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Impact Statement

Understanding the capabilities of future instrumentation is fundamental in en-

suring their design is viable, well before construction begins. The tools developed

and discussed here have been used to explore the performance of the Twinkle Space

Telescope for a variety of scientific endeavours. Twinkle is the first independent

space observatory from Blue Skies Space Ltd (BSSL). BSSL aims to break the

current bespoke, publicly-funded model for astronomy and astrophysics missions

and employ a commercial approach to create new opportunities for cutting-edge

science. Their vision is to enable cost-effective, quickly-delivered scientific instru-

ments for users worldwide through a service-based model. Initially these models

demonstrated that the Phase A design of Twinkle would give the spacecraft sig-

nificant capacities for performing spectroscopic observations of both Solar System

bodies and extrasolar planets. Now, these models are now being employed during

Phase B reviews with Airbus and ABB, to compare the performances of different

designs, ensuring the spacecraft’s capabilities are enhanced or, at the very least,

sustained. The outcomes of ongoing simulations are driving the evolution of this

mission as well as the discussions with industry and scientists.

Ariel is ESA’s fourth medium class mission. The ESA contribution is capped

at e450 million (including launch) while the payload is being built by a consor-

tium of 17 ESA countries alongside NASA and potentially JAXA, all of whom will

work ten years to build the mission. The design for Ariel will soon be frozen and

thus a crucial activity has been to validate that the instrumentation would be capa-

ble of achieving the mission’s science objectives. My study into the performance

of Ariel on currently-known and predicted exoplanets demonstrated this compli-

ance and the work resulted in the creation of the Mission Reference Sample (MRS),

a list of planets which Ariel could observe. The MRS is now being utilised in a

number of studies, each of which aims to explore, verify and optimise the Ariel
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mission, including scheduling exercises, retrieval population studies, and prepara-

tory observations. Thus this work has been pivotal in ensuring the mission will be

scientifically successful.

In the case of the James Webb Space Telescope, the design has long been fixed.

However, while this powerful observatory has a plethora of observing modes, little

appears to have been done to understand the optimal modes of operation. Finding

efficient ways of using the spacecraft is essential given the cost of the mission,

around $10 billion. Hence, ExoWebb has been developed to allow for such studies

to be undertaken and its outputs are already being used by a number of researchers,

helping to facilitate effective and efficient use of the most sensitive space-based

telescope ever constructed.

Finally, I have been involved with engaging citizen astronomers through the

ExoClock initiative, as well as education outreach through the ORBYTS program,

with the aim of providing the opportunity for them to become involved in active

scientific research and to be culturally connected to upcoming space missions. Such

projects are crucial for inspiring the next generation of scientists and strengthening

public support for astronomy.



Abstract

In the next decade, the field of exoplanetary science will be revolutionised by

space-based instruments which are specifically designed for transit and eclipse spec-

troscopy. Current instruments provide low resolution data which has a low signal

to noise ratio (SNR) over a narrow wavelength range. Upcoming missions JWST,

Twinkle and Ariel will deliver broad spectral coverage, with a higher resolution and

SNR, allowing for the atmospheres of hundreds of exoplanets to be probed. These

missions will move the exoplanet field from an era of detection into one of charac-

terisation, allowing for the identification of the molecular species present and their

chemical profile, insights into the atmospheric temperature profile, and the detec-

tion and characterisation of clouds. However, to maximise the science gain of these

missions, much preparatory work must be completed.

Simulating the expected performance is fundamental as it allows for the ca-

pability of the instrumentation to be understood. Studies can then be undertaken

to access the potential impact of the mission and explore possible degeneracies or

biases that may arise when fitting the simulated data. These pre-emptive studies are

crucial in ensuring that, when the mission is flying, the data collected is analysed in

a suitable manner. The nature of these observations necessitates caution as they will

be of a far higher quality than current data, invalidating the assumptions and simpli-

fications currently made during fitting, and will undoubtedly lead to serendipitous

results. In the publication of these, we must be sure that the anomalous result is

due to the exotic nature of the object studied, not errors within the data reduction

or analysis. This thesis presents an overview of current data, discusses the cre-

ation of simulators for upcoming missions along with applications of these models,
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and describes a project to engage high-school students and citizen astronomers in

exoplanet science.
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Chapter 1

Introduction

”We shall not cease from exploration,

and the end of all our exploring,

will be to arrive where we started,

and know that place for the first time”

T.S. Eliot, Four Quartets

The fields of planetary and exoplanetary science are highly complementary as

both contribute towards a deeper understanding of planet formation and evolution.

However, they can differ vastly in the methods in which they are studied. Plane-

tary science is generally defined as the study of our own Solar System, which is

achieved through two observational types: remote-sensing and in-situ. Spacecraft

studies of Solar System bodies have increasingly contributed to our knowledge of

these objects over recent years. In-situ spacecraft are usually capable of studying

their target in detail, from taking measurements of local effects, such as the mag-

netosphere, to imaging the surface, or atmospheric, features of the body. The high

spatial resolution images that can be gained give extraordinary insight but are also

useful in a wider context, inspiring scientists and non-scientists alike by providing

snapshots of far away worlds. Figure 1.1 highlights several notable examples.

While in-situ measurements undoubtedly provide the best means of under-

standing a target, dedicated lander, orbiting or fly-by missions are rare and thus

remote sensing missions offer a great chance to observe an object of interest. Some

targets can be viewed from ground-based telescopes at certain wavelengths (e.g.
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Figure 1.1: In-situ images of various Solar System bodies. Top left: Water sublimation
from the comet 67P/ChuryumovGerasimenko, observed by Rosetta. Top Right:
The shadow of Io crossing the face of Jupiter, as seen by the Juno spacecraft.
Bottom Left: New Horizons image of Ultima Thule, the most distant object
ever visited. Bottom Right: Martian sunset captured by the Curiosity rover.
Image credits: ESA/NASA.

visible) but significant issues are encountered in other bands due to atmospheric ab-

sorption, particularly if observing at infrared (IR) or ultraviolet (UV) wavelengths.

Additionally, ground observations can be affected by weather and atmospheric dis-

tortion. Space telescopes avoid these issues and thus are fundamental to increasing

our knowledge of planetary science. However, space-based observatories are more

expensive, are more limited in size and the instrumentation carried, have finite life-

times and generally can’t be repaired or upgraded. Therefore it is crucial to invest

in both ground and space-based facilities to ensure a wide ranging program of sci-

entific inquiry can be undertaken.

Potential targets for observation within our local stellar environment are di-

verse and each offers insight into the Solar System as a whole. Asteroids and comets

are remnants of the earliest celestial bodies, providing a means of investigating the

formation of the planets we know today. Studying the building blocks of the Solar

System, as well as the larger bodies to have formed, enhances our understanding of
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planet formation and evolution. Images taken on Earth, or by spacecraft in near-

Earth orbits, are limited by the distance to the target, which reduces the spatial

resolution, degrading the information content. While a great deal can be achieved

with imaging, spectroscopic observations allow the mineralogy of the surface to be

uncovered. Instead of the science data product being a spatially separated mea-

sure of flux, the flux’s wavelength dependence is ascertained, with the target often

becoming a point-like source1.

Spectroscopic observations, particularly at visible and infrared wavelengths,

allow the composition of the surfaces and atmospheres of these objects to be de-

termined and hints of these formation and evolutionary processes to be gleaned.

Although many small bodies have been discovered, and basic characteristics such

as size and orbital parameters are known for many of them, only a small percentage

have been characterised through spectroscopy. A lack of spectroscopic data means

that our understanding of these objects, and thus the formation and evolution of

our Solar System, has been limited. A broader understanding of the chemical di-

versity of asteroids and comets would facilitate a number of inquires including the

identification of the source regions for Earth’s water and organics and uncovering

how and when the differentiation of planetismals, protoplanets and eventual planets

occurred.

Currently, exoplanets can only be studied through remote-sensing but many

methods exist for finding and characterising these planets and their atmospheres.

One of the most successful methods is through observing the dip in flux seen when

the planet transits the disc of the host star; i.e. it passes between the observer and

the host star. The change in flux is proportional to the square of the ratio of planet

to star radius. Therefore, if the stellar radius is well-known, the transit method

provides the planetary radius along with the period (by observing multiple transit

events). However, this method does not usually provide the mass, except through

observing transit time variations, which are difficult to detect and require a system

to have at least two planets. Luckily, another highly successful detection technique,

1Note that hyper-spectral imaging provides both wavelength and spatial information.
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radial velocity, does provide constraints on the mass. When used together, these

techniques provide an excellent characterisation of the basic planetary parameters

(radius, mass, equilibrium temperature, semi-major axis etc.).

However, while many planets have been detected and it is thought that planets

are common in our galaxy (e.g. [6, 7, 8, 9, 10]), our current knowledge of their

atmospheric, thermal and compositional characteristics is still very limited. Cur-

rently, the most widely used atmospheric characterisation technique is transit and

eclipse spectroscopy. As discussed, during a transit, the planet blocks out a por-

tion of the stellar light and if an atmosphere is present, the depth of this transit will

vary with wavelength due to the different opacities of molecules within the gaseous

envelope. During the majority of an orbit the planetary and stellar signals are inter-

twined. However, during eclipse, the planet passes behind the star and thus the star

is the sole contributor. By comparing this to the out of eclipse signal, the emission

of the planet can be acquired as a fraction of the stellar signal.

Space telescopes such as Hubble and Spitzer, as well as some ground-based

observatories, have used this technqiue to identify the key molecules present in the

atmospheres of a handful of planets while also detecting the presence of clouds and

probing the thermal structure (e.g. [11, 12, 13, 3, 14, 15, 16]). However, the breadth

and quality of currently available data is limited by the absence of a dedicated space-

based exoplanet spectroscopy mission and therefore progress in this area has been

slower than desired. An example of the data products obtained by Hubble’s Wide

Field Camera 3 (WFC3) is given in Figure 1.2, showing the processed detector im-

age as well as the spectrum recovered. While this data can lead to ground-breaking

results, it is not as eye-catching as the images in Figure 1.1 and the planet cannot be

individually resolved.

Additionally, spectroscopic observations by Hubble, Spitzer and many ground-

based instruments are taken at relative low resolution (R<100) meaning individual

spectroscopic lines cannot be resolved. However, high resolution spectrographs

(R∼100,000), such as HARPS [19] or CRIRES [20], can be used to resolve these

and molecular species can be identified by using their unique fingerprint to match
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Figure 1.2: Typical data obtained with the Hubble Space Telescope WFC3 when observing
exoplanets in scanning mode. Left: Example spatial scan spectral image [17].
Right: Example spectra (black points) obtained with WFC3 [18]

the observed spectra. This is in contrast to the potential ambiguities in the interpre-

tation of planet spectra observed at low-resolution when many lines, and molecules,

contribute to each data point within the spectrum. However, the cross-correlation

method is not 100% precise as it only considers one molecule at a time and this can

be limited by lines from multiple molecules overlapping. For example, water has

absorption lines across a wide range of wavelengths and these can dominate weaker

lines. Additionally, observing through the atmosphere of the Earth means the mea-

sured transmission spectrum lacks an absolute empirical normalisation. This means

that absolute atomic abundances cannot be extracted from the data. Therefore, due

to the contrast in capabilities, high and low resolution spectroscopy have the po-

tential to be used together in a highly complementary fashion. Notable detections

include the presence of atomic iron and titanium in KELT-9 b [21] and of high-

altitude winds on HD 209458 b [22].

Direct imaging, as the name implies, is the only exoplanet detection and char-

acterisation techniques that directly resolves the planetary contribution. The method

tries to image the planet’s thermal emission in-situ by blocking out the light of its

host-star to reveal the significantly fainter planetary companion. Figure 1.3 shows

the Fomalhaut system as imaged by Hubble. The methodology, instrumentation and

data reduction and analysis are all cutting-edge, demonstrating the difficulty of ob-

serving these distant objects and there is a stark contrast when compared to images
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of bodies within our Solar System. Here the planet only occupies a few pixels and

can be easily lost in the noise. Many of the directly imaged planets are very young as

they still radiate from the heat of their recent formation [23, 24, 25]. Hence, study-

ing this population gives us a window into early planet formation. To understand the

formation and evolution history of our own solar system, it is paramount to study

the widest possible range of planetary systems and ages. Therefore, more detec-

tions via direct imaging would greatly impact the field. Direct imaging also permits

atmospheric characterisation as the spectra of the planet can be directly obtained.

These spectra are composed of reflected light from the host star as well as emission

of the planet itself. Constraints on this technique include the inability to measure

the planetary mass or radius and that the received flux is also dependent upon the

distance to the planetary system. These parameters must therefore be included with

the fitting process but there are correlations between them which can make deduc-

ing a single solution difficult. Combined direct imaging observations with other

methodologies (e.g. radial velocity for the mass or transit photometry/spectroscopy

for the radius) would increase the information content of these studies, enhancing

our understanding of these worlds. Perhaps the most complementary method to di-

rect imaging is astrometry where the motion of the star is monitored and used to

infer the presence of planets. Gaia is anticipated to discover thousands of planets

[26] and the results of these studies could be used to guide future direct imaging

surveys which currently have a very low detection rate.

We have just begun the detection and characterisation of other planetary sys-

tems and the discoveries made so far have perhaps posed more questions than they

have answered. From the planets detected thus far it is evident that our Solar System

is far from the standard paradigm. In fact, no planetary system has been detected

which could be considered a Solar System twin and the discovered planetary archi-

tectures have been diverse. Current key questions, which each of these methods of

atmospheric characterisation have the potential to contribute towards answering, in-

clude how chemically diverse are the atmospheres of extrasolar planets and if there

is an underlying correlation between a planet’s basic characteristics (e.g. size, tem-
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Figure 1.3: Example of a directly imaged planet: Fomalhaut B, as seen by the Hubble
Space Telescope. Image credit: NASA/ESA.

perature, metallicity of the host star) and chemical species present in its atmosphere.

Upcoming space-based telescopes will generally focus on low resolution tran-

sit/eclipse spectroscopy. This thesis presents work that has been done in preparation

for these missions, which are likely to revolutionise the fields of planetary and ex-

oplanetary science, and the models being used to simulate their performance will

be described. The capabilities of these future facilities will then be demonstrated,

highlighting the improvements in data quality and quantity, and the potential impact

discussed. In fact, the quality of the exoplanet spectra from these missions is likely

to be such that current data analysis techniques will be inadequate. Hence an ap-

proach to increase the complexity of our analysis, without implying certain physical

regimes, is discussed. A key aim of much of the work presented here is to ensure the

maximum scientific gain from upcoming facilities. Thus the final chapter focuses

on efforts to increase the efficiency of these next generation telescopes including an

outreach project working with students from high schools in London.



Chapter 2

Planetary and Exoplanetary

Spacecraft

”With every passing hour, our solar

system comes forty-three thousand

miles closer to globular cluster M13

in the constellation Hercules, and

still there are some misfits who

continue to insist that there is no

such thing as progress”

Kurt Vonnegut, The Sirens of Titan

Over the last 60 years, a wide variety of satellites have been launched for sci-

entific research and spacecraft studies have characterised bodies ranging from 10 m

asteroids in our Solar System to planets orbiting other stars. Here I will present a

brief overview of the key planetary and exoplanetary spacecraft launched to date,

and some notable achievements in each field, before discussing future missions,

excluding those studied ind epth in this work which are described in Chapter 3.

2.1 Fly-by and In-situ Missions
In December 1962 the Mariner 2 spacecraft performed a fly-by of Venus, becoming

the first successful mission to closely study another planet, passing just 34,773 km

from the surface. Despite issues with attitude control and solar panel output during
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the cruise phase, Mariner 2 provided several key scientific discoveries, including

confirming a slow retrograde rotation rate for Venus, measuring a predominantly

carbon dioxide atmosphere and finding no detectable magnetic field. The space-

craft also showed that the solar wind streams continuously through interplanetary

space and allowed for the value of the astronomical unit to be refined [27]. Since

Mariner 2, spacecraft have visited every planet within our Solar System as well as

many other small bodies. Of particular note are the Pioneer 10 and 11, Verena 7, the

Voyager Probes, the Viking Landers, Galileo, Cassini (and Cassini-Huygens) and

New Horizons to name a few. These missions have often revolutionised our under-

standing of these fascinating places, delivering stunning images of surface features

and a multitude of new discoveries.

Additionally spacecraft have massively contributed to our knowledge of the

primordial bodies of our Solar System. Fly-by and rendezvous missions have pro-

vided in-situ observations of a handful of small bodies in extraordinary detail while

sample return missions can offer unparalleled opportunities for studying the com-

position of the target bodies.

In 2014 Rosetta became the first spacecraft to rendezvous with, and orbit,

a comet. Over the next two years Rosetta performed a detailed study of comet

67P/ChuryumovGerasimenko (67P) and deployed a lander, Philae, to perform in-

situ science on the comet’s surface [28]. Although hints of water-ice were detected

within active regions of the comet, the surface was generally found to be dehy-

drated with some evidence for carbon-bearing compounds [29]. While the Rosetta

mission, along with other studies, excludes comets as being the source of the bulk

terrestrial water due to their generally high D/H ratio, they may have been respon-

sible for delivering significant amount of organics [30].

The Origins, Spectral Interpretation, Resource Identification, Security, Re-

golith Explorer (OSIRIS-REx) arrived at Bennu, a carbonaceous asteroid whose

regolith may record the earliest history of our solar system, in December 2018. The

NASA mission aims to retrieve 60 grams of material from the asteroid and return

it to Earth by late 2023. The sample should enable a greater understanding of the
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formation and evolution of the Solar System and potentially provide hints about the

source of organic compounds that led to the development of life on Earth [31].

2.2 Remote-sensing Missions
In 1946 – more than a decade before the launch of Sputnik – Lyman Spitzer pro-

posed the development of a large, space-based observatory that would not be hin-

dered by Earth’s atmospheric distortion and span a broad range of wavelengths

[32]. Since this ground-breaking concept was conceived, numerous space-based

telescopes have been launched for a diverse array of scientific research. Highlighted

here are those that have been at the forefront of discovery in planetary and exoplan-

etary science in the last decade.

2.2.1 AKARI

AKARI was an infrared astronomy satellite which was developed by the Japanese

Aerospace eXploration Agency (JAXA) and launched in 2006 [33]. Over its 6 year

life, AKARI surveyed 96% of the sky and contributed to a wide range of infrared

astronomy, including galaxy evolution, stellar formation and evolution, interstellar

media, and Solar System objects. AKARI’s infrared camera (IRC) operated from

1.8 - 26.5 µm [34] and was used for several asteroid surveys. These included a

catalogue of albedos and sizes for over 5000 asteroids with measurements in two

mid-infrared bands (9 and 18 µm) during the cryogenic phase of the mission [2].

Additionally a spectroscopic survey of tens of asteroids was conducted over 2.5 - 5

µm using the grism of the near-infrared channel of the IRC [35].

2.2.2 WISE/NEOWISE

The Wide Infrared Survey Explorer (WISE) is a medium-class space telescope,

launched in 2009, which acquired infrared images of the entire sky over four bands

centred on the wavelengths 3.4, 4.6, 12, and 22 µm [36]. During the main mis-

sion, NEOWISE (Near-Earth Object WISE), the asteroid hunting section of the

project, detected and reported diameters and albedos for >158,000 asteroids, in-

cluding ∼700 Near-Earth objects (NEOs, [37]). After the end of the cold mission

and several years of hibernation, the spacecraft was reactivated in September 2013,
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exculsively for asteroid science [38]. NEOWISE has since detected several hundred

more NEOs and thousands of Main Belt Asteroids using the 3.4 and 4.6 µm bands,

providing albedos and diameters for these newly discovered objects [39, 40, 41].

2.2.3 Hubble

Launched in 1990, the Hubble Space Telescope (HST) fulfilled the lofty vision

of Lyman Spitzer with instrumentation covering the UV, visible and near infrared.

With a 2.4 m diameter mirror, HST has provided extraordinary data over a vast range

of scientific disciplines. Hubble’s Space Telescope Imaging Spectrograph (STIS)

has three detectors, each with a different field of view and spectral range, and the

most widely used for planetary, and exoplanetary, science has a 52x52 arcsecond

field of view, covering the visible and near-infrared spectrum from 0.2 - 1.03 µm.

STIS has observed water vapour above the polar regions of Europa, one of Jupiter’s

icy moons, providing the first circumstantial evidence of water plumes erupting off

the moon’s surface [42]. STIS spectra of the exoplanet HD 209458 b facilitated the

first detection of the planet’s atmosphere, allowing for the identification of several

atmospheric constituents, including hydrogen, oxygen and sodium [43], and has

since been extensively used for atmospheric characterisation [e.g. 44, 45, 46].

The Hubble Wide Field Camera 3 (WFC3) consists of two channels, UVIS

and IR, which cover 0.2 - 1.0 µm and 0.8 - 1.7 µm respectively with a variety of

filters available for each. In the field of small bodies, WFC3, in particular the UVIS

channel, has been utilised for the characterisation of comet nuclei and coma [e.g.

47, 48] and these studies have included the discovery of a binary main-belt comet

[49] and the observation of an increase in activity due to a comet-asteroid impact

[50].

WFC3 has also delivered spectroscopic data of exoplanets, with tens of planets

being studied through transmission spectroscopy [e.g. 15, 16, 51] and several more

have been characterised via eclipse measurements [e.g. 52, 53, 54]. One of the most

remarkable findings in the exoplanet field was recently announced when, through

the use of Hubble data, the atmosphere of K2-18 b, a 2.24 R⊕ planet orbiting in the

habitable zone of its star, was discovered to contain water vapour [18].
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Although WFC3 has been an outstanding facility for detecting water in exo-

planet atmospheres, it was not designed for observations of this type and its narrow

wavelength coverage leads to degeneracies in the retrieved atmospheric solutions.

Analysis of data from Hubble is discussed in Chapter 6 along with the limitations

of these spectra.

2.2.4 Spitzer

The Spitzer Space Telescope (SST) is, along with Hubble, part of NASAs Great

Observatories Program. Launched in 2003, Spitzer carries an Infrared Array Cam-

era (IRAC), an Infrared Spectrograph (IRS) and a Multiband Imaging Photometer

(MIPS). The IRS was split over four sub-modules with operational wavelengths of

5.3 - 40 µm ([55]) and has not been operational since Spitzer’s helium coolant was

depleted in 2009. Since the cool phase of Spitzer’s mission ended, only the IRAC

has remained operational though with reduced capabilities. Spitzer has been used

extensively for studying small bodies (e.g. [56, 57, 58, 59]) including the Explore-

NEOs program [60] which was a 500 hour survey to determine the albedos and

diameters for nearly 600 NEOs during the warm mission phase. The CO and CO2

emission of comets has also been observed with Spitzer [61].

Additionally, Spitzer has been a key facility for exoplanet observations via

transit and eclipse spectroscopy (e.g. [62, 63]) and phase curves (e.g. [64, 65]).

Although the data is not collected simultaneously, Spitzer data has often been com-

bined with observations from STIS and WFC3 to give an extended wavelength cov-

erage [e.g. 3, 66]. Spitzer observations have also been utilised to find and charac-

terise earth-sized planets within the TRAPPIST-1 system [e.g. 67, 68, 69]. Finally,

the refinement of exoplanet ephemerides, the knowledge of their orbits and thus the

time of the next transit, has also been performed with Spitzer for targets which are

amenable to atmospheric characterisation with upcoming facilities [e.g. 70, 71, 72].

Spitzer was launched into an Earth trailing orbit and the line-of-sight between Earth

and the spacecraft is now close to the Sun which has reduced the communications

bandwidth. Due to this, and the lack of the cryogenic capability, Spitzer has not

been granted a funding extension and thus will cease operations in January 2020.



2.2. Remote-sensing Missions 33

2.2.5 CoRoT

The Convection, Rotation and planetary Transits (CoRoT) satellite was launched

in 2006 with the objectives of studying asteroseismology and finding short-period,

transiting exoplanets [73]. Over the course of the seven year mission, 32 exoplan-

ets were confirmed along with several hundred candidates. Notable achievements

include the first optical measurement of a secondary eclipse (CoRoT-1 b, [74] ) and

the first confirmed rocky exoplanet (CoRoT-7 b, [75]). CoRoT was the first space-

craft dedicated to the detection of transiting extrasolar planets, paving the way for

facilities such as Kepler and TESS.

2.2.6 Kepler

The scientific objective of the Kepler Mission was to explore the structure and di-

versity of planetary systems. To do this, the mission surveyed over half a million

stars during its nine year life. The science aims of Kepler included determining the

percentage of terrestrial and larger planets that are in, or near, the habitable zone

of a wide variety of stars [76]. The Kepler mission provided an excellent means of

understanding the occurence of planets within our galaxy. Although the transit tech-

nique is naturally biased towards large planets in short periods, knowledge of this

selection bias can be used to understand the planetary population that is required to

match the detections. Perhaps the most serendipitous finding of the mission is the

abundance planets with radii between that of Earth and Neptune (1.0-3.9 R⊕) as our

Solar System has no example of these intermediate planets, yet they are by far the

most common in the Kepler sample (e.g. [77, 7, 9, 78]. In late 2011, the Kepler

team announced the discovery of the first Earth-sized planets orbiting a Sun-like

star in the Kepler-20 system [79].

After the failure of two reaction wheels, the primary mission of Kepler ended

in May 2013 as the spacecraft was unable to achieve accurate pointing. However, an

ingenious solution, using the photon pressure of the sun, allowed the spacecraft to

point at fields close to the ecliptic plane for periods of around 83 days and achieve a

photmetric precision of 400 ppm [80]. The extended mission, known as K2, lasted

until October 2018 when the spacecraft’s fuel was finally depleted. K2 compounded
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the success of the initial Kepler survey and led to numerous discoveries including

nearly 400 confirmed exoplanets, using optical phase curves to confirm planet can-

didates and, as with the primary mission, had significant engagment with citizen

scientists who confirmed many planets and planet candidates [e.g. 81].

To date, over 2700 planets have been confirmed using data from the Kepler

mission, accounting for roughly 87% of the transiting exoplanets detections thus far.

The abundance of Kepler data has allowed for studies into exoplanet demographics

which have resulted in findings such as the ”Fulton Gap”, a factor of 2 deficit in the

occurrence rate distribution at 1.5 -2.0 R⊕ [82], which had previously been predicted

due to photoevaporation (e.g. [83]).

2.2.7 TESS

The Transiting Exoplanet Survey Satellite (TESS, [84]) launched in April 2018 and

is anticipated to detect over 4500 planets around bright stars and more than 10,000

giant planets around fainter stars during its two year primary mission [4]. Of these,

several hundred are expected to be Earth-sized and super-Earth-sized planets and an

extensive ground-based program aims to measure masses for many of these. Using

four wide-field cameras, TESS will survey at least 200,000 main-sequence stars

over almost the entire sky with observational periods of between 1 month and 1 year.

TESS aims to detect a rich catalogue of planets which are amenable for atmospheric

characterisation by finding planets around stars which are 30-100 times brighter

than those surveyed with Kepler/K2. Already, over 1000 TESS candidates have

been found and tens of planets have been confirmed [e.g. 85, 86]. The mission was

recently funded for a two year extension which will see the spacecraft survey the

ecliptic as well as re-observing portions of the sky covered in the primary mission.

2.3 Future Missions
In the context of remote-sensing, the only currently available space-based facilities

are Hubble and Spitzer. Thus, at the time of writing, no space telescope capable

of infrared spectroscopy beyond 1.7µm is operational. This has limited progress in

the fields of asteroids, comets and exoplanets. However, many missions have been
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proposed or are currently in development.

2.3.1 Proposed Small Bodies Missions

Several mission concepts have been studied and submitted to calls by ESA and

NASA. Medium class proposals to ESA include CASTAway which aims to explore

the main asteroid belt with a telescopic survey of over 10,000 objects, targeted close

encounters of 10 - 20 asteroids and serendipitous searches to constrain the distribu-

tion of smaller objects (<10m, [87]). CASTAway’s proposed payload consists of a

50 cm diameter telescope with a spectrometer covering 0.6 - 5 µm (R = 30-100),

a thermal imager (6 - 16 µm) for use during flybys, a visible context imager and

modified star tracker cameras to detect small asteroids. Spectral features related

to hydroxyl (OH), water (ice and gas), and hydrated silicates, are either partially

or fully obscured in Earth-based observations due to Earth’s water-rich atmosphere

and the 2.5 - 3 µm region is especially prohibitive. CASTAway is designed to be

able to detect such features.

Main Belt Comets are objects in stable asteroid-like orbits which lie within

the snow line but exhibit comet-like activity [88, 89] and 18 such active bodies are

currently-known. Castalia is a proposed ESA mission to rendezvous with the Main

Belt Comet 133P/Elst-Pizaroo to perform the first characterisation of this intriguing

population, making the first in-situ measurements of the water in the asteroid belt

and measuring isotope ratios as well as plasma and dust properties [90].

Although CASTAway and Castalia were not implemented by ESA, a new small

bodies mission, Comet Interceptor [91], has been accepted for ESA’s F Class call.

The mission aims to encounter a dynamically new comet (i.e. one that is entering the

inner Solar System for the first time) as well as making solar wind measurements.

The rendezvous target is likely be a long period comet discovered by the Large

Synoptic Survey Telescope (LSST) and characterisation of this pristine object will

be achieved with a compact, agile set of spacecraft. Although they are far rarer than

long-period comets, Comet Interceptor may also have the capability of encountering

an interstellar object passing through our Solar System. Comet Interceptor will

launch with Ariel in 2028.
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NEOCam is a proposed NASA Discovery class mission and is currently funded

for an extend Phase A study. Launching to the Sun-Earth L1 Lagrange point, NEO-

Cam will detect and characterise NEOs with a particular focus on those that could

potentially impact Earth (i.e potential hazardous asteroids, PHAs) and will build on

the work from NEOWISE. NEOCam’s primary science objectives are: (i) assess the

present-day risk of near-Earth object (NEO) impacts, (ii) study the origin and ulti-

mate fate of asteroids, (iii) find suitable NEO targets for future exploration by robots

and humans. To facilitate this, NEOCam consists of a 50 cm telescope operating

at two photometric channels which are dominated by NEO thermal emission, 4.2 -

5.0 µm and 6 - 10 µm, in order to better constrain the objects’ temperatures and

diameters. NEOCam’s field of view is significantly larger than that of NEOWISE,

allowing the mission to discover tens of thousands of new NEOs with sizes as small

as 30 - 50 m in diameter [92].

Upcoming all-sky surveys also offer potential for the characterisation of small

bodies. These include Euclid, a mission to map the geometry of dark matter in

the Universe, which is expected to provide spectra for ∼100,000 asteroids from

0.5 - 2 µm [93]. Selected earlier this year, Spectro-Photometer for the History of

the Universe, Epoch of Reionization and ices Explorer (SPHEREx), is a NASA

medium-class explorer mission due for launch in 2023. SPHEREx will observe the

whole sky over the spectral range 0.75-5 µm at low resolution (R∼35-140) and is

expected to provide spectra of tens of thousands of asteroids [94].

2.3.2 CHEOPS

The CHaracterising ExOPlanet Satellite (CHEOPS) is dedicated to searching for

exoplanetary transits by performing ultrahigh precision photometry on bright stars

already known to host planets [95]. CHEOPS is ESA’s first S-Class mission and

is expected to launch in December 2019. With a 32 cm aperture, CHEOPS aims

to accurately measure the radii of exoplanets for which ground-based spectroscopic

surveys have already provided mass estimates [96]. The majority of the targets stud-

ied by CHEOPS will be those found by TESS but ground-based facilities such as

the Next Generation Transit Survey (NGTS, [97]) will also provide suitable plan-
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ets. By probing the mass-radius relation for small planets, strict constraints can be

placed upon the density which can be used to approximate their composition and

suggest whether they are rocky or gaseous. Additionally, CHEOPS will study the

energy transport from the day side to the night side of exoplanets and provide targets

for future ground and space-based facilities which have spectroscopy capabilities to

allow for atmospheric characterisation.

2.3.3 PLATO

The PLAnterary Transits and Oscillation of stars (PLATO) mission was selected in

2012 as ESA’s third medium class mission. Scheduled for launch in 2026, PLATO

will use 24 cameras with an instantaneous sky coverage of 2232 square degrees

to discover exoplanets around bright nearby stars [98]. The final mission strategy

has not yet been selected but is likely to included a long stare of at least two years

at the same area of sky. This should allow for the detection of a number of small,

rocky planets within the habitable zone around sun-like stars. PLATO data products

will also allow for the seismic analysis of stars to determine their mass with an

accuracy of 1% [99]. This in turn will place tight constraints on the age of the

system, improving our understanding of planetary and stellar evolution.

2.3.4 WFIRST

In 2010, the Wide Field InfraRed Survey Telescope (WFIRST) was selected as

the top priority for the next decade of astronomy in the decadal survey undertaken

by the United States National Research Council. After further study, WFIRST was

approved in 2016 for development and launch. While the primary focus of WFIRST

is on probing the expansion history of the Universe and precisely measuring the

effects of dark energy, it is also envisioned that the instrumentation will be suitable

for finding and characterising exoplanets [100, 101]. WFIRST intends to achieve

this through two methods: microlensing and direct imaging. The planets discovered

via this methods will probe different parameter spaces to those detected via the

transit or radial velocity techniques, providing complementary statistics on planet

occurrence rates [102, 103].
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WFIRST has been slated for launch in the mid-2020s but, largely due to cost

and schedule overruns of the James Webb Space Telescope, has recently received

reduced funding and has twice been proposed for cancellation, including in the

FY20 budget. Thus, the future of WFIRST is, unfortunately, uncertain.

2.3.5 EXCITE

Although not technically a space-based facility, the EXoplanet Climate Infrared

TElescope (EXCITE) also cannot be labelled as a ground-based observatory. EX-

CITE is a proposed high altitude balloon dedicated to obtaining phase curves of

exoplanets via an infrared spectrograph covering 1-4 µm at R∼50 [104]. At bal-

loon altitudes (40 km), Earth’s atmosphere is stable and nearly transparent. Hence

a balloon can observe from a space-like environment at a small fraction of the cost.

EXCITE would launch from, or close to, Antarctica, meaning many targets would

not set and thus short period planets could be observed for the entirety of their or-

bit. For bright targets, EXCITE could deliver sensitivities similar to Hubble WFC3

though crucially, over a wider spectral range.

2.3.6 Missions Beyond 2030

NASA is currently considering four large mission concepts for operation in the late

2030s. Of these, three offer the potential for contributions to exoplanet science.

The Large UltraViolet Optical and InfraRed surveyor (LUVOIR) will be a gen-

eral purpose observatory with time allocated via peer review in line with HST,

Spitzer and JWST. As the name suggests, LUVOIR with be capable of perform-

ing observations from the ultraviolet to the infrared (0.1 - 2.5 µm) with imaging

and spectroscopic instruments. While it is envisioned that its instruments could be

used to study anything from plumes of water on Enceladus to cosmic origins stud-

ies of the early universe, a key scientific aim for LUVOIR is a census of Earth-like

exoplanets. The mission intends to find and study at least 28 habitable planet can-

didates, and to discover at least 1 Earth-like planet orbiting an FGK star (at 95%

confidence), assuming an occurrence rate of habitable conditions of 10%1.

1
https://asd.gsfc.nasa.gov/luvoir/resources/docs/LUVOIR_FinalReport_2019-08-26.pdf

https://asd.gsfc.nasa.gov/luvoir/resources/docs/LUVOIR_FinalReport_2019-08-26.pdf
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Based on heritage from Spitzer, the Origins Space Telescope’s scientific ob-

jectives, with regards to exoplanets, are understanding how the conditions for hab-

itability develop during planetary formation and whether planets orbiting M-dwarfs

support life2. These goals will be pursued via a 5.9 m diameter mirror, cooled to

4.9 K, and instrumentation providing spectroscopy from 2.8 - 588 µm. Over its

lifetime, it is thought Origins should be able to study the atmospheres of at least

28 temperate, terrestrial worlds orbiting M and K-dwarfs, distinguishing between

tenuous, clear and cloudy gaseous envelopes.

The Habitable Exoplanet observatory (HabEx) aims to directly image exoplan-

etary systems via the use of a starshade which will obscure the light from the host

star, increasing the contrast ratio and revealing the planet. With this technology,

HabEx intents to image and characterise habitable exoplanets, searching their at-

mospheres for signs of water and other biosignature gases, including oxygen and

ozone3. HabEx’s instrumention covers from the UV to near-infrared (0.115 - 1.8

µm) and, as with all the missions considered for the 2020 decadal survey, has ex-

tensive capabilities for many other areas of astrophysics including galactic and Solar

System science.

The final competitor for the next great observatory is Lynx, a X-Ray telescope

with a 2 m2 effective area, allowing it to unveil stellar and galactic evolution as

well as probe the dawn of black holes4. While there is no guarantee that the decadal

committee will select one these missions, it is likely that the highest priority flagship

mission will have a design similar to one of them.

2
https://asd.gsfc.nasa.gov/firs/docs/OriginsVolume1MissionConceptStudyReport.pdf

3
https://www.jpl.nasa.gov/habex/pdf/HabEx-Final-Report-Public-Release.pdf

4
https://wwwastro.msfc.nasa.gov/lynx/docs/LynxConceptStudy.pdf

https://asd.gsfc.nasa.gov/firs/docs/OriginsVolume1MissionConceptStudyReport.pdf
https://www.jpl.nasa.gov/habex/pdf/HabEx-Final-Report-Public-Release.pdf
https://wwwastro.msfc.nasa.gov/lynx/docs/LynxConceptStudy.pdf
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Figure 2.1: Tubes in Space: A collage of space-based telescopes. Left to right, top to
bottom: AKARI, WISE, Hubble, Spitzer, CoRoT, Kepler, TESS, CHEOPS,
Euclid, JWST, SPHEREx, Twinkle, NEOCam, WFIRST, PLATO, Ariel, LU-
VOIR, HabEx, Origins and Lynx. (Not to scale).



Chapter 3

Spacecraft Studied Here

”You talk as if a god had made the

Machine,” cried the other. ”I believe

that you pray to it when you are

unhappy. Men made it, do not

forget that. Great men, but men.

The Machine is much, but not

everything.”

E.M. Forster, The Machine Stops

Space-based observatories are generally equipped with highly specialised in-

strumentation that allows for cutting-edge science to be achieved. Facilities are

often publicised as revolutionary, with the capabilities described as if they mirror

perfection in the minds of those who have built them and will use them. While such

endeavours are the culmination of years of intense study and undoubtedly offer new

and exciting opportunities to acquire data, each has its limits. Diversity is required;

instruments probing different spectral regions, and with differing sensitivity and

resolution, must be built so that a vast array of scientific projects can be undertaken.

With many observatories operating simultaneously, it is key to understand the niche

of each to allow for all facilities to be used effectively and efficiently. In this thesis,

the performance of three upcoming space missions is studied and an overview of

these, listed in order of their anticipated launch date, is given here.
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3.1 JWST
The James Webb Space Telescope (JWST) is currently expected to be launched in

March 2021. Often heralded as the successor to Hubble, JWST has been in devel-

opment since the early 1990’s and has been subject to a series of delays and cost

overruns. JWST will be a general observatory and will cater to various science

cases including a wide range of exoplanet targets [105, 106, 107] and Solar Sys-

tem science (e.g. [108, 109, 110]). Although a good fraction of JWST observation

time is expected to be allocated for exoplanet science (e.g. [111, 112]), for a space

observatory of this scale, over-subscription is likely to be an issue and not all inter-

esting science cases will necessarily require the sensitivity and accuracy of JWST.

The mission will operate from the second Lagrangian point, L2, which provides a

stable thermal and orbital environment. The facility will have instruments covering

visible, near-infrared and mid-infrared wavelengths. The specifications of these,

and the useful modes for planetary and exoplanetary science are outlined below.

3.1.1 NIRISS

The Near-InfraRed Imager and Slitless Spectrograph (NIRISS) is the Canadian con-

tribution to JWST and, as with every instrument on the spacecraft, it has a number

of different operating modes, each with a variety of science cases [113]. The single

object slitless spectroscopy (SOSS) mode of NIRISS enables medium-resolution

(R∼700) spectroscopy at 0.6-2.8 µm, in three cross-dispersed orders for a single

bright target. The SOSS mode is optimised to carry out time-series observations

and thus is well-suited to observing transiting exoplanets, providing extremely high

precision observations with excellent spectro-photometric stability [107]. This is

achieved by defocusing the spectral orders in the cross-dispersion direction, allow-

ing brighter objects to be observed without saturating the detector.

3.1.2 NIRSpec

The Near-Infrared Spectrograph (NIRSpec) aboard JWST is capable of low

(R∼100), medium (R∼1000) and high (R∼2700) resolution spectroscopy over

the spectral band 0.6 - 5.3 µm [114]. NIRSpec has a variety of operating modes
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including slit spectroscopy, with a 1.6” x 1.6” aperture (S1600A1) designed for

exoplanet transit spectroscopy. Due to its wavelength coverage, spectral resolu-

tion and sensitivity, NIRSpec is expected to be a powerful tool for atmospheric

characterisation [115].

3.1.3 NIRCam

The JWST Near-Infrared Camera (NIRCam) has two 2.2’ x 2.2’ fields of view that

are capable of spectroscopic observations via two grisms which provide resolutions

of R∼1600 [116]. When providing time-series grism observations, NIRCam oper-

ates from 2.4-5.0 µm with a variety of filters available. Although NIRSpec is likely

to be more widely used for transiting exoplanets, NIRCam also offers the potential

for atmospheric characterisation [117].

3.1.4 MIRI

The Mid-Infrared Instrument (MIRI) provides coverage of 4.9 - 28.8 µm and will

provide atmospheric characterisation of exoplanets through direct imaging [118].

For exoplanet transit (and eclipse) spectroscopy, the MIRI low resolution spectrom-

eter (LRS) also offers a slitless spectroscopy mode [119]. MIRI offers access to

wavelengths that are not covered by any current, or any upcoming, instruments for

exoplanet science and thus facilities unique science cases such as the detection and

characterisation of silicate clouds [120].

3.2 Twinkle
The Twinkle Space Mission is a new, fast-track satellite designed for launch in

2023. It has been conceived for providing faster access to spectroscopic data from

exoplanet atmospheres and Solar System bodies, but it is also capable of providing

spectra of bright brown dwarfs and stars. Twinkle is equipped with a visible (0.4

- 1 µm) and infrared (1.3 - 4.5 µm) spectrometer (split into two channels at 2.42

µm). The satellite has been designed to operate in a low Earth, Sun-synchronous

orbit [121, 122].

Twinkle is a general observatory which is being managed by Blue Skies Space

Ltd. (BSSL). Scientists will be able to purchase telescope time and Twinkle will
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provide on-demand observations of a wide variety of targets within wavelength

ranges that are currently not accessible using other space telescopes or accessible

only to oversubscribed observatories in the short-term future.

Twinkle is currently entering a Phase B design review and thus the technical

specifications, taken from the Phase A study, may change. Twinkle’s scientific pay-

load consists of a telescope with a 0.45 m aperture, a Fine Guidance Sensor (FGS)

and both a Visible and Near-Infrared (NIR) spectrometer which can be operated

simultaneously. The Exoplanet Light Visible Spectrometer (ELVIS) is a visible

spectrometer channel which is based upon the Ultraviolet and Visible Spectrometer

(UVIS) flown on the ExoMars Trace Gas Orbiter. For the Mars application, the

UVIS instrument used a dual telescope configuration: nadir (downward viewing of

the surface for total atmospheric column measurements) and solar occultation ob-

servations (looking at the Sun through the atmosphere from orbit to measure vertical

profiles). The telescopes were connected to a single spectrometer via a fibre optic

selector link. This telescope and selector system is not required in the Twinkle ap-

plication as the spectrometer is positioned in the visible beam of the main Twinkle

telescope.

The main modification to the spectrometer design is the use of an alternative

grating and associated coatings to optimise the spectral range to the visible to near

IR range between 0.4 - 1 µm with a resolving power of R∼250 [121]. Other planned

changes include a minor electronics component change on the detector board and

relocation of the main electronics board stack to improve thermal isolation and al-

low the detector to run at a lower temperature. Changes to the firmware code within

the electronics will optimise the operations (e.g. CCD readout modes) and inte-

gration times for the Twinkle application [121]. This instrument is referred to as

Channel 0 (Ch0). For the Phase A study, an e2v CCD-230-42 detector was assumed

for the visible channel but this is currently under further discussion.

The design of Twinkle’s near infrared (NIR) spectrometer is detailed in Wells

(2016) [123]. The NIR spectrometer will split the light into two channels (1.3 -

2.42 µm and 2.42 - 4.5 µm) to provide broadband coverage while also ensuring
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appreciable spectral resolution. For shorter wavelengths (λ <2.42 µm), the NIR

spectrometer will have a resolving power of 250 while for longer wavelengths (λ

>2.42 µm) this will be reduced to 60 [123]. These are referred to as Channels 1

and 2 (Ch1, Ch2) respectively and the spectrometer delivers a diffraction-limited

image over both channels. In the instrument design, a set of coupling lenslets is

adopted to create an image of the aperture on the detectors. These lenses produce

several spectra on the detector, with the spectrum from the star slit in the centre with

three spectra from the background slits on either side [123]. The two channels use

different halves of the same detector (assumed to be produced by Selex in the Phase

A study). Due to this layout, the two IR channels (Ch1 & Ch2) must be read out

simultaneously whilst the visible instrument (Ch0) can be read out independently.

This current design features a spectral gap at 1 - 1.3 µm and the instrumentation is

summarised in Table 3.1.

Instrument Name Wavelength Range [µm] Resolution
Ch0 0.4 - 1.0 250
Ch1 1.3 - 2.42 250
Ch2 2.42 - 4.5 60

Table 3.1: Wavelength ranges and spectral resolutions of Twinkle’s instrumentation.

The satellite will be placed in a low Earth (600-700 km), Sun-synchronous

(dawn-dusk) polar orbit with a period of 90-100 minutes. The orientation of the

satellite’s orbit is constant with respect to the Sun but dictates that Twinkle’s in-

strumentation may have to be re-targeted during an orbit to avoid Earth’s limb. The

boresight of the telescope will be pointed within a cone with a radius of 40◦ which is

centred on the anti-sun vector (i.e. the ecliptic). The field of regard could potentially

be expanded to ±60◦ from the ecliptic for non-demanding targets.

3.3 Ariel
Further into the future, the Ariel space mission will conduct a population survey of

the atmospheres of ∼1000 transiting exoplanets over a wide wavelength range (0.5

- 7.8 µm) followed by a detailed study of a number of selected planets [124]. Ariel,

ESA’s M4 mission, aims to deliver a comprehensive catalogue of planetary spec-
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tra, which will yield molecular abundances, chemical gradients and atmospheric

structures [125, 126]. Ariel is expected to be launched in 2028.

Ariel’s telescope is an off-axis 0.6 m2 Cassegrain with an elliptical primary

mirror, that is cooled to less than 70 K. The flux collected by the primary aperture

feeds two separated instrument modules. A dichroic mirror splits the flux into two

beams at 1.95 µm. The first beam is directed to an instrument module containing

three photometers (VISPhot, 0.5 - 0.6 µm; FGS-1, 0.6 - 0.80 µm; FGS-2, 0.80 -1.1

µm) and a slitless spectrometer (NIRSpec, 1.1 - 1.95 µm) with spectral resolving

power, R ∼ 20. The two photometers, FGS-1 and FGS-2, operate as Fine Guidance

Sensors (FGS), providing both scientific photometric data and pointing information

for the attitude and orbital control system (AOCS). The second instrument module,

fed by the beam with wavelengths longer than 1.95µm, hosts the Ariel Infrared

Spectrometer (AIRS), which consists of two channels covering the 1.95 - 3.9 µm

and 3.9 - 7.8 µm band with a spectral resolving powers of R∼ 100 and R∼ 30

respectively. A summary of Ariel’s instrumentation is given in Table 3.2. For more

detail on the Ariel design see [125, 127].

Instrument Name Wavelength Range [µm] Resolution
VISPhot 0.5 - 0.6
FGS 1 0.6 - 0.81 Photometric Bands
FGS 2 0.81 - 1.1
NIRSpec 1.1 - 1.95 20
AIRS Ch0 1.95 - 3.9 100
AIRS Ch1 3.9 - 7.8 30

Table 3.2: Wavelength ranges and spectral resolutions of Ariel’s instrumentation
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Planetary Science with Twinkle

”If you see a whole thing - it seems

that it’s always beautiful. Planets,

lives... But up close, a world’s all

dirt and rocks.”

Ursula K. Le Guin

Spectroscopic observations of Solar System bodies, particularly at visible and

infrared wavelengths, allow the composition of the surfaces and atmospheres of

these objects to be determined and hints of their formation and evolutionary pro-

cesses to be gleaned. The highest level of detail is usually obtained via interplan-

etary missions but remote-sensing from Earth, or Earth orbit, also provides the op-

portunity to study a vast array of objects. Space-based observing avoids the issues

of telluric contamination and is vital for studying hydration features in the Solar

System and beyond. Herschel, Hubble and Spitzer have succeed in characterising

many Solar System bodies [e.g. 47, 57, 128] and JWST is expected to contribute

significantly to our understanding of our own planetary system due to the improve-

ments in sensitivity and spatial resolution, as well as spectral resolution and cov-

erage, that will be offered. Our own Solar System serves as a benchmark against

Contributions: This chapter is based upon a study which I led and has been published in a
peer-reviewed journal (Edwards et al. 2019, Remote-sensing Characterisation of Major Solar Sys-
tem Bodies with the Twinkle Space Telescope, JATIS, doi: 10.1117/1.JATIS.5.1.014006.). Giorgio
Savini, Giovanna Tinetti and Marcell Tessenyi also contributed significantly to this work.
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which all other planetary systems are compared, and the insights gained into the

physical processes governing the formation and evolution of our own system are by

extension also relevant to the field of exoplanet science.

While the MIRI instrument would be quickly saturated, studies of Mars with

NIRSpec could include the monitoring of gases, aerosols and dust in the Martian

atmosphere over the entire disk [1]. However, due to the brightness of Mars, only

observations beyond 2.5 µm would be possible, as shown in Figure 4.1, though the

potentially measurable atmospheric signatures still include CO and H2O.

Studies of the dynamical processes and molecular compositions of the gas gi-

ants of our system offer insight into the behaviour of large extra-solar planets and

JWST could complement and enhance observations made in previous decades by

Galileo, Cassini, Juno and New Horizons. Our understanding of the atmospheres

of giant planets is determined by our knowledge of the relationships between heat

transport, atmospheric dynamics, and chemical processes. JWST may be able to

study the relationship between atmospheric chemistry and dynamics by exploring

disequilibrium species such as phosphine (PH3) and arsine (AsH3), including the

spatial variations of these moelcules [1]. Saturation will again be an issue but,

by selecting the appropriate filter and fast readout speed, observations of Jupiter

and Saturn should be achievable with NIRCam, NIRSpec and MIRI. The spectra

of these planets in the wavelengths covered by these instruments is dominated by

methane absorption which appears as dark features. Hence, any reflective aerosols

seen are located high in the atmospheres, above the majority of the methane. This

probing of the upper troposphere, or lower stratosphere, provides information on

the variation of atmospheric properties, such as wind speed, as a function of alti-

tude [1]. For NIRCam observations, bright targets may have to strandle all four of

the subarrays as shown in Figure 4.2.

Uranus and Neptune are, due to their distance from Earth, challenging to char-

acterise and until the era of space-based telescopes and ground-based adaptive op-

tics, individual features could not be spatial resolved. Substantial improvements

over existing capabilities are expected with JWST, particularly due to the spatial
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Figure 4.1: Saturation limits for NIRSpec (in integral field unit (IFU) and slit modes), NIR-
Cam and MIRI plotted over the spectra of the outer Solar System planets. Fig-
ure adapted from [1].

resolution. Observations of these planets with the facility could lead to assessments

of cloud layers and hydrocarbon distribution, with repeated observations offering

the possibility of detecting temporal variations. Studies with MIRI of Uranus and

Neptune would probe the thermal structure of the planets, with emission features

due to CH4 and other hydrocarbons likely to be detectable, and providing valuable

data sets on photochemical processes in these ice giants. The angular size of the

outer gas giants with respect to the fields of view of several MIRI IFUs is shown in

Figure 4.2.

Additionally JWST will offer excellent opportunities for studying the moons

of the Solar System. Of particular interest are icy moons, such as Europa and Ence-

ladus, where water plumes erupting off the moon’s surface may be detectable and

Titan, the only moon with an atmosphere.

This chapter considers the possibility of using a small satellite in a low Earth
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Figure 4.2: Proposed observation strategies for observing Jupiter with NIRCam (top left),
Titan with NIRSpec (top right) and Uranus (bottom left) and Neptune (bottom
right) with different MIRI IFUs. All figures taken from [1].

orbit, Twinkle, to perform spectroscopic remote sensing observations of major Solar

System objects. Such a facility could provide observations of targets which are too

bright to be observed JWST, complementing the latter facilities capabilities. Firstly,

the timescales over which major objects, such as planets, dwarf planets and major

asteroids, will be observable is assessed. This analysis is then extended to planetary

moons which potentially incur an additional observational constraint.

Having established a potential schedule for observing targets, the ability of

Twinkle to obtain scientific data is evaluated. The sensitivity and saturation limits

of each of Twinkle’s spectrometers is calculated for a given signal to noise ratio
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(SNR) and compared to the photon flux from a selection of Solar System bodies.

The effect of combining multiple observations is also explored.

4.1 Target Availability

Twinkle has a design life of seven years but, with no expendables, has the potential

to operate for far longer. A precise launch date for the mission is still under discus-

sion: for the purpose of this work a ’first light’ date of 1st January 2022 was chosen

and the following analysis was completed with a mission end date of 1st January

2032. Due to the periodicity of observation windows for Solar System objects, the

launch date has little effect on the availability of most targets.

Twinkle’s field of regard is centred on the anti-sun vector and the time period

in which targets can be viewed is limited. When considering the observations of

celestial bodies, it is therefore key to determine how Twinkle’s field of regard varies

over time and when, and for how long, targets will be within this field.

Figure 4.3 shows the variation in the declination of the centre of Twinkle’s field

of regard with right ascension. Note that, due to its sun-synchronous orbit, the right

ascension of the centre of Twinkle’s field of regard varies by 360◦ over the period

of a year and that the declination variation is sinusoidal over the same period. The

white circles indicate the extent of the telescope’s field of regard at a given point.

The centre of the field of regard is located on the ecliptic at all times.

A model has been created to calculate Twinkle’s field of regard for any date.

Therefore, if the celestial co-ordinates of an object for a given date are known, it

can be deduced whether this lies within Twinkle’s observable range. The future

ephemerides of the planets and other celestial bodies can be predicted with high

accuracy by the Jet Propulsion Laboratory’s Horizons system1. By comparing these

predicted values to those of Twinkle over the lifetime of the mission, it can be

determined when each object will be within Twinkle’s field of regard and for how

long.

1https://ssd.jpl.nasa.gov/horizons.cgi
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Figure 4.3: Variation in right ascension and declination of the centre of Twinkle’s field of
regard and indication of its extent at a given time.

4.1.1 Outer Planets

Figure 4.4 displays the observational periods for the outer planets over the period

considered and shows that, generally, the further the planet is from Earth, the longer

the time period for which it can be observed. The outer planets are also found to

have regular observation windows. As Twinkle’s field of regard is centred on the

anti-sun vector, it will not be possible to observe the inner planets of the Solar

System.

4.1.2 Moons

Observations of one set of potential targets within the Solar System, planetary

moons, incur an additional constraint. The moon of interest could be obscured

behind the planet or be transiting across the face of the planet. In the case of the

moon being behind the planet obviously no spectral data can be obtained. When

the moon is transiting across the planet, observations are likely to be subject to con-

tamination by emission from the planet. Therefore, for two segments of its orbit, a

moon cannot be observed by Twinkle. The percentage of time for which a moon is

viewable can be determined by calculating the time spent in front of, or behind, the

host planet.

Figure 4.5 displays the orbit of Phobos and Triton over a period during which
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Figure 4.4: Periods for which the outer planets lie within Twinkle’s field of regard from 1st
January 2022 to 1st January 2032. Due to Mars’ close proximity to Earth and
Twinkle’s field of regard, Mars is only observable every other year.

Mars and Neptune lie within Twinkle’s field of regard. It should be noted that

difficulties may be encountered if observations are performed when the moon is

close to the limb of its host planet due to stray light. As the angular size of planetary

moons is generally small compared to the size of Twinkle’s slits, a gap between a

moon and the planet’s limb is desirable to reduce this stray light. The appropriate

size of this gap is likely to vary depending upon the target. Increasing the gap

reduces the likelihood of the planet contributing to the spectra. However, requiring

a large gap reduces the time for which a moon can be viewed.

If one wishes for separation between the edge of the slit and the planet, a gap
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Figure 4.5: Left: Orbit of Phobos during some of the period for which Mars is within
Twinkle’s field of regard. Right: Orbit of Triton when Neptune is potentially
viewable. The host planets are represented by the shaded central circles (to
scale). Note the orbital period of Phobos and Triton are 7.38 hours and 5.88
days, respectively.

of 2.5 arcseconds could be considered minimum as (assuming the slit is centred on

the moon) this provides a gap of at least 1 arcsecond between the edge of the slit

and the planetary limb.

It is found that, in the majority of cases, the moons are viewable for large pro-

portions of their orbits but that observable periods change over longer time frames

due to the changing inclination of the moon’s orbit with respect to an observer on

Earth.

4.1.3 Dwarf Planets and Other Major Celestial Bodies

In the same way as for planets, the analysis was conducted for other celestial bodies.

The possibility of viewing dwarf planets as well as major asteroids and Trojans was

explored and the observation periods for these objects are shown in Figures 4.6

and 4.7. We again find that the more distant a target, the smaller the variation in

observable period over the lifetime of the mission.
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Figure 4.6: Period for which the dwarf planets lie within Twinkle’s field of regard from 1st
January 2022 to 1st January 2032.
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Figure 4.7: Period for which the major asteroids considered here lie within Twinkle’s field
of regard from 1st January 2022 to 1st January 2032.
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4.2 Instrumentation Performance and Data Quality
Once it has been concluded an object is viewable, the performance of Twinkle’s

instrumentation and the potential quality of scientific data must be ascertained. The

specifications of the instrumentation have not been definitively established and any

changes will impact the conclusions drawn here. However, the following analysis

is readily adaptable to new instrumentation parameters.

4.2.1 Angular size

As discussed in Section 3.2, the slits for each spectral band have different angular

sizes. From JPL’s Horizons system, the angular diameter of a target at a given time

can be found. As demonstrated, the observation windows for viewing a target can

be determined and thus the average angular diameter of a target when viewable can

be calculated. This angular size can be compared to the angular size of Twinkle’s

star and background slits for each spectral band to ascertain whether the target can

be viewed in its entirety in one observation.

If a target is too large to view in one observation, an estimate of the number of

observations required to fully map the target is critical to both the total time needed

to observe the entire target and the average signal to noise ratio associated with each

observation. In the case where only one observation is needed, all photons from the

target’s visible disc are collected in one spectrum. If multiple spectra are taken then

the number of photons received from a given observation area is dependent on the

total number of photons from the target and the number of observations needed to

map the target (i.e. if 4 observations are needed, a constant surface brightness is

assumed and thus that a quarter of the total number of photons contributes to each

spectrum).

An estimate to quantify the required number of observations is given by divid-

ing the target’s angular area by that of the viewing slit of Twinkle. If the planet were

to be totally mapped this lower bound is unachievable as the shape of the viewing

slit does not tessellate to form a circle. However, for the purpose of defining the

fraction of photons from the viewed segment of target, this approximation is valid.

Here we assume the star slit is used for observations and the number required to
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Table 4.1: Approximate number of observations required for each instrument to cover the
entire visible face of a target using the star slit.

Target Angular Diameter [arcseconds]
Approximate Number of Observations
Ch0 Ch1 Ch2

Mars 16.02 806 127 37
Jupiter 46.17 6697 1055 306
Europa 1.03 4 1 1
Saturn 16.74 881 139 41
Titan 0.74 2 1 1
Uranus 3.78 45 8 1
Neptune 2.35 18 3 1
Triton 0.13 1 1 1
Pluto 0.10 1 1 1

map the entire visible face of various targets is shown in Table 4.1.

The photon flux received may vary due to planetary features (for instance the

bands on Jupiter) and may also be affected by limb darkening. Hence the exposure

time needed for a desired signal to noise ratio could fluctuate depending upon the

type of observation carried out. However, this difference should be relatively small

due to the brightness of such a target.

The targets in question are also rotating, the rate of which will dictate the length

of time necessary to allow Twinkle to gain spectral data for the whole surface of the

object. In general, these rotation times are low compared to the observation window,

allowing plenty of time for observations of any side of the object.

4.2.2 Estimate of the signal received from a target

Assuming that the systematic noise characteristics of the instrument are constant for

any target, the exposure time needed for a desired signal to noise ratio is dictated by

the number of photons received per second. When observing a Solar System target,

the flux received originates from two sources, the reflection of solar radiation and

the radiation emitted from the target itself. Thus, the flux received at Earth from a

target body is given by:

FTarget = FRe f lected +FEmitted (4.1)
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The flux from the target due to reflected solar radiation is given by:

FRe f lected =
Solar Flux at Target (Wm−2nm−1)×A×πR2

T

2πD2
E−T

(4.2)

where RT is the radius of the body, DE−T is the separation between the target and

Earth and the A is the bond albedo, the fraction of incident radiation which is re-

flected in the direction of the observer. It is assumed that the visible face of the body

reflects solar radiation uniformly over a half sphere of radius DE−T .

The previously described analysis determines when a target could be viewed

by Twinkle and was used to calculate the average Sun-target separation as well as

the Earth-target distance. We use the ASTM E-490 solar spectral irradiance [129]

to calculate the reflected light from the target body.

The geometric albedo of the target, as well as its radius, can be acquired from

a variety of sources and thus the photon flux of solar radiation reflected by the target

at the observer can be obtained. The values used here are contained in Table 4.2.

The amount of radiation reflected by a target in the direction of the observer depends

upon the phase angle, the angle formed between the Sun, target and observer. The

geometric albedo, pv, was used to calculate the bond albedo, A, of a target from:

A = pv×q(χ) (4.3)

where q(χ) is the phase integral which, for planetary bodies, can be estimated as

that for a diffuse sphere and is given by:

q(χ) =
2
3

(
(1− χ

π
)cos(χ)+

1
π

sin(χ)
)

(4.4)

where χ is the phase angle [130]. Given that Twinkle’s field of regard is centred

on the ecliptic, and the orbits of major bodies have small inclinations, observations

will generally occur at low phase angles and thus a phase angle of 10◦ has been

assumed (i.e. q≈ 0.657). Geometry effects such as coherent backscatter have been

omitted.

Modelling the target as a black body, the flux received at Earth due to emission
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from the target can be determined. Here the effective temperature has not been

derived but instead literature values have been used which are also given in Table

4.2. For a solid body, the surface temperature is used and for the gaseous planets the

temperature at 1 bar is taken. It is assumed that the body radiates uniformly over a

sphere with radius equal to the average Twinkle-target distance.

For all targets in the shorter infrared band (Ch1) and the visual band (Ch0),

as well as the vast majority of targets in the longer infrared band (Ch2), it is found

that the contribution of emitted radiation is negligible. The exception is the Martian

satellites which have an emission contribution of approximately 18% in the second

infrared band.

Table 4.2: Average photon flux (photons/m2/s) per spectral bin for targets considered here
and the assumed parameters used in the calculation. Many of the albedos have
been acquired for the JPL Solar System Dynamics Service and the original
sources have been cited where possible.

Target Name Radius Geometric Albedo Temperature [K]

Mars 3.39E+06 0.15[131] 210

Phobos 1.11E+04 0.071[132] 233

Deimos 6.20E+03 0.068[133] 233

Jupiter 6.99E+07 0.52 165

Ganymede 2.63E+06 0.435[134] 103

Callisto 2.41E+06 0.18[134] 118

Io 1.82E+06 0.625[135] 118

Europa 1.56E+06 0.7[136] 113

Himalia 8.50E+04 0.675 124

Amalthea 8.35E+04 0.091[137] 160

Thebe 4.93E+04 0.047[137] 124

Elara 4.30E+04 0.035 124

Saturn 5.82E+07 0.47 134

Titan 2.57E+06 0.2[138] 94

Rhea 7.64E+05 0.949[139] 76

Iapetus 7.36E+05 0.6[138] 110
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Dione 5.62E+05 0.85[139] 87

Tethys 5.31E+05 1.229[139] 86

Enceladus 2.52E+05 1.375[139] 75

Mimas 1.98E+05 0.962[139] 64

Hyperion 1.35E+05 0.3[138] 93

Uranus 2.54E+07 0.51[140] 76

Titania 7.89E+05 0.27[140] 70

Oberon 7.61E+05 0.23[140] 75

Umbriel 5.85E+05 0.21[140] 75

Ariel 5.79E+05 0.39[140] 60

Miranda 2.36E+05 0.32[140] 60

Neptune 2.46E+07 0.41 72

Triton 1.35E+06 0.719[141] 58

Proteus 2.10E+05 0.096[142] 51

Nereid 1.70E+05 0.155[143] 51

Larissa 9.70E+04 0.091[142] 51

Galatea 8.80E+04 0.079[142] 51

Despina 7.50E+04 0.09[142] 51

Thalassa 4.10E+04 0.091[142] 51

Naiad 3.30E+04 0.072[142] 51

1 Ceres 4.70E+05 0.09[144] 168

Pluto 1.19E+06 0.3 50

136108 Haumea 5.75E+05 0.84[145] 50

136372 Makemake 7.15E+05 0.81[146] 42

136199 Eris 1.16E+05 0.96[147] 43

5261 Eureka 1.30E+03 0.39[148] 250

433 Eros 8.42E+03 0.25[149] 230

4 Vesta 2.63E+05 0.38[150] 150

2 Pallas 2.56E+05 0.16[151] 164

10 Hygiea 2.16E+05 0.07[152] 164
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1036 Ganymed 1.58E+04 0.218[37] 160

624 Hektor 1.13E+05 0.034[2] 122

4.2.3 Instrumental Performance and Noise

Not all incident photons will be detected due to instrument inefficiencies. The opti-

cal and quantum efficiencies are shown in Table 4.3 along with the instrument plate

scale.

A model was created to estimate the noise contributions from various sources.

The detector is assumed to be cooled to 70 K whilst the telescope has been mod-

elled at 180 K. Excluding the target signal, Figure 4.8 shows the background from

each source with the dark current dominating most wavelengths for long exposures

although the telescope is dominant at longer wavelengths. For short exposures the

read noise dominates and the contribution from the instrument box is only signif-

icant in Ch2 (�10−4 for the other channels). Due to this background signal the

detector will saturate at longer wavelengths within ∼600 seconds, even for faint

targets. Additionally a read noise of 18 e−/pix rms was assumed.

4.2.4 Determining Observability

By setting a requirement of SNR = 10, we calculate the ability of Twinkle to ob-

serve an object at the highest resolving power for each channel using the star slit.

The photon flux (photons/m2/s) received from a target was calculated across each

spectral bin. Within each channel, the photon flux varies due to the variance in so-

lar output with wavelength. Thus, for ease of representation, the average flux per

spectral bin was calculated for each channel.

The signal to noise ratio of an observation can be determined from:

SNR =
N ∗QE ∗η√

Nγ +(N ∗QE ∗η)

√
tEXP (4.5)

where tEXP is the exposure time, Nγ is the total number of non-signal-generated

electrons (per spectral bin per second), QE is the quantum efficiency, η is the optical



4.2. Instrumentation Performance and Data Quality 63

Figure 4.8: Number of photons per second per spectral bin from different background
sources when operating at R∼250 (λ <2.42 µm) and R∼60 (λ >2.42 µm).

Table 4.3: Instrument properties over each channel.

Instrument
Property

Ch0
(0.4 - 1µm)

Ch 1
(1.3 - 2.42µm)

Ch 2
(2.42 - 4.5µm)

Optical Efficiency 0.80 0.45 0.61
Quantum Efficiency 0.7 0.7 0.7
Plate Scale (arcsec /µm) 0.007 0.027 0.7
Telescope Emissivity 0.02 0.02 0.02

efficiency and N is the number of photons (per spectral bin per second) from the

target. This was rearranged to obtain the minimum photon flux needed to meet the

SNR requirement within a given integration time.

By comparing the photon flux from a target with the minimum required to

achieve SNR = 10, the Solar System objects which could be observed by Twinkle

were determined. For some bright sources, saturation can be an issue and thus the

maximum photon flux from a target that could be observed for a given integration

time was also calculated. We assume a max continuous integration time of 300
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seconds.

These sensitivity and saturation limits are plotted in Figure 4.9 and, if an object

lies between these limits for a given exposure time, Twinkle can achieve spectra

at the instrumentation’s native resolution with an SNR >10. We find that very

bright objects such as Mars could only be observed with short exposure times due

to saturation of the detectors. Targets such as Neptune could be observed in around

1 second whilst spectra of dimmer objects (e.g. Deimos) could be obtained in 60

seconds.

By combining multiple observations, some fainter object could be observed

by Twinkle. We find that with less than 10 observations with exposure times of

300 seconds, Pluto could be observed at Twinkle’s native resolution as shown in

Figure 4.10. The sensitivity limit of Twinkle could be further increased by binning

down the spectra, reducing the resolution but increasing the number of photons per

spectral bin.

Thus, we find that many celestial bodies could be observed at a high spectral

resolution (R∼250, λ <2.42 µm; R∼60, λ >2.42 µm) with short exposure times

(� 300 seconds). On the other hand, some bodies are too small, faint or distant and

are found to require many observations. The potential exists to bin the spectra to

lower resolutions to increase the SNR and thus allow faint objects to be observed.

4.3 Discussion
This first iteration of assessing Twinkle’s performance for Solar System science

has shown that many objects are potentially observable with Twinkle. Twinkle is

currently entering a Phase B design review and thus the technical specifications may

change. An updated analysis will be published when the design is finalised.

4.3.1 Suitability of Targets

From the analysis presented here, it can be concluded that, for each object, an ideal

viewing period will exist and this is when the target is closest to the Sun (and Earth),

at a low phase angle, close to the centre of Twinkle’s field of regard. This will

ensure the highest photon flux. The photon fluxes calculated here are averages of
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Figure 4.9: The average photon flux received per spectral bin at Earth for various Solar
System bodies at their average distance during observable periods with Twin-
kle. Additionally the sensitivity and saturation limits of Twinkle are plotted for
single observations with various exposure times using the star slit assuming a
SNR >10 is required.
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Figure 4.10: The average photon flux received per spectral bin at Earth for various So-
lar System bodies at their average distance during observable periods with
Twinkle. Additionally the sensitivity limits of Twinkle are plotted for a given
number of 300 second observations with the star slit.
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the expected performance. Thus, an observation at a specified time may achieve

better or worse performance than predicted here, depending upon the instantaneous

geometry of the observation. The capability of Twinkle to view a target also varies

over the spectral bins. Targets have been assessed by the number of observations

required to achieve high resolution spectroscopic data with a signal to noise ratio of

10. If this level of resolution or quality is not needed, the capability of Twinkle to

observe this object may change. For example, in the infrared, many spectral features

can be broad and thus a resolving power of 250 (or 60) may not be necessary.

It is therefore concluded that, although some targets will not be suitable for

observations with Twinkle, there is the potential to observe, with a relatively small

space telescope, a significant number of objects. The resolution and quality of data

achievable will vary with each spectral bin and with the length and number of ob-

servations undertaken. Reducing the required signal to noise ratio will considerably

increase the ease for which Twinkle could obtain data from a target.

For planets and large moons, the integration times are, in many cases, shown to

be short enough that spectroscopic observations of these bodies can be undertaken in

a single exposure. For faint, small or distant targets the integration times are longer

and in several cases are too large to obtain high quality data in one observation.

Combining multiple observations of a target will increase the data quality obtainable

as will binning the spectra to a lower resolution.

We find that Solar System objects generally have long observing windows (up

to 80 days) each year and these potential observing periods are also periodic over

the timescale of the mission. As, in general, the observation window for an object

is greater than the rotation period of the target, Twinkle could obtain global views

of spatial variations. By re-observing an object over an extended period of time

(i.e. years), observations with Twinkle could also be used to search for temporal

variations.

4.3.2 Background Slits

Here, the capabilities of the star slit to observe Solar System objects has been as-

sessed and, in the normal operation mode, the background slits are used to provide
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measurements of zodiacal light in the direction of observation which is then sub-

tracted from the observation of the target. When observing a planet, the zodiacal

component will be small compared to the planetary contribution.

Therefore, the background slits could instead be used to provide spectra of a

strip of the target. This increases the area covered in one observation and decreases

the exposure time required although spatial resolution is also reduced. The star slit

(or other background slit) could potentially be used to subtract any background.

Utilising the background slit in this way would rapidly decrease the time taken to

fully observe the visible face of a large target.

There may however be issues with using Twinkle in this way. The telescope is

designed such that the FGS is used for fine pointing. In normal operations this will

fix the star on pixels of the FGS CCD and keep its location fixed. As the spacecraft

moves due to its orbit and other perturbations the FGS mirror tilts to keep the target

positioned on this pixel. This ensures that the slit is pointed at the target for the

entirety of the observation. For small targets, such as moons or asteroids, for which

only one observation is required to map, the methodology is the same.

However, if multiple spectra need to be taken to map the object then this would

require Twinkle to not only keep the telescope pointed at a given location but also

be able to fine point within this object. This is vastly different from the primary

mode of operation and thus a different mode would need to be devised. The slew

time between these observations will also need to be accounted for in the mapping

time and the precision to which these adjustments can be accomplished must be

determined. Though potentially problematic, this mapping technique is certainly

not inconceivable.

The background slits could also mitigate for the contribution of the planet when

observing moons. The background slit could be used to observe the moon with its

orientation being perpendicular to the planet-satellite direction, as shown in Figure

4.11, with the central background spectra focused on the moon. For moons, and

other small objects, care will have to be taken to ensure that other background ob-

jects, such as bright stars, do not lie within the field of view, contributing to the
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Figure 4.11: Potential use of background slit to view moons and mitigate for stray light
from the host planet (not to scale). Original images credit: NASA.

received spectra. Additionally, as all three slits image onto the same detector, the

other slits must be positioned away from very bright objects, such as the host planet

of a moon, to avoid saturation. A final consideration is that the background slits

observe different regions of the sky so multiple observations would be needed to

obtain full spectral coverage.

4.3.3 Potential Impact

Twinkle therefore offers a capability that is not currently available: space-based

spectroscopic observations of Solar System objects in the infrared beyond 1.7 µm.

Unlike ground-based telescopes, Twinkle will not be inhibited by Earth’s atmo-

sphere and thus will be capable of detecting water features in the infrared that

would be extremely difficult from the ground. In addition to hydration features,

many silicates and organics have absorption features within Twinkle’s 0.4 - 4.5 µm

range. These are key for understanding the dispersion of water, metals and organ-

ics throughout the Solar System and provide insights into planetary formation and

evolution. Several CO2 ice bands also lie within Twinkle’s wavelength coverage

(e.g. those around 2 µm and the absorption feature at 4 - 4.4 µm which is blocked

by telluric CO2) which have been detected in various bodies including the moons

of Jupiter [153, 91], Saturn [154] and Uranus [155]. Additional molecules found
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in these satellites that may be detectable with Twinkle include condensed O2 [156]

as well as SO2 [157]. Combining spectroscopic observations of major bodies with

small bodies (asteroids and comets) enables a detailed view of the primitive and

current state of the Solar System. Thus, further work will seek to understand the

capability of Twinkle to observe small bodies within the Solar System.

4.4 Conclusions
The capability of the Twinkle space telescope to observe Solar System objects in

visible and infrared wavelengths has been assessed in this chapter.

From comparing the celestial coordinates of potential targets with Twinkle’s

field of regard it has been found that, although the orbital characteristics of Twinkle

impose constraints, the potential observation windows are still large. The duration

and frequency of these observable periods varies, as does the trajectory of the object

across Twinkle’s field of regard. Planetary moons incur an additional constraint but

obscuration by their host planet is found to be minor in the vast majority of cases

although some observations may be hindered by stray light.

Solar System targets, for which Twinkle’s capabilities allow for the acquisi-

tion of high quality, high-resolution spectroscopic data within a single observation

is found to incorporate planets and some larger moons. The potential also exists for

observations of smaller moons and large asteroids at high resolution while photo-

metric observations should be possible for a vast number of objects. The capability

of Twinkle to observe these objects varies with wavelength and, as the majority of

photons received from bodies are reflected solar radiation, the longer infrared band

has the lowest capabilities for viewing fainter objects, which is also due to higher

instrumentation noise.

An obvious way of increasing the sensitivity limit is to combine multiple obser-

vations and this has been shown to expand the targets which Twinkle could observe.

For each target an optimal approach is likely to exist and, by varying the resolving

power, length and number of observations and the required signal to noise, the abil-

ity of Twinkle can be assessed on a case by case basis.



Chapter 5

Small Bodies Science with Twinkle

”When we try to pick out anything

by itself, we find it hitched to

everything else in the universe.”

John Muir

As outlined in Section 2.3.1, the small bodies field currently lacks a space-

based remote-sensing mission capable of selectively characterising thousands of

asteroids and comets, through visible and near-infrared spectroscopy. While Ariel is

not expected to be capable of Solar System science due to the lack of a non-sidereal

tracking capability, JWST and Twinkle both present the possibility of investigating

a multifarious selection of small bodies.

The capability of JWST for small bodies science has long been anticipated.

Analysis of the sensitivity of NIRCam and NIRSpec suggests that, with an ex-

posure time of 1000 s, almost any currently known main belt asteroid could be

observed with an SNR > 10 at R∼100 [158]. For larger objects, these observa-

tions will provide both spectral and spatial information, facilitating the distinction

of surface features and changes in surface mineralogy. While Hubble has been used

extensively for spatial observations of asteroids [e.g. 159], it cannot simultaneously

Contributions: This chapter is based upon a study which I led and has been published in a peer-
reviewed journal (Edwards et al. 2019, Small Bodies Science with the Twinkle Space Telescope,
JATIS, doi: 10.1117/1.JATIS.5.3.034004). Sean Lindsay, Neil Bowles, Giorgio Savini, Giovanna
Tinetti, Marcell Tessenyi and Claudio Arena also contributed significantly to this work.
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provide this spectral information. Additionally, Hubble observations are interrupted

due to Earth obscuration. This will not be an issue for JWST meaning an asteroid

could be observed continuously over its rotation period instead of stitching together

observations over several rotations.

Near Earth Objects (NEOs) are a particularly interesting population of bodies.

With short dynamical lifetimes of few million years due to gravitational interac-

tions, NEOs are constantly being depleted by Earth impacts while simultaneously

being refreshed via capture. This population contains potentially hazardous aster-

oids (PHAs) which have a high probability of Earth impact but some of them also

present the ideal targets for future resource utilisation. Hence, detecting and study-

ing NEOs is deemed of critical importance for both planetary defence and future

human exploration and exploitation. Around 75% of NEOs should be observable

by JWST in a given year with MIRI anticipated to have the sensitivity to conduct

photometric surveys of meter-sized NEOs, providing albedo and diameter measure-

ments and opening a new parameter space for characterisation [110].

Another science case to which JWST is expected to contribute is the study of

comets, in particular the expansion of our knowledge of gas coma orbital evolu-

tion and the detection of water ice in cometary nuclei and coma [160]. Main Belt

Comets (MBCs) could also be studied and Hubble observations have, in some cases,

quantified the volume of water outgassing but have yet to characterise the dust vol-

ume or particle size in the comae [49]. JWST could allow for such properties to be

probed and objects with significant outgasing rates should be detectable out to 4.5

AU [160].

However, JWST is expected to be hugely oversubscribed and thus it is unlikely

small bodies programs will receive enough time to study the hundreds, or even thou-

sands, of objects required to form a true population study. Hence, although JWST

will undoubtedly provide fantastic insights into a handful of small bodies, without a

larger population study, progress in understanding these primordial objects will be

slower than hoped.

The focus of this chapter is on the potential of Twinkle to observe and charac-
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terise the small bodies of the Solar System. Twinkle’s spectrometers cover a similar

wavelength range to JWST NIRSpec, as well as the proposed CASTAway mission

[87], and thus will be capable of detecting many of the same features. This spectral

coverage is ideal for the compositional characterisation of mafic silicates, hydra-

tion features, and organics on asteroid surfaces and within comet comae. Here,

Twinkle’s ability to acquire high fidelity spectral data of many asteroids and comets

within the Solar System is demonstrated, a description of which spectral features

lie within Twinkle’s spectral range that make it an ideal small bodies research fa-

cility is provided, and the research areas to which Twinkle could contribute most

significantly are discussed.

5.1 Methodology
JPL’s Horizons system1 was accessed for ∼740,000 small bodies defined as NEOs,

Inner, Main and Outer Belt asteroids or Trojan asteroids. Here, Near-Earth Objects

(NEOs) include those that are classified by the Horizons database as Aten, Apollo

and Amor. Atira asteroids are excluded as their orbits are contained entirely within

the Earth’s orbit and thus are not observable due to the field of regard of Twinkle

always being centred upon the anti-Sun vector. Mars-crossing asteroids are classi-

fied here as Inner Belt asteroids. Additionally, the physical characteristics of∼1000

comets were downloaded from the Minor Planet Centre2. The capability of Twin-

kle to observe these small bodies has been analysed using the methods described in

Sections 5.1.1 - 5.1.3.

5.1.1 Instrument Sensitivity

For many small bodies within the Solar System, such as comets and asteroids, pa-

rameters such as albedo, radius and temperature are not precisely known. There-

fore, the analysis described in Chapter 4, which was used for modelling Twinkle’s

capabilities to observe major Solar System bodies, cannot be applied. To assess

Twinkle’s performance when viewing such objects, the flux received has been esti-

1https://ssd.jpl.nasa.gov
2https://minorplanetcenter.net
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mated from the visible magnitude of the body and the methodology for calculating

the visible magnitude of small bodies is described in Section 5.1.3.

It is assumed that all photons received in Twinkle’s visible and infrared wave-

lengths bands are from reflected solar radiation and that a target is small enough to

be viewed in its entirety in one observation. The former is valid for Ch0 and Ch1 but

provides an underestimation of the flux in the spectral band 2.42 - 4.5 µm while the

latter assumption is true for all but the biggest, brightest objects (e.g. Ceres) which

have angular diameters which are greater than the size of Twinkle’s slits but have

already been shown to be observable with Twinkle in the previous chapter. For each

magnitude, the photon flux is calculated per spectral bin which can then be com-

pared to the sensitivity and saturation limits of Twinkle for a given exposure time.

The thermal emission of an asteroid can of course be significant, particularly for

NEOs. By ignoring it we are underestimating the number of photons received and

thus underestimating the exposure time required. When planning an actual observa-

tion with Twinkle, the thermal emission should of course be accounted for to avoid

detector saturation. Here however, we attempt to classify an approximate number of

potential targets rather than focusing on any individual objects. To reduce the num-

ber of assumptions in the calculation of the flux (e.g. surface temperature, diameter,

albedo) we chose the simplified case of assuming just reflected solar radiation.

The minimum photon flux required to achieve SNR = 100 was calculated for

various exposure times to find the sensitivity limit of Twinkle. Additionally the sat-

uration limit was found by finding the maximum photon flux that could be observed

in each spectral bin. The noise characteristics per spectral bin were identical to that

of Chapter 4 (see Figure 4.8).

5.1.2 Pointing and Tracking Restrictions

Twinkle’s FGS operates at visible wavelengths and the detailed tracking perfor-

mance of the FGS will ultimately depend on the platform pointing accuracy. How-

ever, it is expected that the wide Field of View (FOV) of the FGS camera will allow

bright sidereal targets to be tracked. The ability of Twinkle to track an object varies

with brightness and there exists a faintest object which Twinkle can track using the



5.1. Methodology 75

FGS. Current simulations suggest direct tracking will be possible for targets with

visible magnitude of 15 or brighter. Further investigation is needed to fully ascertain

the capability of the FGS and this will be performed as part of the Phase B study.

For fainter targets, tracking could be simulated by scanning linear track segments.

These linear track segments are linear in equatorial coordinate space; they are com-

manded as a vector rate in J2000 coordinates, passing through a specified RA and

Dec at a specified time. The coordinates of the target can be obtained from services

such as Jet Propulsion Laboratory’s Horizons System. This method of tracking is

by no means simple but has been employed on Spitzer (and will be for JWST). In-

cluding such a capability would be non-trivial but, given the current status of the

mission, there is time to include and refine this capacity. Here we assume only

on-target tracking is used.

The maximum tracking rate of Twinkle is also subject to further investigation.

During the ExploreNEO program, Spitzer targets achieved a max rate of 543 mas/s

[60] and JWST will be capable of 30 mas/s [110]. Twinkle’s FGS is expected to be

capable of tracking Mars (e.g. a rate of 30 mas/s) though its max rate may have a

dependence on the brightness of the target.

5.1.3 Target Availability

As in Chapter 4, Twinkle was assumed to have a ’first light’ date of 1st January

2022 and a 10 year mission life. To assess the number of small bodies which enter

Twinkle’s field of regard, JPL’s Horizons system was accessed and ephemeris data

obtained for all small bodies over the timescale 2022 to 2032 at 1 day intervals. This

was compared to Twinkle’s field of regard and, when a target could be observed with

Twinkle, the visible magnitude, m, of the body calculated from:

m = H +2.5log10

( d2
S−T ×d2

O−T

q(χ)× (1AU)4

)
(5.1)

where dS−T is the distance between the Sun and the target, dO−T is the distance

between the observer and the target, q(χ) is the phase integral and H is the apparent

magnitude an object would have if it were at 1 AU from both the observer and the
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Sun. The apparent magnitude of these bodies was calculated using dS−T and H

from the Horizons database. For planetary bodies (with an atmosphere), the phase

integral can be estimated as that for a diffuse sphere [130]. However, airless bodies

(i.e. asteroids although some have tenuous exospheres such as Ceres [161]) usually

reflect light more strongly in the direction of the incident light. This causes their

brightness to increase rapidly as the phase angle, the angle between the Sun, the

observer and the target, approaches 0◦. This opposition effect is dependent upon the

physical properties of the body [162]. Therefore, q(χ) has been calculated from:

q(χ) = (1−G)φ1(χ)+Gφ2(α) (5.2)

where G is the slope parameter (acquired from Horizons or assumed to be 0.15) and

φ is given by:

φn(χ) = exp
(
−An

(
tan

χ

2

)Bn
)

where A1 = 3.332, A2 = 1.862, B1 = 0.631, B2 = 1.218 [163, 164]. This is valid for

phase angles below 120◦. These assumptions therefore include phase angle effects

but do not account for phase angle dependent spectral effects. However, these are

still not well understood and, in all but the most extreme cases of large phase angle,

are only minor effects.

This calculation was performed for three periods (1 year, 3 years and 10 years),

each starting in 2022, to provide estimates of the number of asteroids observable

with Twinkle over the mission life but also shorter time-spans. By monitoring an

asteroid over time, the maximum brightness when observable with Twinkle could

be obtained. The visible magnitude was utilised to calculate the number of photons

received from the target in each spectral band. The rate of motion at a given time

was also calculated to account for the capabilities of the FGS.

If not currently known (i.e. listed in the Horizons database3), the diameter (in

3https://ssd.jpl.nasa.gov/horizons.cgi
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metres) of the observable asteroids have been determined from:

d = 103.1236−0.5log10(pv)−0.2H (5.3)

where pv is the geometric albedo [165]. For each target, three possible albedo

classes are considered that represent a variety of asteroid taxonomies. The albedo

classes are defined using average albedos for different taxonomic types as deter-

mined in [166], and are as follows: 1) taxonomic types with low average albedos

near 0.05 including the C-complex and P- and D-types (possible X-complex); 2)

taxonomic types with moderate average albedos near 0.20 including the S-complex

and K-, L-,(possible X-complex) and M-types (X-complex); and 3) taxonomic types

with high average albedos near 0.40 including V-type (similar to S-complex) and E-

type (X-complex).

5.2 Results

5.2.1 Number of Observable Asteroids

By assuming a requirement of SNR = 100 and the discussed instrument characteris-

tics, the capability of Twinkle to observe small bodies is determined by calculating

the sensitivity and saturation limits of Twinkle’s instrumentation for each spectrom-

eter. These are plotted in Figure 5.1 and, if an object lies between these limits for

a given exposure time, Twinkle can achieve spectra at the instrumentation’s highest

resolution with an SNR >100. At shorter wavelengths (λ<2.42 µm), targets of

visible magnitudes brighter than mv ∼13.5 could be observed at Twinkle’s highest

spectral resolution in 300 s while for longer wavelengths the magnitude limit for

this exposure time is mv ∼12. As discussed in Section 5.1, thermal emission has

been ignored and thus the calculated flux at longer wavelengths is an underestimate

for many small bodies.

By combining multiple observations, the faintest object which could be ob-

served by Twinkle can be improved. We find that by stacking fewer than 100 obser-

vations, each with exposure times of 300 s, Twinkle could probe to visible magni-
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Figure 5.1: For a single observation of a given exposure time, the sensitivity and saturation
limits of Twinkle assuming observational parameters of SNR = 100, R∼250 (λ
<2.42 µm) and R∼60 (λ >2.42 µm). Additionally the average photon fluxes
received per spectral band at Earth for small bodies of a given visible magnitude
are plotted.
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Figure 5.2: For multiple 300 second observations, the sensitivity and saturation limits of
Twinkle assuming observational parameters of SNR = 100, R∼250 (λ <2.42
µm) and R∼60 (λ >2.42 µm). Additionally the average photon flux received
per spectral band at Earth for a small body of a given visible magnitude are
plotted.
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tudes of mv ∼15-16.5 (Figure 5.2). The sensitivity limit of Twinkle could be further

increased by binning down the spectra, reducing the resolution but increasing the

number of photons per spectral bin.

The number of asteroids which Twinkle could characterise depends upon the

brightness of targets when entering the field of regard, which dictates the possibil-

ity of tracking it with the FGS (without the need for linear tracking segments) and

the data quality achievable. The cumulative number of asteroids of a given visible

magnitude that enter Twinkle’s field of regard with non-sidereal rates of <30 mas/s

is shown in Figure 5.3. We find that several thousand Main Belt asteroids with a

visible magnitude <15 enter Twinkle’s field of regard over the time periods con-

sidered. Tens or a few hundred NEOs and Outer Belt asteroids are bright enough

for on target tracking. Additionally, a handful of Trojans are bright enough to be

tracked with the current FGS design as are tens of asteroids in the Inner Belt.

5.2.2 Size of Potential Observable Asteroids

For each asteroid which enters Twinkle’s field of regard over the period 2022 - 2032,

the maximum visible magnitude has been calculated as described. Additionally, the

diameter, if not already known, has been determined assuming 3 different albedos

(0.05, 0.2 and 0.4). Figure 5.4 shows the sizes of asteroid that Twinkle could char-

acterise. The plotted value for the diameter is that calculated assuming an albedo

of 0.2 while the error bars show the change in the diameter if the albedo is between

0.05 and 0.4. We find that the majority of potentially observable asteroids are large

(>1 km) but there are also some possible targets with sizes of 100’s of metres or

less. If tracking via bright stars is employed and data resolution or quality can be

sacrificed (i.e. spectral binning of spectra or SNR <100) then objects fainter than

Mv = 15 could be observed with Twinkle which would allow for many asteroids

with smaller diameters to be characterised.

5.2.3 Comets

The visible magnitude of ∼1000 comets has been monitored over the period 2022

- 2032 and Figure 5.3 shows the change in this brightness for the most luminous
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Figure 5.3: Cumulative number of asteroids of a given visible magnitude and type that
enter Twinkle’s field of regard over several time periods (dashed: 2022 - 2023,
dotted: 2022 - 2025, solid: 2022 - 2032) with non-sidereal rates of <30 mas/s.
The grey area indicates the cut-off due to the tracking capability of the current
FGS design.

objects. Over a decade, ∼200 comets are found to be brighter than the current

tracking limit of Twinkle’s FGS and thus spectra with SNR >100 could be obtained

for these over multiple observations at Twinkle’s highest resolution. Again, increas-

ing the sensitivity of the FGS, or utilising other tracking methods, would allow for

more targets to be characterised and mean comets could be observed while they are

further from the Sun (e.g. before they become active).

5.3 Discussion

With its wavelength coverage, position outside of Earth’s atmosphere, instrument

performance (Section 5.2), and stability capabilities, Twinkle is ideally suited to ac-

quire high fidelity visible and near-infrared (VNIR) data for the small bodies of the

Solar System. While Twinkle is well-suited to investigate asteroids of all types, the
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Figure 5.4: The diameters of asteroids which enter Twinkle’s field of regard and the max
visible magnitude they are observable at with non-sidereal rates of <30 mas/s.
The grey area indicates the cut-off due to the tracking capability of the current
FGS design.

most promising contribution the space-based observatory offers is to investigate the

primitive asteroids. Twinkle’s ability to fully resolve spectral features related to hy-

droxyl (OH), water (ice and gas), and hydrated silicates, which are either partially

or fully obscured in Earth-based observations due to Earth’s water-rich atmosphere,

offers the opportunity to collect the best primitive asteroid VNIR data set to date.

Currently, telluric (atmospheric) water features in the spectral data prevent a full

characterisation of the primitive asteroids and comet comae. Such a characterisa-

tion is required to determine the composition and mineralogy of these objects and

Table 5.1 contains various minerals with absorption features within Twinkle’s spec-

tral range. Without a large database of VNIR spectra free of atmospheric water

contamination, our understanding of the composition of the most primitive bodies

of the Solar System has been stunted.
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Figure 5.5: Cumulative number of comets of a given visible magnitude that enter Twinkle’s
field of regard over several time periods (dashed: 2022 - 2023, dotted: 2022 -
2025, solid: 2022 - 2032) with non-sidereal rates of <30 mas/s. The grey area
indicates the cut-off due to the tracking capability of the current FGS design.

Table 5.1: Main spectral features of some common minerals within the 0.4 - 4.5 µm spec-
tral region, take from the RELAB database[5]

Minerals Main Spectral Features [µm] Comments

Carbonates

Calcite/Dolomite 1.85 - 1.87

1.97 - 2.0

2.12 - 2.16

2.30 - 2.35

2.50 - 2.55

3.40

4.00

Oxides
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Chromite 0.49

0.59

1.3 At the edge of Channel 1

2.0

Spinel 0.46

0.93

2.80

Organics

e.g. n-alkanes, numerous 1.7

amino acids including: 2.3

2.4

Phosphates

Apatite OH - apatite 1.4

1.9

2.8

3.0

F - Cl apatite 2.80

3.47

4.00

4.20

Silicates

Olivine 0.86 - 0.92

1.05 - 1.07 Not currently covered

1.23 - 1.29 Not currently covered

Pyroxene Mg - Fe 0.91 - 0.94

1.14 - 1.23 Not currently covered

1.80 - 2.07

Ca - Mg - Fe 1.2 Not currently covered

2.0
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Feldspar Na - Ca 1.1 - 1.29 Not currently covered

Phyllosilicate e.g. saponite 1.35

1.8

2.3

2.8

e.g. serpentine 1.4

1.9

2.2

2.9

0.7

0.9

1.1 Not currently covered

5.3.1 Characterising composition and mineralogy of primitive

asteroids

A characterisation of the composition and mineralogy of the primitive asteroids

(C-complex, some X-complex, D-type, and potentially L-/K-type) remains uncon-

strained [166]. This is in part due to the fact that the surfaces of these asteroids

contain abundant opaques (e.g. amorphous carbon), which leads to the spectra of

these asteroids types being, for the most part, featureless. However, the primary

problem with characterising the composition and mineralogy of primitive asteroids

using VNIR spectroscopy is that almost all VNIR spectroscopic studies to date have

been limited to ground-based observations. The few absorption features observed

in primitive asteroids are associated with water and/or hydration (either chemically

or physically absorbed), which are contaminated by atmospheric water in ground-

based observing campaigns.

5.3.1.1 0.7 and 3 µm features

Two notable absorption features associated with primitive asteroids are the 0.7 µm

and 3.0 µm features. These features are commonly observed in CM chondrites
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as well as C-complex and M-type asteroids [167, 168, 169, 170, 171]. The 0.7

µm feature is not obscured by atmospheric water, but what compositional infor-

mation it constrains is still an open question. This feature is often associated with

phyllosilicates and attributed to Fe2+ - Fe3+ intervalence charge transfer [167, 168].

Regardless of its association with phyllosilicates, the 0.7 µm feature is not currently

used as a diagnostic of phyllosilicate mineralogy or composition.

The 3 µm feature is, in many cases, a complex blend of several different fea-

tures. The 3 µm band is associated with hydration and is due to a combination of

possibilities: hydroxyl (OH), water ice, and water/hydroxyl associated with phyl-

losilicates [172, 173, 174, 175, 176, 177, 178, 170, 179]. The shape of this feature

is dependent on the composition. For example, OH has band positions between 2.7

- 2.8 µm that vary based on the associated composition (i.e., OH in hydrated miner-

als) [172]. An OH-only 3 µm feature will have a sharp absorption drop off near 2.7

µm that transitions to a near-linear return to the continuum level for wavelengths

long-ward of the feature minimum. Some studies have shown that the location of

the OH band minimum in carbonaceous chondrites is an indicator of phyllosilicates

and of the degree of aqueous alteration experienced [173, 175, 177, 180]. A 3 µm

feature due entirely to water ice, on the other hand, will have a broader, more bowl-

shaped minimum region [176, 179]. The water ice 3 µm feature is a composite

of three absorption bands due to molecular vibrations located at near 3.0, 3.1, and

3.2 µm that shift slightly in wavelength location depending on whether the ice is

crystalline or amorphous and as a function of temperature [176]. Additional to the

contributions from water and hydroxyl, hydrated minerals, such as the phyllosili-

cates, also have spectral absorptions near 3 µm with band positions that vary based

on mineral species and composition.

The large diversity of 3 µm band shapes and centres is used to divide the NIR

spectra of asteroids with a 3 µm feature into four spectral groups (the sharp, or

‘Pallas’-like, rounded or ‘Themis’-like, ‘Ceres’-like, and ‘Europa’-like) [180], and

divide the spectra of CM and CI chondrites into three spectral groups, with band po-

sitions tenuously associated with degree of alteration and composition of the phyl-
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Figure 5.6: Infrared spectra obtained by AKARI for a number of small bodies highlighting
the variety of spectral fatures in the 2.5-3 µm region. Figure reproduced from
[2].

losilicate serpentine [179]. The relationship between these two groups is still not

understood, and there have been no meteorite spectral matches to the ‘Ceres’-like,

‘Pallas’-like, or ‘Europa’-like asteroid spectral groups [179, 180]. Examples of dif-

ferent 3 µm features as seen by AKARI are shown in Figure 5.6. The potential

to resolve the problem will greatly benefit from spectral data sets of primitive as-

teroids obtained by a space-based telescope, such as Twinkle, coupled with further

laboratory measurements of hydrated minerals and carbonaceous chondrites.

5.3.1.2 The 3.2 - 3.6 µm organics feature

The spectrum of C-complex asteroid 24 Themis exhibits a feature spanning 3.2-3.6

µm that has been associated with organic material on the surface [178, 170]. This

feature is blended with the strong 3 µm absorption. By fitting a spectral model

to the 3 µm feature which includes water ice coated pyroxene grains intimately

mixed with amorphous carbon, [170] were able to extract the residual 3.2 - 3.6 µm

feature. [170] use shape and position of the residual feature to suggest the presence
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of organic material with CH2 and CH3 functional groups. However, an additional

feature centred near 3.3 µm, indicative of aromatic hydrocarbons, may be required

to provide a decent spectral match.

Currently, 24 Themis and 65 Cybele [181] are the only asteroids with spectro-

scopically confirmed detections of organics. Asteroid 24 Themis is the largest frag-

ment in a large dynamical family of over 1600 asteroids located near 3.2 AU from

the Sun [182] with indications that a significant percentage of them have the 0.7 µm

feature implying aqueous alteration [183]. Several other studies also suggest that

the Themis family has a variety of compositions, based on a large, observed NIR (1

- 2.5 µm: [184, 185]) and mid-infrared (5 - 14 µm: [181]) spectral diversity . This

makes the Themis family a likely candidate to search for organics via an absorption

near 3.3 - 3.6 µm. The largest (diameters 50 - 100 km) Themis family members are

observable with high SNR for relatively short exposure times, making this group

of asteroids targets of interest for Twinkle that could extend the number of detec-

tions of organics and our knowledge of organics in the asteroid belt. Additionally,

the Themis family contains three of the newly discovered Main-Belt Comets (e.g.

[186, 187, 89]), where a full 0.4 - 4.5 µm spectrum uncontaminated by atmospheric

water would significantly benefit small bodies science.

5.3.1.3 Additional hydration features

The 1.4 and 1.9 µm features are of use in terrestrial studies, but have yet to be

detected in asteroids, which is likely due to the presence of opaques and blocking

by atmospheric water [172]. The 1.4 µm feature is the first overtone of the OH-band

at 2.7 - 2.8 µm discussed previously. The 1.9 µm feature is a combination of water

ice bending and OH stretching modes. While these features have yet to be observed

in the NIR spectra of asteroids, they are expected to be present in asteroid spectra

that exhibit a strong 3.0 µm feature. Twinkle’s position as a space-based telescope

offers the opportunity to provide the first detections of these features.

The 2.2 and 2.4 µm features are OH combination bands that generally appear

in pairs [188], and so they are considered together here. These features are com-

monly used in Earth and Mars spectral studies to identify phyllosilicates, and they
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have band centre positions that are diagnostic of Al and/or Mg composition [189].

They have been tenuously identified in some CM chondrites and as weak features in

a few CI chondrites, but thus far there have only been tentative detections in aster-

oid spectra [171, 190, 191]. Given Twinkle’s ability to obtain high SNR IR spectra

for asteroids that show features related to OH, and its position above Earth’s atmo-

sphere, Twinkle has a high potential to identify these compositionally diagnostic

features for C- and X-complex asteroids.

5.3.2 Composition of Comet Comae

Comets are considered to be reservoirs of some of the most primitive material in

the Solar System. They formed out beyond the H2O frost-line where ices can con-

dense and become incorporated into growing planetesimals. As such, they contain a

plethora of volatile ices, organics, and silicate material that has remained relatively

unaltered since the comet forming epoch. This ‘pristine’ quality makes comets an

ideal object to study to understand the origin and evolution of our Solar System.

As discussed below, Twinkle will be able to observe the comae of these comets

to detect water-ice, water-vapour, CO2, and organics, all of which will add to our

understanding of comets and the origins of water and organics in our Solar System.

As a comet nucleus approaches the Sun, the ices near the surface begin to sub-

limate, liberating material from the surface to form a temporary thin atmosphere of

gases and dust (i.e., a comet coma). NIR observations of comet comae frequently

reveal the gaseous phase of cometary volatiles: primarily H2O vapour, but also as

CO2 and CO gas (e.g. [192, 193, 194]). However, over the past decade, there has

been a growing number of detections of water-ice (at 2.0 and 3.0 µm) in the co-

mae of comets made either with in-situ spacecraft measurements or ground-based

measurements [195, 196, 192, 193, 194, 197, 198, 199]. Characterising the compo-

sition, size, and structure of these ice grains is a newly-emerging field in cometary

science. This could be accessible with Twinkle and it offers the ability to increase

our understanding of the initial stages of planet formation, the structure of the early

solid grains in the Solar System formation, and the outer disk environmental condi-

tions of the pre-protoplanetary disk of gas and dust.
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In addition to the water-ice features, Twinkle has the opportunity to also detect

water vapour (2.7 µm), organics (3.3 - 3.6 µm), and CO2 (4.3 µm) as emission

features in the comae of comets [200, 201, 202]. Measurements of the 4.3 µm CO2

feature can be used to derive CO2 abundances in comets. In turn, the abundance

of CO2 in comets constrains cometary formation and is the driver of activity on

comets, especially at large heliocentric distances that are external to the frost-line.

As atmospheric CO2 heavily obscures the 4.3 µm feature, ground-based studies are

unable to observe this feature, and the total number of comets with observed CO2

features and derived abundances is small. Hence, Twinkle, as a space-based obser-

vatory with NIR spectral coverage capable of observing this feature, can potentially

provide a highly valuable resource to the cometary science community. The Large

Synoptic Survey Telescope (LSST) is expected to discover ∼10,000 comets, some

of which will be entering the inner Solar System for the first time. Characterising

these pristine objects, as well as short period comets which have undergone surfaces

changes, would allow for a deeper study of comet evolution.

5.3.3 Composition and Mineralogy of S-complex and V-type as-

teroids

VNIR spectroscopy spanning 0.4 - 2.5 µm of the stony type asteroids (S-complex

and V-type), with mafic mineral compositions primarily of pyroxene and/or olivine,

are not strongly impeded by atmospheric water, and therefore there have been nu-

merous spectroscopic studies of these types of bodies. The majority of these studies

are performed using the SpeX instrument on the IRTF. Twinkle offers an additional

resource to the small bodies community to acquire VNIR spectra of stony asteroid

surfaces and provide complimentary data. However, Twinkle’s current design may

limit the characterisation of these stony asteroids as discussed in Section 5.3.3.1.

5.3.3.1 The 1.0 - 1.3 µm spectral gap

Twinkle’s current design has a spectral gap between the visible and infrared spec-

trometers at 1.0 - 1.3 µm. Twinkle is currently in a Phase B design review and thus

the instrument characteristics are being reassessed. If a channel that covers the 1.0 -
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1.3 µm region were included, the following types of studies would become possible

with Twinkle:

• Characterisation of S-type asteroids to establish links to meteorite ana-

logues. A major goal of VNIR spectroscopic studies of asteroids is to estab-

lish meteorite analogue connections. This requires both high quality remote

sensing data of asteroids, from a platform such as Twinkle, and several labo-

ratory measurements of meteorites including reflectance spectra and a miner-

alogical analysis of the meteorites via methods such as electron microprobe or

x-ray diffraction. Previous investigations have been successful in establishing

such connections.

• Identification of ordinary chondrite parent bodies. Another key objec-

tive of spectral studies of asteroids is to identify a meteorite analogue, and

in cases where a strong link exists between meteorite type and asteroid type,

to leverage that information to identify asteroid families that could represent

the parent bodies of those meteorites. Identification of such parent bodies ex-

tends our knowledge of the thermal structure of our protoplanetary disk, and

of how each of the different OC meteorite groups formed. Hence, using Twin-

kle to obtain spectra of S-type asteroids in an effort to identify ordinary chon-

drite parent bodies would add significantly to our understanding of planetary

formation, thermal history and evolution of protoplanets, and the dynamical

evolution of the Solar System during the protoplanetary disk epochs.

• Characterisation of Stony Asteroids is limited by the spectral gap. As-

teroids with mafic sciliates, olvine and pyroxene on their surfaces have two

prominent absorption features near 1 and 2 µm (Figure 5.7) that are diagnos-

tic of silicate mineralogy and composition [203] [204, 205, 206, 207, 208].

These two features, often referred to as Band I and Band II for the 1 and 2 µm

bands, respectively, are commonly used to determine mineralogy (olivine-to-

pyroxene ratio) and composition (molar percent Fe in olivine and pyroxene)

of S-complex and V-type asteroids via band parameter analysis studies (e.g.
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[209, 207, 210, 208, 211, 59, 212, 213, 214]).

• Rotational variability. The purpose and promise of rotationally-resolved

spectra of asteroids in order to investigate surface heterogeneity is discussed

for all asteroid types in Section 5.3.4.

Figure 5.7: Example spectra of potential targets plotted over the visible (Vis) and two near-
infrared (IR1, IR2) channels of Twinkle. The CM Chondrite, Murray, is rep-
resentative of primitive, hydrous asteroids. The 0.7 µm and 3.0 µm features
associated with hydrated primitive asteroids (see Section 5.3.1) are apparent in
the spectrum of Murray. The small blue inset window represents the 3 µm por-
tion of the spectrum obscured by Earth’s atmosphere. The Earth’s atmosphere
can also obscure the spectrum near 1.4 and 1.9 µm (not shown). The generic S-
and V-type asteroid spectra (from [210]) exhibit the 1 and 2 µm bands used to
determine mafic mineralogy and compositions (see Section 5.3.3). The vertical
grey bar highlights the spectral gap from 1.0 - 1.3 µm in the current Twinkle
design. The spectrum for Murray was acquired from the RELAB database [5].

5.3.4 Rotationally Resolved Spectral Data Sets

Based on the exposure time estimates from Figure 5.1 and asteroid brightness from

Figure 5.3, Twinkle will be able to obtain rotationally resolved spectra for a large

number of Main Belt asteroids and some NEOs. Spectral variability is expected

for asteroids due to a number of effects, including space weathering, composition
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and grain size heterogeneity, thermal effects, and viewing aspect (i.e. phase angle

of observation). Constraining any of these as the cause of spectral variability of-

fers a tremendous opportunity to further our knowledge on the processes governing

the formation and evolution of asteroids. For example, consider an S-type asteroid,

which, as evidenced by experiments, is susceptible to changes in VNIR spectral

slope and Band I parameters (depth, centre, and area) due to space weathering by

irradiation and micrometeorite impacts [215, 216]. If subsurface material is brought

to the surface via an impact event or rotational fission event (i.e., mass-shedding),

this ‘fresher’ material, that has not been processed by space weathering, will have

different spectral characteristics than the rest of the regolith on the surface, which

would lead to spectral variations as a function of rotation. If detected, this would

provide a valuable dataset to understand the rotational evolution and potential dis-

ruption of asteroids as well as how space weathering proceeds in different parts of

the Solar System.

To date, rotational variability in VNIR spectra of asteroids has been observed

from in-situ spacecraft measurements for 951 Gaspra, Ida and Dactyl by Galileo

[217, 218], 433 Eros by NEAR [149], 4 Vesta from the Dawn spacecraft [219] and

ground-based observations [220], as well as for a handful of NEOs. There have

also been suggestions of spectral variability due to surface heterogeneity for other

asteroids, but it is likely that these variations are caused by observational effects,

such as viewing aspect or poor observing conditions, or different methodologies

in data reduction methods [208, 210]. However, as mentioned previously there are

many reasons to expect spectral variability on the surfaces of asteroids. Therefore, it

is likely that the dearth of confirmed spectral variations due to surface heterogeneity

is a result of the reliance on ground-based facilities for VNIR spectroscopy of a large

population of asteroids. Considering the relatively short exposure times needed to

acquire high signal to noise spectra with Twinkle, and its position as a space-based

observatory, Twinkle could be an ideal telescope to conduct rotationally resolved

spectral studies.
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5.4 Conclusions
In this chapter, Twinkle’s capabilities for small bodies science have been explored.

I have shown the observatory will have the capability to acquire high SNR spectra

for a large variety of asteroid types including a vast number within the Main Belt.

Spectra at Twinkle’s highest resolution and with SNR>100 could be obtained for

asteroids brighter than Mv = 12 in <300 seconds. Combining multiple observations,

or reducing the observational requirements, will allow many fainter objects to be

characterised.

With respect to potential impact, Twinkle’s strongest contribution to small bod-

ies science could be the opportunity to investigate the composition of the primitive

asteroids that exhibit features associated with hydration (water ice, hydroxyl, and

phyllosilicates), which to date, is an area that has been severely limited due to atmo-

spheric water contamination in ground-based observations. Twinkle also offers the

opportunity to study of stony (S-complex and V-type) asteroids. Finally, with re-

spect to asteroid science, Twinkle offers the potential to be the best resource to study

rotational variation in spectra of asteroids, which is difficult to do with ground-based

telescopes due to Earth’s atmosphere generating spectral variations similar to what

is expected for asteroids.

Additionally to asteroid science, Twinkle will have the capability of investigat-

ing the comae of bright comets, providing valuable data sets on CO2 production and

the presence of water-ice and organics in the comae. Therefore, Twinkle potentially

provides a resource that would push our understanding of asteroids and comets, and

hence the formation and evolution of the Solar System, well beyond its current state.



Chapter 6

Current Exoplanet Observations

from Space

”With increasing distance, our

knowledge fades, and fades rapidly.

Eventually, we reach the dim

boundary, the utmost limits of our

telescopes. There, we measure

shadows, and we search among

ghostly errors of measurement for

landmarks that are scarcely more

substantial. ”

Edwin Hubble

Transit light curves have proved a valuable technique for constraining the bulk

and orbital parameters of exoplanets. Additionally, by observing at different wave-

lengths, the atmosphere of the planet can be probed, revealing the thermal structure

and chemical composition. During transmission spectroscopy, light passes through

the planetary limb and is absorbed or scattered by the atoms, molecules and con-

densates present. This interaction imprints a wavelength-dependent variation on

Contributions: The majority of the data reduction and analysis presented in this chapter has
been conducted by myself but this work has not yet formed a formal publication. Angelos Tsiaras
and Quentin Changeat have also contributed to this work.
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the transit depth. While detections of the chemical composition have been carried

out from the ground, in the last decade existing space-based instruments have been

utilised to great effect. However, these instruments were not designed for studying

exoplanets and thus have a number of limitations in sensitivity, wavelength coverage

and systematic noise.

This chapter focuses on the use of this data. Spitzer observations from the

literature are shown before the analysis of data from Hubble is described and results

presented, highlighting its great capability for detecting water. Finally, the benefits,

and issues, of combining data from multiple instruments are discussed.

6.1 Spitzer

Spitzer’s Infrared Spectrograph (IRS) was one of the first instruments used to at-

tempt to observe the atmospheres of exoplanets and the emission spectra of HD

209458 b found several features but these could not be matched to molecules [221].

IRS was then also used to observe the eclipse of another hot-jupiter, HD 189733 b,

but the data was noiser than expected and the analysis was unable to say anything

about the chemical composition of the atmosphere [222]. Subsequently another

Spitzer instrument, the Infrared Array Camera (IRAC), took measurements of the

transit of HD 189733 b and three photometric bands at 3.6, 5.8 and 8 µm were used

in infer the presence of water [62, 223]. Further eclipse observations with IRS and

IRAC then allowed for water to be distinguished in the emission spectra [224].

Since the end of the cold mission in 2009, only the 3.6 and 4.5 µm bands

have been functional. Nevertheless, Spitzer IRAC has been used to study numer-

ous exoplanets through transit and eclipse photometry although the two bands are

not utilised simultaneously. A major issue in the analysis of Spitzer data has been

the instrument systematics. The study of the atmospheres of transiting exoplanets

requires a photometric precision, and repeatability, of around 100 ppm. This is be-

yond the original calibration plans of Spitzer, creating a necessity to disentangle

the instrumental systematics from the astrophysical signals in raw datasets. Initial

models of these systematics meant that different teams achieved discrepant results
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with [225] refuting the claimed water detection in HD 189733 b. Further observa-

tions were taken with the Spitzer IRAC 3.6 µm band wherein the authors derived

noticeably different planetary parameters to their original study, even though the

same extraction method was used [226]. All these analyses attempted to correct

instrument systematics by fitting parametric models, each of which is somewhat

subjective. [227] proposed applying a non-parametric method to IRAC and used

algorithms based upon Independent Component Analysis (ICA) to attempt to cor-

rectly extract the atmospheric signal. This method has the advantage of not making

assumptions about the structure of the unknown systematics but often led to larger

uncertainties on the extracted signal. Attempts to correct Spitzer data are still ongo-

ing and recently a new method was proposed which reconstructs the stellar baseline

during the transit. By training a probabilistic Long Short-Term Memory (LSTM)

network to predict the next data point of the light curve during the out-of-transit,

a transit-free light curve could be constructed. This is then used to normalise the

actual light curve, without making assumptions about the instrument [228].

Observations using 6 broadband channels on the Spitzer Space Telescope

claimed the first detection of a thermal inversion in the atmosphere of HD 209458 b

[229, 230]. These results were attributed to the presence of a high-altitude absorber,

the leading candidates being TiO and VO in the temperature regime of HD 209458

b. Evidence for the inversion was based upon the relatively high fluxes of the 4.5

and 5.8 µm channels compared with the 3.6 and 8.0 µm channels. However, when

fitting occultation observations, not only are the molecular constituents free param-

eters but a T-P profile that varies with altitude must also be fitted. Such a large

number of free parameters, and so few data points, can easily lead to over-fitting.

Later observations of HD 209458 b showed no signs of a thermal inversion, sug-

gesting that high-precision spectrophotometric observations are required to robustly

infer thermal structures [231].

In other fields, eclipses have proven to be a powerful tool for “spatially re-

solving” distant objects and have long been utilised for studying binary stars and

accretion disks [232, 233]. As the target of interest passes behind another object,
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sections of the target are gradually masked, and later unmasked, providng a scan of

surface. Theoretical studies for eclipse scanning presented the potential for charac-

terising exoplanet atmospheres [234, 235] and have since been realised with Spitzer

observations. [236] used the 8 µm channel of IRAC and found that the eclipse of

HD 189733 b could not be explained by the occulation of a uniformly-bright disk.

They therefore deduced that the atmosphere must have a large-scale hot spot and

were able to produce a global distribution of the planet’s brightness.

Spitzer has also been used to obtain a number of photometric phase curves.

HD 189733 b was the testbed for one of the first phase curves and analysis of IRAC

8 µm data found that energy from the irradiated dayside is efficiently redistributed

throughout the atmosphere [237]. Later observations at 3.6 and 4.5 µm were also

taken which found that the minimum and maximum brightness temperatures were

earlier then expected for an atmosphere in radiative equibrium, leading to claims of

non-equilbirum chemistry on HD 189733 b [237]. A phase curve of the hot Super-

Earth 55 Cnc e discovered that the peak emission was offset from the substellar

point, a finding which was consistent with either an optically thick atmosphere or

a planet devoid of an atmosphere but with low viscosity magma flows on the sur-

face [64]. Additionally, recent Spitzer phase curves revealed the absence of a thick

atmosphere on LHS-3844 b [65]. The planet, which has a radius of 1.3 R�, had

no observed phase variation and a day-side brightness temperature of 1040 K. The

analysis ruled out atmospheres with surface pressures above 10 bar while thinner

atmospheres would be unstable due to erosion by stellar wind.

Therefore, the analysis of Spitzer data has been a major challenge for the field

and, given that JWST is using similar detectors, one can expect future missions to

have their own peculiarities. Nevertheless, Spitzer has provided a vast amount of

data for exoplanet science, helping researchers gain insights into distant worlds.

6.2 Hubble WFC3

WFC3 was installed on Hubble in May 2009 during the fifth, and final, Hubble

servicing mission and, during the same operation, the STIS instrument was also
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revived 5 years after an electronic failure rendered it inoperable. WFC3 has since

been used extensively for transit and eclipse spectroscopy. Initially, transit spectra

were collected in the standard Hubble staring mode (e.g. [51, 238, 239]). While

these observations were successful in characterising the atmospheres of a number

of planets, the brightness of the host stars meant a fast saturation time. At the time,

most known planets were around bright stars and thus there was a limited choice of

targets. The fast readout time also meant the SNR of the observations was relatively

low. The addition of the spatial scan mode changed this, allowing Hubble to spread

the stellar light in the cross-dispersion direction and thus increase the exposure time.

However, the standard Hubble WFC3 pipeline is unable to reduce these images and

thus new pipelines had to be developed.

One such pipeline is Iraclis [240]. Unlike staring spectra, spatially scanned

spectra are affected by dispersion variations across the scanning direction, while

also suffering from inclined spectra. Furthermore, scanning-mode observations in-

clude positional shifts that are an order of magnitude stronger than staring-mode

observations. Iraclis has been designed to minimise these effects by including al-

ternative calibration and extraction techniques. For instance, the coordinate system

utislised in Iraclis is along the wavelength/scanning axes instead of the x/y axes

of the detector. Iraclis starts with the raw images and performs a number of re-

duction steps. These include calculating the zero-red flux, accounting for detector

non-linearity, the subtraction of dark current and sky background and correcting for

gain variations, bad pixels and cosmic rays. The Iraclis software is open-source and

available through GitHub1.

Here we use Iraclis to analyse the Hubble scanning data collected for HAT-P-

11 b which was first studied with WFC3 G141 in 2012. Although two observations

were taken, one was unusable. The resultant spectrum is shown in Figure 6.1 along

with the best fit solution from the atmospheric retrieval using Tau-REx [241]. The

retrieval confirmed the presence of water (H2O) and, as the posterior plot in Figure

6.2 shows, also suggests the presence of ammonia (NH3) and carbon dioxide (CO2).

1https://github.com/ucl-exoplanets/Iraclis

https://github.com/ucl-exoplanets/Iraclis
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Figure 6.1: Best fit spectrum and molecule contributions for the WFC3 G141 observation
of HAT-P-11 b.
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Figure 6.2: Posteriors distributions for the WFC3 G141 observation of HAT-P-11 b.

While the detection of water is likely to be robust thanks to the strong feature which

occurs in the centre of the Hubble G141 wavelength range, the indicated presence

of carbon dioxide is less reliable. The feature which leads to Tau-REx recovering

carbon dioxide is based largely on the two data points around 1.6 µm which are at

the edge of the instruments sensitivity. These data points are thus less reliable and

the narrow wavelength range does not allow the whole of any feature due to carbon

dioxide to be covered. A robust confirmation of the presence of molecules other

than water would, for this planet, require a wider spectral coverage. The recovered

abundance of carbon dioxide is also suspect (1 part per hundred).
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Figure 6.3: The study of ten hot jupiters, achieved by combining data from Hubble and
Spitzer, by Sing et al. [3]

6.3 Combining Instruments

Due to the narrow wavelength coverage of current facilities, combining observa-

tions from different instruments has become the norm. Figure 6.3 shows a classic

example of this: the study of ten hot-jupiters with Hubble STIS and WFC3 as well

as Spitzer IRAC 1 and 2 [3]. While achieving a greater wavelength coverage is

appealing, there are several underlying issues with such approaches. The first is

that these observations are not simultaneous. Given that both the star and planet

are likely to exhibit temporal variations this presents an obvious issue. Due to the

quality of the data, the planet variation is likely to be of minor importance but stel-

lar activity, particularly the presence and frequency of occulted and unocculted star

spots poses a more serious concern (see e.g. [242]).
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Additionally, instrument systematics could cause offsets in the recovered tran-

sit depth. If one is only analysing data from a single instrument, this offset will

only have the effect of increasing the fitted planet radius. However, if multiple in-

struments are combined, each exhibiting different offsets (which are unknown to

the observer), the data sets are then incompatible. Fitting the light curves as part

of the retrieval can reveal this but cannot currently offer corrections for it and no

study conducted thus far has checked the compatibility [243]. If the wavelengths of

the combined instruments overlap, this can help to stitch together the observations.

Unfortunately this does not necessarily provide the perfect solution to broadening

the wavelength coverage.

HAT-P-11 b was also observed by Spitzer and Fraine et al. [17] combined these

observations, along with 208 Kepler light curves, with the Hubble WFC3 observa-

tion. The study, which fitted the data via grid models instead of a Bayesian retrieval,

concluded that HAT-P-11 b had a clear, water-rich atmosphere. Later analysis by

[15], using only the Hubble data, confirmed the presence of water. Additionally,

having been studied by Hubble WFC3 with the G141 grism, HAT-P-11 b was also

observed with less frequently utilised G102 grism. These have some overlap and

thus provide an opportune way of gathering spectroscopic data across 0.8-1.8 µm.

Hence this new data has been analysed, again using Iraclis and Tau-REx.

While only 1 transit with G141 was taken, five were obtained with G102 to

increase the SNR. Each of these was analysed with the same methodology as previ-

ously described resulting in the spectra shown in Figure 6.4. Immediately recognis-

able is the offset of one observation and inspection of the white light curve depths

shows a large variation for this transit. The white light curves should, in theory,

have the same depth and, as transit spectroscopy is a differential measurement, nor-

malisation is required before combining observations. Therefore, the spectra had

their white light curve depths subtracted from them. To normalise the spectra, an

averaged value for the white light curves was then added. Next a weighted average

was taken of these spectra to produce the final dataset which is also displayed in

Figure 6.4.
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Figure 6.4: Top: Initial spectra from five Hubble WFC3 G102 transits. Middle: Fitted
white light curves for each observation. Bottom: Normalised spectra and a
weighted average spectrum of the five observations. The normalised spectra
were achieved by subtracting the associated white light curve depth from each
observation and adding an averaged white light curve depth.
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This normalised and averaged spectrum was combined with that taken from

G141 and this, along with the best fit solution from the previously discussed re-

trieval, is shown in Figure 6.5. When retrievals on the combined spectra are at-

tempted, Tau-REx struggles to fit the data without an exceedingly large temperature

(see Figure 6.6). The difficultly experienced fitting the data may well be due to

stellar activity. HAT-P-11 is known to be active and to exhibit spots at two latitude

locations [244, 245, 246]. Due to the high obliquity of its orbit, HAT-P-11 b transits

these regions and thus has been seen to occult stellar spots [247, 248, 249, 250].

While some spot crossings can be seen in the light curve, and thus attempts can

be made to account for them, unocculted star spots leave no obvious tracer but do

cause an offset in the transit depth. The effect is wavelength dependent and could

cause a slope offset of the order of 20ppm [251].

Therefore the methodology of normalisation applied here, which is the stan-

dard in the field, may not be adequate for this system. Further attempts to fit the

data will try to fit an offset between the two Hubble spectra, caused by stellar activ-

ity, or to model out the stellar activity from the light curves themselves. This was

recently achieved via machine learning methods for simulated Ariel data. Addition-

aly, the method developed by [243] of including light curves directly in the retrievals

many be useful for determining whether the datasets are compatible. A recent paper

analysed data from both Hubble WFC3 grisms as well as Spitzer IRAC and Hub-

ble STIS observations of HAT-P-11 b. [252] found features which indicated water

and/or methane in the Hubble spectra. However, the retrievals they performed on

the Hubble data, fitting for radius, temperature, atmospheric metallicity and the C/O

ratio, could not match the Spitzer transit depths. The time between the first and last

observations for this study was nearly 6 years and the authors used ground-based

monitoring of HAT-P-11 with a Cousins R filter to infer the spot coverage. Finally,

the cloud model used here is a simple opaque layer and more complex models, such

a Mie clouds [253], which have a wavelength variability, may well help to fit the

data.

Another planet which has been studied with both Hubble grisms is WASP-121
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Figure 6.5: Top: Best fit spectrum from G141 of HAT-P-11 b, plotted behind the new data
from G102, highlighting a poor fit to the new data. Middle: Best fit from the
Tau-REx retrieval using data both grisms. Again the fitting is poor. Bottom:
Molecular contributions for the brest-fit solution to both datasets.
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Figure 6.6: Posteriors for retrieval of HAT-P-11 b using both Hubble grisms. The final so-
lution tends to temperatures which are far higher than the expected equilibrium
temperature (∼850K).

b, a hot-jupiter. However, unlike HAT-P-11 this planet was studied in emission. A

single observation was taken with G141 and two with G102. Again Iraclis was used

to reduce the data with a weighted average of the two G102 observations being

taken to create the spectrum shown in Figure 6.7. The best fit model from Tau-

REx suggests an atmosphere containing Vanadium Oxide (VO) as well as water

(see Figure 6.8) which agrees with literature analysis of both the transmission and

emission spectra [15, 254, 255]. Here, the star is far less active and, as emission

spectra are generally less affected by stellar contamination [16], the two datasets

provide an excellent probe into the nature of the planet.
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Figure 6.7: Top: Hubble spectrum for WASP-121 b and best fit solution from Tau-REx.
Bottom: Retrieved temperature-pressure profile which suggests a thermal in-
version in the atmosphere.
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Figure 6.8: Posteriors from Tau-REx for the emission spectrum of WASP-121 b with Hub-
ble grisms G102 and G141.

6.4 Conclusions

Space-based telescopes have provided the first true insights into the nature of extra-

solar planets. With these facilities, numerous molecules have been detected. The

wavelength coverage of WFC3 has been particularly successful at discovering wa-

ter which has been found to be abundant in planets of all sizes. However, these

instruments were not designed for exoplanet science and thus the data has several

limitations, namely the narrow wavelength coverage which has led observers to

combine data from multiple instruments. While this increases the spectral range

there are potentially issues of incompatibility and studies are ongoing to understand
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how the data analysis is affected by differing stellar activities or instruments sys-

tematics. Although any given observation can be subject to an offset via unocculted

spots, future instruments which gather data over a wide wavelength range in a sin-

gle observation will not be affected by differing offset between instruments. Hence,

acquiring the data in one visit will help ensure that features seen within the spectra

come directly from the planetary atmosphere.



Chapter 7

Modelling The Performance of

Future Space-based Telescopes

”The chief contribution of such a

radically new and more powerful

instrument would be, not to

supplement our present ideas of the

unverise we live in, but rather to

uncover new phenomena not yet

imagined ”

Lyman Spitzer

JWST, Twinkle and Ariel will perform spatially unresolved observations of ex-

oplanets at various positions in their orbits around their host stars (it should be noted

that JWST will also be capable of directly imaging planets, e.g. [118]). The stellar

and planetary signals are gathered simultaneously with the planet signal compris-

ing only a tiny fraction of the total. Differential measurements, that is observations

with, and without, the planetary contribution, allow for this signal to be disentan-

Contributions: The creation of Terminus has been led by myself with the guidance of Giovanna
Tinetti, Marcell Tessenyi, Giorgio Savini and Ian Stotesbury. A paper is in preparation. ExoWebb
has been developed by myself with the help of Pierre-Olivier Lagage, Rene Gastaud and Ahmed Al-
Refaie and a publication is planned. The development of ArielRad has been led by Lorenzo Mugnai
and I have contributed to this and the accompanying paper (Mugnai, Edwards, et al., ArielRad: The
Ariel Radiometric Model).
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gled. Such measurements permit the observer to determine the transmission, reflec-

tion and emission spectrum of the exoplanet atmosphere.

During the development of an instrument, understanding the expected perfor-

mance is critical to ensuring an optimal design or, at least, one which is capable of

meeting the mission requirements within the technical and budgetary specifications.

In the early phases of the design, simulations which are equivalent to back-of-the-

envelope calculations, with many assumptions and simplifications, can prove the

basic feasibility of the idea. As the design progresses and is refined, so too are the

instrument models with various types used and required.

Static models, often referred to as radiometric or sensitivity models, are suit-

able for studying the instrument performance over a wide parameter space (i.e.

for many different targets) as they are generally quick and require only rudimen-

tary information about the instrumentation. These usually account for efficiency

of the optics and simple noise contributions such as dark current, readout and in-

strument/telescope emission. Such a radiometric model was developed by Puig et al

[256] for the Exoplanet Characterisation Observatory (EChO, [257]) to simulate the

signal received in two cases: before/during/after primary transit, where the planet

crosses the face of the star, and before/during/after secondary transit, also known as

eclipse or occultation, where the planet passes behind the star.

More complex effects, such as jitter, stellar variability and spots, and correlated

noise sources, require models which have a time-domain aspect. These also usually

produce simulated detector images which can act as realistic data products for the

mission, accounting for detector informaties such as correlated noise between pixels

or inter- and intra-pixel variations. For example, ExoSim is a numerical end-to-end

simulator of transit spectroscopy which is currently being utilised for the Ariel mis-

sion [258]. The tool has been created to explore a variety of signal and noise issues

that occur in, and might bias, transit spectroscopy observations, including instru-

ment systematics and the other effects previously mentioned. By producing realistic

raw data products, the outputs can also be fed into data reduction pipelines to ex-

plore, and remove, potential biases within them as well as develop new reduction or
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data correction methods. End-to-end simulators such as ExoSim are therefore pow-

erful tools for understanding the capabilities of an instrument design. Additional

time-domain simulators of note are MIRISim, for the JWST MIRI instrument, and

Wayne which models Hubble spatial scans of exoplanets [259].

While the complexity of these types of tools can be hugely advantageous in

understanding intricate effects, it can also be their biggest weakness. Such sophisti-

cated models require a great deal of time to develop and run as well as an excellent

understanding of all parts of the instrument design. They can therefore only be ap-

plied to highly refined designs and run for a small number of cases. The solution to

the issue of complexity versus efficiency is to use both types of models. For Ariel,

ExoSim is used to validate the outcomes of ArielRad (the Ariel Radiometric model

[260]) for selected, representative targets. ArielRad is then used as the workhorse

for modelling the capability of thousands of targets due to its superior speed.

Here, the creation and use of radiometric simulators is explored. The model

from Puig et al. has been adapted and enhanced for modelling the performance

of Ariel, Twinkle and JWST. These newer radiometric models (ArielRad [260], Ex-

oWebb [261], and Terminus [262]) share many of the same features and capabilities.

In this chapter the methodology behind these models is explained. All these mod-

els require planetary and stellar parameters as inputs and so creation of a catalogue

of planets is discussed. Then the underlying assumptions and calculations of all

these radiometric models are defined as is the need for a time-domain capability for

Twinkle simulations.

7.1 Creation of Catalogue of Exoplanets

With over 4000 exoplanets currently detected, there are certainly many potential

targets for atmospheric characterisation. However, in the time till the launch of

JWST, Twinkle and Ariel, many more planets are expected to be discovered. To

understand exactly how many potential targets each of these missions will have, a

catalogue of known and predicted exoplanets was created.
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7.1.1 Known Exoplanets

Exoplanetary data was downloaded from NASA’s Exoplanet Archive in order to ac-

count for all confirmed planets before being filtered such that only transiting planets

were considered. However, the major exoplanet catalogues are sometimes incom-

plete and thus an effort has been made to combine them (for a review of the current

state of exoplanet catalogues see [263]).

Hence, the data was verified, and in some cases gaps filled, utilising the Open

Exoplanet Catalogue [264], exoplanet.eu [265] and TEPCat [266]. Planets not in-

cluded in the NASA Exoplanet Archive were not added to the analysis to ensure

that only confirmed planets were utilised.

Unknown parameters, which are required for the radiometric models, were

inferred based on the following assumptions:

• If the inclination, i, is known, the impact parameter is calculated from:

b =
acos(i)

R∗
(7.1)

where R∗ is the host star radius and a is the semi-major axis.

• Else, it was assumed that b = 0.5 (i.e. the midpoint of the equator and limb of

the star)

• Planetary effective temperature (Tp) is estimated from:

Tp = T∗

(√
1−A

ε

R∗
2a

)1/2

(7.2)

where T∗ is the host star temperature and a greenhouse effect of ε = 0.8 and

a planetary albedo of A = 0.3 (TP < 700 K) or A = 0.1 (Tp > 700 K) are

assumed [267, 268]

• Planetary mass (Mp) was estimated utilising Forecaster [269].

• Atmospheric molecular mass was assumed to be 2.3.
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7.1.2 Future Planet Discoveries

TESS and other surveys are predicted to discover thousands of planets around bright

stars. In the first two years of operation, TESS is anticipated to detect over 4500

planets around bright stars and more than 10,000 giant planets around fainter stars

[4]. Here, these predicted TESS discoveries around brighter stars are incorporated

into the analysis to highlight the capabilities of upcoming instruments to study an-

ticipated future discoveries. The MAST archive1 has been utilised to obtain stellar

parameters for these planets by cross-referencing the Gaia catalogue. The first plan-

ets from TESS have begun to be discovered [e.g. 85] but these were separated from

the other currently-known planets to avoid overlap with the predicted yield. The

known and predicted exoplanets were compiled into a single dataset (∼7000 plan-

ets) which has been used to provide an indicative look at the number and type of

planets that could be observed. Figure 7.1 displays the location of currently-known

planets and predicted TESS detections.

Potential discoveries by other surveys (PLATO, CHEOPS, SPECULOOS etc.)

have not been included as, while predictions for these surveys have resulted in an

estimate of the number of expected detections, no specific target coordinates and

characteristics have been released. When such information becomes available, pre-

dicted/real detections from these surveys will be incorporated into this analysis. In

any case, these surveys are expected to find thousands of planets which could be

suitable for study, enhancing the population of planets from which the final target

lists of the missions are selected. Hence, although these predicted yields have not

been included, planets found by these surveys will be added to the sample as they

are detected. Note that some simulations include only the currently-known planets

to highlight the interesting discoveries made by TESS thus far.

7.2 Building A Radiometric Model
All the radiometric models presented here use the same basic assumptions and tech-

niques which are described in the following sections.

1https://archive.stsci.edu
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Figure 7.1: Top: Currently-known transiting exoplanets (excluding those discovered by
TESS), their planetary classification and the sweep of Twinkle’s field of re-
gard. The initial Kepler field is the densely populated region at RA -70◦, Dec
45◦ and the locations of some well-known exoplanets are noted. JWST and
Ariel will have constant visibility of the ecliptic poles with a partial visibility
of the whole sky at lower latitudes. Middle: Predicted TESS planet detections.
Bottom: Currently-known planets and predicted TESS detections
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7.2.1 Signal Calculation

Information about the target planet and its stellar host is loaded from the catalogue

of transiting planets described in Section 7.1. Stellar emission is modelled by spec-

tral energy distributions (SEDs) from the Phoenix atmospheric models [270]. The

spectral irradiance from a host star at the aperture of the telescope is given by:

ES(λ ) = SS(λ )(
R∗
d
)2 (7.3)

where SS(λ ) is the star spectral irradiance from the Phoenix catalogue (Wm−2µm−1)

and d is the distance to the star. The effective collecting area of the telescope is

then accounted for before the flux is integrated into the spectral bins of the instru-

mentation to give a photon flux per bin. The signal is then propagated through

the instrument to the detector focal planes, taking into account the transmission of

each optical component and the dispersion of the prism spectrometers as well as

the quantum efficiency of the detectors. This provides a final signal, in electrons

per second, from the star in each spectral bin. A variety of sources of noise are

accounted for in each of the models. In addition to photon noise, dark current, read-

out noise, Zodiacal background emission, instrument and telescope emission, and

jitter noise can be added. Some of these are wavelength dependent (e.g. Zodiacal

background) while others are not (e.g. read noise).

As the duration of a transit/eclipse is generally orders of magnitude longer than

the saturation time of the detector, many destructive readouts will be taken during

an observation. The total noise variance per exposure, σ2
exp, is given by:

σ
2
exp =

12(ng−1)
ng(ng +1)

npixσ
2
read +

6(n2
g +1)

5ng(ng +1)
(ng−1)tgitotal (7.4)

from [271] where ng is the number of groups (non-destructive reads) per exposure,

σread is the read noise in e−/pix rms, npix is the number of pixels in the spectral bin

and tg is the time for a single read. In the standard Terminus and ArielRad setup,

correlated double sampling (CDS) is used (ng =2) while ExoWebb automatically

maximises the number of groups (up-the-ramp reads) that can be obtained before
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detector saturation. This is the standard practice for JWST observations and can

be used to help correct for cosmic ray impacts. Adding more up-the-ramp reads

reduces the read noise but increases the photon noise contribution. As JWST will

be photon noise limited for exoplanet observations, this technique slightly increases

the noise per integration. itotal is the total flux in e−/s and is defined as:

itotal = isig +npix(idark + ibdg) (7.5)

where isig is the total signal from the star in the spectral bin (e−/s) while idark and

ibdg are the dark current and background signals respectively (in e−/s/pix). The

maximum integration time is set by the duration of a transit/eclipse event, T. Each

model assumes the time spent during ingress (T12) and egress (T34) is negligible

to the primary transit time (T23) and thus T = T23 = T14. The transit time can be

calculated from:

T14 =
√

1−b2 R∗P
πa

(7.6)

for a given system where P is the orbital period. The error on the star signal over

one transit duration is then given by:

σStar =
1
√

nint

σexp

isig
(7.7)

where nint is the number of integrations over one transit duration which is calculated

from:

nint =
T14

ng ∗ tgitotal
(7.8)

The measurement of the transit depth is a differential and thus the error on the transit

depth is given by:

σT D = σStar

√
1+

1
nT14

(7.9)

where nT14 is the number of transit durations observed out of transit (i.e. the base-

line). For all simulations presented here, nT14 is set to 1.5 (i.e. 0.75 x T14 is spent

before/after the main observation). This error is calculated for every spectral bin.
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ArielRad assumes the sum of the detector reset times is negligible compared to the

transit/eclipse time (i.e. TIntegration ≈ T14) while ExoWebb and Terminus account

for a reset time.

7.2.2 Atmospheric Signal

7.2.2.1 Transit

During transit, the critical signal is the fraction of stellar light that passes through

the atmosphere of the exoplanet. This is determined by the ratio of the projected

area of the atmosphere to that of the stellar disk and thus is given by:

2Rp∆z(λ )
R2
∗

(7.10)

where ∆z is the height of the atmosphere. The size of the atmosphere is taken to

be equivalent to the height above ’sea-level’ at which the pressure/density can be

considered to be negligible. The pressure of an atmosphere at a height, z, as a

fraction of that at ’sea-level’ is given by:

p(z) = p0e
−z
H (7.11)

where H is the scale height, the distance over which the pressure falls by 1/e. The

model by Puig et al. assumes ∆z = 5H (at which point one is above 99.5% of the

atmosphere). The scale height of the atmosphere is calculated from:

H =
kTpNA

µg
(7.12)

where k is the Boltzmann constant, NA is Avogadro’s number, µ is the mean molec-

ular weight of the atmosphere and g is the surface gravity determined from:

g =
GMp

R2
p

(7.13)

where Mp and Rp are the mass and radius of the planet and G is the gravitional

constant.
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7.2.2.2 Eclipse

During eclipse, the signal is calculated form two sources; reflected and emitted light

from the planet. Emission from the exoplanet day-side is modelled as a black body

and the wavelength-dependent surface flux density is given by:

Sp(λ ,Tp) = π
2hc2

λ 5
1

e
hc

λkTp −1
(7.14)

where Tp is the planet temperature. The product of the black body emission and the

solid angle subtended by the exoplanet at the telescope gives the spectral radiance

at the aperture:

EEmission
p (λ ,Tp) = Sp(λ ,Tp)

(
Rp

d

)2

(7.15)

in Wm−2µm−1. Additionally, a portion of the stellar light incident on the exoplanet

is reflected. The strength of this reflected signal is strongly dependant on wave-

length and can be significant at visible wavelengths. The flux of reflected light at

the telescope aperture is calculated from:

ERe f lection
p (λ ) = αgeomSs(λ )

(
R∗
d

)2(Rp

a

)2

(7.16)

where a is the star-planet distance (i.e. the planet’s semi-major axis) and αgeom is

the geometric albedo, which is assumed to be that of a Lambertian sphere (2
3αbond),

wavelength-independent and at a phase of φ = 1 (i.e. full disk illumination).

7.2.2.3 Signal to Noise Ratio

From these equations, and the error on the transit/eclipse depth, the signal to noise

(SNR) on the atmospheric signal can be obtained. By setting a requirement on

the SNR, the number of observations, and type of observation, needed for a given

planet can be ascertained. For the purposes of most of the work presented here, an

average SNR of 7 was assumed as a necessity to facilitate the characterisation of

the atmosphere’s molecular composition.
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Opacity Reference
H2-H2 [276, 277]
H2-He [278]
H2O [279, 280]
CH4 [281, 282]
C2H2 [283]
HCN [284]
NH3 [285]
CO [286]
CO2 [287]
TiO [288]
VO [289]
PH3 [290]
SiO [291]
SO2 [292]
H2S [293]

Table 7.1: List of the opacities used within Tau-REx for the atmospheric models presented
here.

7.2.2.4 Atmospheric Modelling and Retrieval

Determining the composition of exoplanetary atmospheres, and thus gaining an un-

derstanding of the atmospheric properties, provides insight about the processes oc-

curring on these planets.

To simulate emission and transmission forward models and atmospheric

retrievals, the open-source exoplanet atmospheric retrieval framework Tau-REx

[272, 241] has been used. This assumes a plane parallel atmosphere with 100 lay-

ers and includes the contributions of collision-induced absorption (cia) of H2-H2

and H2-He, Rayleigh scattering and grey-clouds. Cross-section opacities calculated

from the ExoMol database [273] where available, and from HITEMP [274] and HI-

TRAN [275] otherwise, are also utilised. A list of opacities used can be found in

Table 7.1.

Convolving the outputs of Tau-REx with those of a radiometric model provides

a powerful data product: a simulated observation of an exoplanet atmosphere. This

”observed” spectrum can then be inserted into Tau-REx in retrieval mode, where

the software attempts to fit the data and thus recover the input atmospheric param-

eters. The ability of Tau-REx to fit the data, and retrieve accurately the molecular
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abundances and thermal structure of the atmosphere, can be used as a more mean-

ingful measure of the data quality than the SNR. However, such analysis can be

time consuming and the results are of course dependent upon the assumed atmo-

spheric chemistry as well as the priors used for the retrieval. Therefore it is prudent

to use the SNR calculation to prove an instrument’s capability for a large number of

targets while providing simulated data, and retrievals, for a small number of typical

planets.

7.2.3 Modelling Light Curves

Observatories in low Earth orbits (e.g. Hubble, CHEOPS, Twinkle and an ever

increasing number of cubesats) cannot always be continuously pointed at a target

due to Earth obscuration. For transit, or eclipse, spectroscopy this causes gaps in

the light curve, which reduces the information content and can diminish the science

return of the observation. Terminus was developed to model the occurrence of these

gaps to predict the potential impact on future observations. Terminus is currently

base-lined on the Twinkle Space Telescope but the model can be adapted for any

space-based telescope and is especially applicable to those in a low-Earth orbit.

The variance on a single observation is calculated from Equation (7.4) and is

used to generate noisy light curves for each of the spectral bins. These noisy light

curves are then fitted with a Markov Chain Monte Carlo (MCMC) algorithm to

produce a spectrum complete with error bars. Prior to this, the gaps due to Earth

obscuration can be added.

For fainter targets, a spectrum with a reduced resolution can be requested and

Terminus will combine the light curves and provide a spectrum with a resolution as

close to the desired as possible. While the default cadence is set by the saturation

time of the detector it can lowered or exposures can be combined. Additionally,

multiple transits (or eclipses) can be individually modelled, fitted and then com-

bined.

Finally, once a spectrum has been generated, Tau-REx is then used to fit the

data and retrieve the atmospheric parameters. This process is graphically sum-

marised in Figure 7.2.
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Figure 7.2: Overview of the structure of Terminus. Top left: Input spectrum generated by
Tau-REx. Top Right: Binning of spectrum to instrument resolution. Middle
Left: Creation of light curves. Middle Right: Fitting of light curves. Bottom
Left: Retrieved spectrum. Bottom Right: Retrieved atmospheric composition.

While the basic signal calculation in Terminus is essentially identical to that

of ArielRad and ExoWebb, the strength of this simulator is the creation of time-

domain data. The standard output spectrum from ArielRad or ExoWebb adds no

scatter on the transit depth (it is assumed to be perfectly recovered) while the tran-

sit depth for Terminus is that retrieved during the light curve fitting. These offsets

caused by the MCMC fitting can be mimicked in data from a radiometric model by

adding Gaussian scatter to the spectrum. However, adding Gaussian scatter to the

individual exposures and fitting the subsequent light curves brings the simulations

closer to reality, though with the disadvantage of a longer simulation time due to the
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fitting process. If the added complexity of time-domain data is not required, Ter-

minus can be run as a standard radiometric model to provide fast, but still accurate,

estimations of the capabilities of a spacecraft’s instrumentation, assuming full light

curves are observed.



Chapter 8

Potential Targets for Ariel

”No sensible decision can be made

any longer without taking into

account not only the world as it is,

but the world as it will be.”

Isaac Asimov

During its 4-year mission, Ariel aims to observe ∼1000 exoplanets ranging

from Jupiters and Neptunes down to Super-Earth size in the visible and the infrared

with its meter-class telescope. The analysis of Ariel spectra and photometric data

will deliver a homogeneous catalogue of planetary spectra which will allow for

the extraction of the chemical fingerprints of gases and condensates in the planets’

atmospheres, including the elemental composition for the most favourable targets.

It will also enable the study of thermal and scattering properties of the atmosphere

as the planet orbits around the star.

While Ariel will not be operational for nearly a decade, the design is scheduled

to be fixed in 2020. It is therefore vital to attempt to predict the future state of the

field to ensure that Ariel’s design will allow it to meet the mission’s science goals.

During Phase A, a study of Ariel’s capabilities to observe known and predicted

Contributions: I have led recent studies into potential targets for the Ariel mission and this has
been published (Edwards et al., 2019, An Updated Study of Potential Targets for Ariel, ApJ, doi:
10.3847/1538-3881/ab1cb9). Giovanna Tinetti, Enzo Pascale and Lorenzo Mugnai also contributed
to this work.
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planets was conducted and a Mission Reference Sample (i.e a list of exoplanets to

be observed during the primary mission life) of∼1000 potential targets was created

[126].

This chapter details the ongoing review of the capability of Ariel’s instrumen-

tation to observe currently-known planets and potential future detections. The cata-

logue described in Section 7.1 is analysed using ArielRad, the new Ariel simulator

which is more suitable to capture the details and updates of Ariel’s design as con-

sidered in Phase B (see Section 8.1.2). This exercise is being regularly repeated

to incorporate new discoveries and verify that the mission’s science goals can be

achieved as the instrumentation evolves in Phase B.

Finally we focus part of our simulations and discussion on smaller planets, to

refine some of the science objectives considered in Phase A for the mission and ad-

dress new science questions emerging from the recent discoveries, e.g. the “Fulton

gap” [82].

8.1 Creating a List of Potential Targets

8.1.1 ESA Radiometric Model

During Phase A, the ESA radiometric model [256] was utilised to assess the dura-

tion and type of observations needed to meet the mission requirements. Although

the NIRSpec instrument will also be used for spectroscopy, the mission require-

ments are baselined on the AIRS channels, as these bands are typically the most

demanding. The ESA Radiometric Model calculates the signal and noise contri-

butions for exoplanet spectroscopic observations [256, 294]. This model simulates

observational and instrumentation effects, utilising target characteristics to assess

whether emission or transmission spectroscopy is preferable and to estimate the re-

quired number of observations to achieve a desired resolving power and signal to

noise ratio (SNR). The ESA radiometric model requires the host star temperature to

be in the range 3070-7200 K. The Mission Reference Sample during Phase A was

obtained using this model [126].
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8.1.2 Ariel Radiometric Model

The ESA radiometric model assumes that the systematic noise does not vary from

target to target. The Ariel Radiometric model (ArielRad, [260]) has been developed

to provide a comprehensive model of the instrument performance. While the ESA

radiometric model assumes a constant instrument noise, ArielRad provides system-

atic noise on a case by case basis. The Ariel team has validated ArielRad against

the ESA radiometric model and ExoSim [294] by running the simulators with the

same instrument noise characteristics. ArielRad includes greater margins on the

instrument noise and a noise floor of 20 ppm.

The ArielRad simulator is used to provide realistic noise models for all plan-

ets within the catalogue described in Section 7.1. These noise models are used to

create a new list of potential targets, based on the expected performance from Ariel-

Rad. The FGS signal requirements for accurate pointing are now accounted for as

these are not included in the ESA radiometric model but are key for target selection.

In the ESA radiometric model, simulations were restricted to planets orbiting stars

with temperatures in the range 3070-7200 K due to the stellar spectral energy dis-

tributions (SEDs) used. For ArielRad, this range is expanded to include early type

stars and M-dwarfs such as Trappist-1 by using a broader range of SEDs from the

Phoenix atmospheric models increasing the diversity of input catalogue.

8.1.3 The 3 Tier Approach

Planning of observations with Ariel is based around a tiered approach and Table

8.1 describes the requirements on each tier. As envisaged in Phase A, a survey

tier aims to observe 1000 planets with low resolution spectroscopy to produce a

statistically viable dataset of a diverse range of exoplanetary atmospheres. Tier

1 observations will help refine orbital and planetary parameters and constrain (or

remove) degeneracies in the interpretation of mass-radius diagrams. Additionally, it

will offer the opportunity to generate colour/colour and colour/magnitude diagrams

and investigate what fraction of planets have a transparent atmosphere, are partially

clouded or are completely overcast.

From this initial survey of planets, around half will be selected for spectro-
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Table 8.1: Resolution of final dataset across each instrument in each tier

Instrument Name Tier 1 Tier 2 Tier 3
NIRSpec R∼1 R∼10 R∼20
AIRS Ch0 R∼3 R∼50 R∼100
AIRS Ch1 R∼1 R∼10 R∼30

scopic follow-up: Tier 2 spectroscopic measurements are crucial for uncovering

atmospheric structure and composition. Additionally, Tier 2 observations are crit-

ical to search for potential correlations between atmospheric chemistry and basic

parameters such as planetary size, density, temperature, stellar type and metallicity.

Tier 3 will consist of repeated observations of a select group of benchmark planets

(∼50-100) around bright stars which can be observed at high resolution within a

small number of transits or eclipses to provide a very detailed knowledge of the

planetary chemistry and dynamics (see [125] for an in-depth description of the tier-

ing system and the mission science questions and requirements). Figure 8.1 shows

simulated observations in each tier for a planet with parameters similar to Wasp-39

b. The addition of a Tier 4 – including phase-curves and an ad-hoc observational

strategy for targets of interest which do not fit into the tier system – has been re-

cently discussed in the Ariel team.

8.1.4 A List of Potential Targets for Ariel

From the noise models created by ArielRad, the catalogue of known and predicted

planets was cut down to those for which an SNR ≥ 7 could be achieved on the

atmosphere within a reasonable number of transits or eclipses. For Tier 1, there are

over 2000 potential planets for which the science requirements can be reached with

5 observations or less, far more than the 1000 that will make up the MRS. Being

over-saturated in the number of possible targets is useful as it allows for redundancy

in the scheduling of observations and it means there is a large catalogue of planets to

draw from to allow for a diverse sample to be observed. The distribution of various

stellar and planetary parameters for these potential Tier 1 targets is shown in Figures

8.2 and 8.3. These show that (i) to achieve a sample of ∼1000 planets, Ariel does

not need to observe faint stars (except for special targets of interest) (ii) there is a
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Figure 8.1: Simulated data for a planet similar to Wasp-39 b in each Tier. The atmosphere
has been modelled in chemical equilibrium with solar metallicity and C/O =
0.5. The error bars are calculated using ArielRad and the spectra are offset
for clarity. The larger errors at the red end of AIRS Channels 0 and 1 are due
to a reduced sensitivity caused by optical filter cut-off, and detector sensitiv-
ity, respectively. This will however be mitigated by the cross-channel spectral
overlap of the baseline design which is expected to reduce the error bars at the
transition between channels 0 and 1.

large diversity in planet temperature and radius (iii) the stellar type of planet hosting

stars is varied although FG stars are more dominant (iv) the majority of potential

targets are located within a few hundred parsecs (v) most potential targets are close

to their stars and have orbits of under 20 days (vi) although the metallicities of many

of the host stars are unknown, there is a wide range of values included in the sample.

Additionally, ∼1000 planets are found to be potentially observable in Tier 2

and Figure 8.4 details the distribution of the number of observations required for

these planets as well as those in Tier 1. We find that the number of observable

Jupiters (Rp > 7 R⊕) is approaching saturation at 5 observations while the num-

ber of suitable smaller planets are rising with increased observations. Ariel will

have constant visibility of the ecliptic poles with a partial visibility of the whole

sky at lower latitudes. The sky locations of possible planets for study in each tier

with Ariel are shown in Figure 8.5 to be well distributed across the sky but with a

noticeable gap close to the ecliptic due to a lack of TESS coverage in its primary

mission.
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Figure 8.2: Histograms of the properties of the stellar hosts within the potential Ariel Tier
1 Catalogue. Metallicities were not available for all host stars.

Figure 8.3: Histograms of the planetary properties within the potential Ariel Tier 1 Cata-
logue. In some cases, not all planets are plotted for aesthetic reasons.
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Figure 8.4: Cumulative number of planets that can be observed in Tiers 1 (left) and 2 (right)
with a given number of transits or eclipses.

Figure 8.5: Sky locations of potential targets for study with Ariel. Having targets scattered
across the entire sky is beneficial for the scheduling of observations.
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8.1.5 Creation of an Example Mission Reference Sample

Ariel has a nominal life of 4 years (extendable to 6) including a 6-month commis-

sioning and calibration phase. Additionally, scheduling constraints, such as tele-

scope housekeeping, slewing between targets and data down-link, reduce the avail-

able science time. Ariel will therefore have ∼3 years of usable science time during

its nominal life. Having established that there will be a large number of planetary

atmospheres that are suitable for characterisation with Ariel we explore the number

that could be observed over the mission lifetime.

The approach adopted during Phase A consisted of choosing a very diverse,

and as complete as possible, combination of star/planet parameters while minimis-

ing the number of repeated observations by selecting the planets around the bright-

est stars. Here, we chose three main parameters to classify the potential targets by:

stellar effective temperature, planetary radius and planetary equilibrium tempera-

ture. Each parameter is split into a number of classes and Table 8.2 summarises

these distinctions. We bin the planets by these 3 parameters, and where possible,

ensure that at least 2 planets within each bin are contained within the Mission Ref-

erence Sample. Future selections will also classify planets by their density and the

metallicity of the host star. These five basic characteristics are thought to have a

large impact on the chemistry and thus choosing planets with a broad range in these

parameters should yield a multifarious exoplanet population for study.

Adopting this strategy we obtain a distribution of planets by radius and temper-

ature as displayed in Figure 8.6. Planets selected for Tier 3 are also included in Tier

2 and, in turn, Tier 1 planets incorporate all those studied in Tier 2. Although not

considered in-depth here, 10% of mission time is reserved for Tier 4 and we high-

light potential targets for phase-curves in Figure 8.7. For larger planets, these are

those which can easily be observed at Tier 2 resolutions in both transit and eclipse

while for smaller planets, it is those that can be studied at Tier 1 resolutions in both

methods. Phase-curve targets are also required to be on relatively short orbits and

thus are generally found to be hot (or very-hot).

Different observing strategies have been discussed within the Ariel team in-



8.1. Creating a List of Potential Targets 133

Table 8.2: Bounds used to classify potential planets to ensure a varied population of planets
within the Mission Reference Sample.

Parameter Class Bounds

Stellar Effective Temperature

M Ts <3955 K
K 3955 K <Ts <5330 K
G 5330 K<Ts <6070 K
F 6070 K <Ts <7200 K

Planetary Radius

Earth/Super-Earth Rp <1.8 R⊕
Sub-Neptune 1.8 R⊕ <Rp <3.5 R⊕
Neptune 3.5 R⊕ <Rp <6 R⊕
Jupiter 6 R⊕ <Rp <16 R⊕
Massive Jupiter Rp >16 R⊕

Planetary Equilibrium Temperature

Temperate/Warm Tp <500 K
Very Warm 500 K <Tp <1000 K
Hot 1000 K <Tp <1500 K
Very Hot 1500 K <Tp <2500 K
Ultra Hot Tp >2500 K

Figure 8.6: Planetary radius and temperature distribution of a potential Ariel mission ref-
erence sample from ArielRad
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Figure 8.7: Potential phase-curve targets for Ariel. The colour of points highlights the
planetary equilibrium temperature. Spectroscopic phase-curves should be pos-
sible for Jupiter-sized planets while smaller planets are suitable for multi-band
photometric observations.

Number of Planets Observation Requirement Required Science Time [hours]
1000 Achieve Tier 1 resolutions ∼10,600
400

Increase resolution from Tier 1 to Tier 2
∼3,100

500 ∼6,000
600 ∼10,500
200

Achieve Tier 1 resolutions in second method
∼1,400

300 ∼2,500
400 ∼4,200
50 Tier 3 (5 repeated observations per planet) ∼1,700
- Tier 4 (additional science time) ∼2,300

Table 8.3: Mission time required to achieve different observation goals. The total science
time over the 4 year primary life is ∼24,800 hours. Note that for some bright
targets (e.g. HD 209458 b), Tier 2 or 3 resolutions would be reached in a single
observation.

cluding acquiring data in both transit and eclipse for some Tier 2 planets. Such

observations would increase our ability to characterise the atmospheres of these tar-

gets but would reduce the total number of planets studied. Table 8.3 highlights the

science time (i.e. time on target) required to achieve different observations. These

discussions are ongoing and further studies will be undertaken but it can be seen that

acquiring data in the secondary method (i.e. the method which gives a lower SNR)

for some of the best planets will not require significant mission time. However, the

total number of Tier 2 planets may have to be sacrificed to achieve this.
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Hence, ArielRad simulations combined with the TESS yield suggested by [4]

predict that Ariel will be able to observe 1000 planets within the primary mission

(e.g. Figure 8.6). The number of planets within this updated version of Mission

Reference Sample is similar to that of the Phase A study although we find an in-

crease in the number of Tier 2 planets compared to the results of [126] on top of the

10% mission lifetime dedicated to Tier 4 planets. Therefore, from the input cata-

logue of currently-known and predicted planets, ArielRad simulations suggest Ariel

should be more than capable of achieving the science requirement of characterising

the atmospheres of hundreds of diverse extra-solar planets.

8.2 Characterisation of Small Planets

Section 8.1.2 shows that from the catalogue of known planets and predicted TESS

detections ArielRad produces a Mission Reference Sample consistent with that cre-

ated in Phase A with the ESA radiometric model and predicted targets by [126].

Choosing the Mission Reference Sample in this way naturally leads to a propor-

tionally larger number of gaseous planets being selected for observation. However,

warm and hot Super-Earths (and Earth-sized planets) are well within Ariel’s ca-

pabilities, especially given that many more are expected to be discovered around

bright stars thanks to TESS.

Smaller planets, particularly those which could be rocky, are an intriguing pop-

ulation of bodies, especially since the discovery of the “Fulton gap” at ∼1.8 R⊕ by

the California-Kepler Survey (CKS) [82]. This distribution seemingly indicates two

populations of small planets: those which have retained a volatile dominated atmo-

sphere and those which are expected to have lost this more primordial envelope

(e.g. [83]) or never had one. Characterising the atmospheres of planets with radii

smaller than 3.5 R⊕, and in particular those within the transition region from rocky

to gaseous, is fundamental in uncovering the nature of this population and would be

very informative for planetary formation and evolution theories. More specifically,

understanding whether the atmosphere is still primordial (i.e. H/He rich, possibly

thick) or more evolved (i.e. richer in heavier elements, thin or completely absent)
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may constrain formation (formed in situ or remnants of more massive bodies which

have migrated to closer orbits) and evolution scenarios (e.g. hydrogen escaped, a

secondary atmosphere which might hint at the interior composition).

Here we explore a different option for the Ariel MRS, with more emphasis on

the interpretation of the nature of smaller planets, by specifically devoting mission

lifetime to studying this dichotomy of small worlds.

In the Mission Reference Sample studied in Section 8.1.2,∼110 planets with a

radius less than 3.5 Earth radii were selected for study over around 600 observations

(∼2100 hours of science time) in all three tiers. These planets are located on both

sides of the “Fulton gap”. A key goal of Tier 1 is to discover the fraction of small

planets with hydrogen/helium envelopes. For this reason, the number of required

observations to detect an atmosphere is estimated assuming a low mean molecular

weight so that if a planetary atmosphere has a primordial composition, this atmo-

sphere should be detected with high confidence. Additionally, the atmospheric trace

gases should be accurately constrained if the planet is observed in Tier 2 or 3. If no

detection is made, the planet either has (i) an atmosphere with a higher molecular

weight or (ii) opaque clouds across all wavelengths or (iii) no atmosphere at all.

In all likelihood, some fraction of these planets will have far heavier atmo-

spheres (higher mean molecular weight) and thus will be harder to characterise,

requiring more observations to obtain the observational requirements in each tier.

In particular, additionally to the H/He atmospheric content, the fraction of H2O

present in an atmosphere is also very important to constrain formation/evolution

scenarios and the delivery of volatiles to the inner part of the planetary system.

“Water worlds”, i.e. planets with a significant amount of H2O on their surface or in

the subsurface (e.g. [295]), or magma ocean planets with a steam atmosphere (e.g.

[296]), are expected to have atmospheres with a large fraction of H2O.

However, the characteristics of a planet’s atmosphere (if present) cannot be

known before observations are undertaken, unless these targets are observed pre-

viously with other facilities from space or the ground. To quantify the fraction of

lifetime needed to characterise the atmospheric composition of small planets with
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Table 8.4: Mission time required to achieve Tier 1 resolutions (at SNR >7) for the 113
small planets in the example MRS assuming different mean molecular weights.
The total science time over the 4 year primary life is ∼24,800 hours. t0 is the
time spent observing small planets in Tier 1 of the standard MRS.

Atmospheric Mean Molecular Weight Number of Planets Required Science Time [hours]
2.3 All ∼1,000 (t0)
5 50 t0 + ∼360

All t0 + ∼3000
8 50 t0 + ∼1,100

All t0 + ∼9,200
10 50 t0 + ∼1,900
15 50 t0 + ∼4,400
18 25 t0 + ∼1,700

50 t0 + ∼6,400
28 25 t0 + ∼4,300

50 t0 + ∼15,600

an atmosphere heavier than H/He, we select the small planets (Rp < 3.5 R⊕) from

the example MRS for further study. The science time required to achieve Tier 1

resolutions (with SNR > 7) for different atmospheric compositions is determined

and compared to the Tier 1 time assumed in Section 8.1 (Table 8.4).

As expected, the required number of observations (and thus science time) rises

with the increasing atmospheric weight. While the atmospheres of smaller planets

will be easily probed if H/He dominated, heavier atmospheres would require signif-

icant mission time to observe. Distinguishing between primary and secondary at-

mospheres should be possible for all small planets studied here within a reasonable

science time. However, the assumed noise floor of 20 ppm limits the characterisa-

tion at very high mean molecular weights where the signals become increasingly

small. Smaller, cooler planets may also have a nitrogen based atmosphere and we

find that, for the Earth-sized planets below 500 K in this chosen sample, 25-130

transits would be required to achieve Tier 1 resolutions if the atmospheres had a

molecular weight of 28. Figure 8.8 shows simulated data for one such planet, LHS

1140 c [297], for various atmospheric weights. The dampening in the spectra due to

a heavier atmosphere can clearly be seen. Generally, the best targets could be easily

characterised regardless of their atmospheric composition while for others achiev-

ing the required signal uncertainty will be difficult if the atmosphere is dense. We



8.2. Characterisation of Small Planets 138

Figure 8.8: Simulated Tier 1 data of LHS 1140 c for different atmospheric weights. The
atmosphere is modelled with 10−5 of H2O and CH4 and the mean molecular
weight is varied by modifying the nitrogen ratio. The number of transits quoted
is the requirement for an SNR >7 to be achieved on the atmosphere at Tier 1
resolutions.

note that the impact of clouds is expected to be well captured in the simulations for

higher mean molecular weight, where signals are up to fourteen times smaller than

the ones for atmospheres which are cloud-free and H/He-rich. Additional observa-

tions of the planet at different phases may provide further constraints on the cloud

types and distribution (e.g. [298]). Observations of smaller planets could be under-

taken in a tiering style system where the data is analysed after several visits with

decisions made on continuing the observations based on the results seen. Science

goals for such an observing strategy could include the determination of whether an

atmosphere is primary, secondary or not present.

From this preliminary study, we appreciate that providing significant time to

observe smaller planets would be valuable for their more in-depth chemical/cloud

characterisation after an initial survey. Here we have presented a possible option

including the in-depth analysis of ∼110 small planets, but of course different com-



8.3. Discussion 139

binations of strategies could and will be considered in this and future mission Phases

to optimise the breadth and depth of the Ariel sample during its mission lifetime and

prioritise its science objectives. If much of the primary mission is dedicated to an

in-depth survey of smaller planets, the total number of planets observed by Ariel

would be reduced. Hence, some of the more speculative questions could be left

for a potential extended mission. This study shows that Ariel has the potential to

characterise the atmospheres of planets of all sizes. Data from such a multifari-

ous population would be invaluable for our knowledge of planetary formation and

evolution.

8.3 Discussion

8.3.1 Dependence of Predicted Yields on the Accuracy of Plane-

tary Occurrence Statistics

Here, expected TESS detections have been used to estimate the number, and type,

of exoplanets that could be potential targets for ARIEL. Predicted yields for future

missions are, of course, speculative in nature and highly dependent on the assump-

tions of the study. In [4] the planetary occurrence statistics for AFGK stars were

taken from [77] and from [9] for M dwarfs. More recent studies may suggest higher

occurrence rates for some classes of small planets (e.g. [299, 82]) and the dif-

ferences between these could affect the yield of TESS. Recently, TESS finished

observing the southern hemisphere. During the analysis process, stars which show

events which could be due to a transiting planet are labelled at TESS Objects of

Interest (TOI). These TOIs are then followed-up, with ground-based instruments

obtaining more photometry light curves or spectroscopic information, to confirm

the presence of a planet. So far there have been over 1000 TOIs identified, with

29 confirmed TESS detections in the NASA Exoplanet Catalogue and papers for

many more submitted to journals. Although the analysis of data from the southern

hemisphere is still ongoing [e.g. 300], one can start to compare the current yield of

TESS with that from [4]. 1113 TOIs have been registered in the southern sectors,

compared to 2197 predicted planets, and Figure 8.9 shows a histogram of the plan-
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Figure 8.9: Histogram of current TESS Objects of Interest in the southern hemisphere and
the Barclay predictions for the same sectors [4].

etary radii of these yields. It appears that far fewer sub-Neptunes are being detected

than expected, with an additional dearth in Neptune/Saturn regime but an excess in

the large, gaseous planets (>15 R⊕).

It is perhaps still too early to comment on the accuracy of the predicted TESS

yield. All these current TESS planets are found to be excellent targets for study

with Ariel. Further constraints on the occurrence of planets on short periods is

likely to be a key outcome of the TESS mission, particularly for M dwarfs. In any

case, the primary mission of TESS is due to finish in 2020 [84] and, while the data

analysis will continue for many years to come, the yield from this mission will be

known long before Ariel launches. Additionally, TESS has been granted a mission

extension, allowing the satellite to survey the sky for an additional two years. This is

expected to dramatically increase the number of detections, particularly fro longer

period planets.

8.3.2 Scheduling of Observations

Here, the scheduling of observations has not been considered although studies in

the Ariel consortium are being undertaken which will utilise the Mission Refer-
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ence Sample [301, 302]. Such studies will provide a greater understanding of the

impact of scheduling constraints (telescope housekeeping, slewing between targets

etc.) and a key issue may be observation overlaps (i.e. two planets transiting at the

same time). Having additional, back-up targets is likely to be useful for scheduling

purposes and this study shows that there should be an over-saturation of suitable

planets for characterisation. The list of potential targets constructed here will be

used as an input for such efforts.

8.3.3 Tiering System for Smaller Planets

The ambiguity in the atmospheric composition of smaller planets causes complex-

ities when planning via the originally proposed three tier observing structure. Ad-

ditionally, the major constituents of an atmosphere could be recovered at resolu-

tions below that of Tier 2. Therefore, a separate tiering system for smaller planets

which is based around confirming the presence (or absence) of a clear atmosphere

of a given mean molecular weight may be required. Once the catalogue of po-

tential planets is completely formed of known planets, additional considerations in

the selection of smaller planets such as photo-evaporation and isolation flux (e.g.

[83, 303]) will need to be taken into account to ensure a diverse population of plan-

ets are studied.

8.3.4 Next Steps and Final Selection of the Mission Reference

Sample

The Mission Reference Sample presented here is merely one example of a popula-

tion of planets that Ariel could observe. The selection of the final list of targets will

require far more discussion and input from scientists from across the exoplanet com-

munity, particularly as the predicted planets from this list are replaced with actual

detections. In the coming years, observations with current ground and space-based

facilities (e.g. VLT, Hubble, Spitzer) and future observatories (e.g. E-ELT [304],

JWST [106], Twinkle [305]) will further characterise the atmospheres of the known

exoplanet population. These studies will increase our knowledge of these distant

worlds and may begin to highlight trends in atmospheric chemistry. Such insights
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will inevitably be used to optimise the Ariel Mission Reference Sample, maximising

the synergies between different facilities, and to this end a website has been created

to host the list of potentially observable planets 1. This open-access site will contain

all available datasets on these planets, highlighting planetary systems for which fur-

ther characterisation would be beneficial (e.g. refinement of ephemerides or stellar

parameters) and providing the chance for the entire community to contribute to the

Ariel target selection. Therefore, Ariel will embrace the exoplanet community by

offering open involvement in the observation planning process as well as providing

regular timely public releases of high quality data products at various processing

levels throughout the mission. Additionally, targets within the list are being used

as the basis for simulated data in several data challenges organised to engage the

exoplanet community in Ariel2. These efforts, particularly the continuous dialogue

with the wider community, will ensure that the Ariel observation strategy facilitates

the maximum possible science yield for the entire exoplanet field.

8.4 Conclusions
An updated analysis of the currently-known planets and predicted TESS discover-

ies, as well as Ariel predicted performances, supports and improves the conclusions

of the previous Mission Reference Sample (MRS) study from Phase A: Ariel will be

capable of characterising 1000 exoplanet atmospheres during the primary mission

life. The total number of potential planets to choose this MRS from is found to be

over 2000 meaning there is a surplus of targets. Within this list of planets there is

a large range of planetary and stellar parameters, ensuring that the MRS is diverse;

a key requirement for meeting Ariel’s mission objectives. The example MRS se-

lected here allows for 1000 planets to be studied, with high-quality spectroscopic

data being obtained for 600 of these during the 4 year primary mission life. The

selection also reserves mission time for other observation strategies (Tier 4). These

could include phase-curves, non-transiting planets or targets of interest which are

not captured by the current tier system.

1https://arielmission.space/target-list/
2https://ariel-datachallenge.azurewebsites.net

https://arielmission.space/target-list/
https://ariel-datachallenge.azurewebsites.net
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Additionally we have explored the mission capability to perform an in depth

analysis of small planets’ atmospheres, which are expected to be more diverse com-

pared to the gaseous ones. Given the increased observational difficulty to probe at-

mospheres heavier than H/He, significant mission time may have to be allocated to

this task. Trade-offs between studying more planets, observing fewer targets but in

greater detail, and/or choosing interesting planets which require more observational

time, will form a key part in the selection of the final Mission Reference Sample.

Generating an optimal catalogue of potential candidates is key in these efforts and

this list of targets will be constantly updated with new planet discoveries.



Chapter 9

Characterising Exoplanets with

Twinkle

”Giants are not what we think they

are. The same qualities that appear

to give them strength are often the

sources of great weakness.”

Malcolm Gladwell

Perhaps Twinkle’s most promising science case is the characterisation of exo-

planets and their atmospheres. Here I will discuss the studies undertaken thus far

to understand Twinkle’s capabilities, proving that smaller space-based telescopes

can provide cutting-edge data. Firstly, an adapted version of the radiometric model

from Puig et al. [256] has been used to study Twinkle’s capacity for observing the

catalogue of known and predicted planets from Chapter 7. Additionally, Twinkle

data has been simulated and the ability to recover the input atmosphere explored.

Finally, the time-domain simulator Terminus [262] has been used to provide more

realistic simulations of Twinkle observations, including adding gaps due to Earth

obscuration.

Contributions: This chapter is based upon published work led by myself (Edwards et al., 2018,
Exoplanet spectroscopy and photometry with the Twinkle space telescope, Experimental Astron-
omy, doi: 10.1007/s10686-018-9611-4). Giovanna Tinetti, Marcell Tessenyi, Malena Rice, Tiziano
Zingales and Giorgio Savini also contributed significantly to this publication.
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9.1 Targets within Twinkle’s Field of Regard
As previously discussed, Twinkles field of regard, the region of sky in which it can

be pointed, is a cone, centred on the anti-sun vector and extending to±40◦ from the

ecliptic plane. Twinkle’s sky visibility is therefore similar to that of CHEOPS but is

in contrast to TESS, JWST and Ariel, all of which have continuous coverage around

the ecliptic poles and a partial visibility of the whole sky at lower latitudes. Here, we

compare Twinkle’s 40◦ field of regard to the celestial coordinates of planet-hosting

stars to determine the number of known and predicted targets within Twinkle’s view.

Figure 9.1 displays the locations of the planets within the catalogue discussed

in Chapter 7 and highlights those within the sweep of Twinkle’s field of regard. We

note that the original Kepler field (which accounts for over 2000 transiting planets)

lies far from the ecliptic and thus cannot be observed with a 40◦ field of regard

centred on the anti-sun vector. An extension of the field of regard to 60◦ from the

ecliptic may allow some of these targets to be observed. However, Twinkle is best-

suited for observing planets around bright stars and thus is not impeded by being

unable to observe planets in the Kepler field which are generally hosted by fainter

stars. At the time of this study (July 2018), 548 of the 685 transiting planets not

discovered by the original Kepler mission lie within Twinkle’s field of regard.

The predicted TESS planets are also shown in Figure 9.1 and we find that of the

4376 targets plotted, 1815 lie within the 40◦ field of regard of Twinkle. TESS is also

predicted to discover more than 10,000 planets around fainter stars and whilst some

of these will be within Twinkle’s field of regard, most are unlikely to be suitable

targets for observation with Twinkle. However, some larger, hotter planets may be

observable.

9.2 Assessing Target Suitability
Twinkle will enable the study of exoplanets simultaneously at multiple wavelengths

through transit, eclipse and phase-curve observations. Here, we consider transit

and eclipse observations which, via spectroscopy, can allow for the atmospheric

composition of the planet to be obtained. Additionally, photometric or low reso-
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Figure 9.1: Sky location of currently-known transiting exoplanets and those predicted to be
discovered by TESS, their planetary classification and the sweep of Twinkle’s
field of regard. The initial Kepler field is the densely populated region at RA
-70◦, Dec 45◦ and the locations of some well-known exoplanets are noted.

lution observations in the optical and infrared can be utilised to refine planetary

and orbital parameters, monitor stellar activity over time (e.g. [306]) or search

for transit time variations (TTVs, [307]) and transit duration variations (TDVs,

[308]). TTVs have been extensively used as a valuable technique for finding ad-

ditional planets within systems and constraining planetary masses and orbits (e.g.

[309, 310, 67, 311, 312]). Combined TTV and TDV signals are paramount to search

for exomoons [313]. The temporal binning required for Twinkle’s observations will

depend upon the brightness of the host star but for brighter targets will be very short

(<30 seconds) and therefore may be utilised to provide precise measurements of

TTV and TDV due to low mass objects present in some planetary systems. For

fainter stars, a temporal binning of a few minutes may be required, depending on

the wavelength range considered. While other future space facilities may also be

able to detect TTV and TDV signals, Twinkle can obtain NIR light curves which

exhibit highly reduced distortion from limb darkening and stellar activity. Addi-

tionally, multi-colour light curves significantly attenuate degeneracy of fitted limb

darkening parameters across all wavelengths. Therefore Twinkle’s capabilities for

both high and low resolution transit (and eclipse) observations are considered here.
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9.2.1 A Radiometric Model for Twinkle

Terminus, the radiometric model for Twinkle, has been created using the meth-

ods described for calculating the signal and noise contributions for other exoplanet

infrared spectroscopic missions in [256, 294] and in Chapter 7. The radiometric

model simulates observational and instrumentation effects, utilising target charac-

teristics to assess whether emission or transmission spectroscopy is preferable and

to estimate the required number of observations to achieve a desired resolving power

and signal to noise ratio (SNR).

Information from the planet catalogue was inserted into the model and the av-

erage SNR across each spectrometer for one transit or eclipse was obtained for

the maximum resolving power. In post-processing, the resolving power can be

decreased from its native value in order to increase the SNR per wavelength bin.

Stacking multiple observations increases the SNR of the final dataset and for this

exercise the increase in SNR has been calculated from:

SNRN =
√

N×SNR1 (9.1)

where N is the number of observations. Defining a requirement for SNR ≥ 7 on

the atmosphere, Figures 9.2, 9.3 and 9.4 display the number of planets that could be

observed in channels 0, 1 and 2, at a given resolution, for a given number of transit or

eclipse observations. Assuming the same SNR requirement, the resolution achieved

over a given number of transits or eclipses is displayed in Figures 9.5, 9.6 and 9.7

showing the distribution of the radius of observable planets along with the planet’s

temperature class. The SNR requirement will depend upon the user’s preferences

and the observations undertaken and therefore should be taken only as an indicative

value.

We find that in one observation Twinkle could study 89 known planets and 469

predicted TESS planets in channel 1 with R < 20 and 12 known planets and 29

predicted TESS planets at higher resolutions. With ten transits or eclipses, spec-

troscopy is possible for 81 known and 307 TESS planets at R>20, and for 144

known and 1041 TESS planets at lower resolution. In each case the majority of
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Figure 9.2: Number of known and predicted TESS planets with Twinkle’s field of regard
for which SNR ≥ 7 is achievable at a given resolving power in channel 0 (0.4 -
1.0 µm)

targets are large gaseous planets (e.g. 84.5% Jupiters and 15% Neptunes/Sub-

Neptunes for R >20 in 10 observations). With a larger number of observations,

the atmospheres of 46 smaller, potentially rocky planets (R<1.7 R⊕) are character-

isable using low resolution spectroscopy (R<20) in channel 1 with 20 observations.

The relations between stellar magnitude, planetary radius and the achievable resolv-

ing power are shown in Figures 9.8-9.10.
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Figure 9.3: Number of known and predicted TESS planets with Twinkle’s field of regard
for which SNR ≥ 7 is achievable at a given resolving power in channel 1 (1.3 -
2.42 µm)

Figure 9.4: Number of known and predicted TESS planets with Twinkle’s field of regard
for which SNR ≥ 7 is achievable at a given resolving power in channel 2 (2.42
- 4.5 µm)
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Figure 9.5: Achievable resolving power in infrared channel 0 (0.4 - 1.0 µm) for currently
known (coloured) and expected TESS planets (grey) assuming a requirement
of SNR ≥ 7 for a given number of transit or eclipse observations. The shape of
the points indicates the stellar type of the host star and the green line represents
Twinkle’s maximum resolving power in the channel
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Figure 9.6: Achievable resolving power in infrared channel 1 (1.3 - 2.42 µm) for currently
known (coloured) and expected TESS planets (grey) assuming a requirement
of SNR ≥ 7 for a given number of transit or eclipse observations. The shape of
the points indicates the stellar type of the host star and the green line represents
Twinkle’s maximum resolving power in the channel
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Figure 9.7: Achievable resolving power in infrared channel 2 (2.42 - 4.5 µm) for currently
known (coloured) and expected TESS planets (grey) assuming a requirement
of SNR ≥ 7 for a given number of transit or eclipse observations. The shape of
the points indicates the stellar type of the host star and the green line represents
Twinkle’s maximum resolving power in the channel
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Figure 9.8: Achievable resolving power in the visible channel (0.4 - 1.0 µm) for currently-
known exoplanets and predicted TESS planets within Twinkle’s field of regard
assuming a requirement of SNR ≥ 7 for a given number of transit or eclipse
observations. The colour of the point indicates the planetary radius, the shape
indicates the stellar type of the host star and the green line represents Twinkle’s
maximum resolving power in the channel
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Figure 9.9: Achievable resolving power in the first infrared channel (1.3 - 2.42 µm) for
currently-known exoplanets and predicted TESS planets within Twinkle’s field
of regard assuming a requirement of SNR ≥ 7 for a given number of transit
or eclipse observations. The colour of the point indicates the planetary radius,
the shape indicates the stellar type of the host star and the green line represents
Twinkle’s maximum resolving power in the channel
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Figure 9.10: Achievable resolving power in the second infrared channel (2.42 - 4.5 µm)
for currently-known exoplanets and predicted TESS planets within Twinkle’s
field of regard assuming a requirement of SNR ≥ 7 for a given number of
transit or eclipse observations. The colour of the point indicates the planetary
radius, the shape indicates the stellar type of the host star and the green line
represents Twinkle’s maximum resolving power in the channel
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9.2.2 Spectral Retrievals

Determining the composition of exoplanetary atmospheres, and thus gaining an un-

derstanding of the atmospheric properties, provides insight about the processes oc-

curring on these planets, as well as the presence or absence of clouds an impor-

tant constraint to understand atmospheric dynamics. Many molecules have absorp-

tion lines within Twinkle’s spectral bands including H2O, carbon-bearing molecules

(CO2, CO, CH4, C2H2, C2H4, C2H6), exotic metallic compounds (TiO, VO, SiO,

TiH) and nitrogen/sulphur-bearing species (H2S, SO2, NH3 and HCN).

We have performed several spectral retrieval simulations to assess the infor-

mation content of the spectra obtainable through Twinkle observations. The known

population of exoplanets is diverse and thus to better assess Twinkle’s capabilities

we focus here on three well known, but very different, planets: HD 209458 b, GJ

3470 b and 55 Cnc e. These planets all orbit very bright stars with K magnitudes of

6.31, 7.99 and 4.02 respectively.

To simulate emission and transmission forward models and atmospheric re-

trievals we use the open-source exoplanet atmospheric retrieval framework TauREx

[272, 241] described in Chapter 7. We have adopted TauREx to simulate retrievals

at various resolutions. The assumed planetary characteristics are contained in Table

9.1. For HD 209458 b we take the atmospheric composition retrieved from obser-

vations with Hubble WFC3 [240, 314]. We note that, while the spectral range for

WFC3 is ideal for detecting water, constraining other molecules is more difficult

with many models fitting the data. These degeneracies cause the retrieved abun-

dances to differ from those expected from chemistry models [315].

For the three chosen planets, we calculate the resolution achievable to reach an

SNR > 7 for each channel with a given number of transits/eclipses and run Tau-REx

spectral retrievals with the observation parameters contained in Table 9.2.

HD 209458 b could be observed, in a single transit, at the highest resolution

possible with Twinkle’s instrumentation and the subsequent retrieval correctly iden-

tifies the abundances and cloud pressure as shown in Figures 9.11 and 9.12 and

Table 9.3. Figure 9.13 displays the retrieval for GJ 3470 b and it can be seen that
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Table 9.1: Planetary characteristics utilised for simulating atmospheric retrievals

Planet
Equilibrium
Temperature [K] Clouds?

Mean Molecular
Weight Molecular Abundances (Source)

55 Cnc e 2000 No 2.33
CO
C2H2
HCN

1x10−3

1x10−5

1x10−5
[316]

GJ 3470 b 700 Yes 2.54

H20
CH4
CO
NH3
CO2

1x10−2

4x10−3

1x10−3

1x10−4

1x10−5

[317]

HD 209458 b 1000 Yes 2.34

H2O
HCN
NH3
CH4

1x10−5

1x10−6

1x10−6

1x10−8

[240]
[314]

Table 9.2: Parameters of the simulated atmospheric retrievals with Tau-REx

Planet Number of Observations R (λ <2.42 µm) R (λ >2.42 µm) Observation Type
HD 209458 b 1 250 60 Transit
GJ 3470 b 10 65 20 Transit
55 Cnc e 10 10 20 Eclipse

after 10 transits, at a resolution in channel 1 similar to the max resolution of Hubble

WFC3, the molecular abundance of H2O, CH4, NH3 and CO2 have been correctly

recovered, even with a cloudy atmosphere (assuming a grey cloud with a cloud top

pressure of 10 mbar). However, as shown in Table 9.3 and Figure 9.14, the CO

abundance is not recovered as the strongest CO band accessible to Twinkle is at 4.7

µm which is at the edge of its observable wavelength range and often masked by

other molecular constituents.

Due to its small size, 55 Cnc e is challenging to observe and thus 10 eclipse

observations are required to obtain low resolution spectra. Despite this difficulty,

TauREx retrievals of 55 Cnc e resulted in the main constituents of the simulated

atmosphere (CO and HCN) being identified well (Figures 9.15 and 9.16, Table 9.3).

Increasing the number of visits to 20 results in the accurate recovery of the sim-

ulated abundances of CO and HCN as well as more accurately retrieving C2H2.

The retrievability of C2H2 highlights the benefit of higher resolution spectra when

measuring abundances of complex carbon molecules.
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Figure 9.11: Spectral retrieval of HD 209458 b (input values: PClouds = 1x104 Pa, H20 =
1x10−5, HCN = 1x10−6, NH3 = 1x10−6, CH4 = 1x10−8) at R = 250 (λ <
2.42 µm) and R = 60 (λ > 2.42 µm) with 1 complete transit observation
which recovers the main molecular composition but does not constrain CH4
due to the very low abundance of the molecule. The bottom panel shows the
individual contributions of each molecule and of Rayleigh scattering, collision
induced absorption (cia) and clouds.
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Table 9.3: The original and retrieved abundances for each planet from the simulated re-
trievals with Tau-REx. We note that we correctly retrieve the abundances for
HD 209458 b as well as most of the abundances for GJ 3470 b and 55 Cnc e.
However, the CO abundance is not recovered for GJ 3470 b and for 55 Cnc e
C2H2 is also not constrained. This is due to other molecules obscuring the ab-
sorption features as can be seen in the contributions plots in Figures 9.13 and
9.15

Planet Molecule Input Abundance (log10) Retrieved Abundance (log10) Retrieval Abundance Uncertainty (log10)

HD 209458 b

H2O -5.00 -5.02
+0.17
-0.17

HCN -6.00 -6.09
+0.33
-0.44

NH3 -6.00 -5.98
+0.14
-0.14

CH4 -8.00 -9.61
+1.54
-1.63

GJ 3460 b

H2O -2.00 -2.03
+0.36
-0.51

CH4 -2.40 -2.45
+0.37
-0.46

CO -3.00 -7.49
+3.39
-3.01

NH3 -4.00 -4.15
+0.38
-0.44

CO2 -5.00 -5.13
+0.44
-0.52

55 Cnc e

CO -3.00 -3.10
+0.42
-0.41

HCN -5.00 -5.02
+0.17
-0.17

C2H2 -5.00 -7.47
+2.60
-2.98
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Figure 9.12: Posteriors for spectral retrieval of HD 209458 b (PClouds = 1x104, H20 =
1x10−5, HCN = 1x10−6, NH3 = 1x10−6, CH4 = 1x10−8) at R = 250 (λ <
2.42 µm) and R = 60 (λ > 2.42 µm) with 1 transit observation which cor-
rectly recovers the major molecular abundances and cloud pressure but does
not constrain CH4
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Figure 9.13: Spectral retrieval for GJ 3470 b (input values: PClouds = 1x103 Pa, H20 =
1x10−2, CH4 = 4x10−3, CO = 1x10−3, NH3 = 1x10−4, CO2 = 1x10−5) at R
= 65 (λ < 2.42 µm) and R = 20 (λ > 2.42 µm) with 10 complete transit
observations which correctly recovers the major molecular abundances and
cloud pressure but does not detect CO. The bottom panel shows the individual
contributions of each molecule and of Rayleigh scattering, collision induced
absorption (cia) and clouds.
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Figure 9.14: Posteriors for spectral retrieval for GJ 3470 b (PClouds = 1x103, H20 = 1x10−2,
CH4 = 4x10−3, CO = 1x10−3, NH3 = 1x10−4, CO2 = 1x10−5) at R = 65 (λ
< 2.42 µm) and R = 20 (λ > 2.42 µm) with 10 transit observations which
correctly recovers the major molecular abundances and cloud pressure but
does not constrain CO
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Figure 9.15: Spectral retrieval for 55 Cnc e (input values: cloud free, CO = 1x10−3 Pa,
C2H2 = 1x10−5, HCN = 1x10−5) at R = 10 (λ < 2.42 µm) and R = 20 (λ
> 2.42 µm) with 10 complete eclipse observations which correctly recovers
the HCN and CO abundances but does not constrain the C2H2 abundance.
The bottom panel shows the individual contributions of each molecule and of
Rayleigh scattering, collision induced absorption (cia) and clouds.
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Figure 9.16: Posteriors for spectral retrieval for 55 Cnc e (cloud free, CO = 1x10−3, C2H2
= 1x10−5, HCN = 1x10−5) at R = 10 (λ < 2.42 µm) and R = 20 (λ > 2.42
µm) with 10 eclipse observations which correctly recovers the HCN and CO
abundances but does not obtain the correct C2H2 abundance
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9.3 Earth Obscuration
Thus far it has been assumed that a full light curve is observed. However, in re-

ality, for space-telescopes in a low-Earth orbit (Hubble, CHEOPS, Twinkle etc.),

sometimes only partial light curves will be obtained due to Earth obscuration. The

radiometric model used here calculates the SNR achieved based upon observing a

full transit or occultation.These gaps cannot be completely accounted for in radio-

metric models and thus a time-domain code is required.

For this purpose, Terminus was developed. The mission design, analysis and

operation software Freeflyer1 has been used to model the obscurations of the target

by the Earth throughout 2023. FreeFlyer has previously been used to support plan-

ning for several missions including NASAs Solar Dynamics Observatory (SDO).

As Freeflyer only models the physical obscuration of the target star by Earth, the

length of the gaps was increased by: 1). 5 minutes to account for stray light limit

(i.e. how close Twinkle can observe to the Earth-limb); 2). 5 minutes to account

for target re-acquisition after Earth obscuration. Freeflyer also allows one to sim-

ulate the view from the spacecraft and Figure 9.17 highlights this issue of Earth

obscuration.

Twinkle’s field of regard means targets are not constantly observable. In 2023,

17 transits of HD 209458 b would be observable by Twinkle and each of these,

including simulated instrument noise for the spectral bin 0.4-0.402 µm, is plotted

in Figure 9.18.

The standard methodology of analysing transiting exoplanet data is to fit to

the light curves for Rp/Rs to achieve a spectrum with error bars. This distils time-

domain observations down to a single point and thus much information about the

orbital parameters of the system is lost. Fitting of full light curves (no gaps) usually

retrieves the orbital parameters accurately but gaps can lead to less certainty. This

potential degeneracy is lost in the standard method and so, to bring the data analysis

one step closer to the raw data, retrievals with Terminus generated data are now

conducted using the light curves and the methodology described in [243]. This so

1https://ai-solutions.com/freeflyer/

https://ai-solutions.com/freeflyer/
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Figure 9.17: Screenshot from Freeflyer highlighting Twinkle’s field of regard (blue circle),
some of which is obscured by the Earth at this time.

called “L-retrieval” allows for the orbital parameters (e.g. inclination, semi-major

axis) to be free parameters in the retrieval to ensure that orbital degeneracies are

accounted for.

For each of the available transits, a retrieval is run and the recovered atmo-

spheric parameters are summarised in Figure 9.19. Additionally, a retrieval is run

with a set of complete light curves (i.e. no gaps), also fitted through the L-retrieval.

In the case of HD 209458 b the gaps are relatively small and these appear to have

little effect on the retrieved atmospheric properties. However, it should be noted

that in all cases the cloud pressure and NH3 abundance are overestimated, with the

temperature of the planet being slightly cooler than originally modelled. As with the

standard retrieval method, the HCN and CH4 abundances are not well constrained

due to the low input values. Adding a second transit would improve the accuracy of

the retrieval.

Some planets may have larger gaps and thus may be affected more signifi-

cantly. For these planets, the scheduling of observations is likely to be highly im-

portant. Terminus is able to provide input into studies exploring the affects of partial

light curves. Obtaining a full transit, or eclipse, light curve is obviously the ideal
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Figure 9.18: Observable transits of HD 209458 b with Twinkle in 2023. The gaps are due
to Earth obscuration and have been modelled with Freeflyer. Additionally,
the gaps have been lengthened to account for stray light limits and target re-
acquisition.
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Figure 9.19: Retrieval results for simulated observations of all available light curves of HD
209458 b during 2023 (red). In each case, the light curves are used in the
retrieval and the results from an uninterrupted observation (green) and the
inputs values (black) are also shown.
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case but when it is not possible, such as for HD 209458 b, an optimisation of the

location, and length, of the gaps is required. However, as of yet, a full study of the

nature and effect of these gaps is yet to be completed.

9.4 Discussion

This first iteration of assessing Twinkle’s performance for exoplanetary science has

shown that many planets are potentially observable with Twinkle. Twinkle is cur-

rently entering a Phase B design review and thus the technical specifications may

change. An updated analysis will be published when the design is finalised using

the tools discussed here.

We find that a large number of targets could be studied with multi-band pho-

tometry (i.e. photons binned into a limited number of broad photometric bands)

or low resolution spectroscopy in a single observation. Simultaneous photometric

measurements in the optical and infrared would allow for rigorous constraints on

the planetary, stellar and orbital parameters of a system. Eclipse photometry in the

visible and infrared provide the bulk temperature and albedo of the planet, thereby

allowing an estimate of the planetary energy balance and insight into whether the

planet has an additional energy input, such as an internal heat source. For the planets

discovered by TESS and other transit surveys, constraining planetary ephemerides

will be a key requirement to allow for spectroscopic observations further into the

future. The planets which have deeper transits could be observed from the ground

but fainter and shallower transits will require space-based facilities. Twinkle may

also be able to detect TTVs and TDVs but this capability will depend upon the ca-

dence of the observations as well as the impact of Earth obscuration and therefore

requires further analysis on specific targets. The temporal binning for brighter tar-

gets will be very short (<30 seconds) while for fainter stars, a temporal binning of a

few minutes may be required, depending on the wavelength range considered. Such

a cadence is suitable for TTV and TDV analysis and Twinkle’s ability to obtain IR

light curves will be useful for studying limb darkening and stellar activity which are

expected to exhibit highly reduced distortion over this spectral range compared to
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visible wavelengths. Additionally, multi-colour light curves significantly attenuate

degeneracy of fitted limb darkening parameters across all wavelengths.

Simulations shown here indicate that, for very bright targets, Twinkle will be

capable of spectroscopy with resolutions R >20 and sufficient precision to probe

the major species present in their atmospheres and constrain lower abundance

molecules. For some planets, such as HD 209458 b, this will be achievable in one

transit or eclipse while others may require between 10 to 20 observations. When

the achievable resolution is plotted as a function of stellar k magnitude (Figures 9.8

- 9.10, a cut-off limit of K mag ∼12 for spectroscopy (R>20) is uncovered. Hence

many Kepler planets orbit stars too faint for spectroscopic follow-up with Twinkle

but TESS is expected to provide a multitude of suitable targets. The majority of

planets that can be observed spectroscopically with Twinkle are hot, giant planets

or Neptunes although some smaller or cooler planets around very bright stars might

be feasible.

By simultaneously providing spectroscopic data over a large wavelength range,

Twinkle will be able to reduce the degeneracies that affect current observations with

Hubble and Spitzer. While the spectral range of WFC3 is ideal for detecting water

vapour and characterising clouds, Twinkle’s wavelength range contains absorption

features from a wide variety of molecules (e.g. H2O, CH4, CO2, CO, NH3, HCN,

TiO, VO). The instrument spectral resolving power allows in principle the detection

of many trace gases, the only limiting factor being the precision achieved which

depends upon the integration time (i.e. the number of transit or eclipse events).

Twinkle’s observations will be demand-based and thus the requirements in terms of

spectral resolution and SNR will depend on the user’s preferences. The values here

utilised for retrievals have been selected to provide an overview of the capabilities

of the satellite and to allow a potential user to assess Twinkle’s suitability for the

observations they desire. From the spectral retrievals conducted here it is found

that the major constituents of an atmosphere could potentially be recovered with

low resolution spectroscopy (R∼20). However, for weaker molecular transitions

or to retrieve trace gas abundances more accurately, longer integration time may
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be required (e.g. Figure 9.15). In the case of Figure 9.15, the underlying issue

may be the cross-section utilised for C2H2 which has been determined at Earth-like

temperatures, not the∼2000 K assumed here for 55 Cnc e. This highlights the need

for accurate line lists over a wide temperature range and the importance of the work

of groups such as ExoMol [318].

The visible part of the spectrum can be utilised to measure the planetary albedo,

Rayleigh scattering and detect/characterise clouds. Star spots and faculae may af-

fect the observed transit depth at wavelengths shorter than 2 µm and Twinkle’s

spectral coverage should allow stellar activity to be monitored and to remove, or

mitigate, its impact on the observations. For hotter planets, metallic resonance line

(e.g. Na and K) dominate the opacities over visible wavelengths [319]. The spectral

resolving power considered for Twinkle in the optical (R∼250) will allow for such

detections on planets orbiting very bright stars. A wide spectral range will also be

advantageous in the search for condensates or hazes with many species expected to

condense in exoplanetary atmospheres, as suggested by current observations [15, 3].

In the thermal regime, usually probed in the infrared through eclipse observa-

tions, redundancy in molecular detection is also necessary to allow for the retrieval

of the vertical thermal structure and molecular abundances (e.g. [320, 321]). The

capability to observe multiple absorption bands of the same molecule provides some

redundancy and significantly improves the reliability of a detection. Additionally,

insights into the vertical distribution of species can be gained by observing bands

of different intensity which probe different atmospheric levels.

For a more refined list of targets and performances, several factors not studied

in this paper must also be accounted for. These are detailed in Sections 9.4.2 - 9.4.4

below.

9.4.1 Complimentary with Other Facilities

Twinkle could be utilised to provide preliminary observations of targets for other

observatories such as JWST and Ariel, refining transit times and reducing the risk

of missing transits due to poor ephemeris data. Given its capabilities, JWST time

will be extremely precious [111], with over-subscription likely to be an issue, and
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thus any insight about the atmospheres of recently discovered planets will be highly

advantageous to guide the selection of the very best targets. Ariel will be launched

in 2028 and aims at observing a very large population of exoplanet atmospheres

[125]. A key decision for Ariel is the selection of optimal and diverse targets be-

fore its launch and Twinkle could be utilised to inform these decisions as well as

provide initial insights into the mission’s science objectives. Ariel will require a

robust and efficient schedule to observe a large population of exoplanets. Hence

providing constraints on the planetary, stellar and orbital parameters with Twinkle

would enhance the mission’s scientific yield.

Additionally, Twinkle could enhance ground-based observations. Ground-

based surveys are capable of extremely high resolution spectroscopy over narrow

wavebands, but the spectral continuum is unknown. By observing the same target

over a broader wavelength range from space, at a lower resolution, Twinkle will be

able to provide the missing, highly complementary information.

9.4.2 Earth Obscuration

The radiometric model used for the population study calculates the SNR achieved

based upon observing a full transit or occultation. However, due to Twinkle’s low

Earth orbit, it will not always be possible to view the transits (or eclipses) in their

entirety. Observing partial transits/eclipses will reduce the SNR achieved for a given

number of observations and thus the number of transits (or eclipses) predicted by

the radiometric model is, in these cases, an underestimate of the number that will

need to be observed. Work is continuing to assess the impact of Earth obscuration

and the effect on the number of potentially observable targets.

9.4.3 Scheduling

The observability of a target has been determined by assuming that a given number

of complete transits or eclipses could be viewed during the mission lifetime. In ad-

dition to Earth obscuration, scheduling constraints, such as telescope housekeeping,

slewing between targets and observations of other targets, will impact the number of

transits or eclipses that are observable in a given time period. Such constraints have
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not been included in this exercise and the development of an optimised schedule is

dependent upon an improved understanding of the additional observations required

due to Earth obscuration.

The expectation is that the main issue may be observation overlaps (i.e. two

planets transiting at the same time) rather than an insufficient number of potential

observations. Our analysis finds that, for currently-known planets within Twinkle’s

field of regard, around 85% of targets have at least 5 transits/eclipses which could

be viewed in a year while over 60% of targets have 10 potential observations or

more per year. Therefore, during the mission lifetime, most planets will have many

transits and eclipses which could be observed. Further target selection studies will

occur in due course and will incorporate these constraints.

9.4.4 Future Planet Discoveries

The main focus of this work is on Twinkle’s capability to observe currently-known

planets whilst also considering the predicted TESS yield. Additionally to TESS, by

the launch date, other space-based missions such as Gaia, CHEOPS and K2, as well

as ground-based surveys including NGTS, SPECULOOS, and WASP, are expected

to have discovered hundreds of new planets around bright stars within Twinkle’s

field of regard. This will provide an expanded list of planets including many that

are anticipated to be observable by Twinkle.

Predicted TESS detections were included in this study to provide an indication

of the number, and type, of planets projected to be discovered which will be suitable

for observations with Twinkle. We find that discoveries from the TESS survey could

more than double the number of exoplanet atmospheres that Twinkle is capable of

observing. As further planets are discovered they will be added to this analysis to

produce a comprehensive Twinkle target list.

9.5 Conclusion
This chapter has presented an initial survey of Twinkle’s capability for optical and

infrared observations of exoplanets. For the several hundred currently-known plan-

ets which lie within Twinkle’s field of regard and whose parameters are known, the
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spectral resolution which could be obtained for a given number of transit or eclipse

events has been estimated.

Within a single transit or eclipse observation, it is predicted that 82 existing

targets could be observed in at R <20 in channel 1 (1.3 - 2.42 µm) whilst 68 plan-

ets could be observed spectroscopically (R >20) with 10 transits or eclipses. The

planets observable spectroscopically are found to be generally hot, with planetary

radii greater than 10 R⊕, and orbiting bright stars (K magnitude<11).

Spectral retrieval simulations of HD 209458 b, GJ 3470 b and 55 Cnc e high-

light the expected capability of Twinkle for atmospheric characterisation in case of

planets around very bright stars. We find that most abundant molecular species,

cloud and atmospheric key parameters can be retrieved reasonably well at the spec-

tral resolution obtainable with Twinkle.

Future surveys will reveal thousands of new exoplanets, some of which will

be located within Twinkle’s field of regard. Analysis of the predicted detections

suggests the number of exoplanets, and exoplanet atmospheres, Twinkle is capable

of characterising will dramatically increase from planets found with TESS.



Chapter 10

Further Applications of Radiometric

Models

”Any darn fool can make something

complex; it takes a genius to make

something simple.”

Pete Seeger

Space-based telescopes take a long time to develop, build and launch. During

this time, is it useful to begin to explore the capabilities of the instrumentation,

hence the need for the development of the tools discussed thus far. These models

provide a useful means of showing the wider scientific community the expected

performance of the mission and for preparing the necessary pipelines and techniques

needed to analyse the data. The focus of this chapter is on how these instrument

models can be used for specific science cases. Firstly an overview of literature

uses is given before discussing the need for more complex chemistry profiles in

atmospheric retrievals. Finally the three tools developed and discussed here are used

to compare the capabilities of future missions by performing retrievals on simulated

Contributions: The sections on two layer chemistry and K2-18b are based upon a papers led
by Quentin Changeat to which I have contributed significantly (Changeat, Edwards, et al. 2019,
Towards a more complex description of chemical profiles in exoplanet retrievals: A 2-layer param-
eterisation, ApJ. & Changeat, Edwards, et al., in prep, Disentangling Atmospheric Compositions of
K2-18 b with Next Generation Facilities). The rest of the results presented here are original work
which has not been published.
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data for a hot-Jupiter and a Super-Earth.

10.1 Uses In The Literature

A key area of investigation surrounding the performance of upcoming instruments

is into the current assumptions and simplifications used in atmospheric retrievals.

Present data, with its low SNR and narrow wavelength coverage is not of sufficient

quality for complex atmospheric profiles to be disentangled. However, future ob-

servatories can be expected to provide spectra which require more complex analysis

than the current 1-D, isothermal, isochemical atmospheres. For instance, [322] have

demonstrated that the assumption of constant atmospheric thermal profiles will be

inadequate to correctly interpret future transit spectra recorded from space. By sim-

ulating JWST observations of HD 209458 b with a temperature that varies with

altitude and attempting to retrieve an isothermal profile, [322] showed that biases

would be introduced in the retrieved chemical abundances.

In standard retrievals, atmospheres are considered be 1-D, that is a homoge-

neous collection of thin columns where changes occur only with altitude. This is,

of course, a huge simplification and one can imagine that large gaseous exoplan-

ets have circulation patterns similar to Jupiter. Several studies have looked into the

differences in atmospheric spectra when accounting for further dimensionality.

On tidally-locked planets we expect there to be strong thermal, and compos-

tional, gradients between the day and night side. These would cause heterogeneties

across the limb which would consequently affect the observed spectrum. [323] de-

veloped a 3D radiative transfer model to generate transmission spectra through such

atmospheres and, for GJ 1214 b, found that the differences between the 1-D and 3-

D models were greater than the noise expected on JWST observations. Retrievals

for this planet, and for HD 209458 b, revealed systematic biases on the retrieved

temperature and chemical abundances. Disturbingly, the 1-D retrievals provided an

excellent fit to the data and the biases would not be easily detectable.

Similarly, [324] explored the effects of an inhomogeneous horizontal temper-

ature structure on emission retrievals. They derive an analytical criterion which
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can be used to find the SNR required to disentangle inhomogeneous temperature

structure, finding that the SNR needed increases at longer wavelengths. Again, by

retrieving a 2-D input with a 1-D model, the chemistry retrieved is biased. However,

[324] show that applying a dilution factor to the 1-D model results in a capability

similar to that of a 2-D retrieval and, for quenched atmospheres where the chemistry

across the disc is close to uniform, biases in the chemistry would not be introduced

with this methodology. This dilution factor is used to scale the model to preferen-

tially sample the hotter regions of the atmosphere, which have a greater contribution

to the observed spectrum, instead of performing a disc-averaged retrieval. The study

also shows that the effects of the 2-D model are more evident at shorter wavelengths

but can still bias the longer wavelengths, even when there is no apparent evidence

for using a 2-D retrieval over a 1-D.

Another major focus of studies has been the ability of JWST to study the atmo-

spheres of rocky planets, particularly those within the habitable zone of their star.

Since its discovery, the TRAPPIST-1 system of seven Earth-sized planets has been

the epicentre of this movement. Orbiting an M-dwarf (TE f f = 2500 K, R∗ = 0.12

R� [67]), these planets have large transit depths and thus any atmosphere present

will provide a higher SNR than for a similar planet around a F/G/K star. Addition-

ally, due to the coolness of TRAPPIST-1, the habitable zone lies close to the star

and so the planets within it, TRAPPIST-1 d, e, f and g, have periods between 4 and

12 days [67]. A short period is crucial because, even with the large transit signal,

many transits will need to be stacked to observe any atmospheric features with high

confidence. Given the potential habitability of these worlds, much effort has been

expended on studies attempting to quantify the amount of JWST time required to

detect features, especially those due to water or carbon dioxide. For example, work

by [325] concludes that transmission spectroscopy with NIRSpec Prism is optimal

for detecting terrestrial, CO2 containing atmospheres. They conclude that is can

potentially be achieved in fewer than 10 transits for all seven TRAPPIST-1 planets,

if they lack high altitude aerosols. However, the additional of H2SO4, an aerosol

present on Venus, would increase the number of observations required to detect an
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atmosphere by up to an order of magnitude. It should be noted that this study cal-

culated the number of observations required to rule out a featureless spectrum (i.e.

no atmosphere) for different compositions at an SNR of 5. To distinguish between

different types of atmospheres, and comprehensively detect molecules, would likely

require far more observations and would certainly also be hindered by the presence

of clouds. Another study explored whether GJ 1132 b or LHS 1140 b would poten-

tial provide better opportunities for characterising the atmospheres of small, rocky

planets. While LHS 1140 b was found to be unsuitable, the atmsophere of GJ 1132

b could be observed in a few eclipses using the MIRI instrument [326].

However, work by [242] shows that stellar contamination can have hugely

detrimental effects on the near-infrared spectra of the TRAPPIST-1 system. By

modelling spots and faculae they showed that stellar contamination can affect the

transmission depth of these planets with strengths of 1-15x the strength of the atmo-

spheric features. Additionally, as TRAPPIST-1 is a fast rotating star, across a single

transit around a third of the visible stellar hemisphere will be different between the

beginning and the end of the transit. Such a rapid change means that stellar contam-

ination will not only be different between different transits, but will change even

during a single transit, making potential star spot modelling and correction even

more difficult [16]. Hence, JWST spectroscopy of the system may be extremely

difficult, particularly if multiple instruments are combined.

10.2 Exploring Two Layer Chemistry

State of the art spectral retrieval models of exoplanet atmospheres assume constant

chemical profiles with altitude. The isochemical assumption is justified by the in-

formation content of current datasets which do not allow, in most cases, for the

molecular abundances as a function of pressure to be constrained.

In the context of the next generation of telescopes, a more accurate descrip-

tion of chemical profiles may become crucial to interpret observations and gain

new insights into atmospheric physics. We have explored the possibility of retriev-

ing pressure-dependent chemical profiles from transit spectra, without injecting any
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priors from theoretical chemical models in our retrievals. The “2-layer” parameteri-

sation presented here allows for the independent extraction of molecular abundances

above and below a certain atmospheric pressure.

By simulating various cases, we demonstrate that this evolution from constant

chemical abundances is justified by the information content of spectra provided by

future space instruments. Comparisons with traditional retrieval models show that

assumptions made on chemical profiles may significantly impact retrieved parame-

ters, such as the atmospheric temperature, and justify the attention we give here to

this issue.

We find that the 2-layer retrieval accurately captures discontinuities in the ver-

tical chemical profiles, which could be caused by disequilibrium processes – such as

photochemistry – or the presence of clouds/hazes. The 2-layer retrieval could also

help to constrain the composition of clouds and hazes by exploring the correlation

between the chemical changes in the gaseous phase and the pressure at which the

condensed phase occurs.

The 2-layer retrieval presented here therefore represents an important step for-

ward in our ability to constrain theoretical chemical models and cloud/haze com-

position from the analysis of future observations. The approach taken here is to

increase the number of free variables for each molecular species considered. Ap-

plying this approach to currently available data is not justifiable as it would simply

increase the degeneracy of the retrieved solutions. By contrast, attempts to use

models of inadequate complexity to analyse spectra observed by next generation fa-

cilities are likely to provide incomplete pictures and misleading results. The impor-

tance of moving towards a more complete description of chemical profiles through

the analysis of simulated transit data from Ariel is explored. In this context, we

consider the example of a 2-layer parametrisation with 3 degrees of freedom.

10.2.1 Methodology

This work focuses on retrievals of transit spectra, so that, for simplicity, the ther-

mal profile can be assumed isothermal in some benchmark cases. In eclipse spec-

troscopy, the thermal gradients and the chemical profiles are always entangled, mak-
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Figure 10.1: Example of a 2-layer chemical profile with H2O which can be used as input
for forward simulations of exoplanet spectra, as well as for fitting data in
retrievals. Here, the surface layer is depleted with a mixing ratio XS(H2O) of
10−10 and the top layer has a large quantity of H2O, with XT (H2O) = 10−3.
The separation pressure of the two layers is set to PI(H2O) = 10−3 bar and the
transition is smoothed over 10% of the atmosphere (10 layers).

ing it a more complex case which will be considered in future work. The 2-layer

parametrisation has been adopted for its simplicity and because it does not rely on

external physical assumptions which could bias the results of the retrieval. While

our model is clearly not representative of all real atmospheres, it allows us to con-

sider a departure from the constant mixing ratios case.

A new 2-layer module has been added to the Tau-REx code. The chemical

parametrisation we used can be described by three variables: the surface/bottom

abundance XS, the top abundance XT and the pressure defining the separation of the

two layers (Input Pressure Point, PI , for the forward model and Retrieved Pressure

Point, PR). The chemical profile is linearly interpolated in log space – smoothing

over 10% of the atmosphere – to avoid a sharp transition in the profile. An example

of a 2-layer chemical profile for water vapour is given in Figure 10.1.

For all the tests reported, we follow a 3-step procedure. Firstly, high reso-
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lution input spectra are generated with Tau-REx. These are then combined with

an instrument model to simulate realistic observations. Although the observations

modelled here are only for Ariel, with errors from ArielRad, the same technique

can be applied with Terminus and ExoWebb for Twinkle and JWST.

We then run TauREx in retrieval mode and use the simulated observed spectra

as input to the retrieval. The retrieved parameters include our chemical setup (3

variables per chemical species), the isothermal temperature value and the planet ra-

dius. We therefore have a minimum of 5 free parameters that we attempt to retrieve.

In the case where the mixing ratios were assumed constant with altitude (1-layer

forward model), the Retrieved Pressure Point has been fixed, so that we have only

2 free variables per chemical species or a minimum of 4 free parameters. In our

retrieval scheme, we use uniform priors for all the free parameters. In all our re-

trievals, chemical abundances are allowed to explore the bounds 10−12 to 10−1. In

Section 10.2.4 we allow the pressure point to explore 10−1 bar to 10−7 bar. For the

isothermal temperature retrievals, the priors span ± 30 percent of the ground truth

value. In Section 10.2.4, since we investigate more realistic examples, we retrieve

a 3-point temperature profile [241].

By applying the 3-step methodology, a number of cases are simulated. Firstly,

we verify that the 2-layer retrieval is able to recover the more basic 1-layer input

(i.e. a constant chemical profile). We then investigate the “retrievability” of the 2-

layer input spectrum by a 2-layer retrieval in the case of Ariel observations. Finally,

we explore the advantage of using a 2-layer approach by comparing how a 2-layer

input spectrum is recovered by both 1- and 2-layer retrievals.

10.2.2 Retrieving a 1-layer input with a 2-layer parametrisation

As a sanity check, we test that the more complex 2-layer model can indeed recognise

the simple case of constant chemistry. A 1-layer simulated spectrum is generated

and we attempt to recover the solution using the 2-layer model. Here, the retrieval of

the pressure point (PR) is disabled as this parameter introduces intrinsic degeneracy

in the specific case of constant chemistry. As any value for this point would work,

we arbitrarily choose to set it at PI = 10−1.3 bar. The retrieved posterior distributions
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for an input spectrum generated with 1-layer parametrisation with a single species,

H2O, is presented in Figure 10.2. In orange, we show the retrieved posterior distri-

bution of the parameters, while the true value is marked in blue. The mixing ratio

of H2O used for this example was 10−5. The 2-layer model successfully retrieved

the same abundance for both layers and, as the result matches the input abundance,

confirms that the 2-layer parametrisation can recover the 1-layer input. The exam-

ple showcases a situation where the complexity of the retrieval model is higher than

the input.

10.2.3 Comparison of the 1-layer and 2-layer retrievals

By comparing the results obtained with the 1-layer and 2-layer retrievals, we aim

to illustrate issues that may occur when performing a retrieval with a model of

inappropriate complexity. Therefore, we simulate planetary atmospheres with 2-

layer chemical profiles and analyse the results if the retrieval is performed with a

1-layer chemical approach. For this test, we use Ariel simulations to illustrate our

results. In particular, two main issues could occur and need to be tested:

1. The observed spectrum cannot be explained using the 1-layer retrieval, as the

best solution retrieved does not fit the data.

2. The 1-layer retrieval manages to achieve a “good” fit but the retrieved param-

eters are wrong compared to the ground-truth. This issue is more subtle as

there is little evidence and no direct way to spot the error.

These two points can be tested by considering the following examples. For the

former, we assume an atmosphere with a single CH4 profile with a surface layer

of XS(CH4) = 10−5 up to PI(CH4) = 10−2 bar and XT (CH4) = 10−10 above that

pressure, corresponding to a depleted layer. For the latter, we simulate a single H2O

profile where the planet contains XS(H2O) = 10−10 up to 10−2 bar and the mixing

ratio is XT (H2O) = 10−3 for lower pressures.

We show here the results of the test where the input spectrum was gener-

ated assuming CH4 only with XS(CH4) = 10−5 up to PI(CH4) = 10−2 bar and

XT (CH4) = 10−10. XT (CH4) = 10−10 does not produce any observable feature,
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Figure 10.2: Posterior distributions of a 1-layer input atmosphere retrieved using the 2-
layer model. The input spectrum was generated by assuming a constant profile
for H2O with a mixing ratio of 10−5. In this example, the Retrieved Pressure
Point is disabled and arbitrarily set at PI = 10−1.3 bar. For each free parameter,
we report the mean and 1-sigma iso-likelihood levels with the dashed lines.
The retrieved values match the input values within the retrieved uncertainties.
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Figure 10.3: Observed input spectrum obtained with a 2-layer CH4 profile and retrieved
spectrum obtained with a 1-layer retrieval. The example showcases that the 1-
layer retrieval is inadequate to interpret the data. The correct 2-layer retrieval
is also shown. The Nested Sampling Global Evidence is log(E) = 737 for the
1-layer and log(E) = 885 for the 2-layer retrieval. This implies log(B) = 148,
which is decisively in favour of the 2-layer scenario.

so for this layer we expect to retrieve only an upper limit in the posteriors. In this

example, the 1-layer retrieval has difficulties in fitting the observed spectrum, as

shown in Figure 10.3. In this case, the 1-layer retrieval lacks flexibility which visi-

bly leads to a poor fit of the spectrum. The need for a 2-layer retrieval is confirmed

by the lower Nested Sampling Global Evidence for the 1-layer scenario: 737 for the

1-layer and 885 for the 2-layer (∆log(E) = 148).

Concerning the test where the input spectrum was generated with H2O only

and assuming XS(H2O) = 10−10 and XT (H2O) = 10−3 above 10−2 bar, both the

1-layer and 2-layer retrievals converged to a solution and, as shown in Figure 10.4,

gave satisfactory fits of the input spectrum. The posterior distributions are presented

in Figure 10.6. Unsurprisingly, the 2-layer retrieval managed to recover the correct
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Figure 10.4: Observed spectrum generated with a 2-layer H2O profile as input and best
retrieved solutions obtained with a 1-layer and 2-layer retrievals. While the 2-
layer retrieval captures better the observations, the differences with the 1-layer
fit are relatively small. The Nested Sampling Global Evidence is log(E)= 733
for the 1-layer and log(E) = 883 for the 2-layer retrieval.

input parameters. However, while fitting the spectrum, significant differences ap-

pear for the 1-layer model in the retrieved parameters. The 1-layer retrieval tries

to compensate the lack of flexibility in the chemical profile by increasing the tem-

perature to 2100 K (instead of the 1500 K ground truth temperature). The input

chemical and thermal profiles for both retrievals are shown in Figure 10.5 where

retrieved temperature by the 1-layer retrieval is significantly off compared to the

input, while the retrieved H2O mixing ratio approximates the atmospheric average.

This example illustrates well the importance of exploring and understanding

more complex chemical models in retrievals. Here the retrieved spectrum using

the 1-layer approximation (Figure 10.4) gives an acceptable fit while leading to a

wrong solution, which is a serious issue. Small differences compared to the ob-

servations are noticeable which, in this case, would still permit the selection of the
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Figure 10.5: Chemical (left) and temperature (right) profiles for the input atmospheric
model, the 2-layer and 1-layer retrievals. For the temperature, the 1-layer
model is strongly biased. The input model temperature is not clearly visible
as it overlaps with the retrieved value of the 2-layer retrieval at 1500K.

2-layer solution, provided that both retrievals are performed. More importantly, the

correct solution can be determined by comparing the Nested Sampling Global Log-

Evidence of the retrieval. The 2-layer retrieval obtained a value of log(E) = 883

while the 1-layer only had log(E) = 733, indicating a clear preference for the 2-

layer scenario (difference of ∆log(E) = 150).

10.2.4 A more realistic example: WASP-33 b

The previous sections demonstrated the theoretical possibility and, in some cases,

the necessity of retrieving 2-layer chemical profiles in a number of select, simplified

examples. Here we test the 2-layer approach by applying it a case inspired by

WASP-33 b.

Current analyses of ground and space-based observations of WASP-33 b sug-

gest extreme temperatures reaching 3800 K and a possible thermal inversion in

the atmosphere [327, 328]. TiO or VO, which are strong absorbers at short wave-

lengths, could very efficiently capture high-energy stellar photons at the top of the

atmosphere and cause the inversion [329, 330]. In parallel, other observations have

suggested the presence of TiO in WASP-121 b [331] and WASP-76 b [15].

Here we investigate this process by attempting to detect a TiO layer in the

upper atmosphere of a simulated planet resembling WASP-33 b. Our input model

includes only two molecules: H2O and TiO. The simulation consists of a constant
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Figure 10.6: Posteriors of the 2-layer retrieval (top) and the constant retrieval (bottom) for a
simulated Ariel observation of a planet with an inverted H2O profile. The top
layer contains XT (H2O) = 10−3 for pressures lower than PI(H2O) = 10−2 bar
and the surface layer is depleted with a mixing ratio of only XS(H2O) = 10−10.
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mixing ratio of 10−4 for H2O and an inverted temperature-pressure (TP) profile

from 2800 K to 3700 K, which is inspired by [327]. For the temperature-pressure

profile we used a 3-point model [272]. The model interpolates a smooth TP profile

using 5 free parameters: surface temperature and two temperature-pressure points.

The temperature variations allow us to explore the possibility of retrieving both

thermal and chemical parametric profiles at the same time. For the retrieval, we

explore uniform priors on the pressure bounds 10−2 - 101 bar for first point and

10−5 - 10−1 bar for the second. The temperature bounds are the same for all 3

retrieved points and cover a range 30 percent lower/higher than the input minimum

and maximum temperatures (1960 K - 4690 K). For a real observation, these priors

could be informed by the knowledge of the equilibrium temperature and the physics

of the atmosphere. To simulate a stratospheric TiO layer, we assumed abundances

of XT (TiO) = 10−4 for the top layer (down to PI = 10−4 bar) and XS(TiO) = 10−7

at the surface. The spectrum, as well as the temperature and chemical profiles, are

presented in Figure 10.7 while the full posterior is shown in Figure 10.8.

These results demonstrate the possibility of accurately retrieving the vertical

distribution of the TiO layer. In particular, the TiO profile is well constrained be-

tween 10−6 bar and 10−3 bar as a result of the strong features between 0.4 µm and

1 µm. The shape of the thermal profile is also correctly retrieved, although with

larger uncertainties at higher pressures as shown by the posterior distribution. The

retrievability of the thermal and chemical profiles at the same time indicates that

retrievals of future transit spectra should take these two effects into account. The

flexibility of the 2-layer approach allows for the confirmation (or rejection) of po-

tential correlations between molecules/condensates and thermal inversions which is

an important application of the 2-layer approach.

10.2.5 The need for non-isochemical profiles

We have shown in the previous sections that simulated atmospheres with a 2-layer

chemical profile would induce spectral features that need to be properly accounted

for in retrievals to avoid incorrect conclusions. However, one could ask whether

such families of chemical profiles can be found in exoplanetary atmospheres.
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Figure 10.8: Posteriors distribution for the retrieval of WASP-33 b. The planet presents
constant H2O abundance and a TiO 2-layer profile with a large abundance in
the upper atmosphere.

Simulations by [332] suggest at least two typical behaviours for chemical pro-

files in exoplanetary atmospheres of the type HD 209458b. Some molecules of

interest, such as H2O and CO, are predicted to have constant mixing ratios as a

function of pressure. Others, like NH3 or CH4, are expected to vary with altitude.

In the deep atmosphere (generally pressures higher than 1 bar / 105 Pa) chemical

reactions are close to their thermochemical equilibrium values. In the higher part of

the atmosphere (∼ 10−4 bar / 10 Pa) photo-chemistry and disequilibrium processes

may modify the overall mix by dissociation and creation of atomic species and

new molecules. In addition, [333] investigated the composition of Hot Neptunes
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like GJ 436 b with a wide range of metallicities and the resulting chemical profiles

demonstrated complex behaviours, highlighting the need for adapted retrieval tech-

niques. These disequilibrium processes are expected to be more prominent and

important in colder atmospheres [125].

Future space instruments should be able to probe roughly between 1 bar and

10−5 bar, depending on the composition and temperature of the atmosphere, allow-

ing us to constrain chemical models with direct observations. Figure 10.9 illustrates

the contribution functions and their wavelength dependencies for planets similar to

HD 209458 b and WASP-33 b.

10.2.6 Should we always use the 2-layer model?

The increase in complexity in chemical models must be done with care. In some

cases, the introduction of additional degrees of freedom comes at the expense of

model convergence. The flexibility of the retrieval should depend on the quality of

the input data which opens up the question of model selection. Indeed, should we

prefer models with increased flexibility at the risk of increasing model degeneracies

and over-fitting, or should we prefer simpler models but returning only “acceptable”

fits?

In the 2-layer case, this issue can be illustrated by the retrieval of a constant

input. Initially, we disabled the Retrieved Pressure Point to ensure the convergence

of the 2-layer retrieval. The choice was justified by the fact that the Input Pressure

Point does not exist in constant chemical profiles, making any Retrieved Pressure

Point suitable and therefore introducing an intrinsic degeneracy. In Figure 10.10 the

constant chemical profile used as input is here retrieved with the Retrieved Pressure

Point activated (log P(H2O)). The point is however not well constrained and the

retrieved abundances become more difficult to interpret. The posteriors are compat-

ible with a bi-modal solution peaked at pressures where observations are no longer

sensitive.

This example highlights the circumstances under which the model used in the

retrieval is too complex. The issue was solved previously in Figure 10.2 by fixing

the Retrieved Pressure to an arbitrary value (reduction of the model complexity),
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Figure 10.9: Opacity contribution functions for: Top: a hot-jupiter (e.g. HD 209458 b);
Bottom: an ultra hot-Jupiter (e.g. WASP-33 b). In each plot, the left panel
shows the contribution function as function of wavelength (horizontal axis)
and the pressure (vertical axis). The right panel is the same function aver-
aged over all wavelengths. For a Hot Jupiter like HD 209458 b, the pressures
probed range from 1 bar to 10−4 bar. For an Ultra-Hot Jupiter of the type
WASP-33 b, the contribution ranges from 10−1 bar to 10−7 bar.
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Figure 10.10: Posterior distribution for the retrieval of a constant H2O input profile using
the 2-layer model with the Retrieved Pressure Point activated. The model
cannot converge as multiple solutions for this point exist which indicates
that the number of free parameters is too high and we need to revert to a
simpler retrieval.

illustrating that if/when the 2-layer model is too complex for the data, one needs

to decrease the number of free parameters and revert back to a simpler chemical

parameterisation. The overcomplexity of the model can clearly be seen from the

pressure point divergence in posterior distribution.
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10.3 Comparing Facilities
With three upcoming observatories which will be capable of characterising exo-

planet atmospheres through transit spectroscopy it is useful not only to understand

their individual performances but to measure their relative adeptness. Such studies

allow us to understand the strengths of each instrument and are crucial for ensuring

that each observatory is used in the most effective way. Here data from Twinkle,

Ariel and JWST have been simulated for the same targets, and retrievals performed,

to highlight both the similarities and differences in the expected performance.

10.3.1 Hot-Jupiters

For bright hot jupiters, it has already been shown that Ariel and JWST have similar

information content, thus indicating that Ariel will be able to characterise atmo-

spheres to a similar degree of accuracy [125]. A similar analysis is replicated here

but with an additional comparison to Twinkle. Here Twinkle’s capability is again

based on the Phase A design, which may be subject to change, and assumes that

there are no gaps in the light curve. To analyse the capability of these instruments

when studying a stereotypical hot-Jupiter, a planet similar to WASP-69 b has been

simulated. WASP-69 b is a potential Tier 3 target for Ariel and one for which an

SNR >7 can be reached on the atmosphere in 1 transit. As a comparison, 1 transit

of Twinkle has also been modelled while, for JWST, 1 observation with NIRISS

G700XD has been simulated alongside 1 transit with NIRSpec G395M. No spec-

tral studies have yet been conducted for WASP-69 b but the atmosphere assumed,

which is detailed in Table 10.1, is generic and not unreasonable considering the con-

stituents found in similar planets. The observed spectra for each of the observatories

are shown in Figure 10.11 along with the high resolution model from TauREx.

A retrieval was performed on these spectra using the same priors and the re-

sulting posteriors are over-plotted in Figure 10.12. These show that, for a typical

hot-Jupiter around a bright star, Twinkle and Ariel will give a similar performance

in 1 transit as JWST would with 2 transits. In such a case, JWST is limited by two

factors: the need to combine multiple instruments to cover a wide wavelength range

and the fast saturation time which causes a poor on-sky efficiency. Therefore, for
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Figure 10.11: WASP-69 spectra with Twinkle, JWST and Ariel.

Parameter Value Priors
Radius [RJ] 1.11 0.89 to 1.33
Temperature [K] 982 700 to 1300
log(H2O) -5 -3 to -10
log(CH4) -5 -3 to -10
log(CO2) -6 -3 to -10
log(PClouds) 3 0 to 5

Table 10.1: Input parameters used for WASP-69 b simulations and the priors for the re-
trievals.

bright hot-Jupiters, JWST is far from the ideal facility. However, the NIRSpec in-

strument on JWST features a prism which offers spectral coverage from 0.5-5.3 µm

in one shot at low resolution (R∼30-300). The NIRSpec prism has the advantage

of covering the same wavelength range as NIRISS and NIRSpec G395M combined

but the drawback is an extremely fast saturation time which means it cannot be used

for bright targets. Nevertheless, one can consider using it for fainter targets, taking

advantage of JWST’s enormous collecting area.

In reality, WASP-69 is situated 50 parsecs from Earth and has a K band mag-

nitude of 7.5. If we consider a star with the same characteristics as WASP-69 but

at a distance of 200 parsecs (KMag = ∼11), the NIRSpec clear prism could be used.

Imagining that this star, F-69, had a planet, which was identical to the previously

modelled WASP-69 b, we simulate observations with Twinkle, Ariel and JWST. In

this case, 20 Twinkle observations are used, along with 10 for Ariel, while only 1 is

modelled for JWST. When retrievals are performed upon these simulated observa-
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Figure 10.12: Retrieval posteriors for WASP-69 b for Twinkle (green), Ariel (blue) and
JWST (red). The results are roughly consistent but the JWST data would
require 2 observations to obtain. As there is no overlap between the JWST
instruments, there may be issues with stellar variability or instrument sys-
tematics which are not modelled here.
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tions, all instruments converge to the correct solutions. However, JWST has a better

performance as shown in the posteriors in Figure 10.13. Comparing the JWST re-

trievals of this fictional, fainter planet, to the same planet but around a bright star

in Figure 10.14, we can see that the performance is roughly equivalent. While the

retrieval of the faint planet has wider 1 sigma errors, the best fit values are closer to

the ground truth. The result suggests that, if one wishes to observe hot-Jupiters with

JWST, one should pick fainter targets. Such a finding is perhaps initally counter ini-

tiative but, while it may not be true in every case, the approach should certainly be

considered for several reasons. Firstly, given how precious JWST time will be,

reducing the number of observations is always a bonus. Additionally, for bright

targets the observations of multiple instruments must be stitched together. Given

that these will be taken at different times and will include instrument systematics,

the same issues as found for Hubble observations of HAT-P-11 b may be incurred.

A single observation with the NIRSpec prism would avoid this. Finally, as the per-

formance for the brighter hot-Jupiter is approximately equivalent for Twinkle, Ariel

and JWST, it would be wasteful to use such a powerful observatory for these targets

particularly as JWST has been shown to be far more capable of observing larger,

gaseous planets around fainter stars than these other missions. Utilising JWST to

study these would therefore open up a new set of planets that are too faint for other

space-based instruments in the next decade.

10.3.2 K2-18 b

Recent observations of K2-18 b with Hubble have, for the first time, revealed the

presence of water in the atmosphere of a Super-Earth orbiting within the habitable

zone of its star. The detection, confirmed by two independent studies, [18] and

[334], is particularly exciting as it contrasts with the most of the relatively feature-

less planets so far analysed in the Super-Earth/Sub-Neptune regime. In the two

K2-18 b retrieval studies, while the water feature is evident, it was not possible to

constrain precisely the abundance of the main gases (e.g whether or not the planet

possess a secondary atmosphere).

From the Hubble observations, three main solutions have been identified. The
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Figure 10.13: Retrieval posteriors for F-69 b for Twinkle (green), Ariel (blue) and JWST
(red). JWST provides far tighter posteriors in one observation that Ariel and
Twinkle can with 10 and 20 transits respectively.

first one describes a secondary atmosphere with a high mean molecular weight ex-

plained by a large abundance in water (up to 50 percent). The second solution is

a secondary atmosphere with some trace water and the presence of one or multiple

main absorbers. From the HST spectrum, these must be relatively featureless be-

tween 1.1 µm and 1.6 µm, so a worst case scenario would be the presence of an

inactive gas such as N2. Finally, the third case is a lighter atmosphere composed

mainly of hydrogen, helium and some trace water, but where the features are muted

by high altitude clouds. In essence, the nature of K2-18 b atmosphere is still uncon-

strained and will require further observations from the next generation telescopes.

We have simulated observations of the atmosphere with JWST and Ariel for each

of these scenarios and the parameters used are summarised in Table 10.2. For this
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Figure 10.14: Retrieval posteriors for WASP-69 b (red) and its imaginary fainter twin, F-69
b (blue). In the latter case only a single transit is required yet the fit to the
data is similar to observing a brighter target which requires two observations.

Parameter Model 1 Model 2 Model 3
Radius (RJ) 0.219 0.219 0.216
Temperature (K) 286 286 288
H2O/H2 0.541 3.71×10−4 1.28×10−3

N2/H2 7.82×10−7 0.0592 6.74×10−7

PClouds (bar) 2.85 2.85 6.92×10−2

Table 10.2: Parameters used for our 3 atmosphere scenarios. Model 1 is a heavy atmo-
sphere with hydrogen and water. Model 2 is a heavy atmosphere with hydro-
gen, nitrogen and traces of water. Model 3 is a cloudy lighter atmosphere with
hydrogen, water. These input parameters are taken from the results in [18].

case, Twinkle observations have not been simulated due to the faintness of the star

and the small spectral signature searched for.

In the case of JWST, we assume observations are made with NIRISS and NIR-

Spec and we always state the total number of observations performed which are
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Figure 10.15: Current observational data of K2-18 b. Top: Hubble spectrum with best
fit solutions overplotted including 1 and 3 sigma errors. Bottom: retrieval
posteriors from Tau-REx. Both plots are reproductions from [18].
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Parameter NIRISS NIRSpec
Filter/Grism GR700XD ORD1 F290LP-G395m
Spectral Coverage [µm] 0.83 - 2.81 2.87 - 5.27
Number Groups 31 25
Time [s] 164.7 21.7
Max Saturation Level 78% 78%
In Transit Integrations 58 430
Out Transit Integrations 116 860

Table 10.3: JWST instrument setups used in ExoWebb for this work.

Telescope Number of Transits Resolving Power
Ariel 10 10/12/10
Ariel 20 10/12/10
Ariel 50 10/50/15
JWST 2 30
JWST 10 100
JWST 20 100

Table 10.4: Cases investigated with Ariel and JWST. We indicate the number of transits
for each case. For Ariel, we state the resolution used for NIRSpec, AIRS 0
and AIRS 1. In the case of JWST simulations, we use the same resolution for
NIRISS and NIRSpec.

equally split between the instruments. For example, 2 observations correspond to

the addition of 1 transit with NIRISS and 1 with NIRSpec. The combination of

these two instruments ensures an optimal wavelength coverage from 0.8 µm to 5

µm and the instrument setup used is summarised in Table 10.3.

For both missions we investigate these 3 cases by varying the number of ob-

servations to fully explore the possibilities of these two telescopes to constrain the

main chemical composition of K2-18 b. With an orbital period of approximately 33

days, we restrain our maximum number of transits to 50 for Ariel and 20 transits for

JWST (10 NIRISS and 10 NIRSpec). Since K2-18 is around the ecliptic, around

half of the transits would not observable, which means our Ariel 50 transits case is

an optimistic upper limit. The list of investigated cases is presented in Table 10.4.

Figure 10.16 shows 50 observations of K2-18 b with Ariel simulated for the 3

scenarios. We can see that the 3 scenarios are visually distinguishable. In the 20

observations case, the spectra remained very similar which highlighted the interest
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Figure 10.16: Simulated forward models for the 3 scenarios of K2-18b case as seen by
Ariel with 50 stacked transits. We can already see the spectra are distin-
guishable, especially for the section between 2µm and 5µm.

of pushing for more observations. Figure 10.17 illustrates the case of 10 K2-18 b

observations with JWST NIRISS/NIRSpec. The 3 scenarios now show large differ-

ences.

Our input scenarios include 3 atmosphere models and 6 observation simula-

tions, so we performed a retrieval for each of the 18 cases. In each case, we retrieved

the following free parameters: planet radius, temperature (T), water to hydrogen ra-

tio (H2O/H2), nitrogen to hydrogen ratio (N2/H2) and cloud pressure (Pclouds). For

each of the fitted parameters, we used the same uniform priors to avoid biases and

ensure that our results can be compared.

Overall, we find that Ariel and JWST will be able to distinguish between the 3

scenarios presented in [18], evidence for which can be seen in Figure 10.18 where

we show the posterior distributions for two particular cases: 10 observations with

NIRISS and NIRSpec for JWST and 50 Ariel observations. In general, this is also

true for the other investigated cases and we compiled the results of our retrievals

in Figures 10.19 - 10.22. We show the combined posterior distributions in each

telescope case for the 3 scenarios of atmospheres (we show the case Ariel 10 transits

separately as the distinction between the different solutions is less evident).

The required number of observations for this target varies. With 1 transit with

both NIRISS and NIRSpec, JWST should be able to inform us on the nature of
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JWST NIRISS + NIRSpec: 2 observations at resolution 30
Sol1: Heavy hydrogen + water
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JWST NIRISS + NIRSpec: 10 observations at resolution 100
Sol1: Heavy hydrogen + water
Sol2: Heavy hydrogen + nitrogen
Sol3: Light hydrogen + clouds

Figure 10.17: Simulated forward models with JWST for the 3 scenarios of K2-18b. Top: 2
stacked transits. Bottom: 10 stacked transits. Differences between the input
forward models can be observed.

K2-18 b. Ariel can also reach the same conclusions, but it will require far more ob-

servations. While our 10 observations scenario with Ariel starts to bring indications

of the atmospheric differences (see Figure 10.22), it is only after 20 observations

that we significantly see the divergence between heavy water atmosphere, heavy

nitrogen atmosphere or lighter cloudy atmosphere. The 50 observations scenario,

which would require to observe all transits in the primary and extended mission

of the telescope, provides a real insight on the atmospheric composition. In our

comparative study, the Ariel 50 observations scenario provides similar posterior

distributions to the combined JWST observation of a single NIRISS and NIRSpec

transit. Such a finding demonstrates the advantage of using large telescopes for the

study of challenging targets such as Super-Earths with secondary atmospheres, but
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Figure 10.18: Summarising plots of the retrieval posteriors for the 3 atmospheric scenarios
in the case of Ariel 50 observations (top) and JWST 10 observations (bot-
tom). For both cases, the 3 solutions can easily be distinguished from the
posterior distributions of the parameters.
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also shows that dedicated telescopes of smaller diameters like Ariel have the poten-

tial to go after similar targets, provided that enough transits are observed. K2-18

b is included within the current version of Ariel’s Mission Reference Sample and,

as discussed in Chapter 8, some portion of mission may be dedicated to studying

smaller planets.

In all our cases, the radius is very well constrained (less than 2 percent for the

worst case Ariel 10 transits). The temperature however is only constrained accu-

rately for high SNR observations (e.g. only in the cases with JWST for more than 5

observations). The JWST single combined observations as well all Ariel cases are

not able to converge to the appropriate solutions and lead to large uncertainties in

the retrieved temperature. The water abundance is always well constrained due to

the strong molecular features. Similarly, in the case of secondary atmosphere with

trace water, the ratio of N2/H2 is well retrieved as the model requires a large mean

molecular weight while the trace water is well constrained thanks to the molecular

features. On the 2 other scenarios (heavy atmosphere with mainly water and lighter

cloudy atmosphere), the retrievals are only able to provide an upper limit on the

N2 abundance. Finally, the clouds are always retrieved correctly, with a very low

uncertainty when they were present in the input forward model.

Our best case scenario with 20 JWST observations shows very tight posterior

distributions, allowing for a very precise characterisation of the atmospheric main

gases in K2-18 b, the isothermal temperature and the clouds. Hence, by performing

a retrieval analysis of the potential scenarios for K2-18 b, we show that the next

generation of space telescopes will be able to distinguish between the 3 cases. We

can therefore highly recommend the consideration of this target for atmospheric

follow-up.
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Figure 10.19: Retrieval posteriors for the atmospheric scenario 1: Heavy atmosphere com-
posed of hydrogen and water.

10.4 Conclusions

The next generation of space-based telescopes for exoplanet characterisation will

cause a revolution. The increase in the quality of the data, both in terms of SNR and

wavelength coverage, will facilitate the detection of numerous molecular species in

the atmospheres of extrasolar planets. However, this data will be of such a quality

that many current assumptions used in the retrieval of atmospheric properties will

be inadequate. Therefore, the complexity of retrieval codes must be increased to

match the intricacy of the data. The use of oversimplified models is likely to lead

to, at best, poor fits to the data or, at worst, seemingly good fits but with inher-
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Figure 10.20: Retrieval posteriors for the atmospheric scenario 2: Heavy atmosphere com-
posed of hydrogen and nitrogen. Traces of water are also present.

ent bias in the chemistry or atmospheric properties. Upcoming instruments have a

variety of wavelength coverages and resolutions. Comparing their capabilities sug-

gests that Twinkle, Ariel and JWST all give similar levels of characterisation for

large gaseous planets around bright stars. However, Twinkle and Ariel are more

suited for these targets as they achieve this spectra in a single visit. If one wishes

to study gas giants with JWST, one would be better off observing planets around

fainter stars so that the NIRSpec prism, which provides the same wavelength cov-

erage as combining NIRISS GR700XD and NIRSpec G395m but in a single visit,

can be utilised. For smaller, potentially rocky planets, JWST is the most suitable
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Figure 10.21: Retrieval posteriors for the atmospheric scenario 3: Light atmosphere com-
posed of hydrogen and clouds. Traces of water are also present.

observatory, particularly for temperate worlds, due to its unparalleled sensitivity.
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Figure 10.22: Retrieval posteriors for the 3 scenarios in the case of 10 Ariel transits. The
solutions are close, but we start seeing the convergence to the 3 scenarios.



Chapter 11

Maintaining Exoplanet Ephemerides

”Better three hours too soon, than

one minute too late.”

William Shakespeare

Shakespeare’s wise words apply to many situations in life and certainly ring

true for exoplanet observers for whom missing a transit (or eclipse) is costly. How-

ever, observing a target star for many hours before an event for fear of missing

it is an inefficient use of what is usually a highly expensive facility. Thus accu-

rate ephemeris data, that is knowledge of a planet’s orbit and hence when a transit

or eclipse event will occur, is of the utmost importance to ensure effective use of

telescope time while minimising risk. When considering the next generation of fa-

cilities for exoplanet atmospheric characterisation (JWST, E-ELT, Ariel etc.), this

is particularly true as observing time on these exceptional facilities will be pre-

cious. Therefore, observations of transiting exoplanets will need to have a limited

time window while ensuring that enough margin is included to avoid a transit event

being partially, or completely, missed. Large errors in the ephemeris of a planet

increase the observation time required to ensure the full transit is captured and thus

reduce the efficiency, and science yield, of these missions.

Contributions: The majority of this chapter is novel work which has not been published. I
led the ORBYTS ephemeris refinement project, with support from Quentin Changeat, Gordon Yip
and Angelos Tsiaras, and a paper has recently been submitted (Edwards et al., submitted, Original
Research By Young Twinkle Students (ORBYTS): Ephemeris Refinement of Transiting Exoplanets,
MNRAS).
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Just after discovery, the time of the next transit for a planet is well known. Un-

fortunately the accuracy of predicted future transits degrades over time due to the

increased number of epochs since the last observation and the stacking of the period

error. In extreme cases this can mean the transit time is practically lost, with errors

of several hours (e.g. Corot-24 b & c, [335]). In addition to this, extrapolating tran-

sit times from only a few data points over a limited baseline can easily introduce

bias (e.g. [70]). Finally, we could expect transit times to shift due to dynamical

phenomena such as tidal orbital decay, apsidal precession or from gravitational in-

teractions with other bodies in the system (see e.g. [307, 336, 337]). These can

only be understood, and mitigated for, by regularly observing targets over a long

baseline. In the era of TESS, this will become increasingly difficult and require a

coordinated effort by many groups and telescope networks to prepare for charac-

terisation by the next generation facilities. The campaign will need data from both

ground-based facilities and space-based telescopes such as TESS, Spitzer, CHEOPS

and Twinkle.

This chapter focuses on the potential avenues for following-up of exoplanets

with large uncertainties in their transit times. Different opportunities are explored

from both the ground and space. Additionally, an example project for ephemeris

refinement as part of the outreach program ORBYTS (Original Research By Young

Twinkle Students) is presented. The project used a fully robotic ground-based tele-

scope network, citizen astronomers and data from TESS.

11.1 Ground-based Follow-up

Since the first planetary transit was discovered [338, 339], ground-based tele-

scopes have regularly discovered and characterised exoplanets via transit photome-

try. Across the globe, thousands of small telescopes are capable of transit photome-

try and many of these belong to citizen astronomers. TESS will extend the number

of targets that can be observed, as well as relaxing constraints on the telescope

size and instrumentation quality. Ground-based follow-up will require not only a

large number of telescopes but a good deal of man hours to plan observations and



11.1. Ground-based Follow-up 212

Minimum Transit Depth Number of Planets Percentage of Target List
1 millimag 1433 71%
2 millimag 1096 55%
3 millimag 874 44%

Table 11.1: Number of planets that could be follow-up from the ground assuming a max
transit duration of 6 hours and various minimum transit depths.

process the data. Hence, citizen astronomers, citizen science and educational out-

reach offer an excellent opportunity to support future space missions. The ability of

small ground-based telescopes to contribute to exoplanet science is well known (e.g.

[340]) and, given the brightness of the host stars of planets found by TESS, even

modestly sized telescopes can be used to re-observe planetary systems, reducing the

errors on their ephemeris.

The limits of which planetary transits can be observed depend upon the size of

the telescope and the instrumentation. Here a depth of 2 millimag has been taken

as the shallowest transit which can be detected by ground-based facilites. The Next

Generation Transit Survey (NGTS, [97]) has shown that sub-millimag precision is

achievable by simultaneously observing the same transit with many identical small

telescopes and combining data. Using such methods could expand the number of

exoplanets that are observable from the ground but are not in the realm of most

observers. The length of a transit can also be prohibitive. Given that, for good

ephemeris, the entire transit should be captured along with a significant baseline, a

max duration of 6 hours has been assumed. Applying these constraints to the list

of potential targets for Ariel yields over 1000 planets and Table 11.1 shows that

even with more conservative limits on the transit depth, nearly 900 planets could be

follow-up up from the ground.

We can therefore expect that ground-based follow-up will be possible for hun-

dreds, if not thousands, of planets over the coming decade to ensure exoplanet

ephemeris are kept up to date. To achieve regular observations of all known ex-

oplanets, telescope time must be efficiently utilised. However, it is not always clear

when the most recent observations of a target occurred which can result in the un-

necessary use of telescope (and observer) time. To combat this, particularly in the
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TESS era, follow-up observations need to be coordinated to maximise the effective-

ness of the data. Several ongoing projects aim to contribute to this and these are

described below.

11.1.1 Exoplanet Transit Database

The Exoplanet Transit Database (ETD, [341]) was established in 2008 and is a web-

based application which is open to any exoplanet observer. The ETD is a project

of the Variable Star and Exoplanet Section of the Czech Astronomical Society and

the site consists of three parts, the first of which provides predictions of the up-

coming transits. The second section allows for users to upload new data and the

final function is the display of the observed - calculated diagrams (O-C). The ETD

has hundreds of contributors and the database contains thousands of observations.

While all observations are analysed by the ETD system to produce these graphs,

the data can also be downloaded. The ETD does not facilitate a ranking of planets

based on their current uncertainties.

11.1.2 ExoWorlds Spies

ExoWorlds Spies1 is a project that started in early 2018, aiming to monitor tran-

siting exoplanets through long-term regular observations using small and medium

scale telescopes. The effort is supported by citizen astronomers, the Holomon As-

tronomical Station and the Telescope Live network2. The project promotes the

idea that research is an effort that everyone can contribute to and thus it is open

to collaborations with the public, including school and university students. User-

friendly data analysis tools and a dedicated website have been developed as part

of the project, in order to disseminate the material to as many people as possible.

The website includes audiovisual material, information on the project, data analysis

tools, instructions, observational data and graphics. All sources are online, free,

and available for everyone both in English and Greek. So far, the ExoWorlds Spies

database includes approximately 60 transit observations of more than 25 different

exoplanets, from both the North and the South hemisphere, including recently dis-

1https://exoworldsspies.com
2https://telescope.live

https://exoworldsspies.com
https://telescope.live
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covered planets with limited data available. A number of these transits are already

available on the website for members of the general public, students, and citizens to

analyse.

11.1.3 ExoClock

ExoClock has been established as part of the ground-based characterisation cam-

paign for the Ariel space mission. Ariel aims to observe 1000 exoplanets during

its primary mission, characterising their atmospheres and seeking to understand the

chemical diversity of planets in our galaxy [125]. The Ariel Mission Reference

Sample (MRS), the planets observed by the mission, will be selected from a large

list of potential targets. The selection criteria will aim to produce a multifarious

population of planets for study. However, the lack of basic knowledge such as stel-

lar variability and the expected transit time of the system, may mean a planet is not

selected for observation, potentially reducing the impact of the mission. ExoClock

aims to facilitate a coordinated program of ground-based observations to maximise

the efficiency of the Ariel mission. The program also aims to stimulate engagement

with citizen astronomers, allowing them to contribute to an upcoming ESA mission.

The site ranks the potential Ariel targets from [124], prioritising those that have a

large uncertainty in their next transit time. These can then be filtered by the location

of the observer and the telescope size, providing a list of exoplanet transits which

would be observable in the near future. The ExoClock initiative has the explicit

rule that all those who upload data for a planetary system will be included on any

subsequent publications.

11.2 Space-based Follow-up

Up to 70% of TESS detections, and 50% of the Ariel target list, may not be observ-

able from the ground due to long or shallow transits [342] and a number of space-

based telescopes offer the opportunity to observe exoplanet transits. The potential

of these missions to contribute towards improved ephemeris data is considered here.



11.2. Space-based Follow-up 215

11.2.1 TESS

During its primary mission, TESS is surveying almost the entire sky. While the

prime objective of the mission is to discover new planets, TESS will also observe

stars which are known to host planets and the data has a number of uses. Firstly, one

can search for additional planets in these systems or for transits of planets discov-

ered by radial velocity surveys. For large, close-in planets around bright stars, TESS

provides optical phase curves of a quality which allows for the scattering properties

of the atmosphere to be studied, gleaning hints of the cloud coverage and particle

size. By re-observing known plants, TESS is also allowing observers to refine the

orbital parameters of these worlds.

However, while TESS will provide an excellent source of ephemeris data dur-

ing the primary mission life, the satellite’s impact in the longer term is less certain

and is dependent upon the extension of the mission and the strategy proposed. These

scenarios could include searching for planets close to the ecliptic plane, a Kepler-

style long stare and a repeat of the full-sky survey with longer staring periods or

different ‘postage-stamp’ stars. If TESS continues to observe the whole sky, it will

be possible to gain transit observations of many of the currently-known planets as

well as those discovered by the mission in its nominal lifetime. However, certain

planets (e.g. those on longer periods, close to the ecliptic or around fainter stars)

may not be observed by TESS and other extended operations could be chosen. Ad-

ditionally there will be a huge number of planets discovered by TESS that need

follow-up.

In any case, to assess the possibility of ephemeris refinement of planets within

the Ariel target list with TESS, a pipeline has been built to find, acquire, reduce,

and analyse the data. For a given target, the code searches the Mikulski Archive

for Space Telescopes (MAST3) and returns all the data collected on the host star

from various observatories. The list is filtered to see if TESS has observed the star

and, if so, the Presearch Data Conditioning (PDC) light curve, which has had non-

astrophysical variability removed and ‘bad data’ eliminated through the methods

3http://archive.stsci.edu

http://archive.stsci.edu
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outlined in the TESS guide4, is downloaded. The data product is a time-series for

each sector (∼27 days) with a cadence of two minutes. Next, pylightcurve is used

provide an initial quick fit of the data to locate the first transit event. Once the time

of this initial transit has been established, the data is split using the literature period

to create individual time-series of each transit event. The pipeline then fits each of

these and uses the fitting of these transits, along with literature values, to update the

orbital period and transit time of the planet.

As of November 2019, TESS has observed the host stars of 150 planets within

the Ariel target list. However, data of sufficient quality has not necessarily been

obtained for each of these. Figure 11.1 shows examples of the two minute cadence

data for two bright targets, WASP-4 b and KELT-15 b, and a fainter target, Kepler-

18 b. The transits of the bright targets are easily visible by eye, even without phase

folding. However, for Kepler-18 b, even when the data is binned to a two hour ca-

dence and phase folded, the errors on each data point are far greater than the transit

depth of the planet. Thus, while TESS will undoubtedly be a great resource for the

refinement of transit times, the extent of this contribution needs further exploration.

11.2.2 Hubble and Spitzer

Spitzer has been used to follow-up several exoplanets with ephemeris uncertainties

(e.g. [70, 71, 72]) but, while there are ongoing programs, the spacecraft will cease

operations in early 2020. The Hubble Space Telescope (HST) has been delivering

spectroscopic observations of exoplanets since 2001. Although most observations

are interrupted due to Earth obscuration, the precision can still be sufficient for mea-

suring accurate transit times. HST may well be used to observe new TESS detec-

tions and could therefore provide ephemeris refinement but, should the uncertainty

on the transit time become too great, could also be restricted in terms of choice of

target. Therefore, neither of these missions can be expected to have a major impact

on any ephemeris refinement project.

4https://spacetelescope.github.io/notebooks/notebooks/MAST/TESS/
beginner_tour_lc_tp/beginner_tour_lc_tp.html

https://spacetelescope.github.io/notebooks/notebooks/MAST/TESS/beginner_tour_lc_tp/beginner_tour_lc_tp.html
https://spacetelescope.github.io/notebooks/notebooks/MAST/TESS/beginner_tour_lc_tp/beginner_tour_lc_tp.html
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Figure 11.1: TESS observations of Kepler-18 b, WASP-4 b and KELT-15 b. The latter
two cases provide excellent quality data for ephemeris refinement while for
Kepler-18 b, the transit signal is far smaller than the noise even when the data
is binned to a cadence of 2 hours and phase-folded.

11.2.3 CHEOPS

CHEOPS will be launched in December 2019 and is anticipated to follow-up a large

number of TESS discoveries, refining both planetary and orbital parameters via high

precision photometry. The mission has reserved around 20% of the telescope time

for guest observers which equates to 946 orbits, or 1578 hours, in the first year. To

allow potential users to explore the capabilities of CHEOPS, a simulator has been

developed which has a web interface5. By inputting the star type and magnitude,

along with the observation duration, a noise prediction is returned. The web-based

simulator has been utilised to understand the performance for ephemeris refinement

of planets within the Ariel target list. CHEOPS cannot observe the ecliptic poles,

which are the continuous viewing zones for JWST and Ariel, and planets outside the

field of regard have been removed. Having done so, Figure 11.2 shows the predicted

error on the transit depth from one CHEOPS observation, assuming one transit dura-

tion is observed as a baseline both before and after the event. Over-plotted are lines

which indicate the SNR on the transit depth and Table 11.2 contains the number of

5https://cheops.unige.ch/pht2/exposure-time-calculator

https://cheops.unige.ch/pht2/exposure-time-calculator
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planets for which these SNRs could be achieved in 1 transit. The target list has been

split into those that could be observed from the ground (transit depth >2 mmag

and transit duration <6 hours) and those for which space-based follow-up will be

required (transit depth <2 mmag and/or transit duration >6 hours), to estimate the

number of planets which CHEOPS could contribute.

To put these SNRs into context, Figure 11.3 shows some simulated data for

various SNRs. It should be noted that while the calculation of the predicted error

in Figure 11.2 does account for gaps in the light curve due to Earth obscuration,

the simulated data does not. The position of these gaps will no doubt affect the

accuracy of the fitted ephemeris and so a code like Terminus would be needed to

ensure the data quality was sufficient. Time-domain information is not available

in the CHEOPS online simulator although an average efficiency is given. Further

investigation is needed to ascertain the exact number of targets for which CHEOPS

could reduce the transit uncertainties but it would seem likely that the final figure

will be of the order of several hundred. Future work will attempt to refine the

basic calculations made here by simulating gaps due to Earth obscuration, fitting the

mock data and calculating the number of observations needed to reduce the transit

uncertainties to acceptable levels. Here it is assumed that CHEOPS would be able

to provide ephemeris refinement for all planets for which an SNR >5 is achieved

on a single transit, though, in some cases, multiple transits may be required.

From CHEOPS and ground-based surveys alone, a first analysis suggests that

nearly 80% of the Ariel target list could be followed-up. The calculation assumes

that the time on CHEOPS is allocated to an ephemeris project with the scope of

preparing targets for Ariel. Figure 11.4 displays the location in the sky of the Ariel

targets and the method with which they can be followed-up. Those that cannot

be followed-up with ground-based photometry or CHEOPS would require observa-

tions with other space-based telescopes or ephemeris refinement via radial velocity

measurements (e.g. [343]).
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Figure 11.2: Predicted error on the transit depth with one CHEOPS observation compared
to the transit depth. Planets requiring space-based follow-up are defined as
those which have a transit depth shallower than 3mmag and/or a transit dura-
tion that is longer than 6 hours.

Figure 11.3: Simulated observations of a Jupiter-sized planet orbiting a G-type star at dif-
ferent SNRs. In each case the cadences are 1 minute and 10 minutes for
original and binned data respectively.
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SNR All Planets Space-based Required
5 1286 454
7 1093 304
10 820 132
20 453 22

Table 11.2: Number of planets within the Ariel target list for which a given SNR can be
reached in 1 transit with CHEOPS. Planets requiring space-based follow-up
are defined as those which have a transit depth shallower than 3mmag and/or a
transit duration that is longer than 6 hours.

Figure 11.4: Sky location of potential planets for study with Ariel. The colour of the marker
indicates the method with which they could be followed-up based on the anal-
ysis here. Note that many of the planets currently defined as ”another method’
could be followed-up with TESS during the extended mission.

11.2.4 Twinkle

Twinkle’s instrumentation is capable of transit and eclipse spectroscopy of exoplan-

ets around bright stars in the visible and near-infrared and this data could also be

utilised to refine the ephemeris times. Binning Twinkle data into broadband pho-

tometric points may also allow fainter targets to be observed. Twinkle, as with

CHEOPS, cannot observe the ecliptic poles and some portion of observations will

be affected by Earth obscuration. Additionally, Twinkle, like HST, Spitzer and

CHEOPS, is only capable of observing a single target at any one time. Therefore,

the total observing time on this facility may not be sufficient to follow-up all targets.
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11.2.5 Cubesats

Cubesats such as the Microvariability and Oscillation of Stars (MOST, [344]) and

Arcsecond Space Telescope Enabling Research in Astrophysics (ASTERIA, [345])

have been used to observe transiting planets (e.g. [346]) while PicSat aimed to

observe a possible transit of the giant planet β Pictoris b’s Hill sphere [347] and

the Colorado Ultraviolet Transit Experiment (CUTE, [348]) will attempt to observe

atmospheric mass loss from Hot-Jupiters. Space-based follow-up using cubesats

will continue to be explored and future missions with capabilities similar to these

missions could also play a large part in ephemeris follow-up. Nevertheless, the con-

cept of CURE (CUbesat for Refining Ephemerides) has been proposed and studied.

CURE would aim to observe the ecliptic poles, the constant viewing zone of JWST

and Ariel but an area of sky that cannot be covered by CHEOPS. Hence CURE

would provide a space-based alternative to TESS in case the mission does not suf-

ficiently re-observe the poles or is not funded until the launch of Ariel. CURE’s

baseline design is on PicSat with an 8 cm diameter primary mirror and a fibre-fed

instrument. However, while CURE would likely have considerable capabilities for

transit photometry, cubesats are relatively expensive (>£1 million), often unreliable

due to issues with their attitude and orbital control systems (AOCS), and usually

have a limited lifespan (<2 years).

11.3 An Example Ephemeris Refinement Project

To prove the feasibility of engaging with citizen science and educational outreach

for ephemeris refinement, a project has run through the Original Research By Young

Twinkle Students (ORBYTS) scheme. ORBYTS is an educational programme

in which secondary school pupils work on original research linked to the Twin-

kle Space Mission under the tuition of PhD students and other young scientists

[349, 350]. The ORBYTS program has been run since 2012 and is jointly managed

by Blue Skies Space Ltd. (BSSL) and University College London (UCL). A key sci-

ence case for Twinkle is the observation of extrasolar planets via transit and eclipse

spectroscopy. ORBYTS offers school pupils the chance to enrich our understanding
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Planet Planet Radius [RJ] Star V Mag Uncertainty [minutes] Last Observed Reference
CoRoT-6 b 1.17 13.9 2.7 2010 [354]
KELT-15 b 1.44 11.2 15.7 2015 [355]
KPS-1 b 1.03 13.0 57.6 2018 [356]
K2-237 b 1.65 11.6 13.0? 2018 [357]
WASP-45 b 1.16 12.0 5.3 2012 [358]
WASP-83 b 1.04 12.9 11.9 2015 [359]
WASP-119 b 1.40 12.2 15.7 2016 [360]
WASP-122 b 1.74 11.0 4.9† 2016 [361]
?The independent discovery paper [362] suggests an uncertainty 3.8 minutes
†The independent discovery paper [355] suggests an uncertainty 3.4 minutes

Table 11.3: Exoplanets for which observations were acquired and the calculated uncer-
tainty in their transit mid time on 1st July 2019 based on data from the NASA
Exoplanet Archive.

of these new worlds by improving our knowledge of the molecules they’re made of,

their orbits and their physical properties. The program provides a unique opportu-

nity for pupils to undertake cutting-edge science that has a meaningful impact on a

future space mission.

ORBYTS partners dynamic, passionate science researchers with secondary

schools, where, through fortnightly school visits over an academic year, the re-

searcher teaches the students undergraduate-level physics. The goal of every part-

nership is that school students will have the opportunity to use this new knowledge

to contribute towards publishable research. Pupils get hands on experience of sci-

entific research and work closely with young scientists. By partnering schools with

relatable researchers, the programme aims to not only improve student aspirations

and scientific literacy, but also help to address diversity challenges by dispelling

harmful stereotypes, challenging any preconceptions about who can become a sci-

entist. The organisers and tutors strongly believe that all school students should

have the opportunity to become involved in active scientific research and to be cul-

turally connected to space missions. Previous projects have included calculating

molecular transitions with the ExoMol group [351, 352, 353] as these line lists are

key for atmospheric retrievals. During this project the students selected suitable

follow-up targets, scheduled observations and analysed the subsequent data.

11.3.1 Target Selection

There are several major exoplanet catalogues from which one can compile a list of

potential planets. The most widely used and comprehensive is the NASA Exoplanet
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Archive6 [363]. The NASA catalogue was accessed in February 2019 and the tran-

sit error by mid 2019 (the end time of this project) was calculated for each planet.

Unlike some previously studies (e.g. [364]), we included all transiting planets, re-

gardless of their discovery facility. The next transit of a planet, Tc, can be calculated

from

Tc = T0 +n ·P (11.1)

where P is the period of the planet, T0 is the last measured transit time and n is the

number of epochs since this last observation. Both T0 and P have errors associated

with their measurement and thus the error on the predicted transit time, ∆Tc is given

by

∆Tc =
√

∆T 2
0 +(n ·∆P)2 (11.2)

assuming no co-variance between the two parameters. There is, of course, a corre-

lation between the fitted period and mid time but this co-variance is generally neg-

ligible. Suitable targets were found by filtering this list to include only those with a

large transit uncertainty (>10 minutes) or those that had not been observed for 3 or

more years. We note that the ephemeris of many of the large, gaseous planets with

significant transit uncertainties were refined in [364] and these were excluded from

the study. The choice of targets was restricted by the size of the telescopes (0.35 -

0.6 m, see Section 11.3.2) due to the star magnitude and transit depth but still many

planets with substantial ephemeris errors were found to be observable.

11.3.2 Data Acquisition

Observations were attempted for a large number of targets, though some were frus-

trated due to sky coverage and unforeseen issues such as poor weather. Table 11.3

contains the planets for which good quality data was obtained and the expected tran-

sit error on 1st July 2019. Although some of the planets observed here are around

fainter stars, they are all potentially suitable for spectroscopic follow-up and could

be observed by Ariel [124]. They may also be potential targets for characterisation

by Twinkle, JWST or ground-based facilities. Observations of these targets were

6https://exoplanetarchive.ipac.caltech.edu

https://exoplanetarchive.ipac.caltech.edu
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scheduled between February and April 2019.

11.3.2.1 Robotic Ground-based Telescope Network

For the new observations presented here we use the Telescope Live network of

robotic telescopes7. Telescope Live is a web application offering end-users the

possibility to purchase images obtained on-demand from a network of robotic tele-

scopes. It has been developed by Konica Minolta Laboratory Europe8, the Euro-

pean research and development group of Konica Minolta Inc. and it is operated by

Spaceflux Ltd., a space sector start-up based in the United Kingdom. Telescope Live

kindly provided access to their telescopes for a total of 100 hours. At the time of

writing the network consists of three telescopes: a Planewave CDK24 (with a main

mirror diameter of 0.6 m) located at at El Sauce Observatory in Chile, a Meade

LX200 (0.35 m) at Warrumbungle Observatory in Australia, and a Officina Stellare

RILA 400 (0.4 m) at Nunki Observatory in Greece. We obtained a single transit ob-

servation of K2-237 b and WASP-119 b along with 2 of KELT-15 b and WASP-83 b.

Additionally we obtained a light curve of WASP-122 b with a 0.4 m telescope from

the Las Cumbres Observatory (LCO) network9 thanks to the Educational Proposal

FTPEPO2014A-004 led by Paul Roche.

11.3.2.2 ETD and ExoWorldSpies

For the selected planets, the Exoplanet Transit Database (ETD, [341]) was searched

for additional observations. Having removed unsuitable light curves via visual in-

spection, we found a total of 29 light curves from citizen astronomers: 5 of CoRoT-6

b, 18 of KPS-1 b, 3 of WASP-45 b, 1 of WASP-83 b and 2 of WASP-122 b. All these

observations were undertaken as part of the TRansiting ExoplanetS and CAndidates

(TRESCA) project10 and are summarised in Table 11.4. From ExoWorldSpies, we

included an observation of WASP-83 b in our analysis. Additionally, the new ob-

servations taken as part of this work have been added to the ExoWorldsSpies and

ExoClock databases.

7https://telescope.live
8https:///research.konicaminolta.eu
9https://lco.global

10http://var2.astro.cz/EN/tresca

https://telescope.live
https:///research.konicaminolta.eu
https://lco.global
http://var2.astro.cz/EN/tresca
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11.3.2.3 TESS

TESS recently finished surveying the south hemisphere and thus has observed sev-

eral of the planets studied here. We searched the Mikulski Archive for Space Tele-

scopes (MAST11) and found that TESS has observed K2-237 b, KELT-15 b, WASP-

45 b, WASP-83 b, WASP-119 b and WASP-122 b. The pipeline described in Section

11.2.1 was used to download and clean the data. After excluding the poor data, we

recovered 7 K2-237 b transits, 12 for KELT-15 b, 8 for WASP-45 b, 4 of WASP-

83 b along with 37 for WASP-119 b and 14 of WASP-122 b. We note that Sector 8

TESS data for KELT-15 b was not available. All TESS data used here has a cadence

of 2 minutes.

11.3.3 Data Reduction and Analysis

The LCO and Telescope Live networks automatically gathers calibration frames

and provide the data in a reduced format (though the raw and calibration frames can

also be downloaded). These frames were analysed using the HOlomon Photometric

Software (HOPS, (Tsiaras, in prep)) which aligns the frames and normalises the flux

of the target star by using selected comparison stars. The software was developed

as part of the ExoWorldSpies project, is open-source and is available on Github12.

The final output of HOPS is a time-series photometric light curve. The data from

ExoWorldSpies was also analysed with HOPS while the observations from ETD

were obtained as space, tab or comma-separated files containing the light curve.

The photometric light curves from all sources were fitted using PyLightcurve

(Tsiaras, in prep), another open-source code which is also publicly available13. Ini-

tially fit parameters were the orbital semi-major axis scaled by the stellar radius

(a/R∗), the orbital inclination (i), the planet-star radius ratio (Rp/R∗), the midpoint

of the transit (T) and the orbital period (P). In each case the MCMC was run with

250,000 iterations, a burn of 100,000 and 200 walkers. The limb darkening co-

efficients were fixed to theoretical values from [365, 366] according to the stel-

lar parameters obtained from the planet discovery papers. Previous analyses show

11http://archive.stsci.edu
12https://github.com/HolomonAstronomicalStation/hops
13https://github.com/ucl-exoplanets/pylightcurve

http://archive.stsci.edu
https://github.com/HolomonAstronomicalStation/hops
https://github.com/ucl-exoplanets/pylightcurve
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Table 11.4: General information about the observations conducted and analysed in this
work

Planet Date Telescope Filter
CoRoT-6 b 09 July 2010 ETD, Sauer Clear

17 July 2010 ETD, Sauer Clear
17 June 2015 ETD, Molina Clear
19 July 2018 ETD, Kang R
22 June 2019 ETD, Evans Clear

K2-237 b 16 April El Sauce V
26 May 2019 till

TESS I
18 June 2019

KELT-15 b 08 January 2019 till
TESS I

27 March 2019
19 February 2019 Warrumbungle V
21 March 2019 Warrumbungle V

KPS-1 b 12 March 2019 ETD, Jongen Clear
22 March 2019 ETD, Wunsche V
22 March 2019 ETD, Wunsche Clear
22 March 2019 ETD, Raetz Clear
22 March 2019 ETD, Jongen Clear
22 March 2019 ETD, Guerra Clear
29 March 2019 ETD, Wunsche Clear
29 March 2019 ETD, Jongen Clear
29 March 2019 ETD, Friedli/Kropf V
29 March 2019 ETD, Watkin R
29 March 2019 ETD, Guerra I
20 April 2019 ETD, Wunsche Clear
20 April 2019 ETD, Jongen Clear
02 May 2019 ETD, Raetz Clear
14 May 2019 ETD, Bretton I
14 May 2019 ETD, Guerra V
14 May 2019 ETD, Raetz Clear
14 May 2019 ETD, Bosch V

WASP-45 b 15 August 2011 ETD, Evans Clear
16 July 2012 ETD, Sauer R
27 December 2016 ETD, Lajus R
23 August 2018 till

TESS I
20 September 2019

WASP-83 b 28 March 2018 El Sauce R
02 April 2019 El Sauce R
11 March 2019 El Sauce V
29 March 2019 ETD, Chatela R
28 March 2019 till

TESS I
22 April 2019

WASP-119 b 27 July 2018 till
TESS I

13 November 2018
07 March 2019 Warrumbungle V

WASP-122 b 18 January 2017 ETD, Evans R
30 January 2017 ETD, Evans R
02 March 2019 LCO V
08 January 2019 till

TESS I
01 February 2019
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that the trends in the light curves can be approximated with simple functions of

only very few free parameters, for example low order polynomials over time (e.g.

[266, 336, 367, 364]). Hence we detrended all light curves using a simple second-

order polynomial. We then removed all data points with residuals greater than 3

sigma from the best-fit model. For planets with TESS data, we refined all transit

parameters. However, for the other targets we do not attempt this refinement be-

cause a significant fraction of the light curves used here either miss parts of the

transit event or do not reach millimag-precision.

Next we fitted each light curve individually with a/R∗, i and Rp/R∗ allowed to

vary within 1 sigma of the values from the literature (or the new values computed

here) while T was fit with far wider bounds. The uncertainties on each fitted mid-

time are obtained from the posterior distributions of the MCMC chains. We convert

all our mid-times into BJDT DB using the tool from [368]. Having fit the mid transit

time for all the data, we use a weighted least squares fit to obtain a linear period for

the data analysed in this work and any previous mid-times from the literature (also

converted to BJDT DB). We varied the timing zero point, T0, and report the value

which minimised the co-variance between T0 and P. We used the ephemeris that are

available in the literature to compute ‘observed minus calculated’ residuals for all

transit times.

11.3.4 Results

Our analysis uncovered significant drifts in the transit times of all planets studied

here, with only one planet (KPS-1 b) having observed transits within the 1 sigma

errors on the expected time. Even in this case, the observed transit was considerably

offset from the predicted. K2-237 b, KELT-15 b, WASP-45 b, WASP-83 b, WASP-

119 b and WASP-122 b were observed by TESS in the first year of operations and

we demonstrate the great potential the mission has for refining orbital parameters.

The capability of TESS to provide accurate updated ephemerides for bright, short

period planets has previously been shown in [337].

As the primary two year mission covers almost the entire sky, the ephemerides

of many of the known planets could be updated once the data is released. For short
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period planets, TESS data gives multiple, high-precision, complete transits allowing

the uncertainty on both the period and T0 of these planets to be reduced. A summary

of the findings for each planet is given below.

CoRoT-6 b: [369] found that CoRoT planets seemed to have slightly under-

estimated uncertainties in their ephemerides and our analysis of CoRoT-6 b agrees

with their findings. The final transit of CoRoT-6 b was found to be 23 minutes from

the calculated time despite the predicted uncertainity being less than 3 minutes. The

new observations help reduce the uncertainity on the transit time but we note that

the fit of linear period for CoRoT-6 b is poor so more data is required to accurately

assess the period.

K2-237 b: There are two independent discovery papers for K2-237 b. Using

the ephemeris data from [357] one could expect an uncertainty of 13 minutes in

the transit mid time while [362] claims a greater precision on the period and thus

predicts an uncertainty of 3 minutes. In reality we discover a shift of nearly 15

minutes and find our data to have a closer fit to the ephemeris of [357]. However,

given the short period of the planet (∼2.18 days), over 400 orbits have occurred

since the discovery. The difference is therefore equivalent to an error in the period

of ∼1.5 seconds, compared to a claimed uncertainty in the period of 0.5 seconds),

and shows how an overconfidence in the accuracy of exoplanet ephemerides can

lead to significant deviations from the expected transit time, highlighting the benefit

of following-up targets on a regular basis.

KELT-15 b: This hot-jupiter had not been re-observed with transit photometry

since its discovery meaning the uncertainity in its transit time had risen to nearly 16

minutes. In the 4 years since, several hundred orbits had occurred and a 20 minute

deviation from the expected transit time was found.

KPS-1 b: The newly observed transits for this planet were the only ones to fall

within the 1 sigma errors in our sample. However, a deviation from the expected

was found of over 30 minutes which is still a substantial residual. The uncertainty

on the transit time of KPS-1 b is predicted to be less than 10 minutes until after the

launch of Ariel.
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WASP-45 b: The predicted uncertainty on WASP-45 b was around 5 minutes

but it had not been re-observed for several years. The O-C plot from ETD showed a

slight divergence from the expected but it was not until the TESS data was analysed

the the full extent became clear with the transit arriving 15 minutes early.

WASP-83 b: For WASP-83 b, the newly observed transits occurred ∼30 min-

utes after the expected time, well outside the 1 sigma error of ∼12 minutes. Having

not been observed since 2015, 300 orbits had passed. Thus the literature orbit dif-

fers by around 6 seconds from the updated value reported here, again highlighting

the need for consistent follow-up.

WASP-119 b: With a reported discovery ephemeris in 2013 and an uncertainty

of over 10 minutes, WASP-119 b was an obvious choice for follow-up. The com-

bination of TESS data and a ground-based observations uncovered a drift of nearly

20 minutes over the 700 orbits since discovery.

WASP-122 b: Also known as KELT-14 b, this planet has two independent

discovery papers [361, 355]. These predicted uncerainities of 3.4 and 4.9 minutes

but again the planet had not been re-observed since. Our observations found the

transits of WASP-122 b to be occuring around 5 minutes early, just outside the 1

sigma errors. We find our data has a better fit to the period from [361].

Hence we detect significant variations in the observed transit time from the ex-

pected for most of the planets studied here. An overconfidence in the predicted tran-

sit time is a known issue and analysis of measured-to-predicted timing deviations

of 21 exoplanets in [364] indicated a trend of slightly underestimated uncertainties

of the ephemerides while [369] made a similar finding for CoRoT planets.

Here our analysis claims an uncertainty on the period of K2-237 b of 0.2s

which should keep the uncertainty in the transit time of this planet to below 15

minutes until well after the launch of Ariel in 2028 (see Figure 11.6). Neverthe-

less, we would advocate further follow up of this planet, the others studied here

and further planets with seemingly accurate ephemeris data to ensure errors are not

underestimated. Sources of larger than expected uncertainties can be due to un-

derestimated systematics in the data, stellar activity, tidal effects or transit timing
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Figure 11.5: Observed minus calculated mid-transit times for all planet studied here. Mea-
surements resulting from this work are shown in black, while literature values
included in our calculation are in red. The green data point shows the up-
dated T0 reported. The black line denotes the new ephemeris of this work
with the dashed lines showing the associated uncertainties. For comparison,
the previous ephemeris of the discovery paper are in red.

variations (TTVs) due to other bodies in the system. These effects can only be miti-

gated for by regularly observing transits over a long time period and to achieve this

a well-organised ground and space-based campaign is required.
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Figure 11.6: Projected uncertainties in the transit times of the planets studied here. While
the uncertainties for all planets are predicted to be small for at least a decade,
overconfidence in exoplanet ephemeris is a known issue and thus we advocate
further follow-up of these planets in the coming years.

11.3.5 Next Steps

Here we homogeneously analyse the data but the reduction has differed between

observers which can lead to inconsistencies due to varying reduction methods be-

tween observers. The ETD provides a rating of the quality of the uploaded data,

from 1-5, but its vetting is perhaps not as extensive as other databases such as the

Minor Planet Center. A systematic approach is required, with guidelines that ensure

all data is processed in the correct manner. For exoplanet observations, the choice

of comparison stars, the provision of correct timing and overall consistency are

paramount. Performing such quality checks on the data can be complex, requiring

significant data storage and processing capabilities, but are critical if high precision

ephemerides are to be obtained. Thus future projects should allow the submission

of raw images, along with the necessary calibration files, to allow for the data to

homogeneously reduced and analysed and, if an observer wishes to download data,

the output format needs to be consistent to ensure efficacy. Being able to accept,

and return, various data products from the raw frames to the light curve will in-

crease the functionality of such a project. Alternatively, easy-to-use codes which

automatically process the data without the need for human input (e.g. in the choice
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of comparison stars) could be used. ExoClock aims to implement such a process for

planets that could potentially be studied by Ariel via an open access website which

will host all available data on these planetary systems.

11.4 Conclusions
This chapter has focused on the need for follow-up observations for ephemeris

refinement to ensure the next generation of facilities can be used efficiently.

Community-wide citizen science efforts, such as the ExoClock, need to be estab-

lished to create a network of individuals and groups to monitor new discoveries.

The program need not be limited to citizen astronomers but should include all re-

search groups with access to telescopes of all sizes and build upon the work of

existing schemes. Researcher engagement with citizen astronomers, citizen sci-

ence and in educational outreach offers an excellent opportunity to support future

space missions. Stimulating this engagement and devising a coordinated approach

to maintaining exoplanet ephemeris will be imperative in the coming years. An ini-

tial project to refine ephemerides through one of these schemes found that transit

times of seven of the eight planets observed differed greatly from their expected

timing. Such a result highlights the need for an ephemeris refinement project in

preparation for Ariel. Initial results suggests the combination of ground-based and

space-based photometry should be capable of keeping transit timing uncertainties

within suitable limits for the majority of the target list.
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Conclusion

”An idea, which is man-conceived,

unlike most of the myriad effects

which comprise our universe, is

seldom perfectly balanced.

Inevitably, it bears the imprint of

man’s own frailty; it may fluctuate

from the meagre to the grandiose.”

Bryan Aldiss, Non-Stop

The idea of sending satellites into space to observe distant worlds is certainly

grandiose. By studying other planets we learn more about the small, fragile rock,

travelling endlessly through the vastness of space, that we call home. It is human

nature to be curious and to ponder what conditions are like on these bodies around

other stars, wondering if someone, or something, else out there is thinking the same.

Space-based telescopes offer an increasingly tantalising opportunity to lift the veil

on the conditions on, and diversity of, other planets, allowing us to further develop

our understanding of planetary formation and evolution.

However, each mission is, in its very essence, flawed, with no one space-

craft capable of achieving everything. Specialised spacecraft, such as those in-

situ around other Solar System bodies, provide astonishing detail about an object

or system, but miss the bigger picture, while general observatories cater to many

science cases but lack the granularity or time to solve all questions in a field. Mis-
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sions which seek to push the boundaries, both from a scientific and engineering

perspective, are inevitably expensive and over-subscribed due to their vast capabil-

ities. Smaller, cheaper projects can still offer cutting edge science and therefore to

achieve the maximum scientific progress, space agencies should undertake a myriad

of projects, each with differing strengths and weakness that accumulate into a well-

rounded program of investigation. Already bigger, more complex and more expen-

sive successors to JWST have been proposed to NASA to be the large space-based

telescope of the 2030s. The objectives of these facilities, with respect to exoplanet

science, revolve around discovering and studying potentially habitable worlds in

the search of biosignatures and life. However, it would seem unlikely that such a

project would be delivered within budget or on schedule and many studies into their

capabilities contain considerable simplifications or assumptions. It would therefore

be naive of the exoplanet field to put all its emphasis on such a project in the pursuit

of biosignatures and habitability when we understand so little about exoplanetary

atmospheres in general. While striving for such goals we must also answer simpler

questions such as: how chemically diverse are exoplanets?; how does atmospheric

chemistry correlate to other, more basic parameters such as stellar metallicity?; do

smaller, rocky planets have an atmosphere and if so, what is main constituent?

Missions that can begin to answer these are on the horizon and here the ca-

pabilities of spacecraft ranging in sizes from grams to tonnes have been compared

and while undoubtedly a larger telescope aperture results in a greater scientific ca-

pability, much can still be accomplished with smaller missions. Although Hubble,

Spitzer and ground-based telescopes are providing data which has lead to the char-

acterisation of a number of exoplanet atmospheres (and small bodies), progress is

currently limited by the quantity of data, the narrow wavelength regions covered,

and the lack of dedicated facilities. The fields of small bodies research and exo-

planet science are desperately in need of spectroscopic survey missions that can

provide high-quality data, with a broad wavelength coverage, for a large, diverse

population of targets. Facilities that are due to launch in the next decade have

this capability and promise to revolutionise our understanding of planetary systems.
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Many of the results from these observatories can be expected to be serendipitous

and thus caution must be applied in the analysis of the data. Incorrect assumptions,

particularly simplified physics, can lead to drastic misinterpretations.

The exoplanet field in particular must therefore not stand idle and simply wait

for these facilities as, to maximise the efficiency of use and the scientific yield

of these missions, there is a great deal of preparatory work required. This work

includes exploring the addition of further complexity into retrievals to ensure the

complexity of the analysis is well matched to the quality of the data. Additionally

more basic preparation, such as refining exoplanet ephemerides, will be critical in

ensuring time on the next generation of telescopes is utilised effectively and that

the most interesting targets can be observed. Projects to achieve this can be hugely

enhanced through engagement with citizen science, amateur astronomers and edu-

cational outreach. Not only do such activities benefit the researchers running them,

they also allow potential future scientists to have the opportunity to become involved

in active scientific research and to be culturally connected to upcoming space mis-

sions.
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G. Anglada-Escude, T. Löwinger, D. Baade, J. Grunhut, P. Bristow, B. Klein,

Y. Jung, D. J. Ives, F. Kerber, E. Pozna, J. Paufique, H. U. Kaeufl, L. Origlia,

E. Valenti, D. Gojak, M. Hilker, L. Pasquini, A. Smette, and J. Smoker.

CRIRES+: a cross-dispersed high-resolution infrared spectrograph for the

ESO VLT, volume 9147 of Society of Photo-Optical Instrumentation Engi-

neers (SPIE) Conference Series, page 914719. SPIE, 2014.

[21] H. Jens Hoeijmakers, David Ehrenreich, Kevin Heng, Daniel Kitzmann,

Simon L. Grimm, Romain Allart, Russell Deitrick, Aurélien Wyttenbach,
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[73] P. Bordé, D. Rouan, and A. Léger. Exoplanet detection capability of the

COROT space mission. A&A, 405:1137–1144, July 2003.

[74] R. Alonso, A. Alapini, S. Aigrain, M. Auvergne, A. Baglin, M. Barbieri,
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toriano Canales Cerdá, Itayi Chitsiga, Maxwell Daly, James Damboiu, Mar-

tin Ende, Adnan Erdag, Stiliyan Evstatiev, Joseph Henderson, David Hine,

Tony Hoffman, Emmanuel Lambrou, Gabriel Murawski, Mark Nicholson,

Mason Russell, Hans Martin Schwengeler, Alton Spencer, Aaron Tagliabue,
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M. Gillon, G. Hébrard, M. Deleuil, P. A. Wilson, O. Demangeon, Ö. Baştürk,
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