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Abstract

The Ariel mission will observe spectroscopically around 1000 exoplanets to fur-

ther characterise their atmospheres. For the mission to be as efficient as possible,

a good knowledge of the planets’ ephemerides is needed before its launch in 2028.

While ephemerides for some planets are being refined on a per-case basis, an organ-

ised effort to collectively verify or update them when necessary does not exist. In

this study, we introduce the ExoClock project, an open, integrated and interactive

platform with the purpose of producing a confirmed list of ephemerides for the plan-

ets that will be observed by Ariel. The project has been developed in a manner to

make the best use of all available resources: observations reported in the literature,

observations from space instruments and, mainly, observations from ground-based

telescopes, including both professional and amateur observatories. To facilitate inex-

perienced observers and at the same time achieve homogeneity in the results, we
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created data collection and validation protocols, educational material and easy to use

interfaces, open to everyone. ExoClock was launched in September 2019 and now

counts over 140 participants from more than 15 countries around the world. In this

release, we report the results of observations obtained until the 15h of April 2020

for 120 Ariel candidate targets. In total, 632 observations were used to either verify

or update the ephemerides of 84 planets. Additionally, we developed the Exoplanet

Characterisation Catalogue (ECC), a catalogue built in a consistent way to assist

the ephemeris refinement process. So far, the collaborative open framework of the

ExoClock project has proven to be highly efficient in coordinating scientific efforts

involving diverse audiences. Therefore, we believe that it is a paradigm that can be

applied in the future for other research purposes, too.

Keywords Exoplanets · Ephemerides · Open science · Data analysis · Photometry ·

Citizen science

1 Introduction

Just after discovery, the time of the next transit for a planet is well known. How-

ever, the accuracy of predicted future transits degrades over time due to the increased

number of epochs since the last observation and the stacking of the period error (e.g.

[1–3]). In extreme cases this can mean the transit time is practically lost, with errors

of several hours (e.g. [4]). In addition to this issue, extrapolating transit times from

only a few data points over a limited baseline can easily introduce bias (e.g. [1, 5]).

Finally, we could expect transit times to shift due to dynamical phenomena such as

tidal orbital decay, apsidal precession or from gravitational interactions with other

bodies in the system (e.g. [6–8]).

These issues can only be understood, and mitigated for, by regular observations

over a long baseline and continuous ephemeris refinement. In this effort, small tele-

scopes have been proven to be as efficient as larger ones (e.g. [1, 3, 9–11]). Especially

for targets that are being discovered at the moment by TESS, estimations suggest that

we will need efficient follow-up observations to verify their ephemerides and narrow

down the large uncertainties in the predicted transit times [2, 3].

The Ariel mission [12] will spectroscopically observe 1000 targets to study their

atmospheres. To achieve this goal, thousands of transits will be observed within

the lifetime of the mission. This large number underlines the necessity for precise

predictions of the transit times, in order to maximise the overall efficiency of the

mission.

When planning observations for a single planet or for a small number of plan-

ets, ephemerides updates can be done on a per-case basis. However, in the new era

of characterising large numbers of planets, such an effort needs to be organised in

a much more efficient way through an open and collaborative platform, in order to

make the best use of all the currently available resources. In several fields of astron-

omy there are public and collaborative databases which contribute significantly to
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community building and sharing. Examples of such efforts in astronomical fields are:

VESPA1 [13], the Minor Planet Center2 and Simbad.3

In this work, we present the ExoClock project (https://www.exoclock.space), an

open, integrated platform with the scope of verifying the ephemerides of the planets

that will be observed by Ariel, prior to the launch of the mission. ExoClock has been

designed in a way to make the best use of all the available resources, including lit-

erature observations regardless of their purpose, and observations from any available

ground- or space-based facilities, smaller or larger in size. In addition, ExoClock will

provide a continuously updated and homogenous ephemerides service, which can be

valuable for general exoplanet research, even beyond the Ariel mission.

2 The ExoClock project

Since Ariel will observe thousands of transits, good knowledge of the transit

ephemerides is important in order to maximise the efficiency of the observing

schedule and of the mission in general. The idea of the ExoClock project was con-

ceptualised to achieve this scope, by delivering a verified list of ephemerides for

the planets in the Ariel candidate target list [14], before the launch of Ariel. At the

moment, this list includes about two thousand planets, from which 370 are already

known and the rest are simulated future discoveries. From these planets, around 1000

will be chosen and observed by Ariel.

As the Ariel target candidate list includes thousands of planets, to achieve the goal

of verifying their ephemerides we need to make the best use of all currently available

resources and collect a large number of observations throughout many years. The

ExoClock project has been designed to implement the above approach by:

1. integrating dedicated follow-up observations conducted by observers that have

joined the project (forming the ExoClock network), literature observations, and

observations conducted for other purposes, both from ground and space;

2. being open to contributions from a variety of audiences – professional and

amateur astronomers, students, and industry partners;

3. interacting with the participants through a variety of user-friendly interfaces to

efficiently coordinate their efforts and ensure the high quality of the data products.

The diversity of the project requires strategies to ensure homogeneity and reli-

ability in the results. To achieve this vision, we have planned and applied several

strategies which will be discussed in detail later. Since the project is open to contribu-

tions from inexperienced observers and at the same time contributions from various

sources, it is very important to provide user-friendly interfaces and educational mate-

rial. Throughout the course of the ExoClock project, we accomplish not only the

1http://www.europlanet-vespa.eu
2https://www.minorplanetcenter.net/iau/mpc.html
3http://simbad.u-strasbg.fr/simbad
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most efficient use of resources but also a more vital connection between the several

partners that collaborate. The open framework is an essential element in order to co-

create knowledge effectively and share it with the rest of the community. ExoClock

observations will be shared with the community every time a sufficient number of

observations is collected.

2.1 The citizen science aspects of ExoClock

Since ExoClock is open to contributions from everyone, inexperienced participants

(e.g. amateur astronomers, students, citizen scientists, members of the public) con-

stitute naturally an important part of the project. Currently, there are 140 participants

in ExoClock, of which 80% are amateur astronomers and the rest 20% includes

both early career and senior professional astronomers, but also a few school stu-

dents and teachers. Therefore, the project has also a citizen science character. There

are numerous citizen science projects designed to support scientific research and,

indeed, citizen science is a mainstream trend. Citizen Science projects are efficient

from various aspects [15], such as:

– large-scale data collection;

– elaborating scientific knowledge;

– increasing the participation of a wider community;

– strengthening the relationship between science and society;

However, several issues need to be considered as many of these projects have been

questioned for their credibility and the accuracy in the delivered results. Hence, it

is very important to plan and implement citizen science aspects carefully, consider-

ing a number of different parameters to ensure scientific robustness. In the ExoClock

project we use different activities that are implemented at different stages during the

project (data collection, data analysis and data validation). Following recommenda-

tions from successful citizen science projects [16–18], we include strategies such as:

– educational material;
– training sections;
– interaction between the participants and the scientific team;
– data collection protocols;
– analysis tools;
– validation to a reference database;
– cross validation;
– interactive project development;

2.2 The Exoplanet characterisation catalogue (ECC)

As the final scientific product of this project is a verified catalogue of ephemerides,

it was vital to construct an initial catalogue with the scope of continually updating

it until Ariel launches. This catalogue was essential for the homogeneity in the final

results but also for achieving the most efficient way of planning and analysing the

observations collected by the participants.
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The Exoplanet Characterisation Catalogue (ECC) includes the planets of the

Ariel candidate target list that have already been discovered [14]. At this moment,

it includes 370 planets but it will be continuously updated based on upcoming

discoveries. The catalogue contains stellar parameters (RA, DEC, magnitude at dif-

ferent filters, Temperature, Gravity and Metallicity) and also the transit parameters

(ephemeris, period, Rp/ Rs, depth, inclination, transit duration and eccentricity). The

ECC can be found as part of the data provided in this work (see Section 5).

To ensure consistency in the catalogued values, we constructed the ECC following

the rules below:

1. The target parameters (position, and magnitudes) were extracted from:

– SIMBAD for RA, DEC, and the magnitudes V, R, I

– GAIA for the GAIA magnitudes G, G-BP, G-RP

– 2MASS for the 2MASS magnitudes J, H, K

Where any of the V, R, I magnitudes were missing, we used the GAIA magni-

tudes to calculate them.4 This is indicated in the catalogue where applicable.

2. The stellar parameters used to calculate the limb darkening - effective temper-

ature, surface gravity, metallicity -were extracted from a single source for each

planet (reference in the catalogue);

3. The transit parameters - planet radius, semi-major axis, eccentricity, inclination,

argument of periastron - were extracted from a single source for each planet

(reference in the catalogue);

4. The ephemeris parameters - zero-epoch mid-time, period - were extracted from a

single source for each planet, the most recent one, but with the scope of updating

them in the course of the project (reference in the catalogue).

2.3 Ephemeris verification criterion

Observing before and after the transit is important to correct for instrumental system-

atics and Ariel will observe 75% of the transit duration before and after each transit.

Hence, we have defined that for an ephemeris to be considered as verified, we need

to be sure that at least 50% of the transit duration will be observed both before and

after the transit. This is translated to a 3σ uncertainty in the transit time prediction –

for the end of 2028 – lower than 25% of the transit duration, or to an 1σ uncertainty

lower than 1/12 of the transit duration (target uncertainty).

3 Best use of resources

In order to achieve the goals of the project it is fundamental to make the best use of

all available resources. These include the observations available in the literature, and

ongoing observations from space- and ground-based facilities, the latter including

both professional and amateur observatories.

4GAIA documentation
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3.1 The ExoClock network of telescopes

In the ExoClock project we have developed an interface, where interested observers

– either professional or amateur astronomers – can join the ExoClock network by

registering their telescopes. So far, 140 observers have joined the ExoClock project,

registering 180 telescopes to the ExoClock network. These telescopes are located in

15 countries around the world, and are of sizes between 6 and 40 inches.

Given the diversity in both the location and the sizes of the telescopes, we created

a prioritisation system and a personalised scheduler for every registered telescope.

3.1.1 Prioritisation system

We assigned an observing priority (high, medium, or low) to every planet in the ECC

based on the 1σ uncertainty in the transit time prediction (1):

σT =

√

σ 2
T0

+ (NσP )2 (1)

where T is the mid-time prediction, T0 is the ephemeris mid-time, N is the number

of epochs since the T0, and P is the orbital period of the planet.

We initially assigned an observing priority to every planet, as follows:

– For planets with 1σ uncertainty in the transit time prediction for the end of 2020

higher than 1/12 of the transit duration, the priority was set to high. Otherwise,

if the ephemeris was older than four years, again the priority was set to high.

– For the remaining planets, if the 1σ uncertainty in the transit time prediction for

the end of 2028 was higher than 1/12 of the transit duration, the priority was

set to medium. Otherwise, if the ephemeris was between two and four years old,

again the priority was set to medium.

– For all the remaining planets, the priority was set to low.

We also included a category of planets marked as “alert”, for which new obser-

vations suggest a time-shift higher than ten minutes. In this way we encourage

observers to follow these specific planets until a clear picture about their ephemerides

is formed.

During the course of the project the priorities are being dynamically updated

based on the collected observations. For example, if a high priority planet is observed

enough times during an observing season to improve or verify the ephemeris, its

priority will be reduced to low. However, if the planet is not observed again in the

following observing season, its priority will be increased again to medium.

3.1.2 Personalised schedule

To allocate more efficiently the targets to different observers, we have created a per-

sonalised schedule, which indicates to every observer the transits that are accessible

to them, depending on their equipment and their location.
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The expected signal-to-noise ratio is calculated based on (2) and if this is greater

than 15, the planet is marked as observable.

SNR = aD

√

10
12−Rmag

2.5
TDp

√

1
TDr

+
1

120

(2)

where a is a constant, D is the telescope aperture in inches, Rmag is the R magni-

tude of the star, TDp is the transit depth in mmag, and TDr is the transit duration in

minutes.

The constant a was initially calculated based on observations we acquired from the

Holomon Astronomical station of the Aristotle University of Thessaloniki in Greece.

They represent a system with an 11 inch aperture, an ATIK11000 camera and a Red

(Cousins) filter, which is widely considered as a typical equipment capable of con-

ducting transit observations. For this system and assuming an observation that starts

one hour before the transit, ends one hour after the transit, has an exposure time of

one minute, and has overheads of 30 seconds, a is equal to 0.0125.

As observers submit their observations, we track the performance of their sys-

tems and further adjust the a coefficient per system. In this way the schedule takes

into account the capabilities of the different instruments and the long-term effects

of weather patterns, in order to distribute the planets accordingly. In terms of tim-

ing, only the observations that happen when the star is at least 20 degrees above the

horizon appear in the scheduler. Finally, we make sure that the Sun stays below -10

degrees throughout the observation.

Based on the above calculation, and placing an upper limit for the transit duration

to 6 hours, we computed the number of planets in the Ariel candidate target list that

are accessible through the ExoClock network. For telescopes of 10, 15, 25, 35, and 40

inches the percentages are 14%, 22%, 36%, 47%, 52%, respectively. If we however

relax the requirement of SNR=15 to SNR=10, these numbers increase to 22%, 33%,

49%, 62%, 67%, respectively.

3.2 Space-based facilities

Space-based follow up will be needed for targets that are not accessible from the

ground (of low S/N or very long duration). ExoClock will integrate past and future

results from the main space telescopes that have observed or will observe planets in

the ECC.

3.2.1 TESS

During its primary mission, TESS is surveying almost the entire sky. While the prime

objective of the mission is to discover new planets, TESS will also observe stars

which are known to host planets. As of November 2019, TESS has observed the host

stars of 150 planets within the Ariel target list. However, data of sufficient quality has

not necessarily been obtained for each of these. Thus, while TESS will undoubtedly

be a great resource for the refinement of transit times (e.g. [10, 19, 20]), the extent of

this contribution needs further exploration.
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3.2.2 Hubble and Spitzer

Spitzer has been used to follow-up several exoplanets with ephemeris uncertainties

(e.g. [5, 21, 22]) and the data will be valuable for future ephemeris refinements. How-

ever, the spacecraft has ceased operations in early 2020 and no further observations

are available. The Hubble Space Telescope (HST) has been delivering spectroscopic

observations of exoplanets since 2001. Although most observations are interrupted

due to Earth obscuration, the precision can still be sufficient for measuring accurate

transit times (e.g. [23, 24]. HST may well be used to observe new TESS detections

and could therefore provide ephemeris refinement. However, HST cannot be used in

cases where the uncertainty on the transit time is too large. Also, HST is a general

observatory and can only observe a limited number of targets. Therefore, neither of

these missions can be expected to have a major impact on any ephemeris refinement

project.

3.2.3 CHEOPS

CHEOPS launched in December 2019 and is anticipated to follow-up a large number

of TESS discoveries, refining both planetary and orbital parameters via high preci-

sion photometry [25]. The mission has reserved around 20% of the telescope time

for guest observers which equates to 946 orbits, or 1578 hours, in the first year. To

allow potential users to explore the capabilities of CHEOPS, a simulator has been

developed which has a web interface.5

By inputting the star type and magnitude, along with the observation duration,

a noise prediction is returned. The web-based simulator has been utilised to under-

stand the performance for ephemeris refinement of planets within the Ariel target list.

CHEOPS cannot observe the ecliptic poles, which are the continuous viewing zones

for JWST and Ariel, and planets outside the field of regard have been removed. From

this exercise, we conclude that additional 300 planets (15%) that are accessible to

CHEOPS with an SNR above 5 in one observation. Further investigation is needed

to ascertain the exact number of targets for which CHEOPS could reduce the tran-

sit uncertainties but it would seem likely that the final figure will be of the order of

several hundred.

3.3 Other ground-based networks

ExoClock as an integrated platform will incorporate all available observations pro-

duced by other ground-based networks, too. We are already collaborating with other

networks and current projects to both make the best use of all resources and decrease

the potential for overlapping efforts. Since homogeneity is key for the ExoCloc

project, we are currently examining the data sharing protocols and quality control

protocols. Data from such databases will be included in the ExoCloc database in

5https://cheops.unige.ch/pht2/exposure-time-calculator
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future releases after defining the most effective strategy to collect them ensuring

validity and accuracy.

Although such networks carry out transit exoplanet observations, they are focused

on different aspects, as far as exoplanet ephemerides are concerned. For example,

the Exoplanet Transit Database (ETD, [26]) run by the Czech Astronomical Society

since 2009, provides more than 10,000 transit light curves for more than 350 exo-

planets systems, with the scope of searching for transit time variations. Additionally,

Exoplanet Watch [3] is another coordinated effort to collect follow-up observations

of exoplanet transits with small telescopes, organised in the USA and focused on

targets that will be then observed by the James Webb Space Telescope.

Finally, the ExoClock project is in close collaboration with the Telescope Live6

network. Telescope Live is a web application offering end-users the possibility to pur-

chase images obtained on-demand from a network of robotic telescopes. At the time

of writing the network consists of eight telescopes distributed across three observa-

tories: a 1m ASA RC-1000AZ, a 0.6m Planewave CDK24 and two 0.5m ASA 500N

located at El Sauce Observatory in Chile; a 0.7m ProRC 700 and two 0.1m Taka-

hashi FSQ-106ED located at IC Astronomy in Spain; a 0.1m Takahashi FSQ-106ED

located at Heaven’s Mirror Observatory in Australia.

3.4 Catalogue of literature observations

Since there is currently no organised and easily accessible database of past obser-

vations, conducted by other observatories (ground- or space-based) and recorded in

the literature, it is difficult for the scientific community to distinguish which planets

need their ephemerides to be updated.

To facilitate easier access to the current literature we have developed an appli-

cation within the website, in which participants and members of the scientific

community can add results from other published works. The application includes

all the appropriate conversions between the different time systems used across the

different papers to the BJDTDB system.

These contributions are validated and they are taken into account in the

ephemerides refinement. In this work we include the literature data only for the plan-

ets for which an ephemeris update is required. We will continue developing this

platform and collect more data from past and new publications, to ensure the best use

of all transit observations, even beyond the ExoClock platform.

4 Scientific robustness and homogeneity of the results

Ensuring homogeneity and maintaining high quality in the results produced is crucial

when multiple observers are participating. To achieve this requirement, it is manda-

tory to base the analysis on a single catalogue, and this was one of the main reasons

6https://telescope.live
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for constructing the ECC described above. In addition, we have established a proto-

col for conducting and analysing observations, and specific educational material to

support the observers.

4.1 Observing strategy

Based on experience from previous observations and collaboration with other experts

on exoplanets research, we created an observing strategy to be followed as a sugges-

tion by all our participants (data collection protocol). In this strategy we pay extra

attention to ensure the observability of the transits, to maximise the total S/N ratio of

the light curves and to achieve the highest possible precision in transit timing. More

specifically, the observers are recommended to:

– follow the personalised schedule to only follow-up planets that can be observed

with their equipment and from their location. (see Section 3.1.2 for more details);

– use an R or I Cousins filter, preferably. Alternatively, a luminance or clear filter is

suggested. In general, the precision in the measurement of the mid-time of a tran-

sit increases with wavelength. The reasons for this improvement are the weaker

stellar activity, the weaker limb darkening effect and the lower background noise;

– set the camera temperature to the lowest available value. This step is necessary

to decrease the noise from dark current as much as possible;

– set the binning to one to allow longer exposure times, decreasing in this way the

total overheads and increasing the total S/N;

– keep the number of counts below the point where the camera becomes non-linear.

This procedure is suggested to avoid biases in the transit depth caused by the

non-linear response of the camera;

– check for at least one good comparison star in the field and adjust it if it is needed;

– observe for an extra hour before the start of the transit and an extra hour after

the end of the transit. This strategy is necessary to model efficiently any instru-

mental systematics (see Section 4.3) for details on the systematics modelling).

In addition, it helps capturing unexpected drifts between the predicted and the

observed transit mid-times;

– validate the clock of their computer against the network time. A precision of

one to two seconds can be easily achieved in this way, and it is enough for the

purposes of this project.

4.2 Data reduction and photometry

The data collection protocol described above is supported by a dedicated piece of

software for data reduction and photometry. We specifically developed this software

(the HOlomon Photometric Software7) to certify both the high quality and the homo-

geneity of the results but also to ensure accessibility for users of different experience

levels, starting from users who had never observed transits before.

7https://github.com/ExoWorldsSpies/hops
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The software is developed in Python, allowing community development and

easy adaptation to new features. It is also continuously developed in collaboration

with amateurs who provide feedback on the user experience and the performance

of the software under different circumstances. HOPS supports the users by being

user friendly; interactive, with user interfaces; open source; free; geospacial; and

compatible with all operational systems.

As far as the data analysis is concerned, HOPS allows the user to reduce and align

the data; to select the best comparison stars; to extract the target’s light curve; and to

perform an MCMC fitting to allow for a first validation of the results. Providing more

technical details is beyond the scope of this work and will be discussed in a separate,

dedicated, publication.

4.3 Light curve fitting

While the data reduction and photometry can be performed using the observer’s pre-

ferred tools, it is of great importance to perform the light curve modelling on the

ExoClock web-server. We use the open source Python package PyLightcurve8 [27]

to facilitate this process.

At first, the time basis of the uploaded data is converted to BJDTDB. This step is

necessary as the observers are allowed to upload their data in any available time basis.

However, we recommend JDUTC to be used, as the conversions applied by different

software may be subject to assumptions that are not reversible. Also, the data are

converted from magnitude to relative flux, if necessary. If the uploaded data do not

include uncertainties, these are estimated with a moving standard deviation. In both

cases, we perform a first fitting, and then we scale the uncertainties to match the

standard deviation of the first fitting residuals. Then, the fitting process is repeated.

This is a standard process in the literature applied to observations of HST [28]. In

this way, we take into account any extra scatter in the observation and end up with a

conservative estimation of the uncertainties in the final results.

The limb darkening coefficients are calculated based on the stellar parameters

(temperature, gravity and metallicity) for the planet as provided in the ECC, the

Phoenix 3D stellar models and the response curves of the different filters, through

the open source Python package ExoTETHyS9 [29]. For all the models, we use the

4-coefficients law by Claret 2000 [30].

During the fitting, we fix all the transit parameters, with the exception of the

planet-to-star radius ratio and the mid-time, to the values in the ECC. Simultaneously

with the transit model, we use a model for the out-of-transit systematics, which are

usually due to airmass variations. We consider three models for the systematics (lin-

ear with airmass, linear with time, and quadratic with time) and choose the one which

best describes the data (minimum reduced chi-square and residuals autocorrelation),

at the same time, giving a result for the planet-to-star radius ratio close to the expected

value from ECC. We need to note here that all the models used are exposure-time

8https://github.com/ucl-exoplanets/pylightcurve
9https://github.com/ucl-exoplanets/ExoTETHyS
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integrated – i.e. they do take into account the variation in the light curve during the

exposure. This is achieved by calculating the model for sub-exposures of 10 seconds

and then using the average.

The results from each individual light curve fitting are compared with both the

literature and other observations on ExoClock. Based on the information from these

sources, each observation is either validated by the platform, or returned to the user

for further reduction and photometry.

4.4 Educational material

Continuous training and interaction between the participants and the science team

are fundamental elements to ensure high quality in the produced results. The learning

process is complex and multi-dimensional and every person learns in a different way.

For these reasons, it is important to support the learning process through a variety

of material: manuals; guidelines; videos; podcasts; newsletters; one-to-one feedback;

training datasets.

Because our project is open to people from various countries, it is significant to

facilitate their participation and avoid misconceptions. Thus, a large part of the edu-

cational material is also provided in different languages (at the moment English,

Greek, Portuguese, and French) and we also have national contact points for several

countries, to assist at a local level. All this material is hosted on a separate website,

especially built for educational purposes.10

5 Results - first data release

Here we present the first data release of the ExoClock project, which includes three

data products:

– the Exoplanet Characterisation Catalogue (see Section 2.2)

– the catalogue of ExoClock observations

– the catalogue of ExoClock ephemerides

All data products and their descriptions can found through the OSF repository

with DOI: 10.17605/OSF.IO/3W7HM (The repository will become available upon

acceptance of this manuscript.)

5.1 Catalogue of ExoClock observations

Here we present the first data release of the ExoClock project, containing 632

observations of 120 planets in the ECC (30%). These observations were conducted

between 2011 and 2020, submitted to the ExoClock platform before the 15th of April

2020, and validated according to the criteria described in Section 4.3. The current rate

of submitting new observations is above 100 per month. From the 632 observations

10https://www.exoworldsspies.com
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in this dataset, 402 (17% from amateur astronomers) were acquired before the kick

off of the project in September 2019, while the remaining 230 (73% from amateur

astronomers) after September 2019. The largest contribution to this dataset has been

made by the Observatoire des Baronnies Provençales with 356 observations, most of

which were acquired before September 2019.

Note that in this work, only the observations that were submitted up to the 15th

of April 2020 are included. At the moment, the ExoClock platform contains more

than 1500 observations (62% from amateur astronomers), which will be analysed in

future publications. In addition, the ECC will be dynamically updated in the future,

as more planets that are accessible by Ariel will be discovered. Figure 1 shows the

cumulative distribution of all the observations based on the time of observation (not

the time of submission).

The online catalogue of ExoClock observations includes the following informa-

tion for each observation:

1. the raw light curve;

2. metadata regarding the observer(s), the planet observed (link to ECC), the equip-

ment used (telescope-camera-filter), the exposure time and the time and flux

formats;

3. the raw light curve filtered for outliers, converted to BJDTDB and flux formats

and enhanced with the estimation for the uncertainties, the target altitude, and

the airmass;

4. the fitting results, including the de-trending method used and its parameters;

5. the de-trended light curve, enhanced with the de-trending model, the transit

model and the residuals;

6. fitting diagnostics on the residuals (standard deviation, chi-squared, autocorrela-

tion)

Fig. 1 Cumulative distribution of all the observations in the ExoClock platform, based on the observing

date
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5.2 Catalogue of ExoClock ephemerides

The ExoClock project aims to deliver a catalogue of verified ephemerides for the

planets in the Ariel target list, before the launch of the mission. An ephemeris is

considered verified if it gives predictions for the end of 2028 with an uncertainty

lower than 1/12 of the transit duration (see Section 2.3). This catalogue is initiated

here with verified ephemerides for 84 planets in the ECC (22%). The verified status

of these ephemerides is clearly indicated on the website, to encourage their use by

the community. The 84 ephemerides that have been verified will be continuously

monitored, as biases in measurements may still exist but require more observations

to become statistically significant, and their status will be revised with future data

releases.

To produce this catalogue we assessed the ephemerides of the 120 planets

observed in this first data release as follows:

1. We updated the ephemerides that did not meet the verification criterion using

both the ExoClock observations and values from the literature (19 in total). Note

that for some of these planets, data existed in the literature but the ephemerides

were either not updated by the authors or the updates where not properly listed

in other catalogues. This proves the need for an organised way of listing the

ephemeris information for all planets.

2. We evaluated the O-C drift for the remaining ephemerides and identified those

for which our observations suggested an important, unexpected, drift (9 in total).

An important drift is one that predicts an O-C greater than 1/12 of the transit

duration for the end of 2028. We then updated these ephemerides using both the

ExoClock observations and values from the literature. Note that these planets

met the verification criterion, and the drifts observed were due to biases in the

initial ephemerides. This proves the need for continuous and regular follow-up

after the transit discovery.

3. We verified the current ephemerides for the planets that were observed at least

twice and did not show any significant drift (56 in total). The majority of the

planets in this category were marked as low priority.

4. The remaining 36 ephemerides were not verified with the data in this release as

only one observation was acquired.

For planets in categories 1 and 2, where the ephemerides updates were vital for

continuing monitoring the planets in the future, we did use single observations in

some cases (KELT-15b, WASP-13b, WASP-31b, WASP-67b, KELT-7b, WASP-16b).

In these cases, there was the need for the update and also there were data, either

in the literature or on our website, supporting the observed drift. To update the

ephemerides we considered both literature mid-times and the mid-times that resulted

from analysing the ExoClock observations. At first, we computed a new zero-epoch

as the weighed average of the epochs of the available data.

For the 28 ephemerides that have been updated, we refer the reader to the online

data repository for all the data used for the refinement. Figure 2 show the all the
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Fig. 2 Comparison between the initial (dashed lines) and the updated ephemerides (shaded area) for the

28 planets that had their ephemerides refined. The black circles indicate literature values while the red ones

indicating observations provided by telescopes registered in the ExoClock network. In blue, we indicate

the target 1σ uncertainty for the end of 2028 for each planet. For all planets, the horizontal axis represents

epochs between 01/01/2005 and 01/01/2029
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Fig. 3 Left: Comparison between the initial and the updated uncertainties in predictions for the end of

2028, relatively to the target uncertainty (1/12 of the transit duration) for updated planets in the cate-

gory 1. Right: Drift of the mid-time predictions for the end of 2028 between the initial and the updated

ephemerides for those planets which were found to have unexpected drifts

28 refined ephemerides compared with the initial ones while, Figure 3 shows the

variations in the precision and the 2028 predictions for the refined ephemerides. In

addition, Table 1 presents the ephemerides that have been updated (categories 1 and

2), Table 2 presents the ephemerides that have been verified (category 3), and finally

Table 3 gives the references for the parameters used in the analysis of all the planets

in this data release.

6 Discussion

The results presented here demonstrate that a manifold platform like ExoClock is

very efficient in making the best use of all available resources towards addressing

a defined scientific problem. In our case, the defined problem was the need for up-

to-date ephemerides in order to increase the efficiency of the Ariel observations and

other follow-up activities. However, the project architecture (priorities, organisation,

website features etc) could support other endeavours, either in the same field or other

sectors, to optimise data collection and ensure reliability and homogeneity in the

results.

The open nature of the ExoClock project guarantees the inclusion of various audi-

ences that have the opportunity to contribute directly. This is fundamental to achieve

the best use of all currently available resources. Currently, there are 140 participants

in ExoClock , of which 80% are amateur astronomers and the rest include both early

career and senior professional astronomers, but also a few students and teachers.

These various groups of people come from different backgrounds and have differ-

ent interests. This is significant since it results in a dynamic team of people who

continuously bring new ideas and enrich the complexion of the project. Since also
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Table 1 New ephemerides for the 28 planets that have been updated here (categories 1 and 2), and

references for the literature data used

Planet New T0 (BJDTDB) New Period (days) References for

literature data used

HAT-P-20b 2456670.97803 ± 0.0001 2.875317 ± 4e-07 [36–39]

HAT-P-22b 2456366.08903 ± 0.00025 3.212233 ± 4e-07 [36, 40]

HAT-P-24b 2455592.76491 ± 0.00023 3.3552454 ± 7e-07 [41]

HAT-P-28b 2457713.934 ± 0.0005 3.2572124 ± 1.2e-06 [42]

HAT-P-53b 2456514.0562 ± 0.00025 1.9616265 ± 7e-07 [43]

HAT-P-54b 2457811.6454 ± 0.0004 3.7998518 ± 1.1e-06 [44]

K2-30b 2457112.988874 ± 1.3e-06 4.098481163 ± 1.8e-08 [45]

KELT-15b 2458544.07707 ± 0.00018 3.329472 ± 6e-06 [46, 47]

KELT-16b 2457946.86088 ± 0.0001 0.96899295 ± 2e-07 [48–50]

KPS-1b 2458544.108 ± 0.0003 1.7063219 ± 1.5e-06 [51]

Qatar-4b 2458293.1227 ± 0.00015 1.805369 ± 6e-07 [52]

WASP-13b 2455218.5681 ± 0.0008 4.353019 ± 4e-06 [53, 54]

WASP-31b 2456088.4374 ± 0.0001 3.4058853 ± 5e-07 [55–57]

WASP-67b 2456548.83747 ± 0.0002 4.6144172 ± 1.3e-06 [58–60]

WASP-75b 2457007.46252 ± 5e-05 2.4841993 ± 1.7e-06 [61, 62]

WASP-77Ab 2456224.05817 ± 0.00017 1.3600295 ± 3e-07 [40, 63]

WASP-104b 2457928.048611 ± 1.7e-05 1.7554057 ± 3e-07 [65, 66]

XO-6b 2457737.031 ± 0.0003 3.7649924 ± 1.3e-06 [67]

HAT-P-30b 2455765.63288 ± 0.00018 2.8106019 ± 7e-07 [68–70]

HAT-P-37b 2457303.82448 ± 0.00024 2.7974418 ± 7e-07 [70–72]

HAT-P-56b 2457404.8183 ± 0.0004 2.7908233 ± 1.1e-06 [73]

KELT-7b 2456385.3121 ± 0.0004 2.7347694 ± 2e-06 [74]

WASP-3b 2455517.89652 ± 0.0001 1.84683506 ± 1.8e-07 [75–85]

WASP-16b 2455495.0619 ± 0.0003 3.1186023 ± 1.6e-06 [86, 87]

WASP-32b 2456379.8909 ± 0.0004 2.7186643 ± 1.1e-06 [80, 88, 89]

XO-3b 2454721.14865 ± 0.00014 3.191526 ± 5e-07 [72, 90–94]

XO-4b 2455067.5685 ± 0.0003 4.1250683 ± 1.3e-06 [95–98]

ExoClock observers have different levels of experience, they contribute to the project

from different perspectives.

Through the course of the project, it became clear that an integrated platform

like ExoClock is beneficial to the whole exoplanet community as it can support

maximising the efficiency of any organised observing effort and maintaining an

always up-to-date scientific product. This is done through providing a uniformly
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Table 2 Verified literature ephemerides for the 56 planets in category 3

Planet T0 (BJDTDB) Period (days) Reference

CoRoT-2b 2454237.53616 ± 3e-05 1.74299609 ± 2e-07 [99]

GJ1214b 2454934.9177 ± 3e-05 1.58040494 ± 9e-08 [100]

GJ436b 2454865.08403 ± 3e-05 2.643898 ± 3e-07 [101]

HAT-P-1b 2453979.93277 ± 0.00024 4.4652998 ± 6e-07 [102]

HAT-P-3b 2454856.702 ± 0.0001 2.899736 ± 2e-06 [103]

HAT-P-4b 2454245.8152 ± 0.0002 3.0565254 ± 1.2e-06 [80]

HAT-P-5b 2455432.4551 ± 0.0001 2.7884736 ± 5e-07 [104]

HAT-P-9b 2455484.9131 ± 0.0004 3.9228107 ± 1e-06 [105]

HAT-P-12b 2454419.19584 ± 9e-05 3.2130589 ± 3e-07 [106]

HAT-P-13b 2455176.53893 ± 0.00022 2.9162433 ± 1.2e-06 [106]

HAT-P-16b 2455027.59292 ± 0.00019 2.7759704 ± 7e-07 [106]

HAT-P-19b 2455091.535 ± 0.00015 4.0087842 ± 7e-07 [107]

HAT-P-23b 2454852.26548 ± 0.00017 1.2128867 ± 2e-07 [106]

HAT-P-25b 2457006.91299 ± 0.00021 3.6528159 ± 7e-07 [1]

HAT-P-32b 2454420.44712 ± 9e-05 2.150008 ± 1e-06 [108]

HAT-P-36b 2455565.1816 ± 0.0004 1.3273468 ± 5e-07 [109]

HAT-P-44b 2456204.47794 ± 0.00019 4.3011886 ± 1e-06 [1]

HAT-P-51b 2456194.1228 ± 0.0004 4.218028 ± 6e-06 [43]

HAT-P-52b 2456645.1398 ± 0.0003 2.7535965 ± 1.1e-06 [1]

HD189733b 2454279.437468 ± 1.5e-05 2.21857567 ± 1.5e-07 [110]

KELT-1b 2457306.976 ± 0.0003 1.2174928 ± 6e-07 [111]

KELT-3b 2456269.4899 ± 0.0003 2.703385 ± 1.8e-06 [1]

Kepler-6b 2454954.48742 ± 3e-05 3.23469918 ± 3e-08 [112]

Qatar-1b 2456234.10322 ± 6e-05 1.4200242 ± 2.2e-07 [113]

Qatar-2b 2457250.201605 ± 8e-06 1.33711677 ± 1e-07 [114]

TrES-1b 2453186.807 ± 0.00012 3.030072 ± 3e-07 [80]

TrES-2b 2454955.764103 ± 6e-06 2.47061338 ± 1e-08 [112]

TrES-3b 2454185.91116 ± 6e-05 1.30618619 ± 1.5e-07 [115]

TrES-4b 2454230.9056 ± 0.0003 3.5539277 ± 5e-07 [116]

TrES-5b 2455443.25271 ± 0.00011 1.48224754 ± 1.7e-07 [70]

WASP-1b 2453912.5151 ± 0.0003 2.5199454 ± 5e-07 [117]

WASP-2b 2453991.51536 ± 0.00018 2.1522213 ± 4e-07 [80]

WASP-10b 2454664.03804 ± 6e-05 3.0927295 ± 3e-07 [106]

WASP-11b 2454729.9072 ± 0.0002 3.7224797 ± 4e-07 [109]

WASP-12b 2456176.66826 ± 8e-05 1.0914203 ± 1.4e-07 [113]

WASP-19b 2455708.534626 ± 1.9e-05 0.78883899 ± 4e-08 [118]

WASP-24b 2455687.75616 ± 0.00016 2.3412217 ± 8e-07 [119]

WASP-36b 2455569.8377 ± 0.0005 1.53736596 ± 2.4e-07 [120]

WASP-43b 2455528.86863 ± 5e-05 0.81347398 ± 4e-08 [121]

WASP-48b 2455364.55241 ± 0.00024 2.1436354 ± 6e-07 [122]

WASP-49b 2456267.6839 ± 0.00013 2.7817362 ± 1.4e-06 [123]

WASP-50b 2455558.6124 ± 0.0002 1.9550938 ± 1.3e-06 [124]
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Table 2 (continued)

Planet T0 (BJDTDB) Period (days) Reference

WASP-52b 2456862.79795 ± 7e-05 1.74978114 ± 1.4e-07 [125]

WASP-57b 2456058.5491 ± 0.00016 2.8389186 ± 8e-07 [126]

WASP-65b 2456110.68772 ± 0.00015 2.3114243 ± 1.5e-06 [61]

WASP-80b 2456487.42578 ± 3e-05 3.0678523 ± 8e-07 [127]

WASP-85Ab 2456847.473634 ± 1.4e-05 2.6556777 ± 4e-07 [128]

WASP-92b 2456381.2842 ± 0.0003 2.1746742 ± 1.6e-06 [129]

WASP-93b 2456079.565 ± 0.0004 2.7325321 ± 2e-06 [129]

WASP-103b 2456836.29644 ± 6e-05 0.9255456 ± 1.3e-06 [130]

WASP-113b 2457197.09823 ± 4e-05 4.542169 ± 4e-06 [131]

WASP-114b 2456667.73661 ± 0.00021 1.5487743 ± 1.2e-06 [131]

WASP-153b 2453142.543 ± 0.003 3.332609 ± 2e-06 [132]

XO-1b 2453887.74774 ± 0.00022 3.9415069 ± 1.8e-06 [133]

XO-2Nb 2455565.54648 ± 5e-05 2.6158592 ± 3e-07 [134]

XO-5b 2456864.3137 ± 0.0002 4.1877558 ± 6e-07 [135]

derived reference catalogue, allocating observations according to the capabilities of

the observatories (personal schedule), and prioritising the observations.

One of the most important elements in the ExoClock platform is the alert system,

which was developed especially for planets that showed unexpected drifts. This sys-

tem proved very effective so far, with the participants being very responsive to such

alerts. Apart from large O-C drifts, the alert system helped us identify mistakes in

the initial catalogues, related to either the ephemerides or the transit parameters. An

example was the case of WASP-84b, for which the initial ephemeris was mistyped

in the NASA Exoplanet archive, leading to wrong transit predictions by many hours.

Similarly, a mistyped value for Kepler-447b led to a much larger transit depth, a mis-

take identified after observations made by the ExoClock participants. These results

would not had be identified and cross-validated without the participation of an active

community that is always willing to observe, even planets with low or medium

priority.

Certainly, the highly interactive design of the ExoClock platform is another key

element, and it is achieved through various approaches, such as: educational mate-

rial, training, personal feedback, meeting, newsletters, and, even more importantly,

the development of user friendly tools that enable participation from inexperienced

observers. This is an element that contributes significantly towards achieving homo-

geneity in the results, as it supports the efficient implementation of the data collection

and analysis protocols described above. It is important to note that 70% of the

ExoClock participants use HOPS for data reduction and photometry.
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Table 3 Sources for the parameters used in the analysis of all 120 planets in this data release

CoRoT-2b [99, 136, 137] HAT-P-65b [138, 138, 138] WASP-26b [119, 119, 139]

GJ1214b [100, 140, 141] HATS-6b [142, 142, 142] WASP-31b [55, 55, 55]

GJ436b [101, 143, 144] HATS-22b [145, 145, 145] WASP-32b [80, 88, 88]

HAT-P-1b [102, 102, 143] HATS-25b [146, 146, 146] WASP-36b [120, 120, 147]

HAT-P-3b [103, 103, 143] HD189733b [110, 143, 148] WASP-43b [121, 121, 149]

HAT-P-4b [78, 80, 143] HD209458b [143, 143, 150] WASP-48b [69, 122, 122]

HAT-P-5b [104, 143, 143] HD80606b [151, 152, 152] WASP-49b [123, 123, 153]

HAT-P-6b [143, 154, 154] K2-29b [155, 155, 155] WASP-50b [124, 156, 156]

HAT-P-7b [112, 118, 157] K2-30b [45, 45, 45] WASP-52b [125, 158, 158]

HAT-P-8b [159, 160, 160] KELT-1b [111, 111, 161] WASP-55b [58, 162, 162]

HAT-P-9b [105, 105, 163] KELT-3b [1, 164, 164] WASP-57b [126, 126, 165]

HAT-P-12b [106, 166, 166] KELT-7b [74, 74, 74] WASP-58b [1, 158, 158]

HAT-P-13b [106, 167, 167] KELT-8b [1, 168, 168] WASP-65b [61, 61, 61]

HAT-P-16b [106, 169, 169] KELT-15b [46, 46, 46] WASP-67b [58, 58, 58]

HAT-P-17b [170, 170, 170] KELT-16b [48, 48, 48] WASP-69b [171, 171, 171]

HAT-P-18b [107, 172, 173] KPS-1b [51, 51, 51] WASP-74b [64, 64, 64]

HAT-P-19b [107, 172, 172] Kepler-6b [112, 174, 175] WASP-75b [61, 61, 61]

HAT-P-20b [36, 36, 36] Qatar-1b [113, 113, 176] WASP-76b [177, 177, 177]

HAT-P-22b [36, 36, 36] Qatar-2b [114, 114, 178] WASP-77Ab [63, 63, 63]

HAT-P-23b [36, 106, 122] Qatar-3b [1, 52, 52] WASP-80b [127, 127, 179]

HAT-P-24b [41, 41, 41] Qatar-4b [1, 52, 52] WASP-82b [135, 177, 177]

HAT-P-25b [1, 180, 181] Qatar-5b [1, 52, 52] WASP-83b [64, 64, 64]

HAT-P-26b [182, 182, 183] TrES-1b [80, 143, 143] WASP-84b [171, 171, 171]

HAT-P-28b [42, 42, 42] TrES-2b [112, 143, 175] WASP-85Ab [128, 184, 184]

HAT-P-30b [68, 70, 70] TrES-3b [78, 115, 143] WASP-92b [129, 129, 129]

HAT-P-32b [105, 108, 108] TrES-4b [116, 116, 143] WASP-93b [129, 129, 129]

HAT-P-36b [71, 105, 109] TrES-5b [70, 70, 185] WASP-103b [130, 186, 187]

HAT-P-37b [70, 70, 71] WASP-1b [117, 117, 143] WASP-104b [65, 65, 65]

HAT-P-38b [1, 188, 188] WASP-2b [80, 143, 189] WASP-107b [190, 191, 191]

HAT-P-39b [192, 192, 192] WASP-3b [75, 78, 78] WASP-113b [131, 131, 131]

HAT-P-41b [192, 192, 192] WASP-10b [106, 193, 194] WASP-114b [131, 131, 131]

HAT-P-44b [1, 195, 195] WASP-11b [109, 196, 197] WASP-127b [198, 198, 199]

HAT-P-46b [1, 195, 195] WASP-12b [113, 113, 200] WASP-153b [132, 132, 132]

HAT-P-49b [201, 201, 201] WASP-13b [53, 53, 54] WASP-167b [202, 202, 202]

HAT-P-51b [43, 43, 43] WASP-15b [87, 87, 203] XO-1b [133, 143, 143]

HAT-P-52b [1, 43, 43] WASP-16b [86, 87, 87] XO-2Nb [134, 134, 143]

HAT-P-53b [43, 43, 43] WASP-19b [118, 118, 204] XO-3b [90, 205, 205]

HAT-P-54b [44, 44, 44] WASP-21b [107, 206, 206] XO-4b [95, 96, 96]

HAT-P-56b [73, 73, 73] WASP-24b [119, 119, 207] XO-5b [135, 135, 208]

HAT-P-57b [209, 209, 209] WASP-25b [119, 119, 210] XO-6b [67, 67, 67]

For each planet, three references are provided, one for the stellar parameters used to calculate the limb

darkening, one for the transit parameters and one for the initial ephemeris (before any update)

566 Experimental Astronomy (2022) 53:547–588



7 Conclusions

From the experience gained in ExoClock , we identified the importance of making

the best use of all available resources through organising community-wide efforts.

This is a prototype that can be used in other fields apart from exoplanets. Organis-

ing a project in a collaborative perspective by considering contributions from various

audiences can maximise the outcome of the available resources. To implement effi-

ciently such a project it is vital to create data collection and validation protocols,

educational material (guides, newsletters) and easy-to-use interfaces (user-friendly

software and website). In future studies, we will provide the ephemerides verifica-

tion and updates for more Ariel targets according to new discoveries. The monitoring

of the Ariel candidate targets will be continued until the launch of the mission but

ExoClock can be established as a platform and used by the exoplanet communities

for further purposes. The open framework of ExoClock is vital to facilitate future

exoplanet research and avoid wasting resources.
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26. Poddaný, S., Brát, L., Pejcha, O.: Exoplanet transit database. Reduction and process-

ing of the photometric data of exoplanet transits. New Astron. 15(3), 297 (2010).

https://doi.org/10.1016/j.newast.2009.09.001

27. Tsiaras, A., Waldmann, I.P., Rocchetto, M., Varley, R., Morello, G., Damiano, M., Tinetti, G.:

pylightcurve: Exoplanet lightcurve model (2016)

28. Tsiaras, A., Waldmann, I.P., Zingales, T., Rocchetto, M., Morello, G., Damiano, M., Karpouzas,

K., Tinetti, G., McKemmish, L.K., Tennyson, J., Yurchenko, S.N.: A population study of gaseous

exoplanets. AJ 155, 156 (2018). https://doi.org/10.3847/1538-3881/aaaf75

29. Morello, G., Claret, A., Martin-Lagarde, M., Cossou, C., Tsiaras, A., Lagage, P.O.: The

ExoTETHyS package: tools for Exoplanetary transits around host stars. AJ 159(2), 75 (2020).

https://doi.org/10.3847/1538-3881/ab63dc

30. Claret, A.: A new non-linear limb-darkening law for LTE stellar atmosphere models. Calculations

for -5.0 <= log[M/H] <= +1, 2000 K <= Teff <= 50000 K at several surface gravities. Astron.

Astrophys. 363, 1081 (2000)

31. Astropy Collaboration, Price-Whelan, A.M., Sipőcz, B.M., Günther, H.M., Lim, P.L., Crawford,
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D’Avella, D., Deil, C., Depagne, É., Dietrich, J.P., Donath, A., Droettboom, M., Earl, N., Erben, T.,

Fabbro, S., Ferreira, L.A., Finethy, T., Fox, R.T., Garrison, L.H., Gibbons, S.L.J., Goldstein, D.A.,

Gommers, R., Greco, J.P., Greenfield, P., Groener, A.M., Grollier, F., Hagen, A., Hirst, P., Homeier,

D., Horton, A.J., Hosseinzadeh, G., Hu, L., Hunkeler, J.S., Ivezić, Ž., Jain, A., Jenness, T., Kanarek,
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M., Pepe, F., Pollacco, D., Ségransan, D., Street, R.A., Udry, S.: WASP-31b: a low-density

planet transiting a metal-poor, late-F-type dwarf star. Astron. Astrophys. 531, A60 (2011).

https://doi.org/10.1051/0004-6361/201016208

56. Dragomir, D., Kane, S.R., Pilyavsky, G., Mahadevan, S., Ciardi, D.R., Gazak, J.Z., Gelino, D.M.,

Payne, A., Rabus, M., Ramirez, S.V., von Braun, K., Wright, J.T., Wyatt, P.: TERMS photometry of

known transiting exoplanets. AJ 142(4), 115 (2011). https://doi.org/10.1088/0004-6256/142/4/115

57. Sing, D.K., Wakeford, H.R., Showman, A.P., Nikolov, N., Fortney, J.J., Burrows, A.S., Ballester,

G.E., Deming, D., Aigrain, S., Désert, J.M., Gibson, N.P., Henry, G.W., Knutson, H., Lecavelier des

Etangs, A., Pont, F., Vidal-Madjar, A., Williamson, M.W., Wilson, P.A.: HST hot-Jupiter transmis-

sion spectral survey: detection of potassium in WASP-31b along with a cloud deck and Rayleigh

scattering. MNRAS 446(3), 2428 (2015). https://doi.org/10.1093/mnras/stu2279

58. Hellier, C., Anderson, D.R., Collier Cameron, A., Doyle, A.P., Fumel, A., Gillon, M., Jehin,

E., Lendl, M., Maxted, P.F.L., Pepe, F., Pollacco, D., Queloz, D., Ségransan, D., Smal-
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66. Močnik, T., Hellier, C., Southworth, J.: WASP-104b is darker than charcoal. AJ 156(2), 44 (2018).

https://doi.org/10.3847/1538-3881/aacb26

67. Crouzet, N., McCullough, P.R., Long, D., Montanes Rodriguez, P., Lecavelier des Etangs, A., Ribas,
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A.: Misaligned spin-orbit in the XO-3 planetary system? Astron. Astrophys. 488(2), 763 (2008).

https://doi.org/10.1051/0004-6361:200810056

94. Winn, J.N., Johnson, J.A., Fabrycky, D., Howard, A.W., Marcy, G.W., Narita, N., Crossfield, I.J.,

Suto, Y., Turner, E.L., Esquerdo, G., Holman, M.J.: On the spin-orbit misalignment of the XO-3

exoplanetary system. ApJ 700(1), 302 (2009). https://doi.org/10.1088/0004-637X/700/1/302

95. McCullough, P.R., Burke, C.J., Valenti, J.A., Long, D., Johns-Krull, C.M., Machalek, P., Janes, K.A.,

Taylor, B., Gregorio, J., Foote, C.N., Gary, B.L., Fleenor, M., Garcı́a-Melendo, E., Vanmunster, T.:

XO-4b: An extrasolar planet transiting an f5v star. arXiv:0805.2921 (2008)

96. Narita, N., Hirano, T., Sanchis-Ojeda, R., Winn, J.N., Holman, M.J., Sato, B., Aoki, W., Tamura, M.:

The Rossiter-McLaughlin effect of the transiting exoplanet XO-4b∗. Publ. Astron. Soc. Jpn. 62(6),

L61 (2010). https://doi.org/10.1093/pasj/62.6.L61

97. Villanueva, J., S., Eastman, J.D., Gaudi, B.S.: The dedicated monitor of exotransits (DEMONEX):

Seven transits of XO-4b. ApJ 820(2), 87 (2016). https://doi.org/10.3847/0004-637X/820/2/87

98. Todorov, K.O., Deming, D., Knutson, H.A., Burrows, A., Sada, P.V., Cowan, N.B., Agol, E., Desert,

J.M., Fortney, J.J., Charbonneau, D., Laughlin, G., Langton, J., Showman, A.P., Lewis, N.K.: Warm

spitzer observations of three hot exoplanets: XO-4b, HAT-P-6b, and HAT-P-8b. ApJ 746(1), 111

(2012). https://doi.org/10.1088/0004-637X/746/1/111

99. Bruno, G., Deleuil, M., Almenara, J.M., Barros, S.C.C., Lanza, A.F., Montalto, M.,

Boisse, I., Santerne, A., Lagrange, A.M.: Disentangling planetary and stellar activity fea-

tures in the CoRoT-2 light curve. N. Meunier, Astron. Astrophys. 595, A89 (2016).

https://doi.org/10.1051/0004-6361/201527699
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A., Pallé, E., Pollacco, D., Prieto-Arranz, J., Queloz, D., Ségransan, D., Simpson, E.K., Smalley,
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Pepe, F., Pollacco, D., Queloz, D., Ségransan, D., Smalley, B., Smith, A.M.S., Southworth, J., Triaud,

A.H.M.J., Udry, S., West, R.G.: WASP-43b: the closest-orbiting hot Jupiter. Astron. Astrophys. 535,

L7 (2011). https://doi.org/10.1051/0004-6361/201117081

580 Experimental Astronomy (2022) 53:547–588

https://doi.org/10.1051/0004-6361:200809431
https://doi.org/10.3847/0004-6256/152/6/182
https://doi.org/10.1051/0004-6361/201014705
https://doi.org/10.1038/nature08679
https://doi.org/10.1088/0004-637X/747/1/35
https://doi.org/10.1088/0004-6256/149/5/166
https://doi.org/10.1086/529429
https://doi.org/10.1088/0004-637X/735/1/27
https://doi.org/10.1093/mnras/stx500
https://doi.org/10.3847/0004-6256/152/4/108
https://doi.org/10.1088/0004-6256/143/4/81
https://doi.org/10.1088/0004-637X/786/1/22
https://doi.org/10.1051/0004-6361/201117081


150. Knutson, H.A., Charbonneau, D., Noyes, R.W., Brown, T.M., Gilliland, R.L.: Using stel-

lar limb-darkening to refine the properties of HD 209458b. ApJ 655(1), 564 (2007).

https://doi.org/10.1086/510111

151. Mortier, A., Santos, N.C., Sousa, S.G., Fernand es, J.M., Adibekyan, V.Z., Delgado Mena, E., Mon-

talto, M., Israelian, G.: New and updated stellar parameters for 90 transit hosts. The effect of the sur-

face gravity. Astron. Astrophys. 558, A106 (2013). https://doi.org/10.1051/0004-6361/201322240
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HAT-P-16b: A 4 M J planet transiting a bright star on an eccentric orbit. ApJ 720(2), 1118 (2010).

https://doi.org/10.1088/0004-637X/720/2/1118

582 Experimental Astronomy (2022) 53:547–588

https://doi.org/10.1088/0004-637X/761/2/123
https://doi.org/10.1093/mnras/stw279
https://doi.org/10.1088/0004-637X/690/2/1393
https://doi.org/10.1088/0004-637X/773/1/64
https://doi.org/10.1051/0004-6361/201220520
https://doi.org/10.1088/0004-637X/706/1/785
https://doi.org/10.1088/0004-637X/707/1/446
https://doi.org/10.1088/0004-637X/810/1/30
https://doi.org/10.1088/0004-637X/720/2/1118
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D.W., Noyes, R.W., Fischer, D.A., Johnson, J.A., Marcy, G.W., Esquerdo, G.A., Béky, B., But-
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G.A., Everett, M.E., Fżrész, G., Hartman, J.D., Hellier, C., Miller, G.M., Pollacco, D., Quinn, S.N.,

Smith, J.C., Stefanik, R.P., Szentgyorgyi, A.: Qatar-1b: a hot Jupiter orbiting a metal-rich K dwarf

star. MNRAS 417(1), 709 (2011). https://doi.org/10.1111/j.1365-2966.2011.19316.x

177. West, R.G., Hellier, C., Almenara, J.M., Anderson, D.R., Barros, S.C.C., Bouchy, F., Brown, D.J.A.,

Collier Cameron, A., Deleuil, M., Delrez, L., Doyle, A.P., Faedi, F., Fumel, A., Gillon, M., Gómez
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209. Hartman, J.D., Bakos, G.Á.., Buchhave, L.A., Torres, G., Latham, D.W., Kovács, G., Bhatti, W.,
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