the Miles et al. (2018) study. We retrieved
a mass of 11.01+0.87

−1.28MJup for PSO 318. However, we enforced a planetary mass
prior of <13MJup, with the posterior probability distribution partially converging
near the upper edge of this prior. This value is larger than the value determined
in Allers et al. (2016), (Miles et al., 2018) and Liu et al. (2013) (see Table 4.3).
As a result, our derived surface gravity of 4.27+0.05

−0.09 is also slightly higher than
values stated in these studies. Our derived effective temperature of 1259+14

−12 K is
consistent at 2-4 σ with previous studies of this object and is 2 σ consistent with
Miles et al. (2018) which used the same data coupled with grid forward modelling.

The best fit cloud model, determined via the largest Log(Ev), for PSO 318
employed a BH Mie Fe cloud together with the "cloud" particle size distribution.
However, the log evidence of this best-fit retrieval is barely larger than for the
retrieval employing Mg2SiO4 cloud with a log-normal particle size distribution.
Our fits show a very strong log(b) > 160 (where log(b) is ∆log(Ev) between
retrievals, see Table 2.1) preference for including clouds over excluding clouds.
We are able to constrain well the position of the top of the cloud layer while the
cloud bottom position is much less well constrained. Our effective cloud particle
radius is poorly constrained, with values from 1 to 100 µm being consistent
within 1σ. Our cloud fraction converged to ∼100%, despite the expectation of
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fractional cloud coverage for this object given its large variability (Biller et al.,
2018). The posteriors for these parameters are shown in Figure 4.5 as is our
retrieved temperature-pressure profile for this object.

4.5.2 | VHS 1256b

Our best fit model spectrum for VHS 1256 b is shown in Figure 4.6. Unlike for
PSO 318, our best fit model spectrum fits both the SpeX and NIRSpex data well.
This is likely due to the higher SNR of the L band data for VHS 1256 b, where
the retrieval will have weighted this area of the spectrum higher than in the case
of PSO 318.

Our retrieval constrain the presence of H20 and CO while unable to place such
constraints on the presence of CH4 and CO2 (see Figure 7.5). Despite the higher
SNR for the L band data used here compared to PSO 318, the retrieval is still
unable to probe the apparent CH4 feature (Miles et al., 2018).

We derive a high C/O ratio of 0.83+0.04
−0.04 for VHS 1256b but as it orbits a M-dwarf

binary a comparison with its hosts is currently not possible. We also derive a
high metallicity of 0.91+0.15

−0.13.

Our retrieved radius of 1.15+0.04
−0.03 RJup is well constrained but, as before, we note

this parameter had a Gaussian prior (see Table 4.1). This is higher than the
values of ∼ 0.9 RJup derived in the Miles et al. (2018) study and can be explained
by our use of the updated distance of 22.2pc (Dupuy et al., 2020b) while Miles
et al. (2018) used 17.1pc (Rich et al., 2016). We retrieved a mass of 11.76+5.36

−3.38

MJup for VHS 1256 b. However, we note that a low surface gravity prior of < 25

MJup was enforced. Our retrieved radius is consistent with the value determined
in (Gauza et al., 2015), thus we find that this object remains a planetary mass
candidate. Our derived surface gravity of 4.36+0.16

−0.14 is also slightly higher than
values stated in these studies. Our derived effective temperature of 1276+14

−12 is
consistent within 2 σ Miles et al. (2018), which employed the same data.

The best fit cloud model for VHS 1256 b employed a BH Mie Mg2SiO4 cloud
together with the "cloud" particle size distribution. However, the the retrievals
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was unable to clearly demonstrate a preference for Fe vs MgSiO3 clouds. Our
firs again show a very strong log(b) > 115 preference for including clouds over
excluding clouds. We are again able to well constrain the position of the top of the
cloud layer while the cloud bottom position is much less constrained. Our effective
cloud particle radius is poorly constrained, with values from 1 to 100 µm being
consistent within 1σ. Our cloud fraction converged to ∼99%, again despite the
expectation of fractional cloud coverage for this object given its large variability
(Bowler et al., 2020, Zhou et al., 2020). The posteriors for these parameters are
shown in Figure 4.7 as is our retrieved temperature-pressure profile.

4.5.3 | HR 8799c

Our best fit model spectrum for HR 8799c is shown in Figure 4.8. We successfully
fit the J , H and K band spectroscopy. Our retrieval constrains the presence
of H2O (see Figure 7.6). However, the constraints placed on the CO and CH4

abundances is much broader. We expect our retrieval analysis to be able to better
detect and constrain CO compared to CH4; the strong CH4 constraint found for
HR 8799c may point towards a systematic issue with the GPI K band data for
this object. We note Wang et al. (2020) was able to retrieval the aforementioned
expectation as they made use of OSIRIS data which we have not employed.

As a knock on affect of the retrieved CO and CH4 abundances, we derive a suspect
and unreliable C/O ratio of 0.15+0.12

−0.12 for HR 8799c, placing it as a very sub solar
(0.55) and sub stellar result. This value is suspect given the unexpected chemical
constraints we retrieve. Wang et al. (2020) places a constraint of 0.54+0.12

−0.09 which
is in agreement with the 0.65 value offered by Konopacky et al. (2013) (see Table
4.3). This shows the importance of the high-resolution K band OSIRIS data for
HR 8799c (Konopacky et al., 2013) . We derive a metallicity of -0.11+0.11

−0.09.

Our retrieved radius of 1.11+0.03
−0.02RJup is well constrained but we again note this

parameters had a Gaussian prior (see Table 4.1). This value is consistent with the
PHOENIX model fit from Greenbaum et al. (2018) and the Exo-REM fit from
Bonnefoy et al. (2016) but is higher than many other model fits which are listed
in Table 4.3.
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We retrieved a mass of 12.31+0.44
−0.75MJup for HR 8799c. However, given the < 13

MJup prior, the mass fit has simply converged towards the upper boundary of
the allowed parameter space. Our derived surface gravity is 4.41+0.02

−0.02, placing it
higher than most values derived from the Greenbaum et al. (2018) and Bonnefoy
et al. (2016) studies. Our derived effective temperature of 1352+25

−31 K is higher
than expected for this exoplanet and thus higher than most values from previous
studies. This is possibly due to the use of low resolution data across the J band
(see Figure 4.2d) as this effective temperature is higher than the other 4 mid to
late L dwarfs effective temperatures that we have retrieved in this study. Our
other objects possess the higher resolution spectroscopy of either GPI or SPHERE
in the J band, providing a better platform for the retrieval to determine more
reliable constraints on parameters such as effective temperature.

The best fit cloud model for HR 8799c employed a BH Mie MgSiO3 cloud together
with the "cloud" particle size distribution. The log evidence of this retrieval is,
however, barely larger than several other cloud retrievals with four falling within
a Bayes Factor of 1. Our fits again show a very strong log(b) > 180 preference
for including clouds over excluding clouds. We are able to well constrain the
position of the top of the cloud layer while the cloud bottom position is much
less constrained. Our effective cloud particle radius is again unconstrained, with
values from 1 to 100 µm being consistent with 1σ. Our cloud fraction converged
to ∼91%. This is, by far, the lowest of any objects we analysed in this study but
may be the result of the low resolution data employed (as mentioned previously
in relation to effective temperature) as the retrieval has more fitting freedom due
to the usage of less spectral data points. The posteriors for these parameters are
shown in Figure 4.9 as is our retrieved temperature-pressure profile.

4.5.4 | HR 8799d

Our best fit model spectrum for HR 8799 d is shown in Figure 4.10. We
successfully fit the J, H and K band.

Our retrieval constrains well the presence of H2O (see Figure 7.7). However,
much like in the case of the HR 8799c, we are unable to constrain the presence
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of CO. This result paired with the convergence of the final model with too an
unexpectedly high amount of CO2. The retrieval is, however, unable to place
a tight constraint on the abundance of CO2, instead suggesting an upper limit
on the abundance of this molecule. These CO and CO2 result are likely caused
by the the GPI data used, which has significant systematic issues due to large
uncertainties at wavelengths >2.3µm (See figure 4.2e). This wavelength region is
crucial for constraining CO, with a feature present ∼2.3µm, exactly where these
data have systematic issues.

Due to these surprising abundances, we derive a very low C/O ratio of 0.07+0.06
−0.07

for HR 8799d placing it as a very sub solar (0.55) and sub stellar result. Wang
et al. (2020) places a constraint of 0.54+0.12

−0.09 for HR 8799. We also derive a high
metallicity of 0.05+0.15

−0.11. These chemical values should be treated with caution due
to the problematic K band data. Studies such as Konopacky et al. (2013) and
Wang et al. (2021), who used high resolution K band data (Konopacky et al.,
2013), have shown the presence of CO in the atmosphere of HR 8799 d making
our retrieved chemistry results, using lower resolution data, suspect and likely
incorrect.

Our retrieved radius of 1.20+0.05
−0.05RJup is well constrained but we again note this

parameter had a Gaussian prior (see Table 4.1). This value is consistent with the
PHOENIX model fit from Greenbaum et al. (2018) and the Exo-REM fit from
Bonnefoy et al. (2016) but is higher than the values from many other model fits,
listed in Table 4.3. We retrieved a mass of 10.40+1.38

−1.75MJup for HR 8799d. Our
derived surface gravity of 4.27+0.06

−0.09 is higher than several values derived from the
Greenbaum et al. (2018) and Bonnefoy et al. (2016) studies. Our derived effective
temperature of 1244+22

−21 K is consistent with many previous studiesand overlaps
within 1σ with the effective temperatures derived for VHS 1256b and PSO 318,
further demonstrating the similarities with these between these late-L objects.

The best fit cloud model for HR 8799d employed a BHMie Fe cloud together
with the "cloud" particle size distribution, the same best-fit cloud model found
for PSO 318. The log evidence of this retrieval is, however, barely larger than
several other cloud retrievals with four falling within a Bayes Factor of 1. Our
fits show a very strong log(b) > 38 preference for including clouds over excluding
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clouds. We are again able to well constrain the position of the top of the cloud
layer while the cloud bottom position is much less constrained. Our effective cloud
particle radius is unconstrained, with values from 1 to 100 µm consistent within
1σ. Our cloud fraction converged to ∼98%.The posteriors for these parameters
are shown in Figure 4.11 as is our retrieved temperature-pressure profile.

4.5.5 | HR 8799e

Our best fit model spectrum for HR 8799e is shown in Figures 4.12a and 4.12b. We
successfully fit the J, H and K band despite thee varying SNRs and resolutions of
these data. We do not experience any issues with the GRAVITY data dominating
the fit over the GPI and SPHERE data. We do note a poor fit to the data at
∼2.45-2.5µm. This feature is, however, not present in the updated and re-reduced
spectrum in Mollière et al. (2020) so may be a systematic issue with the initial
data from the Gravity Collaboration et al. (2019). The Exo-REM model fit of
this data from Gravity Collaboration et al. (2019) also missed this feature.

Our retrieval places very precise constraints on the presence of H2O and CO (see
Figure 7.8). Unlike in the case of HR 8799c and d, there is a visible CO feature
∼2.3µm in the GRAVITY data which the retrieval is able to use to constrain
CO. CO2 and CH4 are not well constrained, much like in several of the previous
retrievals.

We derive a C/O ratio of 0.67+0.05
−0.04 for HR 8799e placing it as as slightly above

solar (0.55) and consistent with the stellar C/O ratio from Wang et al. (2020).
This C/O value is also consistent with the 0.60+0.07

−0.08 C/O value from Mollière et al.
(2020) which used the same SPHERE and GPI data as well as an updated version
of the GRAVITY spectrum. We do note here, however, that their approach fit
C/O directly in their chemical equilibrium retrieval which was coupled with a
quench pressure to account for chemical disequilibrium. We used free chemistry
isoprofiles for our chemical input and infer C/O from these abundances. This is
therefore an encouraging demonstration that these differing modelling approaches
can derive the same C/O ratio when employed on the same data.

Our retrieved radius of 1.10+0.03
−0.02RJup is well constrained but, as before, we note
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this parameters had a Gaussian prior (see Table 4.1). Our value is once again
consistent with the retrieval radius from Mollière et al. (2020). This radius value
is also largely consistent with the radii derived via Exo-REM grid model fits to
GRAVITY data of this exoplanet as listed in Table 4.3.

We retrieved a mass of 9.88+1.05
−0.97MJup for HR 8799e with derived surface gravity of

4.32+0.05
−0.05. As in the case of HR8799d, this value places it higher than the values

derived from the Greenbaum et al. (2018) and Bonnefoy et al. (2016) studies.
However, our value is within 2σ of mass values from other studies that employed
GRAVITY data (Gravity Collaboration et al., 2019, Mollière et al., 2020), as
outlined in 4.3. Our derived effective temperature of 1223+12

−13 is largely consistent
with previous studies and overlaps at the 1σ level with the effective temperatures
we derive for PSO 318 and HR 8799d. Our effective temperature is also consistent
with the effective temperature found in the retrieval analysis of Mollière et al.
(2020).

The best fit cloud model for HR 8799e employed a BHMie MgSiO3 cloud together
with the lorgnormal particle size distribution. This model has a Bayes Factor
at least log(b) > 2 compared to all other models, presenting itself as a strong
candidate for the dominant cloud species present in the atmosphere of HR 8799e.
Our fits show a very strong log(b) > 349 preference for including clouds over
excluding clouds. We are again able to well constrain the position of the top of
the cloud layer while the cloud bottom position is much less constrained. Our
effective cloud particle radius is poorly constrained, with values from 1 to 100 µm
consistent within 1σ. Our cloud fraction converged to ∼99%. The posteriors for
these cloud parameters are shown in Figure 4.13 as is our retrieved temperature-
pressure profile.

4.5.6 | Beta Pic b

Our best fit model spectrum for Beta Pic b is shown in Figures 4.14a and 4.14b.
We were able to fit the K band successfully but our fit to the rest of the data in
the J and H band is less successful. The fit is particularly poor in the 1.15 - 1.35
µm region. Nowak, M. et al. (2020) also found a poor fit in the same wavelength
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region. As we have seen in our study, such issues are can arise when combining
data from different instruments with different resolutions. Our retrieval misses
the small absorption feature at ∼ 1.03 µm. To try to fit this feature, we ran
retrievals including more molecules. The retrievals including TiO were able to
successfully fit this feature. However, our confidence in this fit is rather low,
as it was based on only a few data points. It is also not clear if this feature
is a systematic issue with the data, as such a feature is not present in the Y J

band SPHERE data of Beta Pic b (private communication with Dr. Faustine
Cantalloube).

Our retrieval places very precise constraints on the presence of H2O, CO and
CO2 (see Figure 7.8). CH4 is unconstrained, much like in the previous retrievals
outlined.

We derive a C/O ratio of 0.30+0.02
−0.02 for Beta Pic b placing it as sub solar (0.55). As

there is currently no measurement of the C/O ratio of the host star Beta Pic, we
cannot compare the C/O ratio of the companion to its star.. Our retrieved C/O
value is also lower than the 0.43+0.05

−0.05 C/O value from Nowak, M. et al. (2020),
even though we used the same data. Nowak, M. et al. (2020), however, fit C/O
and M/H via a chemical equilibrium model combined with quench pressure (as in
the case of HR 8799e) while we used a free chemistry approach. Our lower C/O
ratio is likely driven by the high abundance of CO2. Such a constraint, however,
is always suspect using ground based data due to telluric contamination from
Earths atmosphere and/or systematic issues with the data.

Our retrieved radius of 1.13+0.03
−0.03RJup is well constrained but, as before, we note

this parameter had a Gaussian prior (see Table 4.1). Our value is lower than the
retrieved 1.36+0.01

−0.01RJup radius from Nowak, M. et al. (2020).

We retrieved a mass of 17.32+1.40
−1.53MJup for Beta Pic b with a derived surface gravity

of 4.49+0.04
−0.04. As in the case of several of the previous objects, this value places it

higher than most values derived in Chilcote et al. (2017) (see Table 4.3). However,
our value is consistent within 2σ of Nowak, M. et al. (2020) which employed
GRAVITY data. Our derived effective temperature of 1872+16

−15 K is higher than
previous studies, placing it > 100 K higher than the petitRADTRANS retrieval
and ∼300K higher than the Exo-REM fit from Nowak, M. et al. (2020). This
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is likely due the lower radius we retrieved which is inversely linked to effective
temperature.

The best fit cloud model for Beta Pic b employed a BHMie TiO cloud together
with the lognormal particle size distribution. This model has a Bayes Factor of
only log(b) > 1.1 over all other models. However, several other cloud species
had similar log(Ev) including Al2O3 and Mg2SiO4. Our fits show a very strong
log(b) > 450 preference for including clouds over excluding clouds. We are again
able to well constrain the position of the top of the cloud layer while the cloud
bottom position is much less constrained. Our effective cloud particle radius is
poorly constrained, with values from 1 to 100 µm consistent within 1σ. Our
cloud fraction converged to ∼100%. The posteriors for these cloud parameters
are shown in Figure 4.15 as is our retrieved temperature-pressure profile.
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4.6 Discussion

4.6.1 | Surface gravity / Masses

We employed either uniform planetary mass (1− 13 MJup) or low surface gravity
(1 − 25 MJup) priors for objects where dynamical masses were not available. In
the cases of HR 8799e and Beta Pic b we used of Gaussian priors via the current
dynamical mass measurements. Via these we retrieve masses and derive surface
gravities that are largely consistent with previous literature values. The clearest
exception to this would be Beta Pic b where our retrieved mass deviated from
the dynamical mass, preferring instead to select a larger value. In the case of
HR 8799c we note that the mass simply converged to the edge of the allowed
parameter space possibly due to the fact we used data with systematic issues
present.

4.6.2 | Inability to clearly distinguish between cloud

species

Burningham et al. (2021) recently used retrieval analysis to differentiate between
possible cloud species for the red field L-dwarf 2M2244-0158. For the sample
considered here, our retrievals were unable to identify a clear preference for a
particular cloud species present in the atmospheres of our low surface gravity
L dwarfs. This is likely because for all retrievals attempted here, the effective
particle size remained unconstrained, with 1 to 100 µm particles all consistent at
the 1σ level. However, for every object in our sample, the retrieval fits did find a
preference for the inclusion of cloud opacity over clear models. Burningham et al.
(2021) found that mid-IR data was crucial to constrain cloud species.

The ability to distinguish between species is closely linked to the ability to tightly
constrain the cloud constituent particle radii and particle size distributions. In
all of our best-fit retrievals, the effective particle size is essentially unconstrained,
rendering it impossible to distinguish between cloud species. We also do not
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Figure 4.4: PSO 318 retrieval spectral fit.

Figure 4.5: PSO 318 corner plot of the best-fit model’s retrieved cloud parameters.
The retrieved temperature pressure profile is also shown along with condensate
curves of MgSiO3, Mg2SiO4 and Fe as well as the retrieved cloud.
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Figure 4.6: VHS 1256 b retrieval spectral fit.

Figure 4.7: VHS 1256 b corner plot of the best-fit model’s retrieved cloud
parameters. The retrieved temperature pressure profile is also shown along with
condensate curves of MgSiO3, Mg2SiO4 and Fe as well as the retrieved cloud.
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Figure 4.8: HR8799c retrieval spectral fit.

Figure 4.9: HR 8799c corner plot of the best-fit model’s retrieved cloud
parameters. The retrieved temperature pressure profile is also shown along with
condensate curves of MgSiO3, Mg2SiO4 and Fe as well as the position of the
retrieved cloud.
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Figure 4.10: HR8799d retrieval spectral fit.

Figure 4.11: HR 8799d corner plot of the best-fit model’s retrieved cloud
parameters. The retrieved temperature pressure profile is also shown along with
condensate curves of MgSiO3, Mg2SiO4 and Fe as well as the the position of the
retrieved cloud.

– 136 –



Chapter 4. Retrieval study of low surface gravity L dwarfs

(a)

(b)

Figure 4.12: HR8799e retrieval spectral fit.

Figure 4.13: HR 8799e corner plot of the best-fit model’s retrieved cloud
parameters. The retrieved temperature pressure profile is also shown along with
condensate curves of MgSiO3, Mg2SiO4 and Fe as well as the position of the
retrieved cloud.
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(a) (a)

(b) (b)

Figure 4.14: Beta pic b retrieval spectral fit.

Figure 4.15: Beta Pic b corner plot of the best-fit model’s retrieved cloud
parameters. The retrieved temperature pressure profile is also shown along with
condensate curves of MgSiO3, Mg2SiO4 and Fe as well as the retrieved cloud.
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Table 4.4: Bayesian evidence summary of retrievals.

Object Cloud model Particle size distribution Log(Ev)
PSO 318 Cloudless - 5339.79

BHmie, MgSiO3 S&B 2007, cloud 5489.12
BHmie, MgSiO3 A&M 2001, lognormal 5495.35

BH mie, Mg2SiO4 S&B 2007, cloud 5494.64
BH mie, Mg2SiO4 A&M 2001, lognormal 5501.30

BH mie, Fe S&B 2007, cloud 5501.35
BH mie, Fe A&M 2001, lognormal 5486.70

Lee mie monodisperse 5499.59

VHS 1256 b Cloudless - 5385.77
BHmie, MgSiO3 S&B 2007, cloud 5501.10
BHmie, MgSiO3 A&M 2001, lognormal 5498.71

BH mie, Mg2SiO4 S&B 2007, cloud 5501.19
BH mie, Mg2SiO4 A&M 2001, lognormal 5500.98

BH mie, Fe S&B 2007, cloud 5499.81
BH mie, Fe A&M 2001, lognormal 5500.28

Lee mie monodisperse 5498.90

HR 8799c Cloudless - 4722.91
BHmie, MgSiO3 S&B 2007, cloud 4909.67
BHmie, MgSiO3 A&M 2001, lognormal 4906.43

BH mie, Mg2SiO4 S&B 2007, cloud 4909.45
BH mie, Mg2SiO4 A&M 2001, lognormal 4907.27

BH mie, Fe S&B 2007, cloud 4908.04
BH mie, Fe A&M 2001, lognormal 4906.03

Lee mie monodisperse 4905.30

HR 8799d Cloudless - 5443.87
BHmie, MgSiO3 S&B 2007, cloud 5489.38
BHmie, MgSiO3 A&M 2001, lognormal 5489.42

BH mie, Mg2SiO4 S&B 2007, cloud 5488.85
BH mie, Mg2SiO4 A&M 2001, lognormal 5488.31

BH mie, Fe S&B 2007, cloud 5489.71
BH mie, Fe A&M 2001, lognormal 5487.30

Lee mie monodisperse 5481.59

HR 8799e Cloudless - 10905.48
BHmie, MgSiO3 S&B 2007, cloud 11241.01
BHmie, MgSiO3 A&M 2001, lognormal 11243.17

BH mie, Mg2SiO4 S&B 2007, cloud 11235.61
BH mie, Mg2SiO4 A&M 2001, lognormal 11236.63

BH mie, Fe S&B 2007, cloud 11226.53
BH mie, Fe A&M 2001, lognormal 11233.57

Lee mie monodisperse 11222.76

Beta Pic b Cloudless - 10749.99
BHmie, MgSiO3 S&B 2007, cloud 11205.83
BHmie, MgSiO3 A&M 2001, lognormal 11207.18

BH mie, Mg2SiO4 S&B 2007, cloud 11210.79
BH mie, Mg2SiO4 A&M 2001, lognormal 11213.13

BH mie, Fe S&B 2007, cloud 11209.58
BH mie, Fe A&M 2001, lognormal 11208.18

BHmie, Al2O3 S&B 2007, cloud 11203.53
BHmie, Al2O3 A&M 2001, lognormal 11213.05
BHmie, TiO2 S&B 2007, cloud 11211.69
BHmie, TiO2 A&M 2001, lognormal 11214.33

Lee mie monodisperse 11202.89
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see a preference for one of the two particle size distribution regimes we tested.
Our single-layer cloud modelling is also likely overly simplistic, as Burningham
et al. (2021), Manjavacas et al. (2021) have shown that multiple cloud layers are
present in objects within this spectral class. Such "cloud busting" approaches, as
applied in Burningham et al. (2021), for the objects within our sample will require
further data, specifically in the near-IR. We note that the best constrained cloud
parameter constrained across this current study was the cloud top Ptop position,
likely due to its position in the observable photosphere.

4.6.3 | Fractional cloud

Despite the expectation of cloudy and clear patches of atmosphere for many
objects within our sample we see the cloud fraction parameter converge to 97-
100% in all cases. Our approach linearly combined two forward models, one
with clouds and one without clouds. Such a high value of cloud coverage was
seen in Bowler et al. (2020) who attempted to explain the variability present for
VHS 1256 b with a varying cloud free region of 0.775-1.225%. It is likely that
the assumption of the exact same non-cloud parameters in both the cloudy and
clear is incorrect. It is very probable that, for example, the temperature gradient
will differ in these regions. The simplistic approach of our linear combination of
the two models is also imperfect. We do note studies have successfully linearly
combined cloudy grid models with differing effective temperatures (Skemer et al.,
2014). It is still unclear which approach is better or more physically correct with
both likely to be overly simplistic. This should become apparent when better
and further data becomes available such as variability monitoring of the mid-
IR silicate feature via JWST-MIRI or by exploring different retrieval approaches
which combine models of differing temperatures as in (Skemer et al., 2014).

4.6.4 | Uncertainties in flux calibrations

Within our retrievals we scale the flux between different spectral bands to account
for uncertainties in flux calibration between bands. This practice has become
common in retrieval studies to allow for the accounting of possible calibration
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imperfections. We adopted a unifrom prior for this parameter within this study,
ranging from 0.8 to 1.2 as was also adopted by Nowak, M. et al. (2020) and
Mollière et al. (2020). However, the drawback of such an approach is it allows a
flexibility within the model which is not necessarily representative of the object’s
true characteristics. This parameter essentially allows for the colours of the
objects to vary. The assumption of the same flux scaling across multiple bands
also not ideal our confidence may vary in the flux calibration between bands. This
parameter will not be as necessary, however, when data becomes available from
JWST as its spectroscopic observation bands tend to overlap with each other.
The will permit better calibration of flux between bands from the overlap regions

4.6.5 | The challenge of combining data

We combined data from many instruments within this study. The benefit of this
is clearly that it allows up to cover a larger wavelength range, allowing for the
improved constraint of many parameters. The importance of this has been well
documented in retrieval modelling (Burningham et al., 2021). However, we have
seen issues arise when data have varying resolutions or SNRs or different flux
calibrations. For example, in the case of PSO 318 the JHK data greatly out-
weights the L band data due to the low SNR. For Beta Pic b we see the GRAVITY
data drive the fit due to the higher resolution and greater SNR. Combating such
an issue is difficult but one approach is to de-resolve the higher resolution data to
the approximate resolution of the lowest resolution component of the employed
data. This is the approach we adopted for PSO 318 and VHS 1256 b. This
does, however, sacrifice data points which is never ideal, especially for such a
data driven approach as in the case of retrievals. Combining data is becoming
common practice for retrieval studies of directly imaged exoplanets (Lavie et al.,
2017, Nowak, M. et al., 2020, Mollière et al., 2020, Wang et al., 2020) but it will be
important to investigate the biases and map the issues this approach introduces.
This will be the focus of future work.
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4.6.6 | Enforcing a radius prior

Previous retrieval studies adopted a diverse set of priors on radius. Burningham
et al. (2017) elected to set a wide uniform prior from 0.5 to 2 RJup. Mollière
et al. (2020) set uniform priors but with a lower limit set slightly higher with 0.9
to 2.0 RJup while Wang et al. (2020) set tight Gaussian priors in order to avoid
convergence to problematically small values. We also chose to adopt a Gaussian
prior on our radius to help avoid unexpected radii values. Retrievals tend to
prefer very small and sometimes nonphysical radii values when applied to brown
dwarfs and directly imaged exoplanet data sets. Nonphysical radii values are
often linked to increased effective temperature values, as these two parameters
are intrinsically correlated.

Mordasini et al. (2012) and Marley et al. (2012) outline that for young and low
surface gravity objects, such as those included in our sample, we expect radii > 1

RJup. Despite these theoretical expectations, retrieval studies of brown dwarfs
and direct imaging exoplanets have often found radii below 1 RJup, as outlined
in Table 4.3. With all this in mind, we adopted a universal prior of 1.2 ± 0.1
RJup for our sample, except for PSO 318, where larger radii values have often been
assigned. For this particularly object we instead adopted 1.4 ± 0.1 RJup, based on
the findings of an inflated atmosphere from Allers et al. (2016). This approach did
successfully result in best fit radii >1 RJup for all of our best fit models. However,
despite retrieved radii values > 1 RJup we still find effective temperature values
∼ 100K higher than expected, as as similarly found by Mollière et al. (2020).

We note also that enforcing any kind of radius prior within a retrieval constricts
and introduces a bias to the inferred effective temperature. Thus, constraining
the model prior of both radius and temperature, this will have a knock-on effect
of potentially biasing other model factors such as the cloud parameters. Future
work could explore retesting the retrievals we carried out within this study using
a flat prior to explore and map these biases.
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4.6.7 | Temperature-pressure profile

Retrieval studies have employed a diverse selection of temperature-pressure
profiles. Early approaches, for solar system objects, retrieved the temperature
in every layer within the model (Irwin et al., 2008, Rodgers, 2000). A similar
approach was adopted in early exoplanet (Lee et al., 2012) and brown dwarf
retrievals (Line et al., 2014). However, such an approach is too flexible
and high-dimensional for low quality data such as that for directly imaged
exoplanets. As such, more recent studies employ temperature-pressure profiles
which retrieve temperature at a selected number of pressures (altitudes) which
are then connected via linear, spline, or other types of interpolations (Waldmann
et al., 2015a, Kitzmann et al., 2020, Line et al., 2015). This greatly reduces the
number of free parameters in the fit but lacks the physically motivated constraints
of self-consistent modelling. Therefore, more physically motivated temperature
pressure profiles have also been developed and routinely employed. A common
example of this is the two stream profile (Guillot, 2010). The Madhusudhan
and Seager (2009) profile is a further example, allowing for a parameterisation
of the atmospheres that permits or excludes temperature inversions (which can
often been seen in hot-jupiter atmospheres). The Madhusudhan and Seager
(2009) profile has often been employed for retrievals studies encompassing brown
dwarfs (Burningham et al., 2021, Gonzales et al., 2020, Burningham et al.,
2017) and directly-imaged exoplanets. Mollière et al. (2020) outlines a similar
approach, which constrains a physically motivated profile split into different
altitude sections. Many studies, particularly of transmission spectroscopy, simply
employ an isothermal profile as these studies probe a thin layer of the atmosphere
(Edwards et al., 2020, Skaf et al., 2020, Pluriel et al., 2020).

Given the diversity of approaches, choosing the most appropriate profile is
difficult. Retrieval studies of brown dwarfs and directly-imaged exoplanets
have also demonstrated a trend of using flexible temperature-pressure profile
parameterisations to produce a very isothermal structure to account for cloud
opacity (Mollière et al., 2020, Burningham et al., 2017). As such, we elected to
employ a temperature-pressure profile from Lavie et al. (2017) that is physically
motivated but still restrictive enough that it would not permit such behaviour.
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While we retrieved adiabatic profiles via this parameterisation, this approach may
be overly restrictive. A comparison using several of the different possible profiles
with the same data is an important next step to explore the biases which different
temperature-profile choices may introduce to the overall results. We certainly see,
for example in the case of HR 8799e, that the Mollière et al. (2020) study retrieves
a more isothermal profile than that retrieved in our study. However, Burningham
et al. (2021) demonstrated the corrective power of mid-IR data, where the same
Madhusudhan and Seager (2009) parameterisation within the retrieval adopted
an adiabatic gradient compared to the earlier Burningham et al. (2017) study.
Retrievals on high quality, and broadband data, should lead to a convergence
of different parameterisations to the same profile, even with differing degrees of
flexibility being permitted.

4.6.8 | Chemical equilibrium vs disequilibrium: com-

paring retrieved abundances to TEA

Comparing our retrieved abundances to those predicted by an equilibrium model
such as TEA can potentially yield evidence for disequilibrium chemistry in our
low-gravity, L dwarf sample. Figure 4.16 shows the comparison of our retrieved
molecular abundances to those predicted by TEA.

CH4 has been a molecule of focus, with a depletion of CH4 seen in mid-late L
dwarfs. This depletion may be caused by disequilibrium chemistry driven by
significant vertical mixing of cooler CH4-rich gas regions with warmer CO-rich
gas regions (Barman et al., 2011a, Zahnle and Marley, 2014, Miles et al., 2018,
Barman et al., 2011b). However, for VHS1256b, PSO 318, HR8799c, d and e, the
constraints on CH4 abundances are too loose to to constrain whether or not the
atmosphere is in chemical equilibrium or disequilibrium. This is largely due to
the retrieval’s inability to robustly probe clear CH4 features in the data. In the
case of Beta Pic b, our retrieved abundance for CH4 is consistent with predicted
by TEA, indicating a chemical state of equilibrium which matches the findings of
Nowak, M. et al. (2020). In particular, Nowak, M. et al. (2020) find that the the
impact of their retrieval quench point was negligible, indicating that their model
did not require disequilibrium chemistry.

– 144 –



Chapter 4. Retrieval study of low surface gravity L dwarfs

Figure 4.16: Retrieved isoprofile abundances (solid lines) compared to TEA
abundance profiles (dashed line).
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4.6.9 | Consistency between retrieval codes?

We analyse data from Beta Pic b and HR 8799e which has been previously
explored by retrieval approaches but which employed equilibrium chemistry
combined with a quench pressure to account for disequilibrium chemistry present
within these exoplanets (Nowak, M. et al., 2020, Mollière et al., 2020). On
the other hand, we used a free chemistry retrieval approach with isoprofile
abundances. Despite these differing approaches, we derive results largely
consistent with other retrievals. Encouragingly, we derived a C/O ratio for HR
8799e consistent with that from Mollière et al. (2020). In the case of Beta Pic b,
we derived a C/O value slightly lower that of Nowak, M. et al. (2020) seemingly
due to a high abundance of CO2 retrieved. The C/O ratio has been used as an
important constraint on formation mechanisms for these objects. Thus, robust
determinations of C/O from different modelling approaches are mandatory to test
formation mechanism.

4.6.10 | C/O ratio as a formation tracer

Model fit C/O values for exoplanets are increasingly being used to make
predictions about the formation pathways. Measurements of the C/O ratio for
low surface gravity objects are shown in Figure 4.17. We tested the consistency of
C/O values between different modelling codes and approaches while also providing
a retrieval C/O value for PSO 318 and VHS 1256 b. We also find that our retrieved
chemistry, and by extension C/O, is largely independent of which cloud model
or species is being employed, consistent with the results of Burningham et al.
(2021) and Mollière et al. (2020). One flaw with determining C/O via retrievals
is that the impact of cloud condensates on this characteristic are neglected.
Silicate clouds remove some of the O from the atmosphere, which could lead
to some uncertainties on the true atmospheric C/O. However, Burningham et al.
(2021) suggest that the impact of condensates are negligible due to the position
of the observable photosphere relative to the condensation zone for L dwarfs.
We can therefore adopt the current values for L dwarfs with a reasonable degree
of confidence, and begin to probe trends in C/O ratio as a function of a given
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Figure 4.17: Currently inferred C/O ratios for low surface gravity objects.

object’s separation from its host star. The current tentative trend, shown in
Figure 4.17, may indicate an increase in C/O with increased separation. It has
been suggested that the impact of ice lines relative to formation location is an
important driving factor for this characteristic, showing that C/O of both solid
and gaseous material within a formation disk increases with separation (Öberg
et al., 2011).

4.6.11 | Importance of K band

Similar to the discussion in Lavie et al. (2017), we see the importance of the
K band spectroscopy for the retrieval analysis. Its importance for deriving the
inferred C/O ratio cannot be overstated, given the CO and CH4 features present
in this wavelength range. Konopacky et al. (2013) first demonstrated the power of
K band spectroscopy in regards to probing C/O while Lavie et al. (2017) outlined
how the omission of K band spectroscopy hampered their ability to meaningfully
retrieve carbon chemistry. The studies of Nowak, M. et al. (2020) and Mollière
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et al. (2020) also demonstrate the power of the GRAVITY K band data in regards
to probing formation and chemical disequilibrium. In this study we see the impact
of high vs low SNR in the data employed. For example, with HR 8799 c and d we
see an inability to properly constrain the presence and expected abundances of
CO, resulting in questionable C/O ratios for these exoplanets. This is in contrast
to the other objects where we employed K band spectroscopy with high SNR,
where we experience no such issues.

4.6.12 | Outlook to future work

Despite the novel results now being produced by retrievals of directly imaged
exoplanets and brown dwarfs, there are still many improvements to be made and
tests to be carried out. As alluded to previously, the selection of temperature-
pressure profile can have a significant impact on the retrievals results. Therefore,
an in-depth comparison of the various temperature-pressure approaches outlined
earlier should be explored using both high and low quality data set to explore
biases and map the impacts of differing assumptions. Combining data presented
challenges within this study. This practice is becoming common due to the desire
to use as much data as possible over the widest available wavelength range.
However, a common problem is the biasing of the retrieval to the highest SNR, or
highest resolution, section of data. Exploring different ways of combining data,
particularly including single band photometric points, will be an important area
to explore in the future.

It will be key to further explore different cloud parameterisations within retrievals.
For example, we explored heterogeneous cloud coverage using a simple linear
combination of cloudy and cloudless models. All other parameters were the same
for these models, however, it is unlikely this is truly the case. Testing a diverse
set of temperature-pressure profiles in the cloudy and cloudless regions of the
atmosphere warrants further exploration. L and M band spectroscopy will aid
this endeavour, as these wavelength regions may bear signatures of fractional
cloud properties. This will also be assisted by ongoing and future variability
monitoring of L dwarfs in different spectral bands which may offer definitive
proof or further compelling evidence for the presence of patchy clouds.
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Mid-IR spectroscopy will be a treasure trove for unlocking the cloudy mysteries
of L dwarfs. Specifically, we will be able to probe multi-layer cloud structures and
constrain multiple species (Burningham et al., 2021). Such data will hopefully
become available for many of the objects included in this study courtesy of JWST.

More measurements of dynamical masses for young, low-surface gravity objects
will lead to the ability to more more confident constraints on the chemical makeup
of these objects. By placing a dynamical constraint on mass we strongly constrain
the surface gravity and by extension metallicity.

New instrumentation will prove vital for improving retrievals. For example, higher
resolution data from VLT-CRIRES+ and JWST will offer chances to combine
retrieval analysis with cross-correlation analysis (Brogi and Line, 2019, Patapis
et al., 2021). Future instrumentation, such as GPI2 and SPHERE+, may lead to
further discoveries of the class of objects which is the focus of this study. Such
discoveries may allow for a more in depth demographic look the properties of gas
giant exoplanets by increasing the sample pool.

4.7 Summary

We apply TauREx3 to six low surface gravity L dwarf spectra. Our sample
of objects includes PSO 318, VHS 1256b, HR8799cde and Beta Pic b. We
test TauREx3’s cloud capabilities using this sample, namely an Mie opacity
approximation regime from Lee et al. (2013) and a more rigorous species
dependant Mie opacity regime from Bohren & Huffman. We also tested an
exponential potential vs a lognormal particle size distribution for our Bohren &
Huffman mie opacity. The main results of our L dwarf sample retrieval analysis
are:

• We show a Bayes Factor preference for clouds to be included in the retrieval
for all our objects.

• For each object, we have a Bayes factor preference for the Bohren &
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Huffman mie opacity over the Lee et al. (2013) mie opacity approximation
regime.

• We are unable to clearly distinguish a preference for a cloud species for any
of our objects.

• We are unable to tightly constrain a particle size distribution for any of our
objects and we cannot identify a clear preference for either the "cloud" or
lognormal distribution types.

• We are able to well constrain the cloud top pressure but unable to place
such constraints on the cloud bottom pressure.

• We derive radii > 1Rjup for all our objects but this is likely due to the
enforcement of a 1.2 ± 0.1 Rjup prior.

• We derive retrieval C/O ratios for PSO 318 (0.44+0.05
−0.06) and VHS 1256 b

(0.83+0.04
−0.04) for the first time.

• We derived unexpectedly low C/O ratio ratios for HR 8799c and d, likely
due to incorrectly retrieved chemical abundances stemming from systematic
issues in the GPI K band spectroscopy for these objects.

• We demonstrated spectral fitting issues which arise when combing data of
differing resolutions or SNRs.

• We tested fractional cloud coverage with our retrievals generally showing a
preference to converge to a coverage ∼97-100%.
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5.1 Introduction

Jame Webb Space Telescope (JWST) (Gardner et al., 2006) will soon provide
novel observing capabilities, opening up new mid-IR wavelength regions and
offer medium resolution capabilities with the benefits of space based observing.
Specifically, it will offer unparalleled potential for characterising low surface
gravity brown dwarfs and gas giant exoplanets. JWST (Gardner et al., 2006) will
define a new era for astronomy. By combining the spectroscopic capabilities of the
Mid Infrared Instrument (MIRI) (Rieke et al., 2015a, Wright et al., 2015, Bouchet
et al., 2015, Kendrew et al., 2015, Boccaletti et al., 2015, Wells et al., 2015, Rieke
et al., 2015b, Ressler et al., 2015, Glasse et al., 2015, Gordon et al., 2015) and
Near infrared Spectrograph (NIRSpec) 1, we will be be able to rigorously detect
and catalogue atmospheric spectral features from ∼ 0.5−28µm. This wavelength
coverage will offer the ability to probe new chemical features, chemical state and
cloud signatures (Luna and Morley, 2021).

Currently, most studies of low surface gravity brown dwarfs and gas giant
exoplanets have been limited to ∼ 0.9 − 4µm spectroscopy (Macintosh et al.,
2015, Zurlo et al., 2016, Samland et al., 2017, Chilcote et al., 2017, Rajan et al.,
2017, Gravity Collaboration et al., 2019, Nowak, M. et al., 2020, Miles et al., 2020,
Liu et al., 2013, Miles et al., 2018, Greenbaum et al., 2018, Ingraham et al., 2014,
Burgasser et al., 2010, Zhang et al., 2021) combined with photometric points at
wavelengths <5µm. There is also currently a very limited amount of spectroscopic
data with R > 500 (Konopacky et al., 2013, Wang et al., 2021). Therefore, we
cannot robustly characterise the true chemical state of the atmospheres of these
objects. Such constraints will prove invaluable as the chemical makeup of these
atmospheres is increasingly used to trace back the formation pathways of such
objects using ratios such as C/O and N/O (Öberg et al., 2011, Öberg and Bergin,
2021, Cridland et al., 2020, Schneider and Bitsch, 2021).

Numerous JWST Early Release Science (ERS), Guaranteed Time Observation
(GTO) and Guest Observer (GO) programs planned will explore the atmospheric

1https://jwst-docs.stsci.edu/near-infrared-spectrograph
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characteristics of substellar objects. However, the behaviour and capability of our
model fitting approaches when applied to such novel data is still unknown. These
programs seek to answer science questions such as: What is the exact chemical
makeup of their atmospheres? Are these atmospheres in a state of chemical
equilibrium or non-equilibrium? What cloud condensate species and structures
are present? Can we robustly constrain the true temperature-pressure structure
present? Can we use precise and robust chemical ratio measurements, such as
C/O and N/O, to trace back the formation stories of these objects?

Retrievals, where a flexible forward model attempts to best fit an observed
spectrum whilst guided by Bayes theorem, will be a key tool to characterise these
objects using JWST data, building upon their application to currently available
data (Lavie et al., 2017, Kitzmann et al., 2020, Line et al., 2015, Burningham
et al., 2017, Lee et al., 2013, Line et al., 2017, Zalesky et al., 2019). Recent
retrieval studies have shown the power of using ground based data with R ∼ 500

(Nowak, M. et al., 2020, Mollière et al., 2020) to probe C/O and disequilibrium
chemistry while Burningham et al. (2021) demonstrating the power and impact
of employing high SNR data covering mid-IR wavelength regions in relation to
constrain L dwarf cloud properties.

In this work we will investigate the capabilities of the retrieval method when
applied to simulated JWST data of a cloudless T dwarf and cloudy L dwarf. We
seek to test the extent to which our retrievals can extract the input chemistry
along with other characteristics such as the temperature pressure profile, mass
and radius. In Section 5.2 we outline how we create our simulated observations
and how we set up our retrievals. We then outline our main results in Section
5.3. We discuss these results and outline our plans for future work in Section 5.4

5.2 Method

We perform this test by first employing the forward modelling tool Exo-REM
(Charnay et al., 2018, Baudino et al., 2015, Blain, D. et al., 2021) to produce
a self consistent forward models of low surface gravity brown dwarfs based on
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JWST Simulation

ExoREM Model

Pipeline

TauREx3 Retrieval

Figure 5.1: Flowchart outlining project overview and methods process.

the characteristics of VHS 1256 b and Ross 458 c. These characteristics are
outlined in Section 5.2.1. The simulations of NIRSpec and MIRI observation
were created using the JWST Exposure Time Calculator (ETC) and Mid-Infrared
Instrument Simulator (MIRISim). We have chosen these "mock" objects as these
are an JWST Early Release Science (VHS 1256b, ID: 13862) and Guaranteed
Time Observation (Ross 458 c, ID: 12773) targets. This will also allow us to test
a retrievals response to a benchmark example of a cloudy L dwarf and a non-
cloudy T dwarf. We used TauREx3 to perform the retrieval analysis of the mock
observations. Figure 5.1 outlines the overall process followed for this study. Our
main focus was testing how successfully the retrieval can extract the chemistry of
the input Exo-REM model. We outline the various components of our analysis
in the following subsections.

5.2.1 | Simulated Objects

2https://www.stsci.edu/jwst/science-execution/approved-programs/dd-ers/
program-1386

3https://www.stsci.edu/jwst/science-execution/program-information.html?id=
1277
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5.2.1.1 | A cloudy L dwarf: VHS 1256 b

VHS 1256b is a low surface gravity, very red, late-L dwarf companion of the M
dwarf VHS1256-1257 with a wide 8" separation (Gauza et al., 2015, Stone et al.,
2016). Given its favourable separation and its characteristic similarities with
many young directly imaged exoplanets, such as the HR8799bc planets (Bonnefoy
et al., 2016), VHS 1256b is an ideal laboratory to test giant exoplanet atmospheric
models. Rich et al. (2016) showed evidence of thick cloud coverage on this object.
VHS 1256b is amongst the most variable substellar objects known with variability
amplitudes of >25% over an 8-hour long HST observation (Bowler et al., 2020),
likely due to the presence of evolving patchy clouds. Miles et al. (2018), via L
band spectroscopy, presented evidence of a Methane absorption feature.

5.2.1.2 | A cloudless T dwarf: Ross 458 c

Ross 458 c is a low surface gravity, cool T dwarf. It is a wide orbit companion
to the M0.5+M7 binary system Ross 458AB with a separation of 1168.0 AU
(Goldman et al., 2010, Burningham et al., 2011). Spectral analysis from
Burningham et al. (2011) derived an effective temperature of ∼695K, a surface
gravity of log(g)=4.0-4.7, a mass of 5-20 MJup, and a spectral type of T8.5p.
Burningham et al. (2011) also found evidence of CO-CO2 non-equilibrium
chemistry. Both Burgasser et al. (2010) and Burningham et al. (2011) provided
evidence for the presence of condensate cloud species. However, to test a simple
cloudless model within our analysis scheme, we neglected to include any cloud
condensates for the simulated data of this object.

5.2.2 | Exo-REM Model

Our input models were obtained using the self-consistent 1D radiative-equilibrium
model Exo-REM4 (Charnay et al., 2018, Baudino et al., 2015, Baudino et al.,
2017, Blain, D. et al., 2021). Table 5.2 outlines the bulk parameter inputs.

4Exo-REM 2.2.0: https://gitlab.obspm.fr/dblain/Exo-REM

– 155 –

 https://gitlab.obspm.fr/dblain/Exo-REM


Chapter 5. JWST and retrievals

Our Exo-REM models assume no external light source, and solar elemental
abundances (Lodders, 2019). Species abundances are determined using non-
equilibrium chemistry (see Blain, D. et al., 2021, for details about the Exo-
REM implementation). The atmosphere is modelled using the plane-parallel
approximation with 81 levels uniformly spaced in log-space between 102 and 10−6

bar. The modelled emission spectra are calculated from 40 to 30000 cm−1 (0.3
to 250 µm) with a step of 20 cm−1 and includes the gas opacities of H2O, CH4,
CO, CO2, NH3, H2S, HCN, PH3, K, and Na. HCN was excluded for VHS 1256 b.
Collision-induced absorption of H2–H2, H2–He and H2O–H2O was also included.

For Ross 458 c we assumed a cloudless atmosphere. For VHS 1256b we included
absorption and scattering by clouds – calculated from the extinction coefficient,
single scattering albedo, and asymmetry factor interpolated from pre-computed
tables for a set of wavelengths and particle radii (Charnay et al., 2018). For
simplicity, only the radiative and opacity contributions of Mg2SiO4 – assuming
Cfrac = 0.99 – were included. The vertical distribution of the cloud masses are
modelled following the approach of Ackerman and Marley (2001), which assumes
an equilibrium between the cloud condensation and sedimentation, determined
by the vertical eddy diffusion coefficient Kzz and the parameter fsed. In all our
Exo-REM models, we assumed fsed = 2 for VHS 1256 b, with Kzz set at 108 for
both objects. For our Exo-REM models, the metallicity [M/H] and C/O was set
to solar.

5.2.3 | MIRI simulations

In order to produce simulated observations of the two objects for the MRS,
the MIRI Instrument Simulator (Klaassen et al., 2021, MIRISim) is used. The
simulator takes as input the observation parameters, instrument configuration
and the spectra of the astronomical objects in the scene, to produce the same
data product as the real instrument. The simulation incorporates instrument
specifications such as the spatial and spectral resolution, photon to electron
conversion efficiency, wavelength coverage and point spread function. It simulates
instrumental effects such as geometric distortion and detector fringing, as well as
detector level noise components of photon noise, readout noise, dark current, pixel
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Figure 5.2: Simulated JWST spectra of VHS 1256 b and Ross 458 c
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Figure 5.3: MIRISim simulated data of VHS1256 b (left) and ROSS 458 ABc
(right) after processing them with the JWST pipeline.

gain and non-linearity of the detector ramps.

We adopt the observation parameters from the corresponding APT file of the
Guaranteed Time Observation (GTO) program for Ross 458 ABc , and Early
Release Science (ERS) program for VHS 1256 b. The parameters include the
number of groups per exposure, number of exposures and dither pattern. Since
both targets are isolated from their host star(s), the companion is placed in the
centre of the Field of View (FoV) itself. The observations of ROSS458 ABc will
use 200 groups/integration with a two point dither pattern for all MRS Channels,
for a total exposure time of 3300 seconds. The observations of VHS1256 b will
use 260 groups/integration and the two point dither pattern as well, for a total
exposure time of 4332 seconds. Dithering ensures that the MRS is properly
sampled in both the spatial and spectral coordinates. The Exo-REM modelled
spectra described in Section 5.2.2 were used as input for the simulator.

The output of MIRISim consists of a series of FITS files with uncalibrated Level 1
data. These files can directly be fed to the JWST pipeline5 where three stages of the
pipeline process the MRS data to produce the reconstructed and photometrically
calibrated data cubes (Labiano-Ortega et al., 2016). In Figure 5.3 a slice of the
processed data is shown for MIRI’s sub-band 1A over a small wavelength range.

The output spectrum of the MIRISim possesses discontinuities due to various

5https://jwst-pipeline.readthedocs.io/en/latest/
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different instrumental effects. As such, a calibration step is required. We simply
scale the MIRISim flux back to the flux scale of the input Exo-REM model. The
is done using a linear interpolation of the ExoREM model to the wavelength
grid of MIRI. Such a process will not be possible for real observations, where
we will instead make use of calibration observations/libraries to understand
the relative behaviour of the instrument once it is launched and commissioned.
Spectrophotometric calibration observation during commissioning should yield
an accuracy around 10%. Additionally, one could use the wavelength overlap
between the bands to correct for systematic offsets. The process of spectrum
“stitching” is still under development and will be finalised during commissioning.
The final simulated MIRI spectroscopy is shown in Figure 5.2.

5.2.4 | NIRSpec simulations

In order to generate simulated observations of our two targets for JWST NIRSpec
we have employed the JWST Exposure Time Calculator 6 (ETC) which is built
upon Pandeia (Pontoppidan et al., 2016). There is currently no publicly available
instrument specific simulator for NIRSpec. The ETC, much like MIRISim,
produces simulated spectra using a combination of observation parameters,
instrument setup and modelled spectral input of the object of interest. Unlike
MIRISim, however, this simulator does not fully replicate the observational data
products from real observations. There was therefore no need for the JWST
pipeline to be used in this instance.

The ETC employs a pixel-based 3-dimensional approach to simulate a small user-
defined scene. It accounts for spatial and wavelength dimensions, making used
of realistic point spread functions produced via WebbPSF (Perrin et al., 2015)
for each instrument mode. The ETC accounts for effects such as correlated
read noise, inter-pixel capacitance and saturation. Via the signal and noise
modelling for each pixel, the ETC replicates many of the real steps that will
be performed when reducing and calibrating the real JWST observations (JWST
ETC User Documentation, 2022). As such, this is an ideal tool for the purposes
of our analysis, offering an efficient platform producing realistic signal-to-noise

6https://jwst-docs.stsci.edu/jwst-exposure-time-calculator-overview
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simulations of our ERS and GTO targets.

Within the modeled scenes, the ETC includes sources of noise such as cosmic rays
and the interstellar medium. Within our simulations, we elected for the medium
option of background noise. We again adopted the observational parameters
specified in the relevant GTO and ERS program APT files.

For VHS 1256 b (ERS target) we used 36 groups/integrations for each filter and
grating combination along with a two point dither pattern. The grating/filters
used are G235H/F170LP, G395H/F290LP and G140H/F100LP which a total
combined observation time of 3238.7 seconds.

For Ross 458 c (GTO target) we used 10 groups/integrations for PRISM/-
CLEAR grating/filter combination with 2 integrations per exposure. For the
G395H/F290LP grating/filter combination we also used 10 groups/integrations
with only one integration per exposure. These strategies also made use of
a two point dither pattern. In total these Ross 458 c observations tally to
1838.2 seconds. Both the VHS 1256 b and Ross 458 c observations employ the
NRSIRS2RAPID readout pattern.

We employed the same scaling calibration approach for the simulated NIRSpec
observations as was employed for the MIRI simulation (which are outlined in
the previous subsection). The final simulated NIRSpec spectroscopy is shown in
Figure 5.2.

5.2.5 | TauREx3 setup

For our retrieval analysis we employed TauREx3 (Al-Refaie et al., 2019) Using
MultiNest, we sampled the parameter space using 3000 live points at a sampling
efficiency of 0.8. We employed a relatively inflexible temperature-pressure profile
for this study which follows the same parameterisation outlined in Lavie et al.
(2017). This was in order to reduce the dimensionality of our retrievals in order
to reduce retrieval run times. This profile acts to enforce a radiative equilibrium
gradient. We assume a hydrogen dominated atmosphere with a H2 and He mixing
ratio He/H2 = 0.17567. We consider a model atmosphere with pressures ranging
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Table 5.1: Priors used for retrieval analysis.

Retrieved parameter Distribution Type Ross 458c VHS 1256b
log(Active Species) Log-Uniform 1e-12 - 1e-1 1e-12 - 1e-1

Radius,R Uniform 0.5 - 2.0 RJup 0.5 - 2.0 RJup

Mass,M Uniform 1-40 MJup 1-40 MJup

Tint Uniform 10, 2000 K 10, 2000 K
κ0 Log-Uniform 1e-15 - 1 1e-15 - 1 (msk)
rc Log-Uniform - 0.1 - 1000 µm
χ Log-Uniform - 1e-20 - 1e-4

Ptop Log-Uniform - 1e-3 - 5e2 bar
Pbottom Log-Uniform - 1e-3 - 5e2 bar

σ Uniform - 1.01 - 3
Cfrac Uniform - 0-1

from 10−3 to 500 bar, with 100 layers uniformly sampled in log-space. In our study
we include the line lists for H2O, CO, CO2, CH4, NH3, H2S, PH3, HCN, Na and
K as these are the molecules included in our input Exo-REM model. Collision
induced absorption (CIA) of H2–H2 and H2–He (Abel et al., 2011, Fletcher et al.,
2018, Abel et al., 2012) is also included. In this work we do not use linear scaling
factors as our mock data is calibrated such that there are no discontinuities (see
Section 5.2.3). The priors and prior bounds set for the retrieval analysis performed
in this study were all uniform or log-uniform. See Table 5.1 for a full overview
of the priors set. We adopted wide priors for the radius of 0.5-2.0RJup and mass
of 1-40MJup in order to investigate the retrieval’s ability to correctly constrain
these parameters given the extensive and novel wavelength coverage without the
bias of Gaussian priors. For the distance we set this parameter to the literature
values used for the observation simulations. In the case of VHS 1256 b we used
the BH Mie scattering model (Bohren and Huffman, 1983) within TauREx3 using
the refractory indices of Mg2SiO4 with a lognormal particle size distribution.
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5.3 Results

In the following subsections we outline the results of our retrieval analysis of the
mock JWST observations. We note here that we tested a retrieval on only MIRI
simulated data followed by a retrieval of both the MIRI and NIRSpec simulated
data combined. The overall results are shown in Table 5.2 as well as the corner
plots shown in Figures 5.11 and 5.12.

5.3.1 | Ross 458 c

For Ross 458 c we obtain reasonable fits to the simulated data, both when using
the MIRI simulation alone and when it was paired with the NIRSpec simulations.
This is shown in Figures 5.5 and 5.4. We note, however, that the goodness of
the fit from 1-2.5µm suffers due to lower resolution of the spectral data in this
wavelength region. This is due to the retrieval prioritising the wavelength regions
with higher resolutions in order to maximise the Bayesian evidence.

There is a slight continuum misalignment visible when only MIRI mock data is
fit, in the ∼9.5-12µm wavelength region in Figure 5.4. The retrieval is unable to
correctly fit the depth of a CH4 feature present at ∼7.7µm for both simulated
Ross 458 c retrieval inputs.

In neither case of of the two retrievals of the mock Ross 458 c data was the retrieval
able to successfully constrain a value for mass. In both cases the retrieval result
simply converged to the upper boundary of uniform prior space (40MJup) acting
to push the derived surface gravity much higher than the input model. However,
the retrievals did constrain a radius value successfully. When using both the
NIRSpec and MIRI mock data, the retrieval returned a value of 1.1RJup very
close to with the 1.12RJup value set in the input Exo-REM model. The retrieval
was not as successful when only MIRI data was used, instead retrieving a radius
of 0.98RJup.

The overall retrieved molecular abundances compared to mock data molecular
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input was successful in most cases. This is shown in Figure 5.7 and 5.8. CO2 is
incorrectly constrained when retrieving using both NIRSpec and MIRI simulated
data, likely due to incorrectly fitting the CO2 features in the lower resolution
PRISM/CLEAR data points for NIRSpec. We see in the case of H2S that
NIRSpec data is needed in order to derive a tight posterior as shown in Figure
5.12. The posteriors of Na and K both acted to converge to the bottom end of the
abundance prior space in the case of combining MIRI and NIRSpec data. Figure
5.12 clearly shows that the posteriors shift when NIRSpec data is added to the
retrieval. Many molecules move towards the input truth such as CO and CH4.
However, the addition of NIRSpec data acted to move some posteriors further
from the input truth such as H2O and CO2. It is crucial to note here that this,
again, could be a symptom of different data resolutions across the NIRSpec data,
where the retrieval will prioritise G395H/F290LP grating/filter data over that of
PRISM/CLEAR in order to maximise log(Ev).

Neither retrieval for Ross 458 c was able to correctly retrieve the input solar C/O
ratio. In the case of the retrieval using only MIRI data, the retrieval did derive
a metallicity consistent with the input model, while the retrieval with NIRSpec
and MIRI simulated data overestimated the metallicity when applied to both
NIRSpec and MIRI data.

The retrieved temperature-pressure profile for the simulated Ross 458 c data,
shown in Figure 5.13, is offset by ∼100-600K in temperature compared to the
input Exo-REM model. Employing NIRSpec and MIRI combined vs only MIRI
simulated data did not have an impact on the temperature-pressure profile, as
both of these retrieved profiles almost perfectly overlap.

5.3.2 | VHS 1256 b

For VHS 1256b we again obtain good fits to most of the simulated data, both
when using the MIRI simulated data alone and when paired with the NIRSpec
simulated data. This is shown in Figures 5.4 and 5.6. We see, however, that the
goodness of the fit from 0.95-1.3µm is poor. This mismatch could be due to a
mismatch in alkali cross sections between the input model of Exo-REM and the
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retrieval model of TauREx3.

For VHS 1256 b, we again find that the retrievals are unable to constrain a
mass value. In both cases the retrieval result simply converged to the upper
boundary of uniform prior space(40 MJup). This again acted to push the derived
surface gravity log(g) to a much higher value than the input model. However,
the retrievals did again constrain a radius value successfully. These values of
0.96RJup and 0.97RJup are higher than the 0.9RJup value of the input Exo-REM
model. This also suggests the accuracy of the retrieval did not benefit at all from
the addition of the NIRSpec data where the radius barely changed and actually
acted to converge further from the true input value.

The overall retrieval of molecular abundances compared to simulated data
molecular input was again reasonably successful in most cases. This is shown
in Figure 5.9 and 5.10. We see in this case that the combination of NIRSpec
and MIRI simulted data acted to sharpen the posteriors of many molecular
abundances, such as CH4, PH3 and H2S, leveraging the spectral information
encoded in the more feature rich NIRSpec simulated data. We see that NH3 is
poorly constrained, especially in the case of retrieving via the combined NIRSpec
and MIRI simulated data. The retrieval greatly underestimates the abundance,
likely due to the inability to make use of the NH3 features which has been flattened
out due to the presence of a cloud opacity. Generally, however, the addition of
NIRSpec data acted to push the retrieved abundances closer to that of the input
model. For the simulated data of VHS 1256b, we encounter issues with the
retrieved abundance for Na and K. First, when using only MIRI simulations we
obtained a K abundance that was much higher than that of the input model.
Then, in the case of the NIRSpec and MIRI simulation combination we retrieved
a Na abundances that was much higher than than input Exo-REM model. This
could be caused by the difference in the treatment of alkali cross sections.

The retrieval for VHS 1256b, which included both MIRI and NIRSpec simulated
data, derived a C/O ratio of 0.59 which is close of that of the input value of 0.55
. However. the retrieval underestimated the C/O ratio when only using MIRI
simulated data as an input. Both retrievals of VHS 1256 b overestimated the
metallicity, deriving values inconsistent with the input.
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The retrieved temperature-pressure profile for the simulated VHS 1256 b data,
shown in Figure 5.13, shows than when both NIRSpec and MIRI data is retrieved
we get almost an exact match in profiles. In the case of solely employing MIRI
simulated data, we see a significant mismatch at higher pressures.

For VHS 1256 b’s retrievals, given the difference in cloud modelling approachs
between Exo-REM’s input and TauREx3’s retrieval, it is difficult to make a
like-for-like comparison of cloud parameters. However, there are two common
parameters between the models: the cloud fraction Cfrac and cloud particle radius
rc . We see that the cloud coverage fraction of the retrievals significantly varies
from that of of the input model as shown in Table 5.2. Our retrievals were also
incapable of constraining a cloud particle radius, with these values also shown in
Table 5.2.

5.4 Discussion

5.4.1 | Our results

We have shown the power that JWST will offer retrieval models in terms of
tightly constraining a diverse chemical catalogue for giant exoplanets and brown
dwarfs. The retrieval output generally closely matches the molecular chemistry
of the input model. However, while we derive precise constraints, they are not
necessarily universally consistent with the input model. There are a number
of factors which could motivate this result such as slightly differing input cross
sections. These mismatches do, however, represent the unavoidable mismatches
that will inevitably be present between the theoretical models and the real
data which JWST will provide. A good example is the temperature-pressure
profile mismatch for Ross 458 c, despite the huge wavelength coverage and
high quality of the simulated data. Degeneracies likely played a key role here,
such as temperature’s degeneracy with radius. Thus, these mismatches offer a
invaluable insight into model behaviours and highlight areas where caution should
be exercised. Retrievals, when applied to real JWST data will inevitably present
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Figure 5.4: Retrieval fits of MIRI simulated observations of Ross 458 c and VHS
1256 b. These fits were performed using only MIRI simulations.
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Figure 5.5: Retrieval fits of NIRSpec and MIRI simulated observations of Ross
458 c. These fits were performed using the combination of NIRSpec and MIRI
data.
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Figure 5.6: Retrieval fits of NIRSpec and MIRI simulated observations of VHS
1256 b. These fits were performed using the combination of NIRSpec and MIRI
data.
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Figure 5.7: Molecular abundance profiles from simulated Ross 458 c observations
via Exo-REM (dashed line) and the retrieved molecular abundance isoprofiles.
This result is using simulated MIRI data only.
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Figure 5.8: Molecular abundance profiles from simulated Ross 458 c observations
via Exo-REM (dashed line) and the retrieved molecular abundance isoprofiles.
This result is using simulated NIRSpec and MIRI data.
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Figure 5.9: Molecular abundance profiles from simulated VHS 1256b observations
via Exo-REM (dashed line) and the retrieved molecular abundance isoprofiles.
This result is using simulated MIRI data only
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Figure 5.10: Molecular abundance profiles from simulated VHS 1256 b
observations via Exo-REM (dashed line) and the retrieved molecular abundance
isoprofiles. This result is using simulated NIRSpec and MIRI data.
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Figure 5.11: VHS 1256 b retrieval posterior comparison.
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Figure 5.12: Ross 458 c retrieval posterior comparison.
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Figure 5.13: Temperature-pressure profiles for simulated observations (black solid
line) with the retrieved profile using only MIRI simulations (dashed non black
line) and profile retrieved using NIRSpec and MIRI simulations (solid non black
line). The 1σ bounds are also plotted but not visible as they are so narrow.
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precise results, which is primarily demonstrated by the minute uncertainties our
retrievals places on many parameters, but which may not represent the absolute
truth. One of the most important areas with which to exercise caution is likely to
be the derived C/O ratio. We see deviation between input model and retrieved
model, but still very precise constraints. Given the weight a C/O ratio is given in
relation to tracing formation, our results suggest that caution should be applied
to these values.

5.4.2 | Future work

5.4.2.1 | Testing different temperature-pressure profiles

We see that our the retrievals were not always able to match the input
temperature-pressure profile (see Figure 5.13. In most cases the temperature
gradient was well matched. However, our retrieval used a temperature-pressure
profile we knew could replicate the gradient trend of the input model, despite only
have two free parameters. Such a simple parameterisation within the retrieval,
however, may not capture the true profile when applied to future data. For this
reason, we will first test if a more flexible parameterisation such as that from
Madhusudhan and Seager (2009) or Mollière et al. (2020) can replicate the input
of Exo-REM. Second, we will test the impact of introducing differing structures,
such as temperature inversions and sharp changes in temperature gradient, to test
how different retrieval parameterisations respond and the possible issues or biases
this could introduce. Another test will be to explore how a more flexible profile
performs with the cloudy simulated data of VHS 1256b. We have often found
that a retrieval employs a more isothermal gradient in order to account for, or
mimic, clouds. However, Burningham et al. (2021) demonstrated the importance
of mid-IR data for breaking this degeneracy. We would aim to show that MIRI
data is crucial for breaking this modelling degeneracy.
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5.4.2.2 | Testing alkali cross sections

We suspect that mismatches in alkali cross sections between the Exo-REM input
and the TauREx3 retrieval resulted in issues for the retrieval of these molecules.
Exo-REM uses the a combination of approaches from Burrows et al. (2000)
and Baudino et al. (2015) for the Na and K cross section. This differs from
our cross section for Na and K which were computed using updated methods
described in Allard et al. (2016) and Allard et al. (2019). Motivated by this,
we will replicate the analysis performed here using the same cross sections setup
for these molecules. However, retrievals commonly encounter difficulties with
these particular molecules. Our analysis, with an alkali cross section mismatch
included, may indicate the possibly issues that will be encountered with real
JWST data.

5.4.2.3 | Retrieving same cloud model

We used differing cloud models for our input model (Fsed) and retrieval model
(Mie scattering). For that reason, we neglected to focus on how the retrieval
extracted the cloud parameters apart from the common component of particle
size and cloud fraction. Retrieving clouds will be a key aim of modelling brown
dwarfs and exoplanets during the JWST era. Therefore, we will explore if we are
able to accurately and precisely retrieve different cloud parameterisations using
simulated JWST data. For this, we will add further cloud models, such as that
from Ackerman and Marley (2001) and Charnay et al. (2018), so we can more
directly compared the same input model and retrieval parameters. Further tests
could involve, for example, exploring the ability of the retrieval to extract differing
types of particle size distributions and cloud species.

5.4.2.4 | Attempting to retrieve multiple cloud layers

Burningham et al. (2021) and Manjavacas et al. (2021) have shown evidence for
the presence of multiple cloud layers in brown dwarfs. Such structures will likely
be present in many substellar objects that will be observed with JWST. Most
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retrievals of substellar objects have employed only a single layer of clouds (Lavie
et al., 2017, Mollière et al., 2020, Gonzales et al., 2020). This will undoubtedly
change in the era of JWST, with multiple cloud layer modelling becoming the
norm. However, the extent to which we can constrain the presence of such
atmospheric structures, using JWST data, is currently unexplored. Therefore, we
will create simulated JWST data sets with cloud layering of different condensate
species, motivated primarily by the results of (Burningham et al., 2021) and
Manjavacas et al. (2021), and explore if a retrieval can accurately and precisely
replicate such a structure.

5.4.2.5 | Retrieving variability?

Variability is a common characteristic of low surface gravity substellar objects
(Vos et al., 2019). Particularly, VHS 1256 b exhibits such significant variability
that it may experience up to ∼ 10% variability during the JWST ERS
observations. Motivated by this, we will explore if retrievals detect this variability
if the dimension of time is added. We would primarily test if evolution in
cloud coverage and structure during the period of a JWST observations could
be retrieved.

5.4.2.6 | Testing NIRSpec by itself

Within our retrieval analysis we tested the simulated data of MIRI plus MIRI
and NIRSpec simulated data combined. However, we have not yet tested
a retrieval solely using NIRSpec data. This test will help to further probe
which wavelength regions are key for different parameters, especially different
molecular abundances. NIRSpec covers the feature dense region of the near and
mid IR while MIRI uniquely covers molecular features inaccessible to NIRSpec.
Therefore, we will probe which characteristics we can constrain using solely
NIRSpec data and demonstrate when the addition of MIRI data proves vital.
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5.4.2.7 | Reducing retrieval run times

Retrievals require a significant amount of computational time. As resolution and
wavelength coverage increases so too do the retrieval run time. The combined
resolution and coverage of JWST, especially when combining MIRI and NIRSpec
data, is extremely challenging in terms of compuational expense. For example,
our analysis of our simulated data of VHS 1256b, combining MIRI and NIRSpec,
took approximately a week to run on 540 cores for a single retrieval. We also
expect that the number of parameters included in retrievals of the real data sets
for this object will likely be higher due to modelling expansions. This could
be due to employing more flexible temperature-pressure profile, additional cloud
layers or condensates, as well as considering characteristics such as variability.
This will act to further increase the computational time, greatly restricting the
ability to run many retrievals. This will place practical limits how much time
can be spent testing and calibrating different model setups, which is common
practice in retrieval studies. Motivated by this, we will explore the impact of
de-resolving JWST data to a lower resolution and testing retrievals using only
windows of the JWST wavelength coverage. We would aim to demonstrate that
accurate retrievals could be performed with less computing time by using a more
computationally efficient approach.

5.5 Summary

Motivated by the imminent data of JWST, we test the ability of retrievals to
characterise brown dwarfs and giant exoplanet chemical catalogues and bulk
parameters. We first used Exo-REM to make a model of Ross 458 c and VHS
1256 b, targets which are included within JWST GTO and ERS programs. Using
these forward models, we employed MIRISim and the JWST ETC to simulate
mock observations of these objects. We then performed retrievals on these mock
observations using TauREx3. The main results of this study are:

• Using ExoREM, we created a forward model of a cloudy L dwarf (VHS
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1256b) and a cloudless T dwarf (Ross 458c).

• Using the ExoREM forward models, we created a simulation of JWST
NIRSpec and MIRI observations for VHS 1256 b and Ross 458c via
MIRISim and the JWST ETC.

• Using TauREx3, we performed a retrieval analysis of this simulated data.

• These retrievals produce very precise, but not always accurate, constraints
on molecular abundances.

• The retrievals encounters issues accurately constraining alkali abundances,
likely due to cross section mismatches between the ExoREM model and
TauREx3 model.

• The retrievals were consistently unable to constrain surface gravity (and by
extension, mass)

• In the case of the VHS 1256b simulated data, which included clouds, the
retrieval was unable to constrain any cloud paramters, likely due to a
modelling mismatch between ExoREM and TauREx3.

• Most retrievals of the simulated data were unable to accurately replicate
the temperature-pressure structure of the input ExoREM model.
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6.1 Summary of chapter 2

Here, we outlined TauREx3 (Waldmann et al., 2015a,b, Al-Refaie et al., 2019),
the Bayesian retrieval code, including several additions and adaptations that were
made in order to accommodate the aims of this work. These included:

• Addition of a new emission flux mode, allowing directly-imaged spectra to
be analysed.

• Addition of an error inflation considerations for the spectroscopic data (Line
et al., 2015).

• Addition of a scaling factor capability to account for potential photometric
inaccuracies or photometric mismatches between difference spectral bands
(Oreshenko et al., 2020, Mollière et al., 2020).

• Addition of 3 new cloud parameterisations includes a power law deck, power
law slab (Burningham et al., 2017) and power law infinity deck.

• Addition of the lognormal particle size distributions for the Mie cloud
opacity parameterisations (Ackerman and Marley, 2001)

• Addition of a fractional cloud consideration.

• Additions of 2 new temperature-pressure structure parameterisations. This
includes the three layer structure outlined in Madhusudhan and Seager
(2009) and the radiative equilibrium structure from Lee et al. (2013) and
Lavie et al. (2017).

6.2 Summary of chapter 3

Here, we presented results for the cool exoplanet 51 Eri b, the first application
of a free chemistry retrieval analysis to this object, using spectroscopic obser-
vations from GPI and SPHERE. While our retrieval analysis is able to explain
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spectroscopic and photometric observations without employing cloud scattering,
we conclude this could be a result of employing a flexible temperature-pressure
profile which is able to mimic their presence. We present Bayesian evidence for
an ammonia detection with a 2.7σ confidence, the first indication of ammonia in
an exoplanetary atmosphere. This is consistent with this molecule being present
in brown dwarfs of a similar spectral type. We retrieve a super-stellar C/O
ratio which tentatively hints at formation via gravitational instability. We also
demonstrate TauREx3’s applicability to sub-stellar atmospheres by presenting
results for brown dwarf benchmark GJ 570D which are consistent with previous
retrieval studies, whilst also exhibiting systematic biases associated with the
presence of alkali lines. Finally, we demonstrate the chemical similarities between
51 Eri b and GJ 570D in relation to their retrieved molecular mixing ratios.

6.2.1 | Future Work

With the implementation of several new cloud paramaterisations in TauREx3,
we will now compare our cloudless analysis from this study to a novel cloud
retrieval study for this object. This will aim to rigorously test if clouds are
statically preferred and how the addition of clouds affects the constraints of the
other parameters such as the chemical abundances. Such work will be enhanced
by the data taken by JWST GTO program 1412, which will observe 51 Eri b via
NIRCam’s Coronagraphic imaging mode.

6.3 Summary of chapter 4

We used TauREx3 for analysis of near-infrared spectroscopy for a sample of
directly imaged gas giant exoplanets and low surface gravity brown dwarfs,
including Beta Pic b, HR 8799cde, PSO 318 and VHS 1256 b. Using this sample,
which spans the L spectral types, we have probed a range of cloud species. We
also explored the implementation of non-uniform clouds and the impact of using
different cloud particle size distributions. We show a Bayes Factor preference for
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clouds to be included in retrieval for all our objects but are unable to clearly
determine a preference for a specific cloud species for any of our objects. This
is linked to the inability to tightly constrain a cloud particle size distribution for
any of our objects. We derive retrieval C/O ratios for PSO 318 (0.44+0.05

−0.06) and
VHS 1256 b (0.83+0.04

−0.04) for the first time. We derived unexpectedly low C/O ratio
ratios for HR 8799c and d, likely due to incorrectly retrieved chemical abundances
stemming from systematic issues in the GPI K band spectroscopy for these
objects. We demonstrated spectral fitting issues which arise when combining
data of differing resolutions or signal-to-noise ratios. We tested fractional cloud
coverage with our retrievals generally showing a preference to converge to a
coverage ∼97-100%. We show that a possible trend in retrieved atmospheric C/O
with separation may exist as predicted by formation disk composition models.
However, this is extremely tentative trend and will require much better C/O
constraints and a more populated parameter space to explore in more detail.
This testing of retrieval frameworks is essential given the upcoming launch of
JWST and the subsequent high-quality data it will provide.

6.3.1 | Future work

This study omitted the inclusion of any photometric points within the retrieval
analysis. Future work will include this data. Our study also enforced a Gaussian
radius prior in each case. Future work could compare results in the case a uniform
prior is used instead. Omitting the problematic K band data points in retrievals
for HR 8799c and d retrievals will also be explored. This study included only
4 molecules within the retrieval, therefore, further analysis will be conducted by
employing further molecules. We also enforced an inflexible radiative equilibrium
temperature-pressure profile for the retrievals within this study. Therefore, future
work could include allowing for a more flexible profile such as the Madhusudhan
and Seager (2009) parameterisation.
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6.4 Summary of chapter 5

We employed ExoREM to create a forward model of a cloudy L dwarf and a
cloudless T dwarf. These models were then run through the JWST ETC and
MIRISim observation simulators in order to create a simulated data set of the
upcoming ERS and GTO spectroscopic observations of VHS 1256b and Ross 458c.
Using TauREx3, we then ran a set of retrievals on this simulated data, primarily
in order to test the precision and accuracy of the retrieved chemistry. We found
that these chemical constraints are often very precise, but not always accurate.
We also encountered issues correctly constraining the alkali abundances, along
with surface gravity (and mass).

6.4.1 | Future work

We employed an inflexible radiative equilibrium temperature pressure profile in
our retrievals of the simulated observations. Future work will explore the ability
of different temperature-pressure profiles, with varying degrees of flexibility, to
correctly match the input ExoREM model. As we encountered issues correctly
constraining the alkali abundances, likely due to cross section mismatches in the
models of ExoREM and TauREx3. We will test this theory by using the same
alkali cross sections in the forward model for the simulations and the retrieval
model. We also didn’t explore if cloud parameters could be correctly constrained,
due again to a model mismatch between ExoREM and TauREx3. Using the same,
or more similar cloud modelling approaches between the observation forward
model and the retrieval model, we will test the retrieval’s ability to constrain the
simulated observation input model’s cloud setup. As an extension of this work,
we will also test the limits of a retrieval’s ability to detect and constrain multiple
cloud layers when using JWST data. For simplicity, VHS 1256b’s extensive
variability was neglected in the observation simulation. However, future work
will test if a retrieval can constrain parameters related to the variability of such
as object, such as an evolving cloud structure or changing cloud coverage. In
our study, we focused on using MIRI data or MIRI data combined with NIRSpec

– 187 –



Chapter 6. Summary and outlook

101 102 103

Separation (AU)

600

800

1000

1200

1400

1600

1800
T e

ff
 (

K)
This proposal
ERS target
GTO target

Figure 6.1: PLATFORM sample of directly imaged planets covers both separation
and temperature, allowing us to systematically approach atmospheric chemistry
and links to formation. Marker size indicates mass.

data. Therefore, future work will test retrievals using only NIRSpec data. Finally,
we will test ways of decreasing the retrievals computational run times. Such tests
will involve using specific spectral windows and/or using de-resolved spectra.

6.5 A JWST GO program: PLanetary Abun-

dance Tracing to constrain FORmation in

the mid-IR - PLATFORM

PIs: Polychronis Patapis, Niall Whiteford, Evert Nasedkin

With no spectroscopic observations for directly-imaged exoplanets beyond 5µm
we are limited in our ability to perform extensive chemical characterisations of
brown dwarfs and exoplanets. Thus, many key questions remain unanswered:

• What is the chemical makeup of exoplanet atmospheres?
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• Can we use their atmospheres to trace the story of their formation?

These questions will remain open until we begin to demographically study this
class of young exoplanets via observations extending to the uncharted mid-IR
range covered by JWST. Using JWST observations, we aim to tell the formation
stories of these objects via the in depth characterisation of novel chemistry which
is only accessible through a space-based mid-IR mission.

Studies (Öberg et al., 2011, Öberg and Bergin, 2021, Cridland et al., 2020)
have attempted to link exoplanet composition back to the protoplanetary disk
environment, as pebble drift and iceline location will lead to regions that are
enriched in certain chemical species. However, such studies lack observational
constraints with which to rigorously test these predictions. By combining disk
formation models with the giant exoplanet atmospheric measurements provided
by this program, we can start to probe their formation histories, possibly even
chemically differentiating between core-accretion and gravitational instability
pathways.

With many past, present and future instruments populating the near-IR with
observations (Biller and Bonnefoy, 2018, Zurlo et al., 2016, Bonnefoy et al.,
2016, Samland et al., 2017, Rajan et al., 2017, Gravity Collaboration et al.,
2019, Nowak, M. et al., 2020, Konopacky et al., 2013, Greenbaum et al., 2018,
Ingraham et al., 2014) JWST is the unique solution to probe the mid-IR range
and will remain so until the mid-IR instruments become available on extremely
large telescopes. The mid-IR offers access to the many novel spectral features. We
propose to use the MIRI Medium Resolution Spectrometer (MRS) to observe the
emission spectrum of a representative sample of 10 planetary mass companions
across a range of separations and temperatures. MIRI is, and will be, the only
instrument to which the mid-IR wavelength range is accessible for at least a
decade to come.

With currently only a small handful of observations with R>500 for some of these
objects making the MRS mode ideal for this program. Therefore, our JWST-
MRS GO program would yield transformative observations and will build on the
Guaranteed Time GTO and ERS direct imaging programs. This would be the
first mid-IR survey of directly-imaged exoplanets, and will provide a wealth of
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data with which to improve atmospheric and formation models.

• Goal 1: Systematically study atmospheric properties across our sample,
quantifying the abundances of carbon and nitrogen bearing molecules
together with silicate condensates.

• Goal 2: Probe the formation history of exoplanets via their chemistry,
determining their formation pathways and the search for chemical proto-
planetary disk imprints.

• Goal 3: Construct a legacy library of observations across novel mid-IR
wavelengths which will serve as a powerful benchmarks for atmospheric
models.

6.6 Final thoughts

The next decade of exoplanet science will likely revolutionise our understanding of
exoplanets and their atmospheres. With the recent successful launch of JWST, an
exciting era of astronomy lies ahead. Observations from this telescope will require
and permit dramatic expansion of modelling techniques in order to fully exploit
and investigate the new data, where the retrieval method explored in this work
will play a key role. Beyond JWST, the ELTs will offer further ground breaking
detection, observation and characterisation capabilities, helping to further our
understanding of these alien worlds.
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(a) (a) (b) (b)

Figure 7.0: ATMO posteriors plots for 51 Eri b. Left: Equilibrium chemisty
model. Right: Non-equilibrium chemistry model.

(a) (a) (b) (b)

Figure 7.0: ATMO posteriors plots for GJ 570D. Left: Equilibrium chemisty
model. Right: Non-equilibrium chemistry model.
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Figure 7.1: 51 Eri b posteriors for GPI J , H and K band data. Log(g), C/O
and [M/H] posteriors are inferred parameters, while all the other parameters are
sample as part of the retrieval.
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Figure 7.2: 51 Eri b posteriors for SPEHRE Y , J , H and GPI K band data.
Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other
parameters are sample as part of the retrieval. We note the bi-modal distribution
of [M/H] with one of the modes overlapping with the [M/H] derived in Samland
et al. (2017).
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Figure 7.3: 51 Eri b posteriors for SPHERE Y , J and H band data. Log(g), C/O
and [M/H] posteriors are inferred parameters, while all the other parameters are
sample as part of the retrieval. We note the bi-modal distribution of [M/H] with
one of the modes overlapping with the [M/H] derived in Samland et al. (2017).
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Figure 7.4: PSO 318 corner plot showing the best-fit model retrieved parameters.
Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other
parameters are sample as part of the retrieval.
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Figure 7.5: VHS 1256 b corner plot showing the best-fit model retrieved
parameters. Log(g), C/O and [M/H] posteriors are inferred parameters, while
all the other parameters are sample as part of the retrieval.
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Figure 7.6: HR 8799c corner plot showing the best-fit model retrieved parameters.
Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other
parameters are sample as part of the retrieval.
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Figure 7.7: HR 8799d corner plot showing the best-fit model retrieved parameters.
Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other
parameters are sample as part of the retrieval.
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Figure 7.8: HR 8799e corner plot showing the best-fit model retrieved parameters.
Log(g), C/O and [M/H] posteriors are inferred parameters, while all the other
parameters are sample as part of the retrieval.
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Figure 7.9: Beta Pic b corner plot showing the best-fit model retrieved
parameters. Log(g), C/O and [M/H] posteriors are inferred parameters, while
all the other parameters are sample as part of the retrieval.
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Figure 7.10: Ross 458 c corner plot for NIRSpec and MIRI simulations
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Figure 7.11: Ross 458 c corner plot for MIRI simulations
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Figure 7.12: VHS 1256 b corner plot for NIRSpec and MIRI simulations
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Figure 7.13: VHS 1256 b corner plot for MIRI simulation
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Figure 7.14: Demonstration of Ross 458 c retrieval molecular contribution used
across of NIRSpec (Top) and MIRI (bottom) wavelength ranges.
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Figure 7.15: HST vs JWST retrieval precision comparison
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Figure 7.16: JWST retrieval precision at different signal-to-noise rations.
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