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Abstract

Context. Scheduling observing time for the CHEOPS mission leaves short gaps in

which the telescope goes unused. If data collected during these gaps provided quality

results, they could be utilised to make observing time more efficient.

Aims. The aim of this study is to determine if the data collected during gaps in allo-

cated observing time can produce publishable quality planetary radius measurements.

Methods. A bespoke method was created using pycheops to analyse short-period ex-

oplanets observed during these observing gaps alongside TESS data analysis. Six

exoplanetary systems were chosen to test this method: WASP-3, WASP-14, WASP-16,

WASP-24, WASP-29, and WASP-74. The planetary radius measurements from each

system were compared against published papers in order to determine their accuracy

and precision.

Results. The planetary radius measurements were found to be comparable to literature

for the exoplanets in this study. Furthermore, the radius measurements of WASP-

3b, WASP-14b, WASP-16b, and WASP-29b were more precise than current literature

values.

Conclusions. While it requires additional information to fill in missing pieces, pre-

cise radius measurements can be made using as little as one CHEOPS dataset. By

adding these “filler programmes” to observing schedules, CHEOPS can be used more

efficiently.
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1 Introduction

1.1 Studying exoplanets

Exoplanet research has been ongoing for decades, with the first confirmed discoveries of

planet-mass objects in the 1990’s [Wolszczan and Frail, 1992, Mayor and Queloz, 1995].

This has lead to understanding how the Solar System compares to other planetary

systems. A common occurrence which is not present in our own system is a class of

exoplanets known as hot Jupiters. These are Jupiter-sized planets orbiting their host

star once every few days or less. Their size and location make them particularly good

subjects to observe and study, which will be explained further in this chapter.

High precision observation provides a wealth of information about exoplanetary

systems [Santos et al., 2020]. While missions like Kepler and the Transiting Exoplanet

Survey Satellite (TESS ) have discovered thousands of confirmed planets, their charac-

terisation capability is limited by the lack of focus on a single target [Borucki et al.,

2009, Ricker et al., 2015, Gaidos et al., 2017]. To fill this gap, the CHaracterising Ex-

OPlanets Satellite (CHEOPS ) was launched on December 18, 2019 [Benz et al., 2021].

CHEOPS observes previously discovered systems and provides accurate planetary ra-

dius measurements [Broeg et al., 2014, Benz et al., 2018]. Analysing data from both

TESS and CHEOPS broadens their individual capabilities and bridges gaps [Garai

et al., 2022, Oddo et al., 2023].

The precision from CHEOPS results makes it an excellent tool for atmospheric

characterisation [Lendl et al., 2020, Wilson et al., 2022]. The composition of the at-

mosphere can affect the opacity at certain wavelengths, which can be observed as a

change in the measured planetary radius at varying wavelengths [Sing et al., 2011].

Because CHEOPS observes in the optical to near-infrared range (330 nm to 1100 nm)

and TESS covers only the red to near-infrared range (600 nm to 1100 nm), comparing

the results from these sources can provide information on how wavelength correlates

with the radius of a planet [Ricker et al., 2014, Deline et al., 2020].
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1.1.1 Observations

There are a number of methods to detect and study planetary systems, from direct

observation to gravitational lensing, but the most successful type (in terms of number

of planets detected) is the transit method [Sackett, 1999, Wright and Gaudi, 2013,

Winn and Fabrycky, 2015]. The transit method observes a star over a period of time

and detects the small decrease in light that occurs when a planet passes between the

star and our line of sight [Carter et al., 2008].

TESS is a space-based telescope that searches for exoplanets using the transit

method [Ricker et al., 2014]. The mission objective was to discover planets for further

study, and it has far exceeded this goal. It has identified over 6000 exoplanet candidates,

much greater than the predicted 1250 candidates [Guerrero et al., 2021, Barclay et al.,

2018]. It has become a staple source of data on transiting exoplanetary systems.

CHEOPS observes transiting exoplanets using ultrahigh precision photometry

[Broeg et al., 2014]. Precision is obtained by a single frame-transfer backside illumi-

nated CCD. The photometric precision capability is 20 ppm in a 6 hour integration

time, the precision needed to observe an Earth-sized planet orbiting a G5 dwarf star

[Beck et al., 2017a]. This exceeds ground-based telescopes; a single Next Generation

Transit Survey (NGTS) telescope has a precision of 400 ppm over a 30 minute inte-

gration [Bayliss et al., 2022]. The design is an improvement on previous exoplanet

satellites, showcased in its similarity and use of CoRoT design [Beck et al., 2017b].

Raw images from CHEOPS observations go through an automated processing

called the Data Reduction Pipeline (DRP) to calibrate and correct the images, then

transform them into science-ready data [Hoyer et al., 2020]. Calibration removes instru-

mental noise from the images and correction removes environmental effects. Aperture

photometry is then used to produce light curves. Aperture photometry is a method of

measuring the flux within a circular area of a CCD frame [Da Costa, 1992, Mighell,

1999]. Finally, a report is produced which summarises the DRP process and provides

multiple light curves for different sized apertures. Following the report and choosing

an aperture size, the light curve can be analysed.
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pycheops is a software package written in python which is designed to analyse

CHEOPS data [Maxted et al., 2021]. pycheops has been successful in the analyses

it has performed thus far. There are an estimated 40 published papers which use

pycheops in some capacity, as of June 2023. These tend to (roughly) fall in one of

two categories. The first category consists of studies which utilise pycheops for its

ability to download and process the data (i.e. decorrelating and detrending) [Barragán

et al., 2022, Wilson et al., 2022]. The second category goes beyond the first to use

the modelling and analysis capabilities as well as the initial steps [Lendl et al., 2020,

Bonfanti et al., 2021]. The studies are split almost in half, with a few outliers making

use of other specific features included in the pycheops module. A particularly telling

result of this survey of studies is that no papers, including those of the first category,

suggest any major flaws or inconsistencies in their use of pycheops. With the CHEOPS

mission extended to at least 2026, potentially 2029, there is a multitude of data to be

analysed, for which a fast and accurate analysis tool such as pycheops is perfectly

suited [Lea, 2023].

1.1.2 Light curve analysis

Analysing the light curve of a transiting exoplanet independent from any other in-

formation can provide data on orbital period, ratio of radii, and mean stellar density

[Seager and Mallén-Ornelas, 2003]. These are obtained using the light curve observ-

ables: the depth of the transit, the total transit time (the time of the entire dip,

including the ingress/ egress), and the transit duration (time spent inside the ingress/

egress) [Enoch et al., 2010]. These observables, as well as their relationship with the

impact parameter, can be seen in Figure 1.1. Further, a complete orbit is required

to independently complete the analysis because the light curve will show the orbital

period by measuring the time between the start of one transit to the start of the next

[Seager and Mallén-Ornelas, 2003]. If consecutive transits are not observed, external

data (such as literature values or calculations using a series of mid-transit times) are

required to determine the period [Bouchy, 2005, Torres et al., 2008a].
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Figure 1.1: Diagram of the transit method analysis technique showing the observables
and their relationships. This includes the depth, δ, the four points of contact, and the
impact parameter, b [Santos et al., 2020]. The total transit time, tT , is measured from
tI to tIV, whereas tF is the time between tII and tIII. The ingress is measured from tI
to tII (shown as τ), while the egress is between points tIII and tIV.

While eccentricity is typically included in light curve analysis, it is usually not

possible to make an accurate measurement of the eccentricity from the transit alone

and must come from outside sources. When studying large objects with short orbital

periods, such as hot Jupiter systems, a circular orbit is generally the case, so an assumed

eccentricity of e = 0 is reasonable [Seager and Mallén-Ornelas, 2003]. The following

equations are derived for circular orbits. This information can also be extracted for

systems with eccentric orbits, if the eccentricity is correctly accounted for [Kipping,

2008]. Another property that is often ignored is the flux from/ reflected from the planet.

Observed flux is dependent on radius, and therefore the small planet-star radius ratio

leads to a small planet-star flux ratio ∼ 100 ppm at optical wavelengths [Seager et al.,

2005].
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The first observable is the depth of the light curve. This is represented either

by δ, as it is in Figure 1.1, or simply as D. This is the dip in the amount of flux

received from the star due to the planet blocking light during its transit [Csizmadia

et al., 2013]. In the simplest case, all variables contributing to flux remain the same

during the transit other than the surface area, therefore the difference in flux depends

only on the area of the disc blocked by the transiting planet. In reality, the shape of

the transit is also influenced by stellar activity and limb darkening, which is discussed

in more detail in Section 1.1.4 [Heller, 2019]. Since the area of a disc is equal to πR2,

the depth of the transit (ignoring limb darkening) is

δ =

(
Rp

R⋆

)2

= k2,

where Rp is planetary radius, R⋆ is the host star radius, and k is the planet-star radius

ratio.

The two time measurements pertaining to the transit are the total transit time,

tT , and the transit duration, tF . These are measured with reference to four points of

contact [Seager and Mallén-Ornelas, 2003, Hippke and Heller, 2019]. The first to the

second point of contact is the ingress, in which the planet is partially blocking the

stellar disc as it moves in front of the star. On the light curve, this is seen as the

decrease in flux. From the second to the third point of contact the planet is entirely in

front of the star, blocking the same amount of light throughout the transit (ignoring

limb darkening). This gives the flat portion at the bottom of the light curve. The third

to the fourth point of contact is the egress, where the planet is leaving the stellar disc,

giving the light curve an increase in flux. Measuring from the first point of contact,

tI, to the fourth, tIV, gives tT , and the second to the third point of contact (tII to tIII)

gives tF . The ratio of these time measurements gives information on the shape of the

light curve. It is used determine the impact parameter,

b ≡
(

a

R⋆

)
cos (i) =

(1− k)2 −
(

tF
tT

)2

(1 + k)2

1−
(

tF
tT

)2


1/2

,
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which is also equivalent to the ratio of semi-major axis, a, to R⋆ multiplied by the

cosine of inclination angle, i [Winn, 2008]. Impact parameter describes where on the

light disc the planet appears to transit (b = 0 refers to the planet transiting through

the centre of the stellar disc, b = 1 corresponds to a grazing transit where the centre

of the planet coincides with the limb of the star at mid-transit) [Carter et al., 2008].

The last of the four observables is the period, P . This is used to calculate a
R⋆
,

a

R⋆

=
2P

π

√
k

(t2T − t2F )
,

using k, tT , and tF [Seager and Mallén-Ornelas, 2003, Enoch et al., 2010]. Introducing

Kepler’s law,

P 2 =
4π2

G(M⋆ +Mp)
a3,

allows for the calculation of mean stellar density. Rearranging Kepler’s law for mass,

where M⋆ is stellar mass and Mp is planetary mass, and dividing by radius cubed gives

mean stellar density

ρ⋆ =
4π2

GP 2

(
a

R⋆

)3

− Mp

R3
⋆

[Torres et al., 2008a]. The second term in this equation is generally negligible. Substi-

tuting in the equation for a
R⋆

and simplifying produces

ρ⋆
ρ⊙

=
32P

Gπ

[
k

(t2T − t2F )

]3/2
,

which can be solved without external information since it contains only observables

and constants [Seager and Mallén-Ornelas, 2003].

1.1.3 Beyond the light curve

Beyond the transit method, the radial velocity method is another common way to

observe and study exoplanetary systems. The radial velocity method looks for the small

Doppler shift of a star’s spectrum to uncover the wobble produced by the gravitational

interactions between a planet and its star [Lovis and Fischer, 2010]. This interaction
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is measured using K⋆, which describes the wobble in terms of kms−1. The velocity of

the star is the only one required, which is beneficial because the velocity of the planet

is generally unobservable due to the planet-to-star flux ratio. Because radial velocity

analysis can provide data that the transit method cannot, combining information from

both methods allows the conclusions to go further [Gaidos et al., 2017]. The surface

gravity of the planet is

gp =
2π

P

(1− e2)
1/2

K⋆

r2p sin (i)
,

where rp = Rp

a
. This equation combines information from both techniques [Southworth

et al., 2007]. Eccentricity and semi-amplitude, e and K⋆, respectively, are determined

by fitting a Keplerian orbit model to the graph of radial velocity against time [Boisse

et al., 2011, Mayor and Queloz, 1995]. The period, P , can be obtained from either

method. Inclination, i, and the fractional planetary radius, rp, are measured through

the transit method [Southworth, 2008].

If data on the host star is available the remaining variables can be calculated.

For example, substituting stellar radius into δ =
(

Rp

R⋆

)2

gives the radius of the planet

precisely (rather than as a fraction of stellar radius). To obtain the mass of the planet is

slightly more difficult, as it requires both methods and the stellar mass, M⋆, to complete

the calculation [Southworth et al., 2007, Endl, 2014]. The stellar mass is often estimated

using evolutionary models or empirical relations obtained from effective temperature,

Teff , and metallicity, [Fe/H] [Enoch et al., 2010, Torres et al., 2010]. As well as stellar

mass, the calculation for planetary mass,

Mp = 3

√
PK3

⋆

2πG

M2
⋆

sin3 (i)
(1− e2)3/2,

also uses K⋆ and e from the radial velocity method, i from the transit method, and

P from either. If there is no precise measurement for e, setting it to zero gives the

minimum mass of the planet [Udry and Santos, 2007].
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1.1.4 Limb darkening

A major challenge in light curve analysis is limb darkening [Morello et al., 2017]. This

is an optical effect where the star appears brighter in the centre of the stellar disc

and dimmer towards the edge (limb). As illustrated in Figure 1.2, the non-uniform

distribution of light seen on the stellar disc causes the transit light curve to have a

rounded dip [Southworth, 2008]. Uncertainty in the second and third points of contact

increases error in almost all further calculations, as seen by the dependence on the tF

parameter (as well as i which is dependent on tF ) in the above equations. A lack of

sufficient parameters to constrain the model fit can lead to inaccurate interpretation

of results [Csizmadia et al., 2013].

Figure 1.2: Left : The decrease in intensity observed from the centre of the stellar disc
towards the edge, showing how various limb-darkening laws replicate the optical effect.
Right : A model light curve with and without the effect of limb darkening [Odunlade
and Pauline, 2010].

Limb-darkening laws typically parameterise the variation in specific intensity at

some wavelength λ, λ(µ), as a function of µ = cos(θ), where θ is the angle between

the line of sight and the surface normal vector. Several limb-darkening laws have

been proposed, including linear [Schwarzschild, 1906, Milne, 1921], quadratic [Kopal,

1950], logarithmic [Klinglesmith and Sobieski, 1970], square root [Diaz-Cordoves and
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Gimenez, 1992], power-2 [Hestroffer, 1997, Maxted, 2018] and Claret’s 4-parameter

[Claret, 2000] laws. The power-2 law, employed here, is IX(µ) = 1− c(1− µα). While

it describes limb darkening well, analysis shows a strong correlation between c and α,

which makes defining these parameters individually difficult. Maxted [2018] found that

using h1 = 1 − c(1 − 2−α) and h2 = c2−α could accurately model the limb darkening

in transit curves while reducing the correlation between c and α. Figure 1.3 illustrates

how h1 influences the entire light curve, while h2 primarily affects the ingress/ egress.

Figure 1.3: An illustration of the power-2 limb-darkening law for a simulated light
curve [Maxted, 2018]. Upper : The simulated light curve using nominal values for h1

(0.75± 0.01) and h2 (0.25± 0.05). Lower : The effect on flux of perturbing h1 (dashed
line) and h2 (dotted line) by +1σ. The dot-dashed line is not relevant to this study.

The issue of limb darkening is further complicated by stellar activity which can

physically affect limb darkening, such as temperature variations across the stellar disc

caused by convection [Pereira et al., 2013]. In many cases the coefficients in the limb-

darkening law are left as free parameters to allow for these potential additional effects

[Espinoza and Jordán, 2016]. However, to increase the accuracy of the results, priors

to the coefficients can be added. These priors are determined by the stellar atmosphere

using Stagger-grid models and information on Teff, log g, and [Fe/H] [Maxted, 2018].
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1.1.5 Transit time variation

Mid-transit time is used as a reference point in the observation of transiting exoplanets.

In a two-body Keplerian system the mid-transit time would occur at consistent intervals

equal to the length of the orbital period. Therefore, if observed mid-transit times do not

align with this interval, it can indicate a perturbation in the system [Agol et al., 2005,

Miralda-Escudé, 2002]. This is why transit time variation (TTV) can be used to detect

additional planets in a system [Holman and Murray, 2005, Winn and Fabrycky, 2015].

Another cause of TTV is the orbital decay of the planet, because period decreases

with the shrinking orbit [Levrard et al., 2009]. TTV provides a method to study tidal

interactions between stars and short-period planets [Weinberg et al., 2023].

1.2 Problem

An important problem in astronomical observation is the efficient use of time. This

is a particular problem for CHEOPS because almost all the observations it performs

are time-critical and of fixed duration, from a few hours to several days. This leaves

gaps in the schedule of a few hours between observations in the Guaranteed Observing

Time (GTO) as well as the Guest Observer (GO) programmes. A variety of “filler

programmes” have been devised to make use of these gaps in the schedule, including

the programme ID-052: Short-period EBLM and hot-Jupiter systems (PI: Maxted)

that is the focus of this thesis. It is currently unknown exactly how useful data from

this filler programme might be. If the data can produce good results, there is a potential

to increase the science output of the mission by adding more of these filler programmes

during the mission extension.

As technology improves, the quality of data continues to increase. Both CHEOPS

and TESS are space-based missions producing high-quality data. The results produced

from analysing the data from these missions have proven to be extremely precise.

Increasing the accuracy of the results enables further studies which rely on those results.
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For instance, studying the atmospheric composition of an exoplanet requires a solid

understanding of the planet’s parameters. Further studies cannot reliably be built on

ambiguous data. Therefore, it is extremely important to understand the accuracy and

precision of the measurements, i.e. to quantify the level of systematic errors in the

measurements based on data from these missions.

There are many software packages based on a variety of different algorithms

available to analyse the data from CHEOPS and TESS, all producing results of varying

accuracy. If the data were analysed using the same method, the results could be

combined while minimising errors caused by using multiple analysis methods.

1.3 Aim

The aim of this study is to compare exoplanetary radius measurements using CHEOPS

and TESS data against each other and against literature values to determine their

accuracy and precision. These results will allow for quantification of the quality of

filler programme data. Further, by analysing TESS and CHEOPS data using the

same method the uncertainties can be minimised while improving the accuracy and

precision of the results. If the final results are an improvement on current literature

values, these can be updated in preparation for future missions.

For this study a method to analyse CHEOPS and TESS data needs to be created.

The method should be efficient and accurate to keep up with the quantity and quality

of the data. It must also have a robust system for calculating uncertainties to ensure

precision is not a result of underestimated errors. The method should be run on the

CHEOPS filler programme data to determine if the data are useful. The method should

also be run on available TESS data to compare and combine with the CHEOPS results.

The comparison will allow for understanding how CHEOPS and TESS data differ; the

combination will provide additional information to the “filler” data in order to produce

more accurate results.
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1.4 Significance and limitations

A filler programme focused on observing hot-Jupiter transits could potentially produce

a significant amount of data. These observations will not be high-priority compared

to scheduled observations in the GTO and GO programmes, so it is important to have

a quick-and-easy method to analyse these data so that they can be published on a

reasonable timescale (without sacrificing accuracy and precision). This method will

need to cope with the unusual observing strategy for these filler programme observa-

tions, i.e. multiple short visits of a few hours, rather than the more usual strategy of

observing a single transit from beginning to end.

The main limitation of this study is the availability of data. The CHEOPS data

will consist entirely of data under programme ID-052 on DACE (Data & Analysis Cen-

ter for Exoplanets), which will limit the amount of data available for use. Furthermore,

the TESS data will be gathered from what is publicly available on MAST (The Mikul-

ski Archive for Space Telescopes). Since the analysis works best when given multiple

datasets, the small data pool presents a challenge. The effect of this limited data pool

must therefore be further explored.

The method will be based in pycheops, and utilise most of its features relating to

transits. This module is adaptable and easy to use, so most of its associated constraints

were mitigated with simple procedures and supplementary modules. Therefore, the

method itself did not present limitations which could not be overcome.

1.5 Structure

Following this introductory chapter, this paper is structured as follows. Chapter 2

explores the literature available relating to the concept of homogeneous studies, as well

as information about the current state of research on the exoplanets chosen for this

study and their transit times. The method created for analysing the CHEOPS filler

programme data alongside TESS transits can be found in Chapter 3. This chapter also
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discusses important investigations relating to the creation of the analysis method. The

final results for all systems have been placed in Chapter 4. Following this is Chapter 5,

where the results are analysed alongside literature values. It also discusses the impact

of data quality and improvements for the future. Finally, Chapter 6 summarises the

findings and concludes the study.
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2 Literature Review

2.1 Homogeneous studies

The analysis of transiting exoplanets relies on the use of models to determine non-

observable parameters (e.g. impact parameter and density). Modelling transit curves

is a complex process, and even minor variations can cause dramatic effects [Southworth,

2008]. There is no unified method for creating these models, as there is still a lot to

learn about these systems [Maxted and Gill, 2019, Saha, 2023]. They require many

decisions and assumptions about parameters and errors which alter the results, further

amplified when the parameters in question correlate with other parameters [Mandel

and Agol, 2002].

There is so much inherent variation that it can be quite difficult to discern what

effects relate to which causes [Mancini and Southworth, 2016]. Furthermore, analysing

multiple objects and/or using multiple instruments introduces additional variations

[Oddo et al., 2023]. It is therefore imperative to minimise any adverse effects caused

by subtle differences in the analysis process [Southworth, 2009]. Using as similar a

method as possible allows the results to be compared fairly and without additional

uncertainties associated with inconsistent methods [Torres et al., 2008b]. This is the

basis of homogeneous studies: to ensure the comparison of results relates to changes

in the data rather than differences in method.

There are four major aspects of model analysis methods which commonly vary

with different methods: instrumental noise, parameter assumptions (including model

parameter priors and limb darkening), stellar parameters, and error estimation [Winn,

2008]. The effect on the result for each of these ranges from minor changes in the final

calculation to fundamental differences throughout the process. An homogeneous study

aims to keep these aspects consistent across all analyses. pycheops has been designed

with this in mind, and accounts for these variations where possible [Maxted et al.,

2022].
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The first step in analysing exoplanet data is correcting for instrumental noise. As

it is the first step, it has an important impact on the analysis as a whole. For CHEOPS

data, sources of instrumental noise are removed during the DRP process [Hoyer et al.,

2020]. To account for residual instrumental noise pycheops uses a linear model with

the coefficients as free parameters and the basis vectors are parameters determined by

data or meta-data, such as spacecraft roll angle. [Maxted et al., 2022]. For TESS,

the Science Processing Operations Center (SPOC) at NASA Ames Research Center

performs calibrations and corrections before data is added to MAST [Jenkins et al.,

2016]. Given the quality of the data after the SPOC pipeline, additional corrections

risk over-correcting the light curve [Oddo et al., 2023]. Thus, a TESS -specific noise

correction is not required within pycheops.

The parameters used to determine the shape of a model are crucial to obtaining

accurate results. Adding priors to model parameters help to make informed decisions

during the modelling process [Maxted et al., 2022]. The choice of adding priors, and

which to add, depends on the quality of data as well as the desired outcome. For

example, in this study the CHEOPS data often do not contain full transits, so an

accurate width measurement is difficult to obtain. To help the analysis a prior is given

for width, so the model can adapt appropriately. On the other hand, the aim is to

measure depth accurately, so it would not be appropriate to add a prior to depth.

Doing so would give biased results and if the prior was inaccurate the result could be

significantly incorrect.

One particular parameter which is not straight-forward to implement is limb

darkening. As discussed in Section 1.1.4, there are multiple limb-darkening laws which

aim to correctly model the curvature of light curves [Mandel and Agol, 2002]. If

implemented correctly, limb darkening parameters increase the accuracy of the results

[Oddo et al., 2023]. However, with research still ongoing to determine the best laws and

priors, there is also the potential to decrease accuracy [Csizmadia et al., 2013, Espinoza

and Jordán, 2016]. All analyses in this study makes use of one single limb-darkening

law, the power-2 law, to maintain consistency [Maxted and Gill, 2019, Maxted et al.,

2022].
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Determining limb darkening relies on stellar parameters, and how they are ob-

tained can impact the accuracy of results. The coefficients in limb-darkening laws,

including the one used by pycheops, are derived from information regarding the stellar

atmosphere [Maxted, 2018]. Accurate stellar atmospheric models themselves rely on an

understanding of stellar parameters. These are namely effective temperature, Teff, the

logarithm of the surface gravity, log g (normally given in cgs units), and the log of the

metal abundance relative to the Sun, [Fe/H], where iron is normally taken as a proxy

for the total metal abundance [Sing, 2010, Magic et al., 2015]. Compound uncertainties

caused by the accuracy of stellar parameters as well as stellar models will affect the

results of limb-darkening coefficients, therefore it is important to use consistent and

well-studied sources [Maxted, 2023].

Stellar parameters are also required for calculating planetary mass and, the focus

of this study, radius (see Section 1.1.3). Before the era of Gaia, measuring stellar radius

directly was inaccurate or not possible at all [Seager and Mallén-Ornelas, 2003]. To

bridge the gap studies used estimations to determine exoplanetary radius, however this

introduced uncertainties that lead to inaccuracies [Winn, 2008]. Now though, stellar

radii are able to be determined accurately through measurements [Stassun et al., 2017].

It is important to be mindful of the method a study uses to obtain a stellar radius

value. An incorrectly estimated value can lead to an erroneous planetary radius result,

as occurred in a 2008 study of the planet XO-3b [Johns-Krull et al., 2008].

It is vital to ensure the final results do not underestimate the uncertainties [Carter

et al., 2008]. There are multiple methods for estimating uncertainties, such as the

Levenberg-Marquardt or Markov chain Monte Carlo (MCMC) methods [Newville et al.,

2014, Foreman-Mackey et al., 2013]. pycheops performs thorough error estimation

using an MCMC method, as discussed in Section 3.1.4 [Maxted et al., 2021].



17

2.2 Exoplanetary Systems

The following sections contain background information on the exoplanets that were

chosen in this study. All of these exoplanets are hot Jupiters with orbital periods of

less than five days. While some systems have been studied more than others, all have

been observed with CHEOPS and at least one other telescope.

2.2.1 WASP-3

WASP-3b is a hot Jupiter exoplanet (radius: 1.31 ± 0.011 RJup and mass: 1.76 ± 0.011

MJup) orbiting an F7 type star with a roughly 1.8 day orbit [Pollacco et al., 2008]. The

majority of studies on WASP-3b were between its discovery in 2008 and 2013, with a

strong focus on the TTV signal. There was uncertainty surrounding if the signal was

an indication of another body in the system, however this was disproved [Maciejewski

et al., 2010, Montalto et al., 2012]. Thermal emissions in infrared and near-infrared

have been detected on multiple occasions suggesting an atmosphere with inefficient

heat redistribution [Rostron and Wheatley, 2013, Zhao et al., 2012].

2.2.2 WASP-14

WASP-14b, one of the densest hot Jupiters ever discovered (radius: 1.28 ± 0.08 RJup

and mass: 7.3 ± 0.5 MJup), orbits an F5 type star with a period of 2.2 days [Joshi

et al., 2009]. Despite its short orbital period, WASP-14b has been confirmed to have

an eccentric orbit (e = 0.0877± 0.0030) [Husnoo et al., 2011]. Most studies on WASP-

14b focus on its atmosphere. It has been concluded that it is highly irradiated and

carbon-rich [Madhusudhan, 2012, Blecic et al., 2013]. While comparing observations

with models, the dayside was found to likely have equilibrium chemistry whereas a

discrepancy in the nightside emission was attributed to the high carbon content [Wong

et al., 2015].
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2.2.3 WASP-16

WASP-16 is a typical hot Jupiter system. Orbiting a solar analogue host star (type

G3) in just 3.1 days is a planet roughly the size of Jupiter (radius: 1.00 ± 0.07 RJup and

mass: 0.86 ± 0.06 MJup) [Lister et al., 2009]. WASP-16b has barely been studied at

all. Confirmation of its moderate albedo was included in one Spitzer Space Telescope

(Spitzer) study [Kilpatrick et al., 2017].

2.2.4 WASP-24

WASP-24b (radius: 1.3 ± 0.04 RJup and mass: 1.07 ± 0.04 MJup) orbits a late F-

star (type F8/9) with a period of 2.3 days [Street et al., 2010]. Studies have yet to

find anything particularly unusual about this planet. It was determined to have a

well-aligned and prograde orbit, also known as a “normal” orbit, and most properties

remained consistent across studies [Simpson et al., 2011]. Observations are consistent

for thermal inversion as well as without the inversion [Turner et al., 2017, Smith et al.,

2012]. The age of its host star would allow WASP-24b to have a relatively large moon

(mass: 0.4M⊕) [Weidner and Horne, 2010].

2.2.5 WASP-29

Out of the systems chosen for this study, WASP-29 has both the coldest star and

the smallest planet. Orbiting a K4 dwarf star (temperature: 4875 ± 65 K) with a

period of about 3.9 days is the roughly Saturn-sized planet (radius: 0.775 ± 0.031

RJup and mass: 0.244 ± 0.020 MJup) discovered by Hellier et al. [2010]. Studies on the

atmosphere of WASP-29b have consistently found a featureless transmission spectrum

with no particularly intriguing results [dos Santos et al., 2021, Gibson et al., 2013,

Wong et al., 2022].
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2.2.6 WASP-74

The most recently discovered of the exoplanets in this study is WASP-74b. Found

orbiting a type F9 star with a period of roughly 2 days in 2015, WASP-74b has a mass

of roughly 0.95 MJup and a radius of 1.5 RJup [Hellier et al., 2015]. There have been few

studies on it, the focus being the atmospheric composition [Fu et al., 2021, Lira-Barria

et al., 2022, Spyratos et al., 2023]. One potential reason for having very few studies of

this system could be its location outside of the TESS field of view, which could be a

limiting factor in its study.

2.3 Ephemerides

Accurate mid-transit times and period measurements are vital to light curve analyses.

These ephemerides need to be updated regularly to account for any temporal changes

in the periods of exoplanets in order for all subsequent calculations and TTV to be

accurate. The reference ephemerides used in this study can be found in Table 2.1.

System Time of mid-transit Period
[BJD] [days]

WASP-3 2455362.76229(009) 1.84683510(020) a

WASP-14 2455632.57865(010) 2.24376644(022) b

WASP-16 2454584.42898(038) 3.11860680(120) c

WASP-24 2454945.58944(009) 2.34122188(030) d

WASP-29 2458356.41487(003) 3.92271218(025) e

WASP-74 2457173.87198(018) 2.13774453(077) f

Table 2.1: The reference ephemerides used in this study. The uncertainty in the final
decimal place of each value is given in brackets following the value itself. Ephemerides
are from the following: aWong et al. [2021], bBaştürk et al. [2022], cSouthworth et al.
[2013], dTurner et al. [2017], eSaha and Sengupta [2021], and fMancini et al. [2019].
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3 Methodology

This project uses pycheops version 1.0.9 to analyse CHEOPS data of hot-Jupiter class

exoplanets. The CHEOPS data in this study consists entirely of filler programme data

collected for GTO programme ID-052. While the filler observations do not generally

contain enough data to make reliable measurements of the transit width and impact

parameter, they can provide reliable transit depth measurements. To fill the gaps in

the filler data, TESS light curves were analysed to give width and impact parameter

which were then used as priors for the CHEOPS data so the analysis could measure

transit depth.

For this process to work, a list was compiled of exoplanets that had both CHEOPS

and TESS data. This resulted in the following list of systems: WASP-3, WASP-14,

WASP-16, WASP-24, WASP-29, and WASP-74. It was later discovered that the TESS

data were not available for WASP-74, so an analysis based in Spitzer observations was

used to set priors on the width of the transit and impact parameter instead for this

system.

For all systems excluding WASP-74 the TESS data were downloaded, split into

individual transits, and analysed with pycheops. This produced the priors that would

be set on the CHEOPS data analysis. It was also used to create TTV plots to determine

if there were any potential for extra bodies in the system (or other phenomenon) which

might affect the results. Once the CHEOPS data were downloaded, they were analysed

using priors on width and impact parameter. After all the CHEOPS data were analysed

separately they were analysed together using the MultiVisit function. Finally, the

MultiVisit results were run through the massradius function to estimate the planet’s

mass and radius.
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Target Start date Length Effic. File key
[UTC] [hours] [%]

WASP-03
2022-06-22 02:29 3.17 66.5 CH PR120052 TG002201 V0200
2022-06-23 23:39 2.57 79.3 CH PR120052 TG002202 V0200
2022-06-25 18:42 3.17 58.6 CH PR120052 TG002203 V0200
2022-07-14 06:01 2.68 77.7 CH PR120052 TG002204 V0200

WASP-14
2022-05-18 23:14 3.72 73.6 CH PR120052 TG009901 V0200
2022-06-05 22:35 2.58 67.3 CH PR120052 TG011801 V0200

WASP-16
2022-06-02 17:24 2.63 64.1 CH PR120052 TG011901 V0200

WASP-24
2022-05-26 18:04 3.80 87.7 CH PR120052 TG010101 V0200
2022-06-14 12:45 2.60 75.1 CH PR120052 TG012001 V0200
2022-07-03 05:06 3.62 60.5 CH PR120052 TG012003 V0200

WASP-29
2021-10-18 04:52 3.17 59.7 CH PR120052 TG006801 V0200
2021-10-22 04:43 3.17 58.1 CH PR120052 TG006401 V0200

WASP-74
2021-09-16 11:32 3.17 63.3 CH PR120052 TG002301 V0200
2022-07-10 16:14 3.17 90.5 CH PR120052 TG002302 V0200

Table 3.1: Observing log of CHEOPS observations for all systems in this study.

3.1 Final method

To analyse the data a series of Jupyter notebooks were created. Each notebook con-

tained one step of the process, and most relied on the outcomes of preceding notebooks.

Each of the following sections (3.1.1 to 3.1.6) outlines the details of one notebook. The

list of CHEOPS observations used for this analysis is located in Table 3.1. This does

not include datasets which were available but unused because they did not contain any

part of the transit.
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3.1.1 User Inputs

To minimise the need to manually edit every section of code, a text file containing all

of the parameters which were subject to change was created. This file could then be

called by all other notebooks. This was done to reduce errors, maintain consistency,

and make the process more efficient. The inputs in this file were divided into three

sections: basic inputs, CHEOPS inputs, and external parameters which could not be

queried within the code.

The system name, TESS catalogue ID number (TIC), and folder path comprised

the basic inputs. The TIC number could be queried using the system name, however

after experiencing some retrieval errors, it was added to the input file so it could be

used should the error reoccur. The folder path was the path to the data folder within

the pycheops folder. This was required to separate the TESS datasets.

The next section was devoted to CHEOPS -specific inputs. The Program ID num-

ber was essential to ensure the only data used were those which permission to analyse

was granted. The aperture setting was also set in this file, to maintain consistency.

Further information on the aperture can be found in Section 3.1.4. This was only for

the CHEOPS data. The TESS data could only be set to default aperture, so was

hard-coded in the TESS notebooks. The number of datasets available on DACE1 (for

the given Program ID) was important for downloading and compiling the CHEOPS

data [Buchschacher et al., 2015]. Rather than changing the dataset number manually,

a loop was made to automatically download the dataset if it had not already been

downloaded and terminate when it reached the total number of available datasets.

The last section included radial velocity (from the NASA Exoplanet Archive2),

stellar mass, and stellar radius for massradius [Akeson et al., 2013]. It also included

the question to query DACE for parameters or look elsewhere for property values, such

as TEPCat3 and SWEET-Cat4 [Southworth, 2011, Santos et al., 2013].

1https://dace.unige.ch/
2https://exoplanetarchive.ipac.caltech.edu
3https://www.astro.keele.ac.uk/jkt/tepcat/
4https://sweetcat.iastro.pt

https://dace.unige.ch/
https://exoplanetarchive.ipac.caltech.edu
https://www.astro.keele.ac.uk/jkt/tepcat/
https://sweetcat.iastro.pt
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3.1.2 Creating the individual TESS datasets

pycdata5 was used to query the TESS Catalogue for transit data. After downloading

all available data, each transit was saved as a separate dataset. A function was written

which would loop over a TESS data file and create datasets for each transit it found.

The data for each transit are divided by a straight line fit to each side of the transit

to remove any trends in the data. This was saved as its own dataset, and the loop

continued for the next transit. To call this function required the file path and the

TIC number to find the correct datasets. It also needed to be given transit properties

downloaded from TEPCat. These were the reference mid-transit time (BJD), the

period (days), and the transit width (normalised phase units). Once all the TESS

data were saved as individual transits, the analysis could be performed.

3.1.3 Analysing TESS transits

To model the transits, pycheops uses the qpower2 algorithm [Maxted and Gill, 2019].

This is implemented as a lmfit6 model. lmfit combines a non-linear least-squares

optimisation with the Levenberg-Marquardt method to determine the most probable

model parameters [Newville et al., 2014]. While lmfit does not give reliable error

estimates, this is rectified by taking the mean and standard error of the mean over the

fits to all the transits for each system. The limb-darkening parameters were calculated

using the Stagger-grid models and the following stellar parameters found on SWEET-

Cat: effective temperature, surface gravity, and metallicity [Maxted, 2018]. The results

for the limb-darkening coefficients, h1 and h2, were then given Gaussian priors with four

times the necessary uncertainty, following the advice in Maxted [2018]. The period and

ephemeris were taken from TEPCat. While the period was held constant, the mid-

transit time was calculated by increasing from the ephemeris in steps equal to the

period. The impact parameter was free within is its full range (0 to 1).

5https://github.com/Jayshil/pycdata
6https://lmfit.github.io/lmfit-py/

https://github.com/Jayshil/pycdata
https://lmfit.github.io/lmfit-py/
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To check for transits greatly affected by instrumental noise or with poor phase

coverage, the plots for every transit were returned at the end of the analysis. This

made it easy to scroll through the plots and catch any obvious sections of bad data.

Additionally, the primary parameters (depth, width and impact parameter) for each

transit were printed in a table after completing analysis for all transits. Again, this

allowed for a simple visual analysis to determine outliers. If any outlying transits were

found, the culprit could be excluded from the analysis by entering it into the “ignore

cycles” term. When the function was rerun, the outlying transits would be skipped

and thus would not skew the results.

The weighted mean and standard error of the mean were calculated from the

lmfit analysis results using the pycheops.combine function. This function calculates

a weighted mean value accounting for any additional scatter in the values beyond that

expected based on the quoted error bars. These were then saved in a csv file to be

used in the CHEOPS analysis. The results of depth, width, impact parameter, limb

darkening, and log stellar density were plotted to show the deviation from the weighted

mean for each dataset.

The mid-transit time for every cycle produced by the lmfit analysis was sub-

tracted from the expected mid-transit time (calculated from the reference mid-transit

time and the orbital period). The results were plotted to show the TTV. High variations

in TTV could suggest a possible additional body in the system causing gravitational

fluctuations thus changing the period of each orbit, as mentioned in Section 1.1.5.

Smaller variations were also important to note, while not necessarily an indication of

perturbations in the system, these suggested a need to update the ephemeris.

It was following this step that systems without TESS data would begin their

analysis. For such systems (i.e. WASP-74) the literature values were used in place of

any “TESS analysis result” parameters. From this point forward, mentions of TESS

analysis results can be assumed as interchangeable with literature values in such cases.
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3.1.4 CHEOPS analysis

The CHEOPS data were downloaded by querying DACE. Since the data had gone

through the DRP, the initial calibration and corrections were done automatically. Once

downloaded, the dataset was checked for potential unresolved causes of contamination

by reading through the Data Reduction Report for information on the calibration and

correction process. The report also provided information on the apertures. In an

attempt to keep much of the analysis the same for each system, apertures were all set

at DEFAULT, which is an aperture with a radius of 25 pixels = 25 arcsec, once they

were all found free of large contamination. After performing an outlier rejection for

extreme outlying data points, the initial plot of the data was created.

The data were fit using TESS or Spitzer analysis results, SWEET-Cat, and

TEPCat parameters. The mid-transit time from the dataset was combined with the

TEPCat values for period and T0 to produce the relative mid-transit time. This

parameter as well as period were fixed variables in the transit fit. The limb-darkening

coefficients were again calculated with Stagger-grid models. The parameter h1 was

used as a free parameter with a prior while h2 remained fixed, because it has very little

effect on the shape of the transit. Width and impact parameter were given priors from

the TESS or Spitzer analysis; most of the CHEOPS datasets contained incomplete

transits which makes the measurements of these parameters unreliable. If pycheops

was given initial values, it was less likely to mistake small trends in noise as physical

trends in the data. Depth was left as a free parameter.

The results of the first least-squares fit were used to select which parameters to use

to model the instrumental noise. The noise parameters relate to three types of errors:

roll angle, CCD effects, and a linear trend with time. The roll angle, described further

in Section 3.2.2.1, describes the effect of the movement of the spacecraft around the

line of sight. CCD effects relate to the errors caused by the background, frame transfer

(the lack of a shutter causes smear), and contamination from nearby stars. Trends on

the timescale of hours to days are expected for magnetically active stars. A linear trend

with time is sufficient to account for this effect in short duration obbservations, as are



26

used here. The selection of noise parameters was done by calculating Bayes factors for

each decorrelation parameter and using them in the detrending process [Maxted et al.,

2021]. Given the short visits, it was determined that the term regarding the fluctuation

of flux against time, dfdt, hindered the accuracy of the result and was therefore removed.

The decorrelation parameters were then used in the re-run of lmfit.

The final fit was done using emcee, an affine-invariant Markov chain Monte Carlo

ensemble sampler [Foreman-Mackey et al., 2013]. The idea behind MCMC is to take

random “walks” around the parameter space, and progressively getting closer to the

answer by determining if each step is better or worse than the last [Goodman and

Weare, 2010]. This process takes the results from the lmfit model and Gaussian

priors to sample the posterior probability function. While the Probability Distribution

Function (PDF) describes the probability of the outcomes of a study, the posterior PDF

uses prior information to understand the probability from a more informed standpoint.

This produces accurate uncertainty estimations for each parameter as well as giving

information on correlations between the model parameters. It came to its conclusion

using 100 walkers and 100 steps after a burn-in time of 400 steps. Burn-in time is

used to make sure the sampler converged so the results within the burn-in time are

discarded. Convergence is double checked by inspecting the trail plots to ensure a lack

of any trends in the mean or variance of the walkers, which shows that the sampler

was “well-mixed.” Finally, corner plots were produced to show the correlation between

parameters.

The data were saved in two ways. The dataset itself was saved, as well as a csv

file of the parameter results of the emcee analysis. One step was added to the end of

the notebook which would check if all the available datasets had been analysed. If this

was the case it would use the combine function on all parameter results to give the

weighted mean and standard error for each. If it determined that not all the available

datasets had been analysed it would advise the user to rerun the notebook to continue

the analysis.
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3.1.5 Compiling the data with MultiVisit

The MultiVisit function in pycheops was used to analyse data from multiple visits

to the same target using a single transit model, while allowing the individual noise

models for each visit to remain independent. SWEET-Cat stellar properties (effective

temperature, surface gravity, and metallicity) were used to calculate the limb-darkening

coefficients. TEPCat period and mid-transit time were used in the MultiVisit func-

tion to give mid-transit time in phase units. The TESS analysis result for transit width

was used as an initial value for the fit. Two additional parameters were added to this

transit fit. log sigma w, a noise model parameter, was set at a reasonable range for all

transits, because it is assumed that the “white noise” is the same for all data points

due to unknown noise sources. The second was Nroll. This parameter is related to the

number of terms in the harmonic function used to model trends correlated with the

roll angle of the spacecraft during the observation, as this motion causes trends in the

data. pycheops avoids the inconvenience of explicitly sampling multiple parameters

using implicit decorrelation from Luger et al. [2017]. More detail on how Nroll was

handled in this study can be found in Section 3.2.2.1.

After running the emcee sampler the resulting fit was plotted for each transit, as

well as phase-folded. Trail and corner plots for the analysis were shown and the results

saved in the same method as the CHEOPS csv file.

3.1.6 Planet mass and radius estimates

The massradius function was used to estimate mass and radius of the planet. The

results from the MultiVisit step k, aR, and sin i, were used alongside the radial

velocity, stellar mass, and stellar radius from the user inputs file. After analysing the

results, it was decided to calculate the planetary mass and its radius using TESS data.

While the CHEOPS -calculated planetary radii were influenced by TESS data through

the priors, the TESS -calculated Rp were independent of CHEOPS. For the calculation,

k, aR, and sin i were input from the TESS analysis step.
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The focus of this study, planetary radius measurements, were calculated in this

function using only the radius ratio k (derived from the depth measurement) and

stellar radius R⋆. This method for calculating planetary radius avoids relying on as

many estimations and assumptions as possible, rather than estimating planetary radius

using stellar density estimations from the light curve and assuming stellar mass.

3.2 Method Development

3.2.1 Building the foundation: WASP-29

WASP-29 was the first exoplanet system studied. The process used for its analysis

became the foundation for the final method. To begin, the analysis was originally

performed on the CHEOPS data only. It followed the basic structure outlined in a

recent paper [Maxted et al., 2021]. To evaluate the results obtained by pycheops, the

results were compared to literature results of TESS analyses. There were two main

papers used as the literature comparison. These were the WASP-29b discovery paper

[Hellier et al., 2010] and a recent TESS study [Saha and Sengupta, 2021], as these

papers contained the most comprehensive results.

The main comparable parameters, depth, D, transit width, W , and impact pa-

rameter, b, are shown in Table 3.2. These are all consistent and generally within the

error bounds. The exception to this is the abnormally small uncertainties given for

TESS (up to 100 times more precise than this work and Hellier et al. 2010) and it is

unknown how the precision was obtained. Since the method in this study to estimate

the uncertainties is robust (using the standard error of the mean from independent

datasets), the discrepancy in the precision is not an issue with this method. The con-

sistency of the results with literature values proved enough confidence in the accuracy

of the pycheops script compilation that it could be used as the template for further

studies.
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Parameter This work SA2021 HE2010

D [%] 0.9813± 0.0442 0.9332+0.0004
−0.0005 1.02± 0.04

W [hr] 2.5630± 0.0246 2.6178+0.0016
−0.0014 2.6592± 0.0360

b 0.15238± 0.13361 0.11600+0.00360
−0.00390 0.26± 0.15

Table 3.2: pycheops-analysed results and literature results for WASP-29 parameters
(SA2021: Saha and Sengupta [2021], HE2010: [Hellier et al., 2010]).

Parameter TESS Set 1 TESS Set 2 SA2021

D [%] 0.9807± 0.0342 0.9595± 0.0265 0.9332+0.0004
−0.0005

W [hr] 2.6163± 0.0282 2.6182± 0.0198 2.6178+0.0016
−0.0014

b 0.32804± 0.15139 0.25351± 0.14714 0.11600+0.00360
−0.00390

Table 3.3: TESS values for WASP-29 parameters: pycheops-analysed TESS results
against literature (SA2021: [Saha and Sengupta, 2021]).

Could pycheops be used to analyse non-CHEOPS data? If so, would the results

be better or worse than other methods? Two sets of TESS data were available for

WASP-29, one with six transits and the other with five. The datasets were kept

separate to avoid compounding any errors. The data were downloaded using pycdata

to create datasets in a format pycheops could analyse. The 2021 paper was used as

a literature comparison because it contained TESS data [Saha and Sengupta, 2021].

Therefore, Table 3.3 should show similar results in theory. The values in both sets of

TESS data and the literature are consistent within a reasonable degree, however there

is some discrepancy especially with the impact parameter b. The impact parameter

has shown to be a poorly constrained value for WASP-29, both with the TESS data

and the CHEOPS data, so the discrepancy can be attributed to this issue.
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3.2.1.1 Investigation: exposure time

Using pycheops on non-CHEOPS data brought up the question of whether exposure

time affected the pycheops analysis. An investigation was set up to determine if

exposure time needed to be accounted for in the analysis process, because pycheops

does not account for it. Examination of the results determined exposure time did not

have a significant negative impact on the accuracy of pycheops, therefore the code did

not require any implementations to handle exposure time.

Simulated data were produced using known system parameters. The data were

produced by first creating a transit model from the system parameters as found on

TEPCat and using pycheops.models.TransitModel. A Gaussian distribution of error

was then added to the model to give a more realistic portrayal of the data. Finally,

the data were binned using pycheops.utils.lcbin to simulate the exposure time.

While binning the data is known to cause smearing in the ingress/ egress, the loss of

information was not a major concern for the scope of this investigation as the motive

was to understand if pycheops could handle low-quality data [Kipping, 2010]. Further,

the focus of this study was to measure the depth of the light curve, which is not as

affected by the distortions as the width or impact parameter. lmfit was run on the

binned data to estimate the depth, width, and impact parameter of the transit which

could be compared to literature to determine if there was a noticeable effect.

The simulation was run for four exposure times: 1 minute, 2 minutes, 10 minutes,

and 30 minutes. The lower three durations are used by CHEOPS and the largest

was used by the Kepler K2 mission [Howell et al., 2014]. The addition of the K2

length illustrated importing different mission data into pycheops which might use

larger exposure times than CHEOPS.

Originally the simulation only used WASP-29 parameters, however the results

showed a far higher accuracy for the 30 minute exposure time than expected. The

simulation was rerun for multiple times between 2 and 30 minutes as well as being run

for 35 minutes to gauge the trend. This showed an increased accuracy at times around

30 minutes, ruling out a simple error as the cause. After comparing the exposure time
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with the transit duration, a possible explanation was found. The transit duration is

around two and a half hours, which corresponds to five data points at a 30 minute

exposure time. As it was a simulated set of data the exposure time was aligned with

the start of the transit. Likely, this caused the data to represent the transit well because

of a lack of contamination from averaging across different sections of the transit (e.g.

a data point covering part of the egress as well as part of the outside of the transit

would not represent the transit accurately).

Once it was clear that the unexpected accuracy for 30 minutes was due to the

correlation with the WASP-29 transit duration, the system parameters for WASP-19

were used instead of WASP-29. WASP-19b was chosen because at about 1.6 hours

its transit duration was shorter than WASP-29b [Cortés-Zuleta et al., 2020]. This

would further validate if an increase in exposure time would affect the results. This

proved successful in showing the decrease of accuracy when exposure time increased,

as expected. Further, it gave reliable results to the testing of exposure time. Val-

ues produced for three important parameters (depth, width, and impact parameter)

by modelling transits with increasing exposure times decreased in accuracy but re-

mained within reasonable uncertainty bounds. Depth and width values were within

10% and 5% of the model values, respectively. Impact parameter, which is often poorly

constrained, was within 20% of the uncertainty of the model. WASP-29 also showed

favourable results for depth and width (excluding the 30 minute data), keeping within

the same bounds as WASP-19. However, the impact parameter results for WASP-29

were so poorly constrained that for a 10 minute exposure time there was over 100%

difference between the model and simulated values.

The WASP-29 results were unreliable, however, the results for WASP-19 were

able to conclude the following. While there was a decrease in accuracy for increasing

exposure times, parameter values were still within reasonable uncertainties as compared

to model values up to and including a 30 minute exposure time. The reasonable uncer-

tainties were 10% for depth, 5% for width, and 20% for impact parameter. This showed

that pycheops did not need to account for exposure time in its transit modelling, as

the accuracy was not hindered beyond a reasonable degree.
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3.2.2 Refining the process: WASP-3

The analysis performed on WASP-29 showed that the results from using pycheops on

both CHEOPS and TESS data were reliable compared to literature. So, the results

from TESS could be used as priors in the CHEOPS analysis to produce more accurate

results. To do this, the code had to be restructured to allow the TESS data to be

analysed first, and then used in the analysis of the CHEOPS data. WASP-3 was used

as a clean slate to restructure and increase the efficiency of the code. To make the code

efficient for use on most exoplanets involved adding the user inputs file, splitting TESS

datasets automatically, and limiting the need to edit the code wherever possible. This

also ensured that each system was analysed in a homogeneous method, enabling more

accurate comparisons.

While working on the analysis of WASP-3, two investigations were conducted.

The first was to determine the value of Nroll that would produce the minimum amount

of error without over-fitting the data. For WASP-3 this value was around 4, however it

was not certain that this would be the best value for the other systems. Therefore, the

Nroll investigation was carried out for all systems and determined that a value of 1 was

adequate for every system other than WASP-3. The other investigation was as to how

much better, if at all, using the priors on the CHEOPS analysis made the results. It

was determined that for WASP-3, as well as all other systems, using the TESS results

as priors produced better results than without priors.

3.2.2.1 Investigation: Nroll

The CHEOPS spacecraft is not stationary in its orbit. A consequence of this is the

additional errors associated with roll angle. pycheops takes these errors into con-

sideration when performing model selection using Bayes factors. The instrumental

noise is typically accounted for using Σn=3
j=1αjsin (j · Ωt) + βjcos (j · Ωt), where αj and

βj are free parameters and Ω is the angular frequency at which the spacecraft ro-

tates [Maxted et al., 2021]. As the decontamination was performed for the individual
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datasets, MultiVisit includes its own model to account for the roll angle trends within

all datasets. MultiVisit allows the user to change the number of terms in this equation

from the default value (n=3).

To test the Nroll value with the highest accuracy, MultiVisit was run repeatedly

with increasing Nroll values. The BIC (Bayesian information criterion), AIC (Akaike

information criterion), and RMS (root mean square) were recorded and compared to

quantify the accuracy. This was determined by finding the value of Nroll at which

the AIC and BIC were at their minimum, and where RMS was reasonably low. Since

RMS will continuously decrease the actual minimum for this term is not used. In its

place, the point in which the gradient tapers off is considered the “reasonably low.”

The corresponding Nroll value would then be used in the model fit and those results

saved.

In Figure 3.1 the statistical parameters all decrease as Nroll increases until a value

of 4, then the BIC and AIC start to increase. The RMS continues to decrease because

increasing the terms in the equation will reduce residuals. The BIC and AIC increase

after anNroll value of 4 because the quality of the fit declines. Given the overall decrease

finds a minimum at 4, this is the Nroll value used.

To further solidify the choice of Nroll value, the depth and its error were recorded

for each Nroll value. These were then plotted to show how the depth result varied

according to the given Nroll value. Figure 3.2 depicts the depth calculations varying

significantly before reaching an Nroll of 4, after which it varies only slightly. This shows

that using a value of 4 for Nroll returns results of the same quality as higher Nroll values,

without unnecessarily prolonging the equation and thus the run time.

Following the results for WASP-3, this was performed on all other systems to

ensure the correct value of Nroll was used. In each case the Nroll value of 1 produced

the minimum AIC and BIC. The plots created to show the effect of Nroll on depth,

such as Figure 3.2 for WASP-3, showed no significant variation in depth for any value.

This confirmed the value of 1 for Nroll was sufficient to account for the spacecraft roll

angle.
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Figure 3.1: The accuracy of the model for increasing Nroll values. The accuracy is
highest where the BIC, AIC, and RMS values are at their minimum.

Figure 3.2: The measurements of depth, with errors, given from each model of increas-
ing Nroll values. At an Nroll of 4 the outlying data points cease, confirming this value
is adequate to account for the associated errors.
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3.2.2.2 With or without priors

A final analysis was performed to determine if using the TESS results as priors pro-

duced better results than analysing the CHEOPS data without priors. This was done

by running the same notebooks on the same data, with the addition/exclusion of priors

as the only difference. All systems were run through this process and yielded consistent

results as with WASP-3, which can be seen in Table 3.4. Using TESS results as priors

on CHEOPS data produced more accurate and precise results, roughly ten times more

precise for depth and width. Impact parameter showed a smaller gap between the

uncertainties, at about 1.75 times less precise for the prior. All three parameters were

more accurate when using priors. The values for depth and impact parameter when

calculated without priors did not agree with literature, whereas the value with priors

did. This inconsistency is likely due to the lack of CHEOPS data in comparison with

the amount of TESS data available. Therefore, the final results given were produced

using TESS priors on CHEOPS.

Parameter With priors No priors

Depth [%] 1.04± 0.02 1.50± 0.29

Width 0.0612± 0.0002 0.0608± 0.0033

Impact parameter 0.5121± 0.0443 0.9269± 0.0254

Table 3.4: Precision of results for CHEOPS analysis results on WASP-3 performed with
and without TESS priors. For depth and width the result is more precise when priors
are used on the CHEOPS data, and impact parameter shows only a small difference
in precision.
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4 Results

There are two main questions the results aim to answer. First, can the filler programme

produce publishable quality results? To answer this, it was necessary to understand

the quality of data used in the TESS analysis and the CHEOPS analysis. This was

determined by relating the amount of data used from each instrument in Table 4.1 to

the precision obtained for the results presented in Table 4.2. The statistical analysis

in Table 4.3 was used to study the quality of the results obtained from the data.

The second question was how comparable are CHEOPS and TESS planetary

radius measurements to literature? Since there are no “actual” radius measurements

for these planets, a literature comparison was the most logical method to gauge the

accuracy of the results. This carries with it a level of uncertainty, because it cannot be

assumed that the literature results are correct. The results in Tables 4.6 to 4.10 were

analysed in conjunction with findings from the first question.

4.1 TESS and CHEOPS

Table 4.1 includes the number of observations analysed per system for TESS and

CHEOPS with the average RMS of the residuals of their respective transit fits. The

comparison of CHEOPS depth against TESS depth results is shown in Table 4.2.

CHEOPS results are products of the MultiVisit function, while TESS results are

taken from the end of the “Analysing TESS transits” step. WASP-74 lists no TESS

results in Table 4.1 nor 4.2, as it contained no TESS analysis.

The results in Tables 4.1 and 4.2, alongside the statistical analysis in Table 4.3,

were used in determining the effect of the quality of data on the quality of results.

Analysing these results involved relating the number of observations used, as well as

the quality of each observation, to the precision and accuracy of each result. Figure

4.1 depicts the depth comparison from Table 4.2 as well as literature values.
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System # of observations Av. RMS [%]

WASP-3

CHEOPS 4 0.06

TESS 44 0.12

WASP-14

CHEOPS 2 0.05

TESS 6 0.07

WASP-16

CHEOPS 1 0.08

TESS 6 0.14

WASP-24

CHEOPS 3 0.10

TESS 4 0.20

WASP-29

CHEOPS 2 0.07

TESS 11 0.11

WASP-74

CHEOPS 2 0.04

TESS 0 -

Table 4.1: Number of CHEOPS and TESS observations used in the analysis, along
with the average RMS of the residuals of the fit.



38

System CHEOPS depth TESS depth Literature depth av.

[%] [%] [%]

WASP-3 1.040± 0.024 1.1113± 0.0048 1.07± 0.17

WASP-14 0.918± 0.016 0.919± 0.012 1.01± 0.25

WASP-16 1.165± 0.033 1.299± 0.025 1.20± 0.29

WASP-24 1.027± 0.018 1.038± 0.069 1.00± 0.25

WASP-29 1.011± 0.036 0.955± 0.013 1.01± 0.24

WASP-74 0.857± 0.028 - 0.96± 0.24

Table 4.2: CHEOPS depth measurements, TESS depth results, and the average of the
depth values found on the Exoplanet Archive, for each system.

System CHEOPS CHEOPS TESS TESS CHEOPS vs. TESS

t-value ∆Lit t-value ∆Lit ∆/σ∆

WASP-3 −1.445 −0.0344 7.773 0.0373 −2.95

WASP-14 −5.632 −0.0918 −7.729 −0.0912 −0.03

WASP-16 −1.036 −0.0342 3.952 0.0996 −3.22

WASP-24 1.234 0.0227 0.496 0.0343 −0.16

WASP-29 0.028 0.0010 −4.173 −0.0555 1.47

WASP-74 −3.671 −0.1039 - - -

Table 4.3: Statistical look at the results vs. literature. The t-value shows the distance
of the measurement to the literature mean in terms of the measurement’s uncertainty.
∆Lit is the difference between the measurement and literature mean. Lastly, ∆/σ∆, is
the standardised difference between the CHEOPS and TESS measurements.
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Figure 4.1: The comparison of TESS and CHEOPS depth results, and their respective
errors, against the literature mean. Literature values are also plotted, using the fol-
lowing studies: ST2017 [Stassun et al., 2017], PO2008 [Pollacco et al., 2008], JO2009
[Joshi et al., 2009], LI2009 [Lister et al., 2009], SR2010 [Street et al., 2010], HE2010
[Hellier et al., 2010], and HE2015 [Hellier et al., 2015].
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4.2 Radius measurements

The radius measurements were initially calculated using only the MultiVisit results,

however, since the reliability of these results were unclear the radii were recalculated

using the TESS results as well. To evaluate the quality of the radius results three

parameters are presented: depth (from MultiVisit or the TESS analysis step), planet-

star radius ratio and exoplanetary radius measurements (from massradius). These

parameters can be found for each system in Tables 4.6 through 4.11. The choice to

include all three parameters, rather than only planetary radius, stems from the same

reasoning as homogeneous studies. There might be different methods used to calculate

each parameter, thus changing the precision and affecting the comparison.

As discussed in Section 1, the mean stellar density, ⟨ρ⋆⟩, can be calculated ac-

curately using the depth and width of the transit alongside period. The coverage of

the transits within the TESS data provided the opportunity to calculate the stellar

radius (given a reasonable estimate for stellar mass). Table 4.4 gives the values of

the parameters used to calculate the stellar radius, as well as the planetary estimates.

The results for these calculations are then given in Table 4.5, with the planetary radii

shown again in the individual system results (Tables 4.6 through 4.11).

As the planetary radius is calculated using the stellar radius, its precision is an

important factor in the precision of the result. In the case of WASP-3, using the more

precise stellar radius value 1.36 ± 0.02 R⊙ gave a more precise planetary radius value

of 1.429± 0.021 RJup when using TESS data.

Each system’s results are compared to three studies, chosen through a survey of

the available studies on the NASA Exoplanet Archive. For each system, the literature

includes the following: a homogeneous study by Stassun et al. [2017] based on Gaia data

for host star properties, the study which presented the most precise value for planetary

radius, and the discovery paper. The Stassun et al. [2017] study and discovery papers

provided depth measurements as well as planetary radius, to give context for the quality

of this work’s method for deriving planetary radius from depth measurements. The

papers with the most precise planetary radius value was used to gauge how this study’s
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results compared to the best results. All systems follow this pattern except WASP-24,

where the discovery paper itself is the most precise, so an additional paper with a

precise value was presented alongside the other two. Figures 4.3 and 4.2 include all

three studies against the measured radius of each system, and their respective errors.

System M⋆ K ⟨ρ⋆⟩

M⊙ ms−1 ρ⊙

WASP-3 1.11± 0.07 280.0± 8.0 0.53± 0.01

WASP-14 1.30± 0.06 993.0± 3.0 0.46± 0.03

WASP-16 0.98± 0.05 116.7± 2.2 0.81± 0.06

WASP-24 1.17± 0.08 152.1± 3.2 0.55± 0.10

WASP-29 0.83± 0.03 36.0± 3.0 1.75± 0.07

Table 4.4: Parameters used to calculate the results in Table 4.5. Stellar mass values
were input from TEPCat, whereas radial velocity was found on the Exoplanet Archive.

System R⋆ Mp Rp gp

R⊙ MJup RJup ms−2

WASP-3 1.28± 0.03 1.822± 0.093 1.349± 0.031 25.7± 0.9

WASP-14 1.41± 0.04 7.69± 0.24 1.348± 0.034 108.8± 4.6

WASP-16 1.06± 0.03 0.832± 0.034 1.208± 0.037 14.5± 0.8

WASP-24 1.28± 0.08 1.108± 0.053 1.302± 0.094 16.1± 2.2

WASP-29 0.78± 0.02 0.246± 0.021 0.758± 0.016 10.8± 1.1

Table 4.5: Results of the TESS massradius calculations for each system. Following
the stellar radius results are the planetary parameters mass, radius, and surface gravity.
The associated plots for mass against radius are in Figures C.1 through C.6.



42

Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

TESS 1.1113± 0.0048 0.1056± 0.0002 1.28± 0.03 1.349± 0.031

CHEOPS 1.040± 0.024 0.1015± 0.0013 1.28± 0.03 1.292± 0.035

Literature

ST2017 1.10± 0.18 0.105± 0.009 1.44± 0.12 1.42± 0.17

RO2014 1.11± 0.05 0.105± 0.002 1.36± 0.02 1.40± 0.03

PO2008 1.06+0.02
−0.04 0.103+0.001

−0.002 1.31+0.05
−0.12 1.31+0.07

−0.14

Table 4.6: WASP-3 results for this work against literature values from the following
studies: ST2017 [Stassun et al., 2017], RO2014 [Rostron et al., 2014], PO2008 [Pollacco
et al., 2008].

Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

TESS 0.919± 0.012 0.0960± 0.0005 1.41± 0.04 1.348± 0.034

CHEOPS 0.918± 0.016 0.0958± 0.0009 1.41± 0.04 1.344± 0.040

Literature

ST2017 1.00± 0.03 0.10± 0.002 1.40± 0.08 1.38± 0.08

WO2015 − 0.09± 0.0004 − 1.22± 0.04

JO2009 1.02+0.02
−0.03 0.101+0.001

−0.002 1.306± 0.073 1.28± 0.08

Table 4.7: WASP-14 results for this work against the following literature: ST2017
[Stassun et al., 2017], WO2015 [Wong et al., 2015], JO2009 [Joshi et al., 2009].
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Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

TESS 1.299± 0.025 0.1142± 0.0012 1.06± 0.03 1.208± 0.037

CHEOPS 1.165± 0.033 0.1080± 0.0015 1.06± 0.03 1.138± 0.036

Literature

ST2017 1.200± 0.045 0.1095± 0.0021 1.14± 0.09 1.22± 0.10

SO2013 − 0.1190± 0.0022 1.087± 0.042 1.22± 0.04

LI2009 1.199+0.052
−0.039 0.1095+0.0024

−0.0018 0.946± 0.057 1.01+0.08
−0.06

Table 4.8: WASP-16 results against literature values from the following studies: ST2017
[Stassun et al., 2017], SO2013 [Southworth et al., 2013], LI2009 [Lister et al., 2009].

Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

TESS 1.038± 0.069 0.1021± 0.0032 1.28± 0.08 1.302± 0.094

CHEOPS 1.027± 0.018 0.1013± 0.0009 1.28± 0.08 1.290± 0.082

Literature

ST2017 1.000± 0.012 0.1± 0.0006 1.42± 0.16 1.38± 0.16

SO2014 − 0.1018± 0.0007 1.317± 0.041 1.303± 0.047

SR2010 1.008± 0.012 0.1004± 0.0006 1.331± 0.032 1.3+0.039
−0.038

Table 4.9: WASP-24 results for this work against literature values from the following
studies: ST2017 [Stassun et al., 2017], SO2014 [Southworth et al., 2014], SR2010 [Street
et al., 2010].
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Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

TESS 0.9545± 0.013 0.0978± 0.0007 0.78± 0.02 0.758± 0.016

CHEOPS 1.011± 0.036 0.1015± 0.0013 0.78± 0.02 0.792± 0.030

Literature

ST2017 1.00± 0.04 0.1± 0.002 0.79± 0.07 0.77± 0.07

GI2013 − 0.0982± 0.0015 0.808± 0.044 0.776± 0.043

HE2010 1.02± 0.04 0.101± 0.002 0.808± 0.044 0.792+0.056
−0.035

Table 4.10: WASP-29 results for this work against the following studies: ST2017 [Stas-
sun et al., 2017], GI2013 [Gibson et al., 2013], HE2010 [Hellier et al., 2010].

Study D Rp/R⋆ R⋆ Rp

% R⊙ RJup

This work

CHEOPS 0.857± 0.028 0.0926± 0.0015 1.536± 0.026∗ 1.418± 0.024

Literature

ST2017 0.960± 0.014 0.0980± 0.0007 1.42± 0.10 1.36± 0.10

MA2019 − 0.0903± 0.0006 1.536± 0.026 1.404± 0.022

HE2015 0.961± 0.014 0.0980± 0.0007 1.64± 0.05 1.56± 0.06

Table 4.11: WASP-74 radius parameters for this work against literature values from
the following studies: ST2017 [Stassun et al., 2017], MA2019 [Mancini et al., 2019],
HE2015 [Hellier et al., 2015]. ∗The stellar radius used for WASP-74 is the literature
value also used in MA2019.
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Figure 4.2: Comparison of literature values for planetary radius against the TESS
measurements within this study. The values for this study are represented by the
black horizontal line, with its error shown by the green boundaries (red indicates twice
the error, for reference). Keys for each paper are the same as within Tables 4.6 to 4.10.
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Figure 4.3: Comparison of literature values for planetary radius against those calculated
using CHEOPS analysis results. The black horizontal line represents the radius results,
with all colours following the same meaning as Figure 4.2. Keys for each paper are the
same as within Tables 4.6 through 4.11.
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4.3 TTV

The TESS analysis provided the opportunity to study the TTV of each system. For the

TTV seen in Figures D.1 through D.5 an average of the variations for each system are

in Table 4.12, as well as the updated ephemerides. WASP-74 did not contain TESS

analysis, so no TTV plot was made for this system, however an updated ephemeris

was still calculated using the CHEOPS data. The mid-transit times in Table 4.12 were

obtained using the MultiVisit function on the CHEOPS data. These were then used

to calculate the new value of period, and if it was more precise than the literature it

is presented in Table 4.12. The literature values used as reference ephemerides can be

found in Table 2.1.

The period produced in this study was slightly more precise than literature values

in four out of six systems. For WASP-14 and WASP-29 the literature values for period

were used in the updated ephemerides, as those were the most precise.

System AV. TTV Time of mid-transit Period

[min] [BJD] [days]

WASP-3 0.169± 0.074 2459760.07649(020) 1.84683503(009)

WASP-14 0.879± 0.165 2459727.45306(052) 2.24376644(022) a

WASP-16 1.852± 0.306 2459733.23529(193) 3.11859861(119)

WASP-24 −4.864± 0.519 2459745.09171(028) 2.34122062(014)

WASP-29 0.030± 0.160 2459509.69275(045) 3.92271218(025) b

WASP-74 − 2459621.59725(018) 2.13775133(022)

Table 4.12: Results of the TTV analysis alongside the calculated mid-transit time and
period. Standard error on the final digit for each value is given in parentheses following
the value (for example, the error on the mid transit time of WASP-3 is ±0.00020). The
most precise period values were either from this work or the literature, a[Baştürk et al.,
2022] and b[Saha and Sengupta, 2021].



48

5 Discussion

The quality of the data was crucial to understanding the results. However, with only

six systems to analyse and limited literature available for each, it was difficult to make

confident conclusions regarding the quality of data required to produce good results.

The depth measurements for TESS and CHEOPS were assessed against each other

and the literature to understand how different instruments produce different results.

Given the lack of measurements from previous studies, quantitative conclusions were

difficult to make. The planetary radius results were compared against the literature

analytically to determine if there was an improvement in precision. This made drawing

quantitative conclusions more straightforward, however the lack of literature values

added ambiguity to conclusions. Overall, the minimal literature available was the

most significant obstacle when interpreting the results.

The depth measurements from the CHEOPS analysis produced consistently

smaller results than TESS, but with varying magnitudes of difference. The comparison

with the literature, seen in Table 4.3, also found differences. The comparison was done

using the t-statistic to relate the distance from the literature mean with the precision

of the measurement. A simple difference between the literature and measurement was

also used in order to distinguish between inaccuracy and high precision.

There is some concern regarding the reliability of the CHEOPS measurements,

primarily the possibility of over-correcting for noise. If over-correction occurs part of

the transit signal can be “fitted out,” which leads to underestimation in the transit

depth. This was supported by removing the dfdt term from the decorrelation process,

as discussed in Section 3.1.4. Furthermore, an independent study of the same data for

WASP-3 using PSF PIPE photometry (which is less sensitive to instrumental noise)

showed good agreement between the TESS and CHEOPS depth values [Scandariato

et al., in prep]. Unlike the CHEOPS analysis, the TESS analysis had no reliance on

calculated priors, and the transit coverage was far more thorough. This makes the

TESS results potentially more reliable than the CHEOPS measurements.
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Due to the nature of exoplanet measurements, there are no “actual” values to

compare the results against. To determine the accuracy and precision of the radius

measurements in this study, they were compared to the findings of previous studies.

To better qualify the comparison of results against literature values, it was important

to understand how the methods differed from the one used here. Briefly mentioned

in Chapter 4, the papers chosen to compare against the results of this work followed

a pattern. They all included the discovery paper, the study by Stassun et al. [2017]

based on Gaia data, and the paper containing the most precise result. First, the

2017 Stassun study presented an opportunity to view these results against another

homogeneous study. Next, in the interest of understanding how this work compared

to the literature, it was important to investigate the method used to obtain the most

precise result. Finally, the discovery paper was used to provide support for the values

presented in the other studies, as well as an additional value in case the other papers

did not agree.

Following a review of the homogeneous Gaia paper, it was confirmed that no

method variations were reported for any systems discussed in this study [Stassun et al.,

2017]. It focused on obtaining accurate and empirical stellar radius measurements using

Gaia data. The instrumental noise was handled prior to the data release and no further

noise corrections were deemed necessary. In order to calculate stellar radius, bolometric

flux (Fbol), effective temperature (Teff), and Gaia parallax (distance) measurements

were combined. Stellar parameters (including Teff) were obtained from high-precision

spectroscopy and used for the stellar atmospheric model. This was combined with

spectral energy distributions to measure Fbol. By introducing the distance measured by

Gaia, the stellar radius could be calculated. Once stellar radius was calculated, it was

used in the radius ratio (Rp/R⋆) to produce the planetary radius. Error propagation

was used instead of anything more complex, and it was noted that this potentially

caused an underestimation for uncertainties. Although it was not the most precise of

the studies examined, its empirical approach improves its accuracy. Therefore, if the

results within this work are consistent with the 2017 paper it lends credibility to this

study.
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This chapter is structured to first discuss the data quality and initial depth results

followed by a discussion on the radius measurements for each system. Afterwards, there

is a brief analysis of the transit time variations and updated ephemerides. The chapter

concludes with a section on the recommendations for future studies and the limitations

faced within this work.

5.1 WASP-3

5.1.1 TESS and CHEOPS analysis

The analysis was able to cover all four CHEOPS datasets available on DACE, as they

all contained part of the transit. Two of the four datasets covered full transits, while

the other two covered about half a transit each. Overall, the four datasets were able

to cover the entire transit, which is shown in Figure A.2. Compared to the quality of

the data for the other systems, WASP-3 had the best CHEOPS data. It also had the

best quality TESS data, with forty-four transits used. Using lmfit and MultiVisit

on TESS and CHEOPS data, respectively, produced good fits according to the RMS.

Figures A.1 and A.2 depict the closeness of the fits to the data. From the transit

coverage and RMS, accurate results would be expected from both analyses.

The CHEOPS and TESS depth results in Table 4.2 do not agree, with a stan-

dardised difference of −2.95. There is no obvious cause for the difference, as both

CHEOPS and TESS data cover the transit well with good fits. The most logical con-

clusion is that the difference in results comes from the inherent ambiguity of the code

which, while allowing the fit to adapt to the data, can cause the variability of results.

The results for the CHEOPS depth and TESS depth measurements are nearly

equidistant from the literature mean, although the CHEOPS result is below and the

TESS result is above the mean. Given the poor agreement between the TESS and

CHEOPS results, as well as their deviation from the literature mean, this calls into

question which measurement is the most reliable. With such a small pool of data,



51

no certainties can be made. While it is possible that CHEOPS underestimated depth

through over-correction, it is not unlikely that previous studies have also encountered

this inaccuracy. This could especially be the case for studies which face high levels of

contamination, such as ground-based observations. Currently, there are no reasons to

suspect inaccuracies in the TESS results, however further studies would be required to

confirm that this is true.

The t-value for TESS is significant, which is in part due to the precision the

measurement obtained. Meanwhile, the CHEOPS t-value was within a reasonable

range (|t| < 3). The TESS depth measurement agrees more closely with Stassun et al.

[2017] and Rostron et al. [2014] than with Pollacco et al. [2008]. The agreement with

literature values shows the reliability of the TESS analysis results, and further supports

their use as priors on the CHEOPS analysis. The CHEOPS result agrees with Pollacco

et al. [2008] within its uncertainty. Given the uncertainties are carefully handled in

pycheops, the precision remains correct regardless of if the results are accurate within

the context of the literature. Therefore, the results can still be considered reliable

despite disagreements with the literature.

Both the results of CHEOPS and TESS provide rough estimates of depth. As

both depth measurements are within 0.05% of the literature mean, neither should

be immediately disregarded. With only four available depth measurements on the

Exoplanet Archive, further studies would be required to understand this work’s results

in the context of literature.

Future studies should confirm whether the quality of data or analysis method are

determining factors in the variation of results. Without knowing the extent of the ac-

curacy of the depth measurements in this study, the reliability of the subsequent radius

measurements is not entirely clear. Furthermore, the radius measurements obtained

using the CHEOPS analysis are affected by the uncertainty of both the TESS and

CHEOPS data, which introduces additional variables to the reliability of the results.
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5.1.2 Radius

The stellar radius value calculated using the TESS data was lower than those of the

literature used to compare the planetary radius measurements, however it was within

the range of uncertainty for Stassun et al. [2017] and Pollacco et al. [2008]. Table

4.6 shows that the planetary radius measurement produced using the TESS analysis

agreed well with the literature, while the CHEOPS radius measurement fell slightly

below the literature estimations. As mentioned in Chapter 4, the analysis did not use

the most precise stellar radius value. The value calculated was 1.28± 0.03 R⊙, which

produced the planetary radius values in Table 4.5 (1.349±0.031 RJup and 1.292±0.035

RJup). The paper which presents the most precise radius measurements is a Spitzer

study [Rostron et al., 2014]. Using the most precise stellar radius value available

(1.36 ± 0.02 R⊙ [Rostron et al., 2014]) produced a more precise value for planetary

radius: 1.429± 0.021 RJup. This result for planetary radius supersedes the precision of

the most precise value found in the Exoplanet Archive as of July 2023.

5.2 WASP-14

5.2.1 TESS and CHEOPS analysis

WASP-14 used both available datasets, one of which contained around a half a transit

and one with a little less than half. This is comparatively poor against the quality of

the other systems. The TESS data, however, made up for the quality of the CHEOPS

data. With six datasets, the TESS analysis produced results of similar precision as

WASP-29. This could indicate that at a certain point increasing the number of datasets

no longer has a major impact on the precision of the TESS results. Figure A.3 shows

a very close fit, with the smallest RMS of any TESS fit, and Figure A.4 is similarly

well-fit. Given the lack of transit coverage in the CHEOPS data, the accuracy of the

transit fit is likely influenced by the width and impact parameter priors from the TESS

analysis.
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The standardised difference between the TESS and CHEOPS depths was ex-

tremely small, furthering the hypothesis of the influence of TESS priors. The precision

of both results caused the t-values for TESS and CHEOPS to be extremely large.

Despite not using the TESS depth itself as a prior on the CHEOPS analysis, width

and impact parameter were used as priors. This could have contributed to the final

analysis presenting a similarly underestimated depth measurement.

Both depths measured from CHEOPS and TESS were small compared to lit-

erature values, by a significant margin. The two literature values are the only depth

measurements for WASP-14 on the Exoplanet Archive. This small data pool makes it

difficult to determine which depth estimate is more reliable. If the CHEOPS measure-

ments are assumed to likely be underestimates, that would suggest the TESS measure-

ment here is also an underestimate. On the other hand, the close agreement between

TESS and CHEOPS could suggest that the CHEOPS underestimation does not al-

ways occur. Without a deeper study and a larger data pool, a conclusion cannot be

reached.

5.2.2 Radius

The stellar radius calculated from the mean stellar density, 1.41 ± 0.04 R⊙, agrees

well with the average value of the wider literature available on the Exoplanet Archive.

The radius measurements for WASP-14 both agree well with the literature values,

and with one another. However, the literature values create a wide range in which

the TESS and CHEOPS results can fall, so the agreement between CHEOPS and

TESS is more significant than the literature agreement. While the CHEOPS planetary

radius has the same precision as Wong et al. [2015], the measurement made with

TESS is the most precise value compared to all literature on the Exoplanet Archive.

Furthermore, the method used to calculate errors in this study is robust and not

likely to underestimate uncertainties. Without any evidence to suggest inaccuracies in

the TESS measurements, it can be concluded that the planetary radius measurement

1.348± 0.034 RJup is the most precise value as of July 2023.
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5.3 WASP-16

5.3.1 TESS and CHEOPS analysis

Of all systems in this study, WASP-16 contained the poorest quality data. There were

three datasets available on DACE, however only one contained part of a transit. TESS

provided six datasets, all of which were usable. Figure A.5 manages to fit the data, and

Figure A.6 shows a fairly good fit, despite the lack of data. Looking into the RMS of

the TESS transit, it was twice that of the RMS for WASP-14 despite both containing

6 transits each. This suggests that the number of transits alone cannot determine how

well pycheops will be able to fit data. WASP-16b has a short transit duration and

high impact factor. The short length of tF could lead to fewer data points available to

estimate transit parameters, which would affect both TESS and CHEOPS analyses.

Likewise, the importance of the number of transits analysed should not be negated. A

wider data pool is required to determine the importance of how many transits are used

as well as how the quality and coverage of the data. Furthermore, an investigation on

the effect of the system parameters (transit duration, impact factor, etc.) could yield

significant results.

The depth values for TESS and CHEOPS did not agree, with a significant margin

between the two. According to the difference with the literature mean in Table 4.3,

as well as Figure 4.1, the CHEOPS result was more accurate than the TESS depth

result. The t-value was also better for the CHEOPS depth. The TESS t-value was

3.952, which is considered a significant deviation from the literature mean. Concluding

that the CHEOPS measurement is more accurate than TESS overlooks the possible

CHEOPS underestimation as well as assuming the literature values are correct. Once

again, increasing the observations of this system is required to draw conclusions on the

reliability of the measurements and the literature values.



55

5.3.2 Radius

WASP-16b radius results were calculated using a stellar radius of 1.06±0.03 R⊙, which

itself agreed with the literature. The planetary radius estimates agree within a rea-

sonable range, with the TESS radius more similar to the larger literature values and

the CHEOPS estimate falling closer to the literature average. Both radius measure-

ments obtained with CHEOPS (1.138 ± 0.036 RJup) and TESS (1.208 ± 0.037 RJup)

were more precise than the literature values. Despite the unknown reliability of the

CHEOPS accuracy, its radius measurement of 1.138 ± 0.036 RJup is the most precise

and accurate measurement as of July 2023.

5.4 WASP-24

5.4.1 TESS and CHEOPS analysis

DACE had four datasets for WASP-24, three of which had nearly full transits, and

one of which was unusable. This was coupled with four TESS transits. There seems

to be a limit reached here, where the precision of the TESS depth drops dramatically

compared to all other systems. As it has the least amount of TESS data, this could

be indicating that there are too few datasets to make precise measurements. This

hypothesis could be studied further to determine if a lower limit exists. Combining the

lack of data with the low quality, as evidenced by both Figure A.7 and its RMS value,

would produce the decreased TESS precision.

The CHEOPS depth agrees well with the TESS value, according to Table 4.3

there is a standardised difference of−0.16, and it is also precise. Based on the noise seen

in Figure A.8 as well as the RMS, the precision for the CHEOPS measurement does

not come from using high quality data. The coverage seen in Figure A.8 produced

from the three nearly full transits could be evidence towards the importance of the

amount of data used. It could also be argued that because there is an excess of noise

throughout the transit, pycheops does not over-correct and “fit out” the transit signal.
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The high level of noise in both the TESS and CHEOPS data should be investi-

gated further. Given the age of the host star would allow WASP-24b to have a fairly

large moon, as discussed in Weidner and Horne [2010], the flux variations seen across

multiple instruments could be an indicator of a possible physical perturbation in the

system. Figure B.1 shows how the noise appears in consecutive TESS transits. Con-

clusive interpretations cannot be made through this data alone, however it is a point

of interest. Additional studies of this system would add clarity to the abnormally high

flux variations and how it affects the radius measurement.

5.4.2 Radius

The stellar radius used to calculate the planetary radius value was estimated to be

1.28±0.08 R⊙, which agreed with Southworth et al. [2014] and Street et al. [2010] within

its uncertainty. TESS and CHEOPS agreed on their planetary radius measurements

with 1.302 ± 0.094 RJup and 1.290 ± 0.082 RJup, respectively. Although they are not

close to the most precise measurement, the radius estimates for WASP-24b agree with

the literature. The lack of precision is most likely from the few TESS transits available,

however the accuracy was unaffected. It is surprising to see the accuracy of the radius

measurement, given the high variation of flux and high RMS. Again, more investigation

is required to understand why this has occurred.

5.5 WASP-29

5.5.1 TESS and CHEOPS analysis

Both available datasets for WASP-29 on DACE were used. One had a full transit

and one had about half, however both datasets were spotty. Similar to WASP-14 and

WASP-16, only around half of the data points were during the transit. The many gaps

in the data make the already poor quality data even harder to analyse. As for TESS,

all of the eleven available datasets were used. The coverage of data throughout both
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TESS and CHEOPS observations are well-fit, as depicted in Figures A.9 and A.10.

Interestingly, despite having poorer coverage of the transit and a less precise result,

the CHEOPS analysis estimated depth more accurately than the TESS analysis. The

low RMS in Table 4.1 is another indication that the analysis fits the data well.

The TESS depth uncertainty is similar to that of WASP-14 (which analysed 6

transits) and falls between the uncertainties for WASP-3 (44 transits) and WASP-16

(6 transits analysed). This potentially supports the correlation between the number

of transits analysed and the precision of depth measurements. The uncertainty in the

WASP-29 depth measurement with CHEOPS is higher than all other systems, with a

similar error as WASP-16 (analysed 1 transit). It is possibly because of gaps in the

data which hinder the ability to more precisely measure depth. Studying this system

further could help add clarity to the cause for the drop in precision.

There is a reasonably sized gap between the CHEOPS and TESS measurements,

and is the only system for which the CHEOPS result was higher than TESS. The

CHEOPS measurement aligns well with the literature values, with a t-value of 0.028,

whereas the t-value for TESS is considered significantly large at −4.173. If the TESS

results are considered more reliable than the CHEOPS measurements, then it is un-

known what would cause the overestimation in both the CHEOPS and literature values.

As it is unlikely that the CHEOPS and literature values coincidentally overestimated

the depth for this system only, it is possible the TESS results are not more reliable

than the other measurements.

5.5.2 Radius

The stellar radius, calculated from the TESS light curve and mass estimate, was within

a reasonable range compared to literature values. The radius results for WASP-29b

follow the same pattern the depth measurements saw: the results within this study do

not agree with each other. The TESS radius estimate was below the range of literature

values, however it was within a reasonable distance from the literature. The CHEOPS

radius measurement on the other hand was in agreement with all literature values.



58

While the CHEOPS radius estimate, 0.792± 0.030 RJup, was more precise than

the literature, the TESS estimate, 0.758 ± 0.016 RJup is the most precise planetary

radius estimation (as of July 2023). Given the behaviour of the depth measurements

and the close agreement between the CHEOPS and literature results, there is hesitation

to conclude the TESS radius is the most reliable result.

5.6 WASP-74

5.6.1 CHEOPS analysis

Two of the three available DACE datasets were used for WASP-74. Like WASP-

29, one was a full transit and one was about half of a transit. No TESS datasets

were available for WASP-74, so priors were produced from the reference paper found

on TEPCat [Mancini et al., 2019]. Figure A.11 shows a close fit to the data, possibly

enhanced by the minimal curvature seen in the transit as well as the thorough coverage.

The depth measurement is smaller than the literature mean, and not as precise.

With a difference of over ten times the literature depth, there is significant disagreement

in the measurement and literature. The t-value confirms the substantial divergence,

with a value of −3.671. This is an indication that using only two low-quality CHEOPS

datasets is not enough to make a reliable measurement. An investigation would be

useful to uncover if improving the method for analysing CHEOPS filler programme

data would lead to more reliable measurements.

5.6.2 Radius

Without TESS analysis results, the radius estimation was made using the CHEOPS

result. While the depth measurement is not as accurate or precise as other studies,

the radius measurement falls within the range presented by the literature. It uses the

same value for stellar radius as the 2019 paper [Mancini et al., 2019], the most precise

paper, so it cannot exceed that precision at this time.
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5.7 TTV

While TTV plots can be used to discover possible physical perturbations to a system,

they are also effective in determining if the ephemeris should be updated. Regardless

of the cause of TTV, accurate measurements of the ephemeris are vital to accurately

fitting data and therefore should be as up-to-date as possible. Within this study, the

variations ranged from less than two seconds on average to over four minutes. The sys-

tems which required an updated ephemeris the most were WASP-14, WASP-16, and

WASP-24. Unlike WASP-3 and WASP-29 these systems did not vary around the calcu-

lated mid-transit time. Conclusions regarding the cause of any of the variations could

not be made, given the limited amount of data available. The significant variations is

both transit time and flux for WASP-24 could suggest a physical cause, however more

investigation is required to make any robust hypothesis.

5.8 Recommendations

There is room for the method created in this study to be improved. Using a better

method for noise correction, such as the PIPE PSF photometry, would greatly increase

the accuracy of these results. This could have improved the reliability of the CHEOPS

measurements. It is highly recommended that future analysis of filler programme data

use analysis methods which are able to correct for noise without fitting out the transit

signal in the process.

The main limiting factor of this study was the amount of available data with

which to work. This left gaps in the conclusions that could be reached. Despite

determining that data from the filler programme could produce precise planetary radius

results, the reliability of the results is questionable. A worthwhile future study would

look into this in order to inform the cause of the inaccurate depth measurements. The

main hypothesis for the depth underestimation is the over-correction of noise. Using a

wider data pool would help to determine if this is a viable theory.
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One final note on recommendations for the future relates to ensuring the filler

programme observes systems during a transit. Fourteen datasets were analysed, despite

DACE providing eighteen. The missing four did not cover transits, and so did not

provide any information. While four datasets may not seem to be many, it would have

greatly increased accuracy. Had the two unusable WASP-16 datasets been transits, a

conclusion regarding the precision limit might have been reached.
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6 Conclusion

The main questions in this study are as follows.

1. Can CHEOPS filler programme data produce accurate radius measurements?

2. Is the precision of the results comparable to published literature?

3. Is there a quantifiable amount of data required in order to obtain this precision?

After examining the results for each system in this work, it can be concluded that

filler programme data can produce literature quality results using one or more datasets.

This is only the case, however, when the CHEOPS data is analysed in conjunction with

high-quality TESS data. The planetary radius measurements found within this study

are all within a normal range of accuracy compared to literature values. The findings

in Chapters 4 and 5 show two-thirds of the literature values fall within 2 σ of the

radius results, and 80% of the literature estimates agree with the results within their

respective ranges of uncertainty. These are clear indications that the results of this

study are aligned with the available literature. This conclusion is, however, dependent

on the assumed accuracy of the literature. Given the minimal literature available,

continued research is recommended to solidify this result.

The precision of the results varies depending on the quality of data provided,

both in the number of datasets as well as the coverage of transit. Despite variation,

the precision and accuracy of the results in Tables 4.6 through 4.11 are comparable to

literature values. Planetary radius measurements for WASP-3b, WASP-14b, WASP-

16b, and WASP-29b were found to be the most precise estimates available according to

the Exoplanet Archive in July 2023 (1.429±0.021 RJup, 1.348±0.034 RJup, 1.138±0.036

RJup, and 0.758 ± 0.016 RJup, respectively). The radius measurements for WASP-24b

and WASP-74b were not more precise than the literature, however they were within

the range of precision found in the literature.
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This study shows that the amount of data used, and its quality, impacts the

precision of the results. From the findings in this work, as little as one CHEOPS

dataset could potentially produce literature-comparable precision, if analysed properly.

The two systems which did not produce planetary radius results more precise than

the literature were also the systems which analysed the least TESS data. WASP-

24 analysed four TESS datasets and WASP-74 did not contain any TESS analysis,

while all other systems analysed at least six TESS datasets. The lack of TESS data,

and subsequently the low precision of the TESS analysis results, impacted the overall

precision of the radius measurements. Given the amount of CHEOPS data available for

these two systems were comparatively high, this could be evidence for the importance

of high-quality priors in the CHEOPS data analysis. Assuming this, the amount of

CHEOPS data can be as little as one dataset, if at least six TESS datasets are analysed

and used as priors during the CHEOPS analysis.

Alternatively, WASP-24 and WASP-74 could have been outliers and the amount

of TESS data does not have a significant impact on the precision of the results. The

data for WASP-24b was shown to have a high level of noise in the transit, which

could have been the determining factor for the low precision. WASP-74b obtained a

planetary radius measurement almost as precise as the most precise literature value

and was the third most precise radius measurement in this study. With the small data

pool, it is difficult to separate potential trends from outliers. Additional investigation

should be conducted to confirm the number of TESS datasets required to make precise

planetary radius measurements using CHEOPS data. Currently, these results suggest

that at least six TESS datasets are required to analyse the CHEOPS data precisely.

Continued analysis is required to confirm how reliably the CHEOPS data can

be analysed to produce high-quality radius results. The PIPE PSF photometry is

one potential alternative method for accurately analysing the filler programme data.

Additionally, there are factors beyond only the number of datasets used which impact

the accuracy and precision of the results. One potential factor is the combination

of transit width and impact parameter to provide enough data within the transit to

accurately measure transit parameters.
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The agreement of the TESS radius measurements with literature, both planetary

and stellar radius, shows the reliability of the TESS data analysis. The majority

of the CHEOPS planetary radius results agreed with the TESS results within their

uncertainties, as well as with the literature. Therefore, it can be concluded that the

CHEOPS results were at the very least good estimates of planetary radius for the

systems in this study.

In order to reach these conclusions, it was necessary to create a bespoke method

based in pycheops. The TESS data were analysed inside the CHEOPS -focused

pycheops with the assistance of pycdata. Doing so allowed for a homogeneous study

of TESS and CHEOPS transits as well as enabling TESS analysis results to be used

as priors on CHEOPS light curve analyses. The use of TESS results or Spitzer values

in the analysis of CHEOPS data was integral to obtaining meaningful results. Often

only partially covering transits, the filler programme data required priors on the pa-

rameters it struggled to model (width and impact parameter). Introducing priors for

these parameters allowed the CHEOPS analysis to focus on determining accurate and

precise depth values.

Given the limited quality of CHEOPS filler programme data, it was not expected

for the results to be an improvement on published results. With the high-precision

observations CHEOPS makes, the expectation was potentially good radius estimations

but with a lower precision than previous papers. Once the method for analysing the

filler programme observations is proven to be reliable and robust, the data will produce

literature-quality radius measurements.

Further studies are recommended to conclusively determine what factors affect

the accuracy and precision of the results, and improve the analysis method. WASP-3

could be a reasonable place to start because it is known to produce precise results

and has a large amount of both TESS and CHEOPS data, as well as a reasonable

amount of literature for comparison. The method presented in this work was designed

specifically for this type of work, so it would be useful to use it as a starting point. If

this method is used there are a number of improvements which could be made in order

to increase accuracy, such as using PIPE PSF photometry.
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The CHEOPS filler programme data can produce publishable quality results for

planetary radius, when given high-quality data as priors. TESS data can be analysed

and used as priors on CHEOPS data analysis to improve the quality of results and fill

the gaps created by the low-priority CHEOPS observations. The TESS data can also

be analysed alone to produce publishable-quality results. To conclude, if the CHEOPS

data analysis can be proven reliable, as little as one CHEOPS dataset analysed in

conjunction with at least six TESS datasets can produce results of a higher precision

than current literature. Therefore, more filler observations should be added to the

observation schedule of CHEOPS to increase the efficiency of observing time allocation.
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A TESS and CHEOPS transit fits

Figure A.1: Typical TESS transit curve of WASP-3 with lmfit model. Upper panel:
Cyan points are the data collected from MAST. These data are binned over 0.01 phase
units. Overlaid are overlapping green and brown lines which represent the best-fit
transit model and the model with instrumental trends, respectively. Lower panel:
Residuals of the best-fit model, with the same meanings for cyan and dark blue.



66

Figure A.2: MultiVisit plot for WASP-3. Upper panel: Phase-folded results from
MultiVisit. Cyan points are the data following corrections and detrending. The dark
blue points are data binned over 0.01 phase units. The green line is the best-fit model,
while the brown line is the model after removing all trends. Lower panel: The residuals
from the plot above for each dataset offset by multiples of 0.006 units.
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Figure A.3: A TESS plot for WASP-14. Upper panel: Cyan points are data, with
data binned over 0.01 phase units in dark blue. Again, the overlapping green and
brown lines are the model and the model with trends, respectively. Lower panel: The
residuals from above, with cyan and dark blue points having the above meaning.
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Figure A.4: MultiVisit plot for WASP-14. Upper panel: Data are shown in cyan,
with data binned over 0.001 phase units in dark blue. The green line is the model and
the brown line is the model after detrending. Lower panel: The residuals of the above
plot for each dataset offset in intervals of 0.005 units, where cyan and dark blue are
the same as above.
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Figure A.5: One of the TESS plot for WASP-16. Upper panel: lmfit plot with the
same colour meanings as Figure A.1 and A.3. Lower panel: Residuals of the above
plot, with the same colours as previous figures.

Figure A.6: MultiVisit plot for WASP-16. Upper panel: MultiVisit plot with the
same colour scheme as Figure A.4. Lower panel: Residuals from above, again with the
same colour scheme as Figure A.4, and as only one transit was analysed there is no
offset.
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Figure A.7: A typical TESS plot for WASP-24. Upper panel: lmfit plot with the
same meanings as Figure A.1. Lower panel: Residuals of above plot, again with colours
described in Figure A.1.
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Figure A.8: MultiVisit plot for WASP-24. Upper panel: MultiVisit plot, coloured
the same as Figure A.4. Lower panel: Residuals from the above plot using the same
colours and the datasets offset by 0.0175 units.
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Figure A.9: An example of a TESS plot for WASP-29. Upper panel: Plot from lmfit

with the same meanings as Figure A.1. Lower panel: Residuals of the above plot, with
the same meanings as Figure A.1.
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Figure A.10: MultiVisit plot for WASP-29. Upper panel: Resulting plot from
MultiVisit with the same colours as described in Figure A.4. Lower panel: The
residuals from the MultiVisit plot above, following the same colour scheme as Figure
A.4. The dataset offset is 0.01 units.

Figure A.11: MultiVisit plot for WASP-74. Upper panel: The MultiVisit plot
for WASP-74, with the colour meanings described in Figure A.4. Lower panel: The
MultiVisit plot residuals, with the data offset at 0.005 units and the colours described
in Figure A.4.
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B WASP-24b flux variations

Figure B.1: TESS plots for consecutive transits of WASP-24b, depicting the anomalous
flux variations. Upper : T0 = 459714.658 BJD. Lower : T0 = 2459717.000 BJD.
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C Mass-radius plots

Figure C.1: A plot of the massradius result for WASP-3b with known exoplanets.
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Figure C.2: massradius plot for WASP-14b alongside exoplanets found on TEPCat.
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Figure C.3: WASP-16b massradius plot compared with known exoplanets.
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Figure C.4: The results of massradius for WASP-24b. Also plotted are known exo-
planets from TEPCat.
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Figure C.5: A plot of the WASP-29b massradius result. The mass and radius of
known exoplanets are plotted alongside.
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Figure C.6: massradius results for WASP-74b using CHEOPS data, as no TESS data
were available. The results are plotted alongside exoplanets from TEPCat.
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D Transit time variation

Figure D.1: TTV plot for WASP-3b, given the reference ephemeris from Wong et al.
[2021] in BJD of 2455362.76229± 0.00009.

Figure D.2: TTV plot for WASP-14b from 2455632.57865± 0.00010 as the ephemeris
in BJD of from Baştürk et al. [2022].
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Figure D.3: TTV plot for WASP-16b using the ephemeris 2454584.42898± 0.00038 in
BJD [Southworth et al., 2013].

Figure D.4: TTV plot for WASP-24b. The reference ephemeris used to calculate the
TTV was 2454945.58944± 0.00009 in BJD [Turner et al., 2017].
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Figure D.5: TTV plot for WASP-29b using 2458356.41487 ± 0.00003 in BJD as the
ephemeris from Saha and Sengupta [2021].



84 BIBLIOGRAPHY

Bibliography

Nuno C. Santos, Susana C. C. Barros, Olivier D. S. Demangeon, and João P. Faria.

Detection and Characterization Methods of Exoplanets, August 2020. URL https:

//doi.org/10.1093/acrefore/9780190647926.013.189. ISBN: 9780190647926.

Alapini Odunlade and Aude Ekundayo Pauline. Transiting exoplanets: characterisa-

tion in the presence of stellar activity. March 2010. URL https://ore.exeter.

ac.uk/repository/handle/10036/104834. Accepted: 2010-06-15T08:00:33Z Pub-

lisher: University of Exeter.

P. F. L. Maxted. Comparison of the power-2 limb-darkening law from the STAGGER-

grid to Kepler light curves of transiting exoplanets. Astronomy & Astrophysics, 616:

A39, August 2018. ISSN 0004-6361, 1432-0746. doi: 10.1051/0004-6361/201832944.

URL https://www.aanda.org/10.1051/0004-6361/201832944.

Keivan G. Stassun, Karen A. Collins, and B. Scott Gaudi. Accurate Empirical Radii

and Masses of Planets and Their Host Stars with Gaia Parallaxes. The Astronomical

Journal, 153:136, March 2017. ISSN 0004-6256. doi: 10.3847/1538-3881/aa5df3.

URL https://ui.adsabs.harvard.edu/abs/2017AJ....153..136S. ADS Bib-

code: 2017AJ....153..136S.

D. Pollacco, I. Skillen, A. Collier Cameron, B. Loeillet, H. C. Stempels, F. Bouchy,

N. P. Gibson, L. Hebb, G. Hebrard, Y. C. Joshi, I. McDonald, B. Smalley, A. M. S.

Smith, R. A. Street, S. Udry, R. G. West, D. M. Wilson, P. J. Wheatley, S. Aigrain,

C. R. Benn, V. A. Bruce, D. J. Christian, W. I. Clarkson, B. Enoch, A. Evans,

A. Fitzsimmons, C. A. Haswell, C. Hellier, S. Hickey, S. T. Hodgkin, K. Horne,

M. Hrudkova, J. Irwin, S. R. Kane, F. P. Keenan, T. A. Lister, P. Maxted, M. Mayor,

C. Moutou, A. J. Norton, J. P. Osborne, N. Parley, F. Pont, D. Queloz, R. Ryans, and

E. Simpson. WASP-3b: a strongly-irradiated transiting gas-giant planet. Monthly

Notices of the Royal Astronomical Society, 385(3):1576–1584, April 2008. ISSN 0035-

https://doi.org/10.1093/acrefore/9780190647926.013.189
https://doi.org/10.1093/acrefore/9780190647926.013.189
https://ore.exeter.ac.uk/repository/handle/10036/104834
https://ore.exeter.ac.uk/repository/handle/10036/104834
https://www.aanda.org/10.1051/0004-6361/201832944
https://ui.adsabs.harvard.edu/abs/2017AJ....153..136S


85

8711, 1365-2966. doi: 10.1111/j.1365-2966.2008.12939.x. URL http://arxiv.org/

abs/0711.0126. arXiv:0711.0126 [astro-ph].

Y. C. Joshi, D. Pollacco, A. Collier Cameron, I. Skillen, E. Simpson, I. Steele,

R. A. Street, H. C. Stempels, D. J. Christian, L. Hebb, F. Bouchy, N. P. Gib-
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tos, G. Scandariato, D. Ségransan, A. E. Simon, A. M. S. Smith, M. Sordet, S. G.
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born, Hannah L. M. Osborne, Roland Ottensamer, Isabella Pagano, Enric Pallé,
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G. Scandariato, Gy. M. Szabó, A. Collier Cameron, S. Udry, W. Benz, M. Beck,

D. Ehrenreich, A. Fortier, K. G. Isaak, D. Queloz, R. Alonso, J. Asquier, T. Bandy,
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