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ABSTRACT

The SPECULOOS (Search for habitable Planets EClipsing ULtra-cOOl Stars) project aims to detect temperate
terrestrial planets transiting nearby ultracool dwarfs, including late M-dwarf stars and brown dwarfs, which are
well-suited for atmospheric characterization using the James Webb Space Telescope (JWST) and upcoming giant
telescopes like the European Extremely Large Telescope (ELT). Led by the University of Liege, SPECULOOS is
conducted in partnership with the University of Cambridge, the University of Birmingham, the Massachusetts
Institute of Technology, the University of Bern, and ETH Zurich. The project operates a network of robotic
telescopes at two main observatories: SPECULOOS-South in Chile, with four telescopes, and SPECULOOS-
North in Tenerife, currently with one telescope (soon to be two). This network is complemented by the SAINT-EX
telescope located in San Pedro Martir, Mexico. In this paper, we review the status of our facilities after five
years of operations, the current challenges and development plans, and our latest scientific results.
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1. INTRODUCTION

The successful launch and operation of the James Webb Space Telescope (JWST!) and the ongoing construction
of extremely large telescopes (ELTSs) brings a new era in the studies of extra-solar planets.>® These advance-
ments enable the atmospheric characterisation of transiting temperate earth-like planets, potentially allowing
the detection of chemical traces of life beyond our solar system.* In that regard, the best target for detection
of bio-signatures would be an habitable-zone terrestrial planet transiting one of the nearest ultracool dwarfs
(UCDs). These very-low mass stars and brown dwarfs have characteristic that make them ideal candidates to
search for transiting temperate rocky worlds and also optimal for following atmospheric characterisation.” UCDs
offer several advantages for studying transiting Earth-sized planets. Their Jupiter-sized results in much deeper
transit signals compared to Earth-Sun twin systems, with expected transit depths ranging from 0.5% to over 1%
for Earth-sized planets, detectable by many ground-based surveys.® Additionally, UCDs have a closer habitable
zone due to their low luminosity, increasing the likelihood (geometric transit probabilities higher than 1.5%)
and frequency (up to 100 transits per year) of transits of potentially habitable planets. These characteristics,
combined with the large planet-to-star flux and size ratios, make UCDs ideal for atmospheric characterisation of
transiting planets.

Ongoing surveys like ExTrA” targeting late M-dwarfs, and PINES® targeting L- and T-type dwarfs, have
begun their operation but not yet reported any detection. Finished surveys like EDEN,” targeting late M-
dwarfs, has not found either any transiting planets detection.'® Currently, the only two known systems with
transiting planets orbiting a UCD are TRAPPIST-1'1"13 (=SPECULOOS-1), which hosts seven exoplanets
forming a unique near-resonant chain with three of them located in the habitable zone, and the recently discovered
SPECULOOQS-3b.'* The TRAPPIST-1 system was discovered by the TRAPPIST UCD transit survey,'® 16 which
observed 50 of the brightest southern UCDs for about 100 hours each with the TRAPPIST-South telescope in
Chile. The TRAPPIST survey served as a prototype for a more ambitious search for exoplanets around UCDs -
SPECULOOS (Search for habitable Planets EClipsing ULtra-cOOIl Stars). The detection — and even the very
existence — of the TRAPPIST-1 planetary system fully demonstrates the instrumental concept and the scientific
potential of the SPECULOOS project.

A general overview of the SPECULOOS project is presented in Refs. 5,17. Delrez et al. (2018)'® provide
technical details and early results regarding the photometric performance of the first two telescopes installed
at the SPECULOOS South Observatory (SSO) in Paranal. The dedicated SPECULOOS pipeline and the
performance of all SSO telescopes during the first year of operation are presented in Ref. 19. The target list and
observational strategy for the SPECULOOS programs are presented in Ref. 20, while the latest developments
of the project as a whole are detailed in Ref. 21. In this report, we present an update on our project after five
years of operation. In Section 2, we describe the observatories that form our SPECULOOS network and their
instrumentation. Section 3 describes our robotic observatory operations, scheduling, and observing strategy. In
Section 4, we describe our archive, data reduction pipelines, and light curve analysis tools. In Section 5, we
show our current developments and finally discuss our latest scientific results obtained with the SPECULOOS
observatories in Section 6.

2. SPECULOOS NETWORK OF OBSERVATORIES

The SPECULOOS network consists of three facilities (see Table 1). Four telescopes are installed at the ESO
Paranal Observatory (Atacama desert, Chile), named Io, Europa, Ganymede and Callisto. These telescopes
compose the SPECULOOS South Observatory (SSO,*®2! TAU code W75), which has been operational since
January 2019. The second node, the SPECULOOS North Observatory (SNO,?? TAU code Z25), is currently
composed of one telescope that is located at the Teide Observatory (Canary islands, Spain), named Artemis,
and which has been operational since June 2019. By the summer of 2025, a new telescope named Orion will
be installed at SNO, and which will be a twin of our other SPECULOQOS telescopes with the improvement that
it will be able to use two cameras (one of them an infrared camera, see Sec. 5.1) at the same time using a
dichroic mirror. The third node is the SAINT-EX (Search And characterlzatioN of Transiting EXoplanets?324)
telescope in San Pedro Martir observatory (Mexico), operational since March 2019. Each of these observatories
are devoting 70% of their usable observational time to the SPECULOOS survey. In addition, the two 60cm



TRAPPIST telescopes,® 16:25 while not officially part of the SPECULOOS network, allocate a fraction of their
time to support the survey, focusing on its brightest targets.

Each SPECULOOS observatory consists of identical robotic Ritchey-Chretien (F/8) telescopes with a 1-meter
aperture build by ASTELCO company. Each telescope is equipped with an Andor iKon-L thermoelectrically
cooled camera, featuring a near-infrared optimized, deep depletion 2k x 2k e2v CCD detector (13.5 pm pixel
size). The field of view on the sky is 12 x 12 arcminutes, resulting in a pixel scale of 0.35 arcseconds/pixel.
Exposure control is managed by a mechanical shutter with overlapping iris blades. Although these shutters are
generally very durable, they have a limited lifespan. To extend shutter longevity, we limit our remote observations
to exposure times longer than 10 seconds. The camera is typically operated at -60°C (achieved via five-stage
Peltier cooling) with a dark current of 0.3 electrons/s/pixel. The detector offers high sensitivity across a wide
wavelength range (350-950 nm), with maximum quantum efficiency of 94% at both 420 and 740 nm. Each camera
is equipped with its own filter wheel, providing the Sloan g’, r’; i’, 7’ filters, and two special exoplanet filters: the
near-infrared luminance I+z filter (with transmittance > 90% from 750 to beyond 1000 nm, primarily used for
the SPECULOOS core program), and a blue-blocking filter called Exo (with transmittance > 90% from 500 to
beyond 1000 nm). In March 2023 an infrared camera was installed in Callisto telescope at SSO, this camera is
an InGaAs 1280x1024 CMOS-based camera. The field of view on the sky is 5.3 x 6.6 arcminutes (further details
in Sec. 5.1).

Table 1: Observatories of the SPECULOOS network.

Observatory | Telescope | Host Observatory Coordinates Height
SSO 4 ESO Paranal Observatory, Chile 24.61596 S 70.39057 W 2490 m
SNO 1 (soon 2) | Teide Observatory, Tenerife, Spain | 28.30000 N 16.51158 W | 2438 m
SAINT-EX | 1 OAN-San Pedro Mértir, Mexico 31.04342 N 115.45476 W | 2780 m

All telescopes require minimum on-site maintenance. The host observatories provide emergency help in case
of technical difficulties as well as regular mirror cleaning and check-ups to ensure continuous robotic operations.
We plan a service mission once a year where we carry on a complete inspection of our facilities, perform general
maintenance, replenish the stock of spare parts and update our inventory.

3. OBSERVATION STRATEGY AND OPERATIONS

The SPECULOOS observatories are robotic and can be controlled from anywhere there is internet access through
a Virtual Private Network (VPN) connection. Before local sunset, the telescope operator must check the status
of our telescope and the weather conditions in our cameras, satellite images and data from weather stations.
If all the systems are working properly and we are not in dangerous conditions such as storms, rain or calima
(dust storm in the case of SNO), the operator can startup the night’s observing plans. These plans, which
consist of simple text files, are created automatically using SPOCK*(SPeculoos Observatory sChedule maKer?!)
and managed by ACPT Observatory Control Software installed on the control computer of each telescope. After
the startup by the operator, ACP handles all necessary actions during the night, including opening the dome,
executing science observations, performing twilight flats, dome closing after sunrise, and conducting bias and
dark calibrations. In the event of a dome closure due to a weather alert during the night, ACP can automatically
restart the observation after a safe weather time window, thanks to a custom routine.?!

The SPECULOOS target catalogue contains an homogeneous selected sample of close-by (< 40 pc) low-mass
stars and UCDs. This target list was build to match SPECULOQOS science goals and could be divided into three
non-overlapping programs:

Program 1 (365 targets) Includes all targets that allow transit transmission spectroscopy with JWST for
Earth-like planets.

*https://github.com/educrot/SPOCK
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Program 2 (171 targets) Includes all targets that allow a detection of temperate Earth-size planets, like
TRAPPIST-1b, with TESS.

Program 3 Includes 1121 targets with the spectral type M6 and later and aims to explore the planet occurrence
rate for UCDs within our 40 pc sample.

The 40 pc list of late-type targets and the SPECULOOS target list are publicly available, along with a
detailed description of the target selection and survey strategy.?’ On average, we continuously observe one or
two targets per telescope. Each telescope operates independently in robotic mode following the plans written by
SPOCK. Our strategy is to observe all targets, reaching an effective phase coverage of up to 80% for temperate
planets in Programs 2 and 3 and for planets in the habitable zone in Program 1, resulting in monitoring duration
with our SPECULOOS telescope network of 100 to 200 h, respectively.

4. DATA REDUCTION AND ANALYSIS

After the end of the local night, for the case of SSO, science and calibration images are transferred to the online
ESO archive. Later these images are transferred to an archive at the University of Liege and a server at the
University of Cambridge (UK). The raw data from the SNO and SAINT-EX are directly transferred to the
same Cambridge archive. The images transferred to the Cambridge archive are processed by the SPECULOOS
reduction pipeline.'® The data from SSO and SNO are also processed by the prose! pipeline?® as an independent
set of reduced data. Both pipelines perform image reduction routines (bias, dark and flat-field correction)
and use differential photometry algorithm to produce the light-curves. The resulting light-curves reach mmag
to sub-mmag precisions with median at 1.5 mmag, and down to 0.26 mmag for the brighest objects with a
typical exposure time of 25 s.1%21:22 SAINT-EX uses a different custom pipeline called PRINCE?? (Photometric
Reduction and In-depth Nightly Curve Exploration). PRINCE corrects systematics in the light curves through
two separate methods. On one side, it uses simple differential photometry, correcting the star’s light curve by
the median light curve of all stars in the field except for the target star. The second approach is a weighted
PCA, removing outliers through an iterative sigma-clipping procedure, where outlier data points are removed,
and stars with a large portion of outliers or that appear to be blended or have close neighbours are flagged. In
the PCA, each star’s data points are weighted by the SNR, with flagged stars, the target, and outliers set to
zero weight. The PCA is rerun with uncertainties scaled to achieve a reduced chi-squared of unity for each star’s
light curve, increasing the weight of well-behaved stars.

Additionally, in order to fully exploit the potential of our data set, we initiated an automatic search for moving
objects. We developed a data processing pipeline using the GPU-accelerated tycho tracker software®, with two
versions; one for daily processing of observations to identify moving objects candidates for the last-night data,
and another for analysing archival images to detect slowly moving small bodies. This allows timely submission
of new observation and follow-up objects if interest. This pipeline was tested on data from SPECULOOS and
their first results and prospect presented in Ref. 27.

The data processed at Cambridge archive is available at the SPECULOOS PORTAL (Pipeline Output inteR-
acTion Analysis Layer) the afternoon after the observations. These reduced light curves are visually inspected
by our team to detect single transit event; this daily inspection allows us to spot any technical problem during
observations or to initiate follow-up observations of targets of interest. The recent discovery of SPECULOQOS-3b
planet!* was triggered by the visual detection of a single transit in PORTAL (see Fig. 1), followed by its confir-
mation after follow-up campaigns (see Sec. 6). PORTAL also allows members of the SPECULOOS consortium to
download and analyse any of the pipeline’s outputs and the corresponding technical logs and metadata (further
details in Ref. 21).

thttps://github.com/lgrcia/prose
Shttps://www.tycho-tracker.com
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Figure 1: PORTAL’s web interface. Observation view for a particular night for SPECULOQOS-3 target observed
by Artemis telescope at SNO. The transit of SPECULOOS-3b planet was detected thanks to PORTAL observa-
tion view by our team. The planet was later confirmed by a follow-up campaign by the SPECULOOS team.

5. LATEST DEVELOPMENTS
5.1 SPIRIT: infrared camera

To improve the precision of observing late-M and L-type stars, we implemented a new near-infrared sensitive
instrument to SSO, SPeculoos InfraRed Imager for Transits (SPIRIT?®). SPIRIT is an InGaAs CMOS-based
camera (Princeton Infrared Technologies 1280SciCam, 1280x 1024 pixels, 12 pm pitch), liquid cooled to —60 °C,
coupled with a custom wide-pass filter (0.81 — 1.33 pm, 2Y.J).

Its wide bandpass was designed to minimise the negative effects of atmospheric precipitable water vapour
(PWV)2? variability on differential photometry whilst maximising flux of its targets of interest. From first
light results, the instrument met our expectation on photometric precision and low susceptibility to PWV
variability. From our photometric modelling, SPIRIT has the potential to deliver better photometric precision
than the existing instrumentation for targets cooler than TRAPPIST-1, 2550 K, primarily limited by readout
noise. For robotic applications, it proved to be a more suitable alternative to the traditionally utilised HgCdTe
based detectors due to its lower cooling requirements to achieve low dark currents. Further details regarding
instrumentation and performance including the first light data analysis is available in Ref. 28.

5.2 Astra

As we transition towards a fully robotic observatory (Pedersen et al., in prep., 2024), we have developed a
near-drop-in replacement for the ACP Observatory Control Software and its associated programs (Maxim DL,
PinPoint, FocusMax). Our new software, Automated Survey observaTory Robotised with Alpaca (Astra), is
a soon-to-be open-source observatory control software designed specifically for automating and managing the
operations of survey-focused observatories. Built to seamlessly integrate with ASCOM Alpaca, Astra addresses
several limitations of ACP, including the lack of remote heartbeat monitoring and the requirement for a VPN to
initiate or terminate observations remotely.

Astra’s underlying logic is built with Python, incorporating features such as built-in guiding,** Gaia-based
pointing correction?®:317339 auto-focus, pausing observations during unsafe weather, multi-instrument control,

ITwirl: https://github.com/lgrcia/twirl
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and compatibility with Linux, MacOS, and Windows platforms. Since December 2023, we have successfully
tested a beta version of Astra at SSO Callisto, and following further development, we plan to deploy it to the
remaining SPECULOOS network.

5.3 Weather station upgrade for SSO

In general, the downtime we have due to adverse weather conditions is within 25-30% of the available astronomical
night per year for all our observatories, however each site has its particularities such as the effect of calima in
SNO.22 Given the excellent conditions at Paranal, dust or clouds do not represent a large percentage of downtime
at SSO but rather the wind. According to the manufacturer’s specifications, our telescopes can operate under
safe conditions with winds up to 56 km/h. Since our operations are robotic and we do not have a human presence
on site at night, we set a more conservative limit on wind speed at 50 km/h. Each telescope in SSO has its
own weather station (Boltwood cloud sensor 2I') with which the dome closure is activated under adverse weather
conditions (for more details see®!). All measurements are consistent between the different weather stations,
except for wind speed, which can differ by up to 40 km/h in some cases (see Fig. 2a). As an external point of
comparison, we used the data from the weather station on the ESO VLT platform™ and analysed the differences
relative to the measurements from our weather stations (data from January to March 2023). In this comparison,
we did not find any evident relation with ambient temperature (see Fig. 2b).
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Figure 2: (a): Wind speed measurements from VLT weather station and our Boltwood weather stations. (b):
Difference between the measurements of each weather station at SSO telescopes with the VLT weather station
versus the measured ambient temperature. The wind speed difference can reach ~40 km/h in some cases.

To homogenise our wind speed measurements we have used the VLT weather station measurements as a
reference to adjust the offset between the weather station of each of our telescopes. Due to the large dispersion
of the data, we use just the data from the ESO weather station in the range of 30 — 70 km/h (i.e. +20 km/h
around the safe limit value of 50 km/h). To robustly adjust the relationship between our weather station data
and the ESO one we use Random sample consensus (RANSAC34) linear regression algorithm implemented in
Python. Using the linear regression results, we obtained the wind speed value for each of our weather stations
that corresponds to the 50 km/h safety threshold. As a comparison measure we take the results for Io weather

Ihttps://diffractionlimited.com/product/boltwood-cloud-sensor-ii/
**https://archive.eso.org/wdb/wdb/asm/meteo_paranal/form
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station and then we perform a linear regression again but now using the Io data as a reference for the other
weather stations. Finally we adopted as a threshold for unsafe wind speed condition the mean value between

both configuration results truncated to the integer (Table 2). Currently these values are the one that we are
using in our operation.
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Figure 3: Linear fit using ESO weather station as a reference for Io and Ganymede weather station data. We
did the same linear regression for Europa and Callisto weather station (see Table 2).

Table 2: Wind speed values that correspond to the 50 km /h safe limit for each of our weather stations depending
on calibration source. The last column correspond to the value finally used as threshold for unsafe conditions.

Weather station | Using ESO weather station | Using Io weather station | Value adopted
ITo 57.6 km/h e 57 km/h
Europa 45.3 km/h 45.4 km/h 45 km/h
Ganymede 39.8 km/h 34.3 km/h 37 km/h
Callisto 44.4 km/h 42.4 km/h 43 km/h

The goal of this adjustment was to homogenize our wind speed measurements relative to each other. However,
ideally, we would like to have a reliable source of wind speed measurement on-site, especially considering that
the VLT weather station is located on the VLT platform. Given the geography of Paranal, the wind conditions
at the VLT platform may not necessarily be the same as those where the SPECULOOS telescopes are situated.
In this regard, we decided to purchase a Vaisala WXT530 station to be installed at the SSO. In a first stage, the
new weather station will be used as a calibration reference for the Boltwood weather station on each telescope.
In a second stage the new weather station will be integrated directly in our operation, this development will be
in parallel to Astra observatory control software so the integration can be coordinated.

5.4 Low Earth Orbit satellites detection

For Low Earth Orbit (LEO) satellites trace detection we use prose,?° a Python package to build image processing
pipelines for Astronomy. Beyond featuring the blocks to build pipelines from scratch, it provides pre-implemented
ones to perform common tasks such as automated calibration, reduction and photometry. In prose, objects
detected in astronomical images are represented by Source objects. Where prose features three kinds of sources:
PointSource, ExtendedSource and TraceSource (see Figure 4).
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Figure 4: Example of different kind of sources detected by prose. From left to right: Point Source, Extended
Source and Trace Source respectively.

For each image for which we detect a potential satellite trace source (see Figure 5a), we save the position,
orientation and maximum flux of the trace. Additionally we save the julian date of the detection, the image
center RA and DEC position, filter, exposure time and FoV of the observation. This information will be helpful
for later try to identify the satellite that produced the streak.
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Figure 5: (a): Stack of all images from different nights with satellites traces from one of the SNO fields. (b):
SPECULOOS image with satellite trace detected by prose (UTC 2020-11-24T00:31:47.130, exposure time 19
sec).

To identify Starlink satellite trails on SPECULOOS images, we use a database of Starlink orbital elements
encoded in the two-line element sets (TLEs) mainly from CelesTrak'f. Our code first computes the satellite
position in the sky (azimuth, altitude, RA, DEC) and take the trace position from prose detection to compute
the angular distance between the sources. In Figure 5b, we detect a satellite within 10 degrees of the telescope
pointing direction. This is a satellite with NORAD number 45406, which corresponds to Starlink-1265 (which
was launched on 18-MAR-2020). Given that the field of view of SPECULOOS images is 12x12 arcmin, we cannot
confirm that the trace corresponds to that Starlink satellite. Currently we are working on the method to evaluate
a reliable identification.

The satellites traces are treated as an elongated ellipsis by prose which lead to wrong vertices points. We are
working on an update of this module to obtain proper vertices of each satellites traces in our images. Nowadays

https://celestrak.com/NORAD/elements/starlink. txt
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we have an updated database with TLEs data for Starlink satellites. We are planning to expand our database
to identify other satellites or satellite launcher (currently updating Oneweb TLEs). The next step would be to
run our detection and identification codes for all of our data from 2019-2023. We are discussing the better way
to store and analyse these data to produce valuable statistics as well as to produce useful information for the
community, specially for the sathub working group of the TAU Centre for the Protection of the Dark and Quiet
Sky from Satellite Constellation Interference (IAU-CPS#). The goal of this project is try to asses the future
(and present) impact not only for our project but also for Paranal site in collaboration with the Atmospheric
Scientist of ESO Paranal.

6. RESULTS AND DISCUSSION

SPECULOOS has started observation for ~ 17% objects of our target list, and for ~ 40% of them, more than
100h of photometric data have been collected. For ~ 23% of the program 1 targets the observations have been
completed. In parallel, the available high S/N TESS light curves of the brightest targets in our programs are
being analysed. Given this synergy, we expect to complete our most time intensive program 1 targets in less
than three years.

Beside conducting observations of the SPECULOOS core programs, we dedicate 20% of our observing capa-
bility to annex programs focused mainly, but not limited to, follow-up observations of planet candidates around
late-type dwarfs. We are contributing to the follow-up community as part of the TESS follow-up Observing
Program (TFOP) working group, especially in the sub-group 1 dedicated to seeing-limited photometry. Our par-
ticipation in the TFOP working group has brought interesting planet validation such as the large sub-neptune
TOI-2406b% or the highly eccentric long-period sub-Neptune TOI-2257b.36 One notable example is the valida-
tion of TOI-715b, a 1.55 R habitable-zone planet. Additionally, we reveal a second candidate planet in this
system, TIC 271971130.02, just inside the outer boundary of the habitable zone, and near a 4:3 orbital period
commensurability.®” The follow-up campaign of the TESS transit candidate TOI-1266 was the first exoplanet val-
idation from the SAINT-EX observatory, which revealed a system that hosts a super-Earth and a sub-Neptune
around a M3 dwarf.?? Recently we reported the discovery of TOI-4336 Ab, an extremely promising target
for the detailed atmospheric characterization of a temperate sub-Neptune by transit transmission spectroscopy
with JWST. Additionally, we performed follow-up photometry for projects such as NGTS,3% 3% WASP4%:4! and
CHEOPS.*? A recent example is WASP-193b.%3 Its extended low-density atmosphere makes it an ideal target for
characterization through transmission spectroscopy. A single JWST transit observation could provide detailed
insights into its atmospheric properties and planetary mass, helping to understand its exceptionally low density
and the diverse nature of giant planets.

Giant planets are still a rarity around cool stars, making their detection an important step towards the
understanding of their formation pathway. We developed a joint program between TRAPPIST and SPECULOOS
that aims to validate photometrically large candidates around M-dwarf stars,** named M-dwarfs Accompanied
by Nearby Giant Orbiters (MANGOs, Dransfield et al. in prep.).

In 2022, we discovered a new potentially habitable planet around LP 890-9.*> The first planet, LP 890-9b
(or TOI-4306b), the innermost in the system, was initially identified by TESS. The follow-up observations of LP
890-9 obtained by SPECULOOS have proved fruitful, as they have not only helped to confirm the first planet
but have also made it possible to detect a second, previously unknown one. This second planet, LP 890-9c
(renamed SPECULOOS-2¢ by our team, as the star is part of our target list), is similar in size to the first one
(about 40% larger than the Earth) but has a longer orbital period of about 8.5 days. SPECULOQOS-2c¢ is one of
the most favourable habitable-zone planet for atmospheric characterisation found so far after the TRAPPIST-1
(or SPECULOOS-1) planets.

More recently, the project discovered SPECULOOS-3b, an Earth-sized planet in a 17-hour orbit around
the SPECULOOS target Sp2049+ 3336 49920, an M6.5-type ultracool dwarf located 16.8 parsecs away.'* The
planet’s high irradiation (16 times that of Earth) combined with its host star’s infrared luminosity (K=10.5)
and Jupiter-like size (R=0.12 Rsun) make it one of the most promising extrasolar rocky planets for a detailed
characterisation by emission spectroscopy with JWST.

Hhttps://cps.iau.org/
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