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Cover illustration: Image from the High Resolution EUV Imager of EUl taken on May 30, 2020. The squares
indicate examples of little campfires. The circle bottom left illustrates the size of the Earth for comparison.
Credit: ESA/Solar Orbiter/EUI Team: CSL, IAS, MPS, PMOD/WRC, ROB, UCL/MSSL.



Foreword

Dear readers,

| am happy to present you with the annual summary report of the Royal Observatory of Belgium (ORB-
KSB). As in the previous years, we have decided to only present the highlights of our scientific activities
and public services, rather than providing a full, detailed and lengthy overview of all of our work during
the year. We hope to provide you, in doing so, with a report that is more interesting to read and gives a
taste of life at the ORB-KSB. If you need more or other information on ORB-KSB and/or its activities, contact
rob_info@oma.be or visit our website http://www.observatory.be.

A list of publications and staff statistics are included at the end. To also suit our international readers &
collaborators and to give it an as wide visibility as possible, the report is written in English.

Ronald Van der Linden

Director General


http://www.observatory.be/
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Life at the Royal
Observatory of Belgium




COVID-19

On March 11, 2020, the World Health Organization declared the COVID-19 crisis as a pandemic. To control
it, the Belgian government issued since March 12, 2020, global restrictions impacting Belgian cultural and
economic activity and its citizens’ life. ORB-KSB and its Planetarium were also impacted by those
restrictions. From this date onwards, with periods during which restrictions were eased or reinforced, the
majority of ORB-KSB’s personnel were advised or mandated to work remotely partially or full time if the
nature of their function allowed it. The IT infrastructure and administrative procedures were quickly
adapted so that all of the staff could perform their work, research and administrative tasks remotely.

Lockdown periods had prevented scientists from performing activities such as field measurements,
astronomical observations on-site, and scientific meetings, in Belgium and abroad. While some
conferences and observation missions were later converted into online and remote versions, field
measurements became impossible, particularly during the strictest lockdown periods. As a result, a
significant number of scientific and field missions were cancelled and postponed in 2020.

Despite those disturbances, the staff quickly adapted to the new ways of working and doing scientific
research. All the service activities of ORB-KSB regarding time keeping, seismic and GNSS network
monitoring, continuous gravimetric measurements, solar observations, space weather forecasts and
PECASUS and astronomical information were maintained to a very high degree.

Planet Mars: First Results of the InSight Mission Published
in Nature Geoscience

On February 24, 2020, the journal Nature Geoscience published a series of articles that present results of
the NASA InSight (Interior exploration using Seismic Investigations, Geodesy and Heat Transport) mission
to Mars, obtained after ten months of observation on the Red Planet. InSight is the first mission dedicated
to the study of the deep interior of Mars and is active since November 26, 2018. Scientists from ORB-KSB
are implied in the InSight mission. Véronique Dehant from ORB-KSB is Col (co-investigator) of RISE, a
radioscience instrument onboard InSight. Scientists of ORB-KSB are also involved in the analysis of data
from the seismometer SEIS and the weather station APSS.

Figure 1: Left: InSight’s landing site (red dot) and the ellipse circumscribing its landing zone (in blue). Right: View of the InSight
landing site taken by NASA’s HiRISE camera on September 23, 2019. Credit: NASA/JPL-Caltech/University of Arizona.




One of their major contributions is the localisation of the landing site. From day one until the end of
December 2018, Sébastien Le Maistre of ORB-KSB, with William Folkner of the Jet Propulsion Laboratory,
used RISE data to determine the geographical position of the lander. Thanks to their work, the NASA space
probe HiRISE (High Resolution Imaging Science Experiment) on NASA Mars Reconnaissance Orbiter was
able to photograph the landing site. The precise localisation of the landing site is a prerequisite for the
continuation of the mission, particularly for studying the surrounding geological features.

Bart Van Hove and Ozgiir Karatekin from ORB-KSB reconstructed the landing path of InSight. From this,
they deduced the atmospheric temperature profile as a function of altitude, an important aspect for the
study of the Martian atmosphere and for the construction of meteorological and climatic models of the
Red Planet.

Finally, they were able to locate three of the 174 ‘Marsquakes’. This would not have been possible without
the advanced scientific models of the Red Planet interior provided by a team of researchers which includes
Attilio Rivoldini of ORB-KSB. Véronique Dehant also participated in the interpretation of the recorded
seismic data.

References:

Golombek et al. (including S. Le Maistre), Geology of the InSight Landing Site on Mars (open access), Nature Communications
11, 1014 (2020). https://doi.org/10.1038/s41467-020-14679-1

Banerdt et al. (including V. Dehant), Initial results from the InSight mission on Mars, Nature Geoscience (2020).
https://doi.org/10.1038/s41561-020-0544-y

Banfield et al. (including ©. Karatekin and B. Van Hove), The Atmosphere of Mars as Observed by InSight, Nature Geoscience
(2020). https://doi.org/10.1038/s41561-020-0534-0

Giardini et al. (including A. Rivoldini), The Seismicity of Mars, Nature Geoscience (2020). https://doi.org/10.1038/s41561-020-
0539-8

25 Years of Continuous Measurements of Gravity in
Membach

Figure 2: The superconducting gravimeter is located at the end of a 132 m — long gallery, 48 metres underneath the surface, in
Membach (city of Baelen, eastern Belgium). The instrument sensor is immersed in liquid helium in which the temperature is
held at -269°, in other words, 4 degrees above absolute zero, allowing superconductivity. Photo credit: E. Coveliers & B.
Frederick. Copy authorised with mention of the source
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On August 4, 2020, the superconducting (or cryogenic) gravimeter has been measuring for 25 years the
variations of gravity with the precision of one hundredth of a billionth (10?) of g (g = 9.81 m/s?).

Since September 18, 2017, this instrument holds a double world record, in gravimetry and physics:

1. Record of the cryogenic gravimeter that has operated the longest at a given location;
Itis also, as far as we know, the longest levitation of a superconducting artefact in a magnetic field.
This field is generated by persistent currents, which were injected in 1995 into superconducting
coils, where they circulate since then without any resistance and therefore, without ever having
been dissipated. Although this record does not contradict what physicists specialising in persistent
currents expect —in theory, a superconducting current can flow forever —, it is at least worthy of
a place in a ‘cabinet of curiosities’.

Figure 3: Exploded view of the sensor of a superconducting gravimeter: the 4-gram hollow sphere levitates in a magnetic field
generated by currents flowing through the pair of coils. Photo of the sensor from the old instrument of Uccle.

In the field of geophysical research at ORB-KSB, these measurements are important, among other things
because they provide insight in long-term variations in gravity, still poorly understood, caused by slow
tectonic movements or climatic variations. It is also important for the study of the water cycle, whose
varying masses influence gravity.

To date, this gravimeter participates in many research projects and ORB-KSB hopes to be able to perform
this type of measurement for many years to come.

Prizes, Awards and Grants

‘Media of the Month’ Award: the ISS Passing Before the Sun

On Saturday, June 6, 2020, at 14:02:16 UTC, the solar telescopes located on the Uccle site (USET, Uccle
Solar Equatorial Table), caught a transit of the International Space Station (ISS). ISS is the largest artificial
object in space and it flies at low Earth orbit (~400 km), making it visible to the naked eye from Earth.

On the attached image, the ISS appears as three successive black structures taken at around 250
milliseconds interval each. The striking feature of the ISS, its large solar panels, is nicely resolved with the
white-light telescope at ROB. As the ISS moves fast (~8 km/s), the total transit duration is very short, being
only a fraction of a second (0.8 second for this event); hence it needs a fast recording camera to be caught.



One of the prime goals of USET is to monitor the solar activity by the observation of groups of dark spots
covering the solar surface. A nice illustration of such sunspots can be seen on the left side of the solar disk.
While being of medium size, this group is very interesting as it is among the first ones of the new solar
cycle.

This image won the ‘Media of the Month’ contest of the European Solar Physics Division in December
2020.

Véronique Dehant, Winner of an FNRS Quinquennial Prize

On 14 September 2020, the Fonds de la Recherche Scientifique (FNRS) awarded Véronique Dehant,
researcher at the ORB-KSB, the Dr De Leeuw-Damry-Bourlart Prize in Fundamental Exact Sciences, one of
the FNRS Quinquennial Prizes. These prizes reward researchers from the Wallonia-Brussels Federation.

Due to COVID-19 restrictions, the award ceremony for those laureates is postponed to 2021.

Link: https://www.frs-fnrs.be/fr/l-actualite-fnrs/1243-le-fnrs-recompense-l-excellence-de-la-recherche-
et-decerne-ses-5-prix-quinquennaux-2020
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Space Missions




The Exireme Ultraviolet Imager (EUl) is off to Space
onboard Solar Orbiter

On February 10, 2020, the Solar Orbiter satellite was launched on an Atlas V rocket from Cape Canaveral
in Florida. Solar Orbiter’s mission is to take the closest ever images of the Sun, to observe the solar wind
and the Sun’s polar regions and to unravel the mysteries of the solar cycle. The Solar Orbiter mission is led
by ESA, but has a strong participation from NASA.

Figure 4: Several EUl key consortium members pointing to what they have been working on for nearly a decade.

One of the main instruments onboard is the Extreme Ultraviolet Imager (EUI), developed by an
international consortium led by the ‘Centre Spatial de Liege’ and including ORB-KSB. Both institutes have
a longstanding collaboration in the development of solar imagers, including EIT on the SOHO satellite and
SWAP on the PROBAZ2 satellite. EUI consists of three telescopes, a Full Sun Imager and two High Resolution
Imagers that are optimised to image in the Lyman-a spectral line and in EUV. The three telescopes will
provide coverage from the solar chromosphere up to the corona. EUI is designed to cope with the strong
constraints imposed by the Solar Orbiter mission characteristics. Limited telemetry availability is, for
example, compensated by state-of-the-art image compression, on board image processing and event
selection.

Figure 5: The EUI flight model before integration in the spacecraft (left) and launch of Solar Orbiter towards the Sun (right;
Image Courtesy: Emil Kraaikamp).
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Solar Orbiter’s science mission (nominal and extended phase) is expected to last a decade. By making
several Venus flybys in the coming years, the Solar Orbiter spacecraft will use the gravity of the planet to
approach the Sun. The EUI high-resolution telescopes are designed for a state-of-the-art spatial resolution
but by approaching the Sun, another factor 4 in sharpness will be achieved: it will be possible to study
details of only a few hundred kilometres in the solar atmosphere.

Later on, the gravity of Venus will be used to tilt the satellite’s orbit and to enable EUI to take images from
a polar perspective, something that has never been done before (see Figure 6). Studying the solar poles is
of great scientific importance for understanding the Sun’s magnetism and the solar activity cycle. The solar
cycle lasts about 11 years and takes us from a ‘low solar season’” with few solar storms to a ‘high solar
season’ with more frequent solar storms. Technology on Earth can be seriously disrupted by these solar
storms, which are studied in the context of ‘space weather’. By visualising the poles and magnetic forces,
the EUI instrument will contribute to unravelling the secrets of the solar cycle.
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Figure 6: View of the Solar Orbiter trajectory in the X-Z plane close to the end of the extended mission timeframe, by then Solar
Orbiter will have an unprecedented view on the Sun with an inclination of 33°.

Solar Orbiter carries ten scientific instruments. After launch, the instrument teams prepared to test their
instruments, but suddenly there was the outbreak of the COVID-19 pandemic. Access to the control room
in Darmstadt, Germany, had to be restricted and all testing of the instruments was interrupted. But after
one week, it was decided to restart operation, with a minimal staff and in a fully COVID-19 proof way. The
rest of the commissioning work was performed from people’s homes by non-stop teleconferences.
Commands to operate EUI were given from living rooms, home offices, bedrooms... Nobody would have
dared to plan the commissioning with the instrument experts spread over several continents.
Nevertheless, an unexpected advantage was that everybody was only a mouse click away and always
immediately available.

Figure 7: The last physical meeting of the Solar Orbiter instrument teams, days before the launch and the start of the Covid19
pandemic.
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The test phase ended successfully on June 25, 2020, during an official online ‘Mission Commissioning
Results Review’ meeting with more than 50 participants. The EUl team could look back on a very intense
but efficient test period. The EUIl instrument was officially cleared for scientific operations.

Hera: the Royal Observatory of Belgium and EMXYS
Receive Go for Participation in the Planetary Defence
Space Mission

The Royal Observatory of Belgium (ORB-KSB)
and EMXYS (Spain) were selected by the
European Space Agency (ESA) to provide a
gravimeter for the Juventas spacecraft that
will land on asteroid Dimorphos as part of the
ESA’s planetary defence programme.

They will provide the GRASS instrument
(shortcut for GRAvimeter for Solar system
Small bodies) that will make measurements on

the gravity field of the asteroid Dimorphos.

Figure 8: ESA's Hera Mission to the Didymos binary asteroid system  The gravimeter is part of the Juventas
will carry two CubeSats: Juventas (the satellite right below) and
Milani (the satellite on the top). The GRASS gravimeter of the CubeSat, manufactured by  GomSpace
Observatory and EMXYS will be onboard Juventas. Luxemburg, that will land on the asteroid in

2027 after travelling onboard the ESA’s Hera
spacecraft to its vicinity. GRASS will be the first gravimeter ever on an asteroid. Ozgur Karatekin from ORB-
KSB is Principal Investigator of the Juventas CubeSat and of the GRASS instrument.

The gravimeter is an instrument proposed, designed and developed by ORB-KSB in cooperation with
EMXYS, which will provide the final space version of the instrument for the mission. The gravimeter is
expected to send to Earth precious data on the mass distribution, internal structure and dynamics of
Dimorphos. This information will improve the knowledge for setting up future diversion strategies on
asteroids that may pose a threat of colliding with Earth.

Hera will be the first mission to perform a detailed characterisation of a binary asteroid system. GRASS will
monitor surface accelerations to reveal the subsurface structure and to better constrain the spin-orbit
dynamics of the binary system. The gravitational forces on such a small body, likely composed of loosely
held-together mounds of debris are very small (about six orders of magnitude smaller than the gravity on
Earth). The GRASS is designed specifically to operate in such microgravity environment and in harsh surface
conditions.

The exploration of solar system bodies to better understand their evolution and origin has been one of the
main research areas of ORB-KSB who also has a strong heritage on gravimetry and geophysics.

Due to launch in 2024, Hera is the European contribution to an international double-spacecraft
collaboration to a binary asteroid system: The 780 m-diameter main body Didymos is orbited by a 160 m
moon, Dimorphos. NASA’s DART mission will first perform a kinetic impact on Dimorphos, then Hera will
follow up with a detailed post-impact survey that will turn this grand-scale experiment into a well
understood and repeatable planetary defence technique.
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Service and expertise




Seismic Activity in Belgium in 2020

In 2020, 52 earthquakes and 11 induced earthquakes were located by ORB-KSB in or near Belgium. There were
no felt earthquakes on Belgian territory.

The 52 natural earthquakes occurred in a zone between 1° and 8°E longitude and 48° and 52°N latitude ().
During the same period, ORB-KSB also measured 11 induced events, 389 quarry blasts, 6 controlled explosions
and one sonic boom. The catalogue is complete for natural earthquakes and contains a selection of quarry
blasts and earthquakes induced by human activities, e.g. linked to (rock) mass removal in mines or geothermal
exploitation. In 2020, there were at least 6 measurable explosions at sea. Most explosions are performed by
the Belgian, Dutch or French Army to destroy WW1 and WW2 bombs.

The largest earthquake recorded on Belgian territory in 2020 occurred on 5 May 2020 in Modave. That
earthquake had a local magnitude of 1.7. There are nine felt earthquakes in the 2020 ROB catalogue but none
of these earthquakes were felt in Belgium. Only one quarry blast (6 May 2020) at the Soignies quarry (ML=1.7)
was felt by the local population who spontaneously answered the ‘Did You Feel It?’ macroseismic
questionnaire on the ORB-KSB website.

In comparison, last year in 2019, 45 earthquakes occurred in and around Belgium. The largest earthquake was
the induced earthquake in Dessel on 5 December 2019 (magnitude ML=2.1) and which was locally felt.

The monitoring network of ORB-KSB has remained fully operational during the COVID-19 crisis. This results
from expertise of technical and scientific staff and from continuous developments allowing the level of
excellence to be maintained.
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Figure 9 Events recorded in 2020 by the Seismic Network of the Royal Observatory of Belgium.
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Research at the Royal
Observatory of Belgium




Seismology
The 23 February 1828 Earthquake near Hannut

On 23 February 1828, a moderate-magnitude earthquake shook the central part of Belgium and caused severe
damage in the epicentral area. Thierry Camelbeeck and his colleagues from the ORB-KSB published a
comprehensive study on the earthquake information provided by scientific studies, newspapers of the Low
Countries, and a systematic survey of official, private and religious historical sources. In total, information for
185 localities in the present territory of Belgium, France, Germany, The Netherlands, Grand Duchy of
Luxembourg, and Southern England were collected. For each locality, the intensity, i.e. a measure of the
shaking strength based on observed effects in a limited area, was determined.
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Figure 10: Regional intensity distribution (in the EMS-98 scale) of the 23 February 1828 earthquake in present Belgium and
surrounding countries. The epicentre is indicated by the yellow star.

Using the intensity dataset, the earthquake location was determined at 50.70 °N and 5.12 °E, north-east of
Hannut, with an uncertainty around 10 km. The magnitude M,, was estimated to be 5.1 + 0.3 and the
earthquake depth was located at 10 km with a possible range between 3 km and 15 km. The distribution of
the earthquake testimonies was far from concentric because of the unevenly distributed population density,
the various types of historical sources, and differences in the regional geology. This new intensity analysis

. ___________________________________________________________________________________________________|
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demonstrates that the shaking strength of the 1828 earthquake diminished more slowly in the WSW-ENE
direction in this part of the Brabant Massif and faster towards the surrounding Rhenish Massif and Paris Basin.
Towards the north of the epicentre, the increasing thickness of sediments on top of the Brabant Massif caused
a fast decrease of the shaking intensity. This observation corroborates the intensity observations from recent
earthquakes obtained by the ORB-KSB online survey system. The way intensity varies in different directions in
Belgium currently forms the subject of the PhD thesis of Ben Neefs funded by ORB-KSB.

Camelbeeck’s study illustrates the benefit of historical seismicity studies to the knowledge of the impact of
rare destructive earthquakes in stable continental regions like Western Europe.

Reference:
Camelbeeck, T., Knuts, E., Alexandre, P., Lecocq, T. & Van Noten, K. 2021. The 23 February 1828 Belgian earthquake: a destructive
moderate event typical of the seismic activity in Western Europe. Journal of Seismology 25, 369-391.

https://doi.org/10.1007/s10950-020-09977-6
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Lockdown Noise

The COVID-19 crisis was declared a pandemic on 11 March 2020 by the World Health Organization. In the
following days, many countries started enforcing measures to reduce the transmission of the virus within the
population. Those measures were mostly based on strict lockdown rules, which had a strong impact on
individuals’ freedom of movement. Non-essential shops were closed, remote work was enforced. This resulted
in an unprecedented global reduction of human activities, especially mobility.

On 20 March 2020, Thomas Lecocq from ORB-KSB posted a figure on the Seismologie.be Facebook page and
Twitter account in order to show that

e the ORB-KSB’s duties were fulfilled thanks to all the automatic and networking systems in place and
the preparation for remote work for more than a decade,

e and that the cumulated effect of individuals following the ‘stay home’ rules had a significant
decreasing effect on the seismic noise recorded by the Uccle seismometer.

This message went viral on Twitter and attracted a lot of interest from the public and the (Belgian) media,
mostly because it was ‘something different’ than the COVID-19 case/casualty numbers and it fascinated many.
This message was viewed more than 70,000 times on Facebook and more than 100,000 times on Twitter.

Tweet and Facebook post showing the day-night variation of seismic noise recorded by the Belgian seismic
network and its reduction linked to the lockdown measures.
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Figure 11: Tweet and Facebook post showing the day-night variation of seismic noise recorded by the Belgian seismic network and its
reduction linked to the lockdown measures.

Global Collaboration in Writing a 76-author Science Publication

During more than a month after this initial post, the international (media) interest remained substantial,
partly because of the release of a simple, easily reproducible python code on GitHub. This code allowed any
individual to download and process any seismic noise data and evaluate the seismic noise in any town
worldwide. Following this international interest, Thomas Lecocq launched a call on Twitter and by email to
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initiate an international collaborative study on the lockdown measures effects on seismic noise. The reaction
was fast and numerous and resulted in creating a Slack workspace containing more than 100 users for
exchanging ideas, codes and results. This discussion phase resulted into the idea of drafting an ‘Article Zero’,
showing the worldwide impact of COVID-19 restrictions on seismic noise on 150 seismic stations. This
preliminary analysis was submitted to Nature and Science editors on 15 May 2020, and Science replied
positively to the pre-submission inquiry. The writing of the main manuscript was initially done by a team of
six including Thomas Lecocq and Koen Van Noten (ORB-KSB), Stephen Hicks (Imperial College, United
Kingdom), Raphael De Plaen (UNAM, Mexico; now ORB-KSB), Paula Koelemeijer (Royal Holloway University
of London, United Kingdom) and Kasper van Wijk (University of Auckland, New Zealand) and was reviewed
interactively by 76 authors.

The Science Aticle

Eventually, the community work resulted in a publication in Science entitled ‘Global quieting of high-
frequency seismic noise due to COVID-19 pandemic lockdown measures’ on 23 July 2020. The main results
show that the wave of the COVID-19 measures, typically lockdown enforcement, translates into a global
wave of high-frequency seismic noise reduction. The study found a near-global reduction in seismic noise,
initiated in China in January 2020, followed by Italy, the whole of Europe, and the rest of the world in March
to April 2020. This period of reduced seismic noise lasted longer and was often quieter than the Christmas-
to-New Year period. In some places high-frequency seismic noise sometimes amounts to more than 50
percent. Eventually it was concluded that the 2020 seismic noise quiet period was the longest and most
prominent global anthropogenic seismic noise reduction on record, with seismic quiescence extending for
many kilometres radially outside a city and for hundreds of metres in depth!

In the editorial perspective by Denolle and Niessen-Meyer (Science, 2020), the paper was acclaimed as
follows: ‘Lecocq et al. (2020) exemplify seismological progress through best practices in scientific research:
public data, open-access software and hardware, global cooperation, and crowdsourcing of citizen-science
projects. [...] Although physical borders were closed, the authors demonstrate that, much like the global
medical research on SARS-CoV-2, seismological research is and ought to be without borders.’
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Figure 12: Decrease of Seismic Noise linked to the COVID-19 pandemic. Seismic noise levels for 185 seismic stations worldwide show
dramatic changes after lockdown measures (white dots) were enforced. Each line represents the normalised seismic noise of one
seismometer recording.
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Global Navigation Satellite
Systems

M3G: A Unique Catalogue of GNSS Station Information

Because of Earth’s constant deformation (e.g. due to plate tectonics), measuring the positions needs accurate
points of reference, which are at the foundation of every aspect in collecting and managing geospatial
information. For this purpose, in Europe, one can rely on the reference points of the European Terrestrial
Reference System 89 (ETRS89). The ETRS89 is the EC-recommended standard frame of reference, included in
the ‘Infrastructure for Spatial Information in Europe’ (INSPIRE) directive. Its reference points are provided by
the EUREF Permanent GNSS Network (EPN), a network of permanently tracking GNSS stations installed at fixed
locations all over Europe using an open data policy. In addition, thousands of permanently tracking GNSS
stations are installed all over the world. The analysis of their observations allows scientists to measure precise
ground deformations (e.g. volcano deformations, movements caused by earthquakes, anthropogenic
subsidence due to gas extractions), correct sea-level measurements, gather evidence of climate trends, and
many more. However, to obtain reliable results, scientists must be able to separate artefacts (notably caused
by changes at the GNSS stations) from real (geo)physical signals.

ORB-KSB  started in 2018 the
development  of  the ‘Metadata
Management and Distribution System for
Multiple GNSS Networks’ (M3G) with the
goal to provide open and standardised
access to GNSS station information.

Today, M3G consists of a Graphical User
Interface (GUI, https://gnss-
metadata.eu) and Application
Programming Interface (API) used by
more than 130 European agencies to
maintain and store their GNSS station
information. A large majority of these
agencies are regional/national authorities
providing public georeferencing services.
In addition, universities, research

Figure 13: M3G web portal, https://gnss-metadata.eu. agencies, and private companies are
using M3G. In Belgium, near—besides the ORB-KSB, the National Geographic Institute
(https://agn.ngi.be/NL/NL1.jsp), the Agentschap Informatie Vlaanderen

(https://flepos.vlaanderen.be/Map/SensorMap.aspx) and  the  Service public de  Wallonie
(https://gnss.wallonie.be/walcors.html) also maintain their GNSS station information in M3G.

Although M3G is mainly focusing on Europe, it is not limited to its geographical area. A close collaboration
between the Central Bureau of the International GNSS Service (IGS, JPL, US) and ORB-KSB ensures M3G is in-
line with international GNSS metadata standards and ready to accept information from GNSS stations installed
throughout the globe.
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Since its first release, the uptake of M3G by the European GNSS community has been impressive. Currently,
EUREF uses M3G to provide its users with information on its EPN stations and it is also used within European
Plate Observing System (EPOS), which provides pre-operational access to a first set of Solid Earth data and
services to measure how the ground moves and understand the underlying physical processes. Furthermore,
with the support of EPOS, M3G has been extended to collect data licenses and Persistent Identifiers (Digital
Object Identifiers) in order to better align GNSS data with the FAIR data principles. Today, M3G is working with
the SONEL GNSS network managers to add the SONEL GNSS stations in M3G. SONEL (https://www.sonel.org/)
aims at providing high-quality continuous measurements of sea- and land levels at the coast from tide gauges
(relative sea levels) and from modern geodetic techniques (vertical land motion and absolute sea levels) for
studies on long-term sea-level trends.

As a result, M3G currently offers, through a GUI and APIs, access to a unique catalogue of standardised GNSS
station information including more than 2700 GNSS stations.

ORB-KSB will continue to develop M3G in the next years to respond to evolving user requirements, the
changing GNSS landscape, and improving the FAIRification of the GNSS data. In addition, although station
managers can insert the Digital Object identifiers and licence of use of their GNSS station data in M3G, the
majority has not done so and needs to be made aware of the importance of attributing DOIs and data licenses
to their GNSS data in order to align these data with FAIR data principles.

Acknowledgements:
M3G has been supported EU’s H2020 research and innovation programme (GA 676564 & 871121) and Belgian Science Policy Office
(GA FSIRI/33/EPI).

More information:
https://gnss-metadata.eu
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Contact: m3g@oma.be

24


https://gnss-metadata.eu/
http://twitter.com/be_GNSS
https://doi.org/10.24414/ROB-GNSS-M3G
mailto:m3g@oma.be

Planetary Science

The Interior of Mars

Introduction

Mars is the most investigated planet by spacecraft, including orbiters as well as rovers and static landers. Over
the years, the accumulation of precise tracking data from orbiters and landers improved our knowledge of its
gravity field, tides, and rotation, which have been used to probe the planet’s interior. These studies have led
to the detection of the liquid core, the estimation of the core radius, and knowledge about how Mars deforms
at different timescales, among other advances. With the landing of the NASA InSight platform, short for
Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport, on 26 November 2018, and its
three main instruments, a seismometer, a heat-flow probe, and a radio-science experiment, significant
advances about Mars’s interior have been obtained. ORB-KSB has contributed at various levels to studies of
Mars’s interior, from the analysis of the raw data to the planetological interpretation. Three areas of expertise
of the ORB-KSB planetary science team have been specifically important in these studies: (1) the determination
of geodesy quantities from radio-science data, (2) the modelling of the relation between interior structure and
geophysical observations, and (3) the knowledge of material properties about plausible planetary constituent
materials.

Observations of the Martian Core from the InSight RISE Experiment

RISE Measurements

Since its landing, InSight (Interior exploration using Seismic
Investigations, Geodesy and Heat Transport) communicates
with Earth by direct radio transmissions to and from NASA’s
Deep Space Network (DSN, see Figure 14). InSight instrument
Rotation and Interior Structure Experiment (RISE) measures
the range rate of the round-trip signal, or the velocity of the
lander along the line of sight (LOS) with respect to Earth.
These Doppler measurements enable to precisely estimate
the rotation and orientation of Mars, which can in turn be
used to improve our knowledge of Mars’s interior (Folkner et
al., 2018).

Figure 14: InSight's RISE experiment

The ongoing RISE experiment provides Doppler measurements in X-band (frequency of about 8 GHz) almost
daily since day 1 (about 45 min of observation per session on average) by using its two fixed-pointing horn-
shape medium-gain antennas. The InSight data set used for this study consists of 21,091 data points, each
providing an average over 60s (i.e. 335 hours of tracking), and acquired over one Martian year (687 days) from
November 27, 2018, to October 14, 2020. Data between July 16, 2019, and October 18, 2019, were excluded
from our analysis since InSight and the Sun as viewed from Earth (the Sun-Earth-Probe, or SEP angle) were
separated by less than 159, inducing significant plasma noise on the measurements. The retained
measurements have a very low noise level of about 2 mHz (Figure 15). Nevertheless, it is still more than three
times larger than the predicted signature in the Doppler of the liquid core of Mars, one of the main targets of
this study (Figure 16 and text below).
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Figure 15: Post-fit Doppler residuals as a function of Figure 16: Liquid core predicted signature in RISE Doppler

Determining Mars Precession and Moment of Inertia

The gravitational torque exerted by the Sun on the equatorial bulge of the rotating Mars causes the precession
of the rotation axis in space. The spin axis completes one rotation about the normal to the orbit plane in about
171,000 years. Since the precession rate is inversely proportional to the polar moment of inertia, which is a
key parameter to constrain interior models, we use RISE measurements to refine its determination. Our latest
estimate of -7605+1 mas/year, obtained from almost two years of RISE data (one Martian year), is in very good
agreement with the recently published estimates of -7603.9+1.3 mas/year from orbiting spacecraft (Konopliv
et al., 2020) and of -7605+3 mas/year from the combination of the InSight first Earth year of data with previous
data from the Viking-1 lander, Mars Pathfinder, and Opportunity missions (Kahan et al., 2021). The inferred
dimensionless moment of inertia (MOI) equals 0.36394 + 5e-5, which is a very accurately known value in
planetary science. The MOl is an important constraint for the interior structure of the planet and, in particular,
for the mass distribution within the crust and upper mantle. When combined with seismic constraints about
the structure of the crust, the MOI helps to further refine the global average thickness of the crust inferred

from seismic data.

Mars Nutation and Liquid Core Properties
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Figure 17: Interior properties from semi-annual nutation amplitude estimates

Periodic variations in the torque due to the orbital motion of Mars lead to periodic variations of the rotation
axis in space, the so-called nutations, with periods of one Martian year and harmonics of it. The amplitudes of
the nutations depend on the internal structure of Mars, and in particular on whether the core of Mars is liquid
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or solid. Using RISE Doppler measurements, we were able to detect for the first time the signature of the liquid
core in Mars orientation variations using two different approaches: by estimating the amplitudes of nutation
as well as by estimating the transfer function parameters (see Le Maistre et al., 2012, for further explanation
on the nutation parameters). The estimated amplitude of the semi-annual prograde nutation (p2) confirms
that the core is liquid (see Figure 17, left panel). It also indicates that the core of Mars has a radius between
1780 km and 2080 km (see Figure 17, middle panel), which is relatively as large as the core of the Earth, and
has quite a low density within 5600 kg/m*® and 6400 kg/m?3 (see Figure 17, right panel), indicating that it
contains a much larger concentration of light elements than the core of the Earth.

The nutation amplitudes depend on the period of a rotational normal mode of the liquid core, the so-called
Free-Core-Nutation (FCN). Its period is still uncertain. Two possible values for the FCN period (TFCN) were
found, one on each side of the ter-annual nutation period (229 d): TFCN = -215+/-12 days or TFCN = -255+/-
17 days. The latter is our favourite solution because it is obtained along with a core momentum factor estimate
of F=0.078 +/- 0.012 that is considered as realistic unlike the former. The core factor is very sensitive to the
core size. Our F estimate indicates that the core radius is within 1870 km and 2030 km. This is in good
agreement with the radius range inferred from the nutation amplitudes, but it is slightly larger than
independently determined core radius ranges estimated from the tidal Love number and seismic data.

The Chandler wobble of Mars
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The Composition of the Core of Mars

The radius and relatively low density of the core of Mars (e.g. Rivoldini et al. 2011) requires that its iron-rich
core incorporates a large amount of light elements. The study of the formation of Mars, as well as analyses of
Martian meteorites, surface rocks, and data provided by orbiting spacecraft, are in favour of sulphur as the
major candidate light element. Other likely candidate elements are oxygen and hydrogen.

As already evidenced in previous studies that measured the thermo-elastic properties of liquid iron-sulphur
alloys (Terasaki et al. 2019), and confirmed by an independent study made within a collaboration with
members of ORB-KSB and members of the Sorbonne and Grenoble University, the amount of sulphur required
to match the density of its iron-rich core is significantly larger than any predictions made by formation and
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chemical models (about 17wt%) (see Figure 19). Among the other candidate light elements, oxygen is quite
likely present in appreciable amounts, since its capacity to dissolve in liquid iron-sulphur increases with
sulphur.
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Figure 19: Sulphur concentration in the core of Mars as a function of the core radius.

Published equations of state for liquid iron-oxygen, required to model the core properties, are scarce and not
in agreement with more recent data about the melting temperature of solid iron-oxygen. For this reason,
members of ORB-KSB have worked together with members of the Sorbonne and Grenoble University to derive
an equation of state for liquid iron-oxygen based on thermodynamic modelling as well as on melting data and
thermo-elastic data of solid iron-oxygen. The application of those results, together with those obtained for
iron-sulphur, indicates that by adding up to 5wt% of oxygen in liquid iron-sulphur the amount of sulphur
required to match the core density of Mars can be brought more in line with chemical and formation models
(see Figure 19). It is noteworthy to mention that the low core density deduced by measuring tides is confirmed
by preliminary results obtained by the RISE and SEIS experiments on InSight. The collaboration of ORB-KSB
with experts in experimental work led to a publication in Earth and Planetary Science Letters Letters (Xu et al.
2021).

The Bottom of the Mantle of Mars

Before InSight, the core radius of Mars was inferred from measuring tides induced by the Sun and was based
on interior structure models that assume that the whole mantle is solid. It is, however, conceivable that the
initial global magma ocean overturned and led to the formation of a stable basal layer that was highly enriched
in heat-producing elements. A significant volume of this stable layer could be molten to this day. Such a layer
would introduce an appreciable bias in the core radius inferred from tides: the core radius would be smaller
than the value inferred from tides assuming a solid mantle down to the core-mantle boundary. If Mars had a
smaller core, it could be denser and the amount of light elements required together with iron would be lower
and more in agreement with formation and geochemical models. Like for tides, core radius estimates deduced
from seismic waves reflected at a solid-liquid interface would associate the depth of that interface to the core-
mantle boundary and overestimate the core radius if the presence of the molten layer in the mantle is not
taken into account. Core-traversing seismic waves are required to prove the presence of such a layer, as
seismic waves propagate differently in liquid iron-rich alloys than in molten silicates. Finally, the Free Core
Nutation period (see above), which is sensitive to the density jump between the core and the solid mantle,
could be appreciably different if a basal magma ocean were present since the density jump between liquid
and solid mantle material is significantly lower than between the core alloy and the solid mantle. Members of
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ORB-KSB participated in a study that discussed the occurrence of a basal layer and its consequences on the
thermal state of Mars and tidal deformation. The results of this study were submitted to the Journal of
Geophysical Research and published in 2021 (Samuel et al. 2021).

The Crust of Mars

One of the primary scientific targets of InSight is the precise determination of the structure of the crust. To
this day, the acquired seismic events have revealed the reflection of seismic waves below the lander, which
are expected to occur at the depth of the Moho, the transition layer between the crust and the mantle. The
data is consistent with a crust thickness of either 20 km or 39 km. The local crust thickness estimate can be
used to determine the global average thickness and density of the Martian crust when combined with gravity
and topographic data. Both resulting crustal models contradict the thick crust models of basaltic origin that
have been proposed in the literature. Moreover, global interior models built with either of the two crustal
models cannot match the moment of inertia of Mars if they are based on the standard Mars composition
model and agree with the expected thermal state of the mantle. From seismic data alone, both models are
equally likely, but other constraints prefer the thick crust model. The thin crust model requires appreciable
more heat-producing elements in the crust than what has been deduced by orbital observations with the
Gamma Ray Spectrometer on the Odyssey spacecraft. Additionally, the relatively low density required by the
thin crust model to explain the observed gravity field, requires a large volume of low-density rocks, which are
almost not observed on the surface. The ORB-KSB team has collaborated to that study that is currently under
review in Science.
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Solar Physics

EUI First Light and Discovery of Campfires on the Sun

On May 12, 2020, only two months after the launch of Solar Orbiter, the doors of its Extreme Ultraviolet Imager
(EUI) were opened for the first time, a crucial moment in the mission’s life. It is only during this ‘First Light’
moment that the EUI team found out whether the telescope survived the launch and was working properly.
For EUI, this first light was especially challenging as the whole of Europe, including the Mission Operation
Centre in Darmstadt, was in lockdown because of the COVID-19 pandemic. In normal circumstances,
instrument experts are present in the Operation Room during this procedure so that communication is quick
and efficient. Performing this type of operation from home through simultaneous teleconferences was tough
for all teams involved, yet very successful: the high-resolution images of EUI (Figure 20) were breathtaking
and immediately led to a scientific discovery: campfires on the Sun.

Figure 20: Combination of the first light images of EUI in each of its four channels. The large red area is the FSI 30.4 nm channel
imaging the solar transition region. The square violet area is the HRILYA channel imaging in the Lyman-alpha line and showing the
solar chromosphere. The yellow/golden coloured areas are taken in the 17.4 nm bandpasss and show the 1 million degree corona by
HRIEUV (square area below the HRILYA square) and the FSI (large area on the right).
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Solar Orbiter makes one complete orbit around the Sun in 168 days. The point of the orbit that is closest to
the Sun is called ‘perihelion’. At perihelion, the speed of the spacecraft approaches the speed with which the
Sun rotates around its own axis. While the spacecraft hovers closely above the solar surface, the cameras
onboard are in an excellent position to photograph the solar atmosphere. The EUl cameras made images

overwhelmingly rich in small detail. David Berghmans, principal investigator of the EUI telescope, explains: ‘It
is like zooming in on the iconic blue marble Earth and suddenly you see details which you had never expected:
rivers, cows, a road with cars, smoking chimneys. This is exactly what we see with EUl: we can now see the
solar corona at work on a micro-level.’

Figure 21: Image from the High Resolution EUV Imager of EUIl taken on May 30, 2020. The squares indicate examples of little
campfires. The circle bottom left illustrates the size of the Earth for comparison.

On May 30, 2020, Solar Orbiter was roughly halfway between the Earth and the Sun, meaning that it was closer
to the Sun than any other solar telescope has ever been. This allowed the EUI telescopes to see features in the
solar corona of only 400 km across.

Figure 21 shows a small part of the solar atmosphere observed on May 30, 2020. The sequence of images
taken on that day shows an unexpected multitude of small loops, bright spots and dark, moving fibrils. The
tiny brightening dots and loops sparked immediate excitement in the EUl team as they show up remarkably
sharp and contrasted, ubiquitously all over the so-called quiet Sun where nothing seemed to happen in older
data. Only now, looking at the Sun with the unprecedented high resolution of EUI, we see very tiny flashes of
light almost everywhere. These flashes of light were named ‘campfires’ by the EUI scientists. They might
contribute to the high temperatures of the solar corona and to the origin of the solar wind, possibly answering
the question that solar physicists have been tackling for decades.
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Figure 22: A zoom-in on a campfire lasting less than three minutes. The campfire appearance suggests the interaction of two small
coronal loops. The interaction region (the black square) is roughly 800x1200km.

It is well known that the solar atmosphere produces flares, sudden flashes of light that release magnetic
energy. The biggest solar flares can impact the Earth, and its technologies in a process called space weather.
The campfires that EUl discovered are their little nephews, typically a billion times smaller than common flares
(Figure 22). They are totally insignificant each by themselves, but, summing up their effect all over the Sun,
they might be the dominant heating contribution of the solar corona. This idea (‘nanoflare heating’) has been
proposed a long time ago by Eugene Parker (indeed, the scientist after whom the Parker Solar Probe is named).
Further research will be needed to find out whether the campfires are indeed just miniature versions of the
big flares or whether they are different in some way. We will also need to collect statistics on campfires and
compare with other instruments (such as the SPICE spectrograph) to determine the significance of their heat
output.

As the mission continues, Solar Orbiter will go closer to the Sun and this will increase the instrument’s resolving
power by a factor of two at closest approach, allowing it to see small features of only a few 100 km in size. The
whole team is looking forward to this new data. However, contrary to previous missions in which the EUl team
members have participated in, the distance between the Sun and the spacecraft is continuously changing.
They will have to get used to the fact that the images that EUI makes are continually changing, as EUI takes
pictures of the Sun from a different angle and distance day after day. The EUIl team is excited to calibrate,
analyse and interpret the new images. New science is on the way!
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A Modern Reconstruction of Richard Carrington’s
Observations (1853-1861)

In 2020, in the framework of the ongoing recalibration of the 400-year-long sunspot number series undertaken
in 2015 by the World Data Center SILSO, we focus on the 19t century to revisit original data that were under-
exploited in a period when sunspot data are much sparser than in the 20" and 21° centuries. The ultimate
goal of our work is to ensure the homogeneity of our longest record of solar activity over the past centuries.
A key observer over the years 1853-1861 was Richard Carrington, a prominent solar scientist who measured
the solar differential rotation and defined the heliographic coordinate system still in use nowadays.

With the help of Thomas Teague (UK), an active observer from the SILSO worldwide sunspot network, we
carried out a full recounting from the original historical drawings and logbooks, preserved at the Royal
Astronomical Society (see Figure 23) in England. Indeed, until now, the only numbers at our disposal came
from Rudolf Wolf, the initiator of the sunspot number in the 19" century. However, the way Wolf derived
those numbers was indirect and poorly documented. With our new recounting, we can now fully assess Wolf’s
counting method and shed light on the quality of the sunspot number series over that period.
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Figure 23: Carrington’s original drawing for the Figure 24: Comparison of recounts by Teague’s and Wolf’s observations on
Sun of July 7,1860. overlapping days.

Our study shows that the new recounts by Teague closely match the counts by Wolf, the inventor of the
sunspot number, on their overlapping days of observation (see Figure 24), which means that the observers
from the SILSO network today have a similar way of counting as the creator of the sunspot number series. This
testifies to its homogeneity over the past 200 years. From our analysis, we can tell with confidence that Wolf
counted sunspots directly from Carrington’s original drawings over 1859-1860, but that, afterwards, he used
instead an indirect conversion from lists of sunspot areas provided by Carrington in his correspondence.

Moreover, we also identified the cause of an unexplained constant 7° longitude shift of the sunspot positions
in Carrington’s tables, as reported in previous studies. We found that, in his groundbreaking work, Carrington
simply adopted slightly different coordinate references than those used nowadays, and we can now confirm
the very high accuracy of his work.

The resulting recounted 1853—-1861 Carrington sunspot number series has now been added to the data
accessible on the SILSO Web portal. The corresponding article was submitted to Solar Physics in early 2021
(manuscript: https://arxiv.org/pdf/2103.05353.pdf).
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Helmet Streamers in the Solar Corona and their Oscillations

Bieke Decraemer started her PhD in 2016, when she was awarded a PhD grant from ORB-KSB. Her PhD project
was made jointly at ORB-KSB and at KU Leuven. Bieke’s thesis is dedicated to the study of coronal helmet
streamers. Streamers are the largest structures observed in the corona, and they are its true building blocks,
especially during solar maximum. In the lower solar corona, helmet streamers consist of closed magnetic loop-
like arcades connecting to the solar surface. In the outer solar corona, they extend to a radial stalk connecting
to the outflowing solar wind. The radial stalk is actually a plasma sheet seen edge-on.

Figure 25: Two views of the same coronal streamer. Left panels show the modelled corona compared with observed corona shown in
right panels. STEREO A COR2 images are on top, and SOHO/LASCO images are at bottom.

One of the best ways to study coronal structure is to observe it with two widely separated telescopes, like
LASCO onboard the SOHO spacecraft and COR2 onboard the STEREO A spacecraft. This works like the human
vision with two eyes providing a better idea about the three-dimensional structure of an object than the
information given by one eye only. Bieke combined the data taken by two coronagraphs to derive the first
guantitative three-dimensional streamer density model consistent not with one but with both COR2 and
LASCO images (see Figure 25).

Sometimes, streamers are perturbed by coronal mass ejections (CMEs) propagating in the corona. They may
start to oscillate, with the oscillations propagating outwards like waves (Figure 26). These waves are important
as they enable us to derive the plasma parameters in the solar corona, similarly to seismic waves used to
derive the properties of Earth’s interior. This technique is called ‘coronal seismology’. It allowed Bieke to
determine the solar wind speed in streamers, a quantity notoriously difficult to measure (Figure 27).
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Figure 26: A coronal mass ejection (CME) going towards the right of the image perturbs two streamers and triggers their oscillations
that start propagating radially outwards as waves.
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Figure 27: The blue dots with error bars show the streamer wave speeds derived by two independent methods (shown along
horizontal and vertical axes). For comparison, the green line is derived from a theory that does not take into account the solar wind
propagation in streamers. It is clear that it does not describe well the observed data points. The dashed black line represents the
same theoretical fit, but corrected for the solar wind speed of around 300 km/s. This line approximates the observed data points
much better.

After having successfully defended her PhD in October 2020, Bieke decided to leave science and start a new
job in industry, for which we wish her all the best of luck. We will miss you, Bieke!
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Evolution of Coronal Mass Ejections in the Heliosphere

Camilla Scolini started her PhD in 2016, when she was awarded an ORB-KSB PhD grant. She executed her job
jointly at ORB-KSB and at KU Leuven (KUL). Her thesis is based on a very relevant and lively topic in space
weather and solar physics: the propagation of Coronal Mass Ejections (CMEs) in the heliosphere and their
geoeffectiveness upon arrival at the Earth. Furthermore, she also studied how they affected other locations
of the heliosphere. In this way, the term geoeffectiveness had to be broadened, and thus helioeffectiveness
came to life. So, Camilla’s PhD work, apart from interesting scientific results, also created new words! The
main tool Camilla used was a newly developed 3D heliospheric MHD model: the EUropean Heliospheric
FORecasting Information Asset, EUHFORIA, shown in Figure 28.
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Figure 28: Snapshot of a EUHFORIA run, showing a CME simulation in July 2012. Top panels show the speed, middle ones present the
density and the bottom ones depict the magnetic field within the CME.
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Camilla developed innovative techniques that are now being used by other researchers. For example, she
included the possibility to simulate data at the locations of all the current and new space missions (e.g. Parker
Solar Probe and Solar Orbiter) and, more generally, at any location in the heliosphere with the use of virtual
spacecraft (Figure 29). She also implemented a clever way to separate the radial and expansion speed of CMEs
(a long-standing problem in CME research) in order to be used directly by the model.

@ 0.3 AU @ 1AU

Figure 29: Contour plots showing speed at different locations in the heliosphere, and for different virtual spacecraft (VSx).

She also made critical updates to the model, including the propagation of CMEs with an internal magnetic field
configuration (see Figure 30), which is now the state of the art model for CMEs. Camilla helped with the
inclusion of EUHFORIA into the space weather Regional Warning Centre in Brussels, where it is currently being
validated in order to be used as a forecasting tool. She also coupled EUHFORIA with magnetospheric models,
some of these couplings are currently being used in the Virtual Space Weather Modelling Centre (VSWMC, an
ESA project currently being developed by a consortium led by KU Leuven, with the participation of ORB-KSB).
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Figure 30: The internal magnetic field configuration of CMEs. Based on a 3D linear force-free spheromak. Different colours mark field
lines characterised by different morphologies. (a): side view. (b): top view. (c): angled view.

By the end of her PhD, Camilla had more than 10 published papers in recognised international journals and
numerous invited talks given at international conferences. She successfully defended her thesis in May 2020,
a copy can be found here http://publi2-as.oma.be/record/5332.

In 2021, the European Solar Physics Division (ESPD) awarded her their ‘PhD Thesis Prize’, for significant
contributions on numerical modelling and observational analyses of the propagation of coronal mass
ejections. Camilla has recently received the prestigious Jack Eddy Postdoctoral Fellowship, awarded by the
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NASA Living With a Star (LWS) programme, that she will carry out at the University of New Hampshire,
continuing space weather research. We definitely expect to hear more from her!
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PROBA 2 Data for the Complete Mission Updated

In June 2020, the PROBA2 team reached another milestone in the mission’s lifetime. After having celebrated
the 10™ anniversary of the launch of the satellite in 2019, we completed a full reprocessing of all data from
this successful mission in 2020.

PROBAZ2 is a micro-satellite that was launched in 2009 and that carries 2 solar instruments for which ORB-KSB
holds the principal investigator responsibility. LYRA (Large Yield RAdiometer) measures the ultraviolet solar
irradiance in four wavelengths. SWAP (Sun Watcher using Active Pixel System detector and Image Processing)
takes pictures of the solar corona in ultraviolet. Both instruments are important assets for the space weather
services of ORB-KSB: they keep a close and continuous eye on the solar activity.

Number of files Amount of data

SWAP level 0 files > 2 662 000

>5.2TB

SWAP level 1 files >2 411000 >4.7TB

SWAP movies >11 000 > 245 GB

LYRA level 1 files > 26000 >335 GB

LYRA level 2&3 files > 8000 > 305 GB

Table 1: Amount of data collected by the LYRA and SWAP instruments onboard PROBA2, as well as the derived products, measured
at the time of writing, in April 2021.

In 2017, we embarked on the massive project of
reprocessing our complete data set, which contains over
10 years of SWAP images and LYRA measurements (see
Table 1). This reprocessing served two purposes. Firstly,
it allowed us to update all data files to the latest
calibration. Indeed, our understanding of the
instruments continuously evolves and also the
performance of the instruments themselves changes
over time (for example due to degradation or faulty
pixels). The PROBA2 team therefore continuously works
on improving the LYRA and SWAP data: the calibration
routines for both instruments are updated regularly, and
the latest version is always available, for example
through IDL SolarSoft. However, the higher-level data
provided through our website and through the SolarSoft
IDL routines has been processed with the version of the
calibration software that was available at the time of

acquisition or processing. Therefore, the most recent Figure 31: Areprocessed and stacked SWAP image picturing
the active solar corona at 174 nm. The stacking of several

SWAP images, taken closely together in time, allows us to
reprocessed data is now calibrated according to our most bring out the faint features in the outer corona.

recent understanding of the instruments. An example
image taken by SWAP is shown in Figure 31.

PROBA2/SWAP 174 2012-01-097T23:14:52

improvements were not included in older files. The newly
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Figure 32: The old servers used for the PROBA2 pipeline. After 10
years of continuous use, this hardware needed to be replaced by
newer servers.

The second purpose of the reprocessing was a major
update of the hardware and software that is used to
produce all types of PROBA2 data (various levels of
FITS files, Quicklook images, movies, etc.). One of the
main goals was to get rid of deprecated functions
used in the software. The core of the PROBA2
software was written before the launch of the
satellite and is thus more than 10 years old. Updating
the software while keeping at the same time the
running system to process incoming data is not
always evident. Therefore, for the reprocessing, we
recreated the complete PROBA2 system on new
servers (shown in Figure 32), updated all software on
them and ran thorough tests. We then performed the
reprocessing on the new hardware, and, once it was
completed, we migrated the operational tasks to this
new server and continued on it.

This transfer to the new servers was performed in June 2020. Due to the measures taken to manage the
COVID-19 pandemic, this was not easy to coordinate. Only a few of the PROBA2 colleagues were allowed to
come on site together, but after a very long working day the migration was complete and the PROBA2 pipelines
were up and running again, with the newly calibrated data online. Afterwards also the remote archive at the
ESAC facility in Spain was updated with the newest data.
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Astronomy and Astrophysics

The Large Sky Area Multi-Object Fiber Spectroscopic
Telescope

The Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) is a National
Major Scientific Project undertaken by the Chinese
Academy of Science that started about a decade
ago. This unique instrument is located at the
Xinglong station, situated south of the main peak of
the Yanshan mountains in the Hebei province of
China (Figure 33). It combines a large aperture (4 m
telescope) with a wide field of view (circular region
with a diameter of 5 degrees on the sky) that is
covered with 4000 optical fibres. These fibres are
connected with 16 spectrographs (250 fibres each),
making this instrument the ideal tool to obtain
spectroscopic observations for a large number of
objects in a homogeneous and efficient way.

The LAMOST Extra-GAlactic Survey (LEGAS) and the
LAMOST Experiment for Galactic Understanding
and Exploration (LEGUE) were the two initial
scientific driving forces for the LAMOST project. At
that time, the space mission Kepler was collecting
continuous light curves with an unprecedented precision for objects in a fixed field of view in the constellations
Lyra and Cygnus. This was done with the aim to detect Earth-like planets around solar-type stars using the
transit method. It was soon realised that the observation of the so-called Kepler field with LAMOST would be
a pure scientific goldmine, being a win-win opportunity for both communities: it would provide the Kepler
community with the data needed for a homogeneous spectroscopic determination of stellar parameters for
objects observed by the Kepler mission while the LAMOST community could benefit from high-precision
results derived from data obtained elsewhere for Kepler objects to calibrate the LAMOST results. Therefore,
the proposal of the LAMOST-Kepler (LK) project, initiated by P. De Cat from ORB-KSB, was well received in
2010. The project unites one Belgian (ORB-KSB), two Chinese (BNU, NAOC), one Italian (INAF-Catania), one
Polish (University of Wroctaw), and two American (Steward Observatory, Appalachian State University)
partner institutes and is subdivided into a European, Asian, and American team. The members of these groups
use independent methods to analyse the spectra collected as part of the LK project. The collaboration
celebrated its 10" anniversary in 2020. A general overview of the LK project is given by Fu et al. (2020). In what
follows, we highlight the main contributions linked to ORB-KSB research and activities.

Figure 33: View on LAMOST, located at the Xinglong station in
China.

Low-Resolution Spectra

The first observations for the LK project were already done during the test phase of LAMOST in early 2011.
The scientific observations of the so-called pilot survey began on 24/10/2011 while the first phase, the ‘regular
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survey’, started about one year later on September 28, 2012. In this five-year period, only single-shot low-
resolution spectra (LRS) with a spectral resolution of about 1800 covering optical wavelengths ranging from
370 nm to 900 nm were gathered.

Kepler Field

De Cat et al. (2015) give a detailed
description of the LK project. They
published the first version of the database
of LRS spectra that were obtained in this
context after the completion of the first
round of observations. By the end of 2014,
the 14 partly overlapping LAMOST
footprints, that were selected to fully cover
the Kepler Field (LK footprints; blue dotted
circles on Figure 34) all had been observed
at least once under good meteorological
conditions. At that time, the database
consisted of 101,086 pipeline-reduced LRS
gathered for 80,447 unique objects, Right ascansion (degros)

including 42,209 for which observations Figure 34: Visualisation of the Kepler field. The areas surrounded by a full
from the Kepler mission are available (21.1% black line indicate the position of the Kepler CCDs on the sky. The 14
of the full Kepler sample). For 17,114 LAMOST footprints used to gather LRS are represented by blue dotted
circles. The stars that have been observed during the testing phase of the

objects, Ijnorle than_ one LRS was re.ady_to_ medium-resolution spectrographs on plates that have overlap with Kepler
use, making it possible to check the internal CCDs are given with dots (light blue for stars on Kepler CCDs).

consistency of the results of the analysis
methods of the different groups of the LK collaboration.

Dacination (Gegraa)

The Asian team used the LAMOST Stellar Parameters pipeline (LASP) to analyse spectra from the LK database.
With this technique, they derived values for atmospheric parameters (effective temperature Tes, surface
gravity log g, metallicity [Fe/H]) and the heliocentric radial velocity vi.q from 61,226 LK-LRS of 51,406 stars.
The external calibration of the LASP results was done by comparing them to literature values obtained from
high-resolution spectra or with asteroseismic techniques for stars in common. The mean errors on Tes, log g,
[Fe/H] and v,.q were found to be 2.8%, 0.22 dex, 0.15 dex, and 18 km s%, respectively. A statistical analysis of
the stellar parameters led to the discovery of a sample of stars of interest, including nine very metal-poor
candidate stars ([Fe/H] < -2.0 dex), and 18 high-velocity candidate stars (|vrada| > 300 km s7%).

The European team adapted the code ROTFIT to the specifications of the LK-LRS for the determination of
stellar parameters by exploiting a homogeneous collection of more than 1000 real star spectra (Frasca et al.
2016). Stellar parameters could be determined for 51,385 stars from 61,753 LK-LRS. Their overall accuracy was
estimated to be 3.5% for Tesr, 0.3 dex for log g, 0.2 dex for [Fe/H], and 14 km s for v,.q, comparable to those
found with LASP. On top of these parameters, they also provide an estimate of the projected rotational
velocity vsin for fast rotating stars (vsini > 120 km s7%). They found 442 chromospherically active stars in the
sample based on the detection of line filling or emission in their HEand/or Call IRT profiles. One of them, the
K1V star KIC8749284, is believed to be an accreting star.

The American team presented MK spectral classifications determined from LK-LRS with the automatic
classification code MKCLASS, that was developed specifically for this purpose (Gray et al. 2016). It is based on
the classification procedures that are followed by humans. MKCLASS enables to classify in the temperature
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dimension with the precision of 0.6 spectral subclass, and in the luminosity dimension with the precision of
about 0.5 luminosity class. The identifier was successfully applied to 81,171 LK-MRS. They found that 34.6%
of the stars with spectral types between A4 and F1 in their sample are classified as Am stars (chemically
peculiar stars showing an under-abundance of certain light elements and an excess of metals). This is in
excellent agreement with previous studies. Furthermore, they identified 32 new candidate barium dwarfs
(FGK-type dwarfs showing enhanced abundances of s-process elements) and 132 X\ Bootis stars (chemically
peculiar stars showing unusual low abundances of iron peak elements).

Zong et al. (2018) updated the database of LK-LRS after the completion of the second round of observations,
coinciding with the end of the first phase of the regular survey (June 2017). By that time, all the LK footprints
were observed at least twice. The number of available spectra more than doubled to 227,870 LK-LRS for
156,390 individual objects, permitting determining spectral parameters for 32.8% of the Kepler sample.

K2 Fields

After about four years of operation, a second reaction wheel of the Kepler mission failed on 11/05/2013. The
telescope could no longer continue to point ultra-precisely towards the original Kepler field. The mission was
therefore redefined: it received the name K2 and started to observe fields of the same size along the ecliptic
plane in campaigns of typically 80 days. Observations were performed in 20 campaigns (C0-C19) before the
spacecraft ran out of fuel on 30/10/2018, leading to the retirement of the mission.
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Figure 35: Sky distribution of K2 targets (grey) and LAMOST sources (magenta) in the 20 campaigns of the K2 mission for which LRS
are available in DR6. The sky coverage of the footprints observed in the LK2 project and LAMOST general survey within the K2 fields
are indicated by blue and green circles, respectively. The solid line represents the ecliptic plane. The cyan dashed line at -10°
indicates the declination limit for LAMOST observations. (Figure from Wang et al. 2020)

In 2015, the LK project has been extended to also include targets within the K2 fields. This part of the project
is referred to as the LAMOST-K2 (LK2) project. By the end of 2018, a total of 126 LK2 plates were observed
(Figure 35; Wang et al., 2020). After cross-matching with the catalogue of 6th data release of LAMOST (DR6),
160,619 usable spectra of 84,012 objects were found, most of which had been observed more than once. The
standard LAMOST pipeline (LASP) was successful in deriving values for Ter, log g, [Fe/H] and vr.4 from 129,974
spectra of 70,895 objects. The internal uncertainties were estimated to be 81 K, 0.15 dex, 0.09 dex, and 5 km
s}, respectively, when derived from a LAMOST LRS with a signal-to-noise ratio in the Sloan g-band (SNRg) of
10. The external accuracy was assessed by comparing the parameters of targets in common with the Apache
Point Observatory Galactic Evolution Experiment (APOGEE) and Gaia surveys. In general, the comparisons
reveal linear dependencies in the differences. A final calibration is derived, combining external and internal
uncertainties for giants and dwarfs separately.
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Medium-Resolution Spectra

After a testing phase of one year, also medium-resolution spectrographs both in single-shot and time-series
mode are included in the standard observation schedule since the start of the second phase of the regular
survey of LAMOST in September 2018. The corresponding medium-resolution spectra (MRS) have a spectral
resolution of about 7500 and are obtained in a blue and red arm covering the wavelength ranges 510-540 nm
and 830-890 nm, respectively. The increased spectral resolution allows to additionally infer individual
abundances of several individual elements observed in the spectra.
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Figure 36: Sky coverage of the footprints of the LK-MRS project (al-4, b1-4, c1-4, d1-4, el-4; green for observed and red for
unobserved) on top of the targets observed by campaigns of Kepler (K1; light blue) and K2 (C8, C4+C13, C5+C16, C14; grey)
campaigns. The solid line represents the ecliptic plane. (Figure from Zong et al. 2020).

We started using the medium-resolution spectrographs to create time series of typically 60 LAMOST MRS in a
time span of five observing seasons (September 2018 to June 2023) for more than 50,000 stars. These targets
are within 20 LAMOST footprints distributed across the Kepler field and six northern K2 campaigns, with each
plate containing up to 3000 targets (Figure 36). During the first year of observations, already 13 plates were
visited 223 times during 40 individual nights (Zong et al., 2020). In total, 281,300 spectra of high-quality were
analysed by the members of the Asian team. The standard LAMOST pipeline (LASP) was successful in deriving
values for Te, log g, [Fe/H] and v..q for 258,797 spectra of 21,053 targets. Their internal uncertainties are
found to be 100 K, 0.15 dex, 0.09 dex, and 1 km s, respectively, when derived from a LAMOST MRS with SNRg
= 10. Compared to results obtained with LK-LRS spectra, it is clear that the vr.g determination benefits from
the increased spectral resolution while the accuracy of the atmospheric parameters remains similar due to
the limited wavelength coverage of the LAMOST MRS. The sample of studied objects has ~70%, ~95%, and
~7.2% targets in common with the LAMOST LRS survey, Gaia, and APOGEE, respectively. In general, the
parameters derived from the LK-MRS are consistent with those obtained from the LK-LRS and APOGEE spectra,
but the scatter increases for decreasing log g when compared with the measurements from APOGEE. For a
small fraction of objects, a large discrepancy is found with the Gaia values of Teff that seems to be linked to
large values of the line-of-sight extinction (AG > 0.8 mag). Comparisons of the vi,qvalues with those of LK-LRS,
Gaia, and APOGEE show nearly Gaussian distributions with mean values of -3.50 km s}, 1.10 km s™* and
0.73 km s7%, respectively.

In 2020, the members of the European team started working on the LAMOST MRS that are available in DR6
for stars that are observed during the testing phase of the medium-resolution spectrographs with plates that
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have overlaps with the position of the Kepler CCDs (dots on Figure 34). They are being analysed with an
adapted version of ROTFIT (Frasca et al., in preparation).

Network Activities

The success of the LAMOST-Kepler project is partly thanks to the financial
help of both the Belgian Science Policy (BELSPO) and the ASBL-v.z.w. for the
organisation of network activities. Such activities are crucial to optimise
scientific achievements. Indeed, work visits permit to work efficiently on
scientific data and to gain hands-on experience with the analysis methods of
collaborators while scientific meetings create the opportunity to advertise
results and to get inspired by the work of others.

BELSPO financed the Belgo-Chinese project ‘LAMOST observations in the
Kepler Field’ (LOK) in the period 2016—2018 (BL/33/FWI20; Figure 37). It
allowed the ORB-KSB to host the second international LAMOST-Kepler’s
workshop in the summer of 2017 (31/07/2017-03/08/2017), uniting 46 Figure 37: Logo of the Belgo-Chinese
registered participants originating from 15 different countries. They gave a project ”LAMQSTPb.Servationsm
the Kepler field”, financed by
total of 36 oral presentations spread over 5 scientific sessions. The LOK BELSPO (BL/33/FWI20).
project also sponsored the work visits of P. De Cat to Beijing (08—22/12/2018)
- where he received the title ‘LAMOST invited professor of 2018’ to honour him for his large contribution to
the global success of LAMOST -, and of Y. Pan and J.T. Wang to Europe (18/10/2018-06/12/2018). These PhD
students of the Chinese collaborator J.N. Fu stayed in Brussels for 5 weeks and visited the Polish collaborator
J. Molenda in Wroctaw for 2 weeks.

The financial help of the ASBL/VZW made it possible for three other students of J.N. Fu to stay at the ORB-KSB
for a research visit of up to 3 months (Xiaohu Yang: 08/11/2010-07/12/2010 and 08/05/2012-03/08/2012;
Zhihua Huang: 10/09/2013-10/11/2013; Ren Anbing: 15/09/2015-10/12/2015).
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De Cat), 2020, ApJS 251, 27 (https://publi2-as.oma.be/record/5283)
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The Flux-Weighted Gravity-Luminosity Relation in Classical
Cepheids

Defining the Flux-Weighted Gravity-Luminosity Relation

The gravitational acceleration is defined as g = GM/R? where M is the mass of the object and R its radius and
its mean value for the Earth is the well-known value of about 9.81 m/s?. This formula applies to all bodies and,
for the Sun, it is about 274 m/s2. Astronomers often use cm as the unit for this quantity and take the jolog of
its value, and so you will often see for the Sun a value of log g = 4.44 in the literature.

In 2003, Kudritzki et al. remarked that certain classes of stars (the so-called blue supergiants) during certain
phases in their evolution evolved at nearly constant mass and luminosity (L). As luminosity is related to stellar
parameters according to the Stefan-Boltzmann law, L o< R? Ter?, it follows that the quantity gr & g/Ter* is also
constant, and they called it the “flux-weighted gravity’.

As stellar evolution theory predicts that more massive stars are more luminous as L < My and with the
definition of the bolometric magnitude Mo = -2.5 log (L) + constant, it follows that one expects a relation of
the form -Mho = a log (ge) + b to hold, where a and b are constants, and they called this the ‘flux-weighted
gravity-luminosity’ relation (FWGLR). If this relation can be calibrated from known objects, one has a method
to determine distances. This is so as gravity and effective temperature (and thus gf) can be determined by
observation from high-resolution spectra that are being analysed with model atmospheres. From the by-
observation determined gr value, one gets the absolute magnitude. If one has a measure of the observed
luminosity myo, then the distance follows from myo - Mo = 5 log d — 5, where the distance d is in parsec. The
concept of the FWGLR was explored in Kudritzki et al. (2003, 2008, 2016).

The Potential of the Flux-Weighted Gravity-Luminosity Relation for
Classical Cepheids

Classical Cepheids (CCs) are the cornerstone of the distance ladder in the Universe. They are bright and
through the period-luminosity (PL) relation they tie the distance scale in the nearby universe and that further
out via those galaxies that contain both Cepheids and Supernova of type la (see Riess et al. 2019) .

Anderson et al. (2016) demonstrated for the first time that theoretical pulsation models for CCs also followed
a tight FWGLR, which is in fact tighter than the PL relation, and that there was a good correspondence between
observed gr and pulsation period for a sample of CCs.

The potential of the FWGLR for CCs was explored in Groenewegen (2020b). To apply the FWGLR one needs
gravity, effective temperatures and luminosities. The topic of bolometric luminosities in CCs was discussed in
Groenewegen (2020a), based on the sample introduced in Groenewegen (2018).

Photometry from the ultraviolet to the far infrared was collected from the literature for over 450 CCs. The
resulting spectral energy distribution was then fitted with a model atmosphere to derive the photometric
effective temperature and luminosity. Interstellar reddening was taken from the literature and the distance
was as much as possible taken from the Second Data Release of Gaia (Gaia Collaboration 2018).

Figure 38 shows examples of model fits where there is not only available photometry (the circles in the top
panels) but also mid-IR spectra (the bottom panels). The fits are extremely good, and the error in luminosity
is entirely determined by the error in the adopted distance or parallax.
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Model atmospheres have been fitted to high-resolution optical spectra for hundreds of CCs. Such fitting results
in the determination of the effective temperature, the gravity and the metallicity. CCs with metallicity
determinations were collected by Groenewegen (2018) and the corresponding values for log g and Tes were
collected from the literature in Groenewegen (2020b).
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Figure 38: Model fits (the solid lines) to the spectral energy distribution (top panel) and mid-infrared spectra of some CCs. From
Groenewegen (2020a).
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Figure 39 illustrates the theoretical picture in the top panels: the tight correlation between Myo and ge, and g
and period, based on the models of Anderson et al. (2016).

The best fits are: Myoi = (3.35 £ 0.02) (log gr - 3.0) + (-2.975 £ 0.012) with a rms scatter of 0.16 mag, and log
gr= (-0.834 £ 0.011) log Po + (3.402 £ 0.011) with a rms of 0.09 dex, shown as the green lines in Figure 39. The
fundamental period in days is represented by Po.

The latter relation can serve in several ways: to give a first guess for log g in spectroscopic analysis based on
the pulsation period and an estimate of the effective temperature, or as a posteriori check on published log g
values.

The bottom panels of Figure 39 show the observational picture. The left-hand panel confirms the general trend
of the theory but also that there are quite some outliers. Most of them are linked to a single paper, who
derived very low log g values for some objects (see Groenewegen 2020b for details). The best fit is log ge = (-
0.80 + 0.03) log Py + (3.43 + 0.03) with a rms of 0.16 dex, in very good agreement with the theoretically
predicted relation.

The bottom right-hand panel shows the FWGLR. The best fit is
Moo = (2.93 £0.13) (log g - 2.5) + (-4.23 +0.06)

with a rms of 0.54 mag using 170 stars and is shown as the blue line in the figure. This is currently the best
observational determination of the FWGLR for CCs.
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Figure 39: Top panels. The relation between My and log ge (left), and log ge and fundamental period (right) based on the theoretical
models of Anderson et al. (2016). The bottom panels show the relations based on observational data. Some outliers have been
marked. See Groenewegen (2020b) for details.
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The FWGLR has the potential to be an alternative to the classical PL relation in distance determination for CCs.
In its current empirically best calibrated version, it is not. The scatter of 0.54 mag is larger than the 0.40 mag
in the bolometric PL relation determined in Groenewegen (2020a) using the identical sample of stars,
distances, and luminosities.

Future Gaia releases will provide several improvements (better distances, hence, bolometric magnitudes) and
uniformly derived stellar parameters (from the Bp, Rp and RVS spectra) so that the FWGLR could prove to
become an extremely powerful tool in Cepheid studies in the future.
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COBRa$S — The Cyg OB2 Radio Survey

COBRaS s a survey that uses the e-MERLIN radio telescopes to make a high-resolution map of the radio sources
in the Cyg OB2 stellar association. This stellar association is of special interest as it is one of the most massive
ones in our Milky Way, containing many young and massive stars. Cyg OB2 also contains a lot of interstellar
dust that prevents us from penetrating deeply in the association at optical or infrared wavelengths. Radio
observations, however, do not suffer from this extinction and therefore provide us an unprecedented look at
this intriguing association.

Cyg OB2

The Cygnus X region (Figure 40) is one of the richest stellar nurseries in our Milky Way. It contains numerous
young open clusters, compact H Il regions and star formation regions, as well as a supernova remnant, and a
super-bubble blown by the combined stellar winds of the massive stars. At the core of Cygnus X, and located
behind the ‘Great Cygnus Rift’, lies Cyg OB2, one of the most massive stellar associations in our Milky Way.
The stars in this association are, astronomically speaking, very young with ages ranging between 1 and 7
million years. Cyg OB2 contains both lower-mass stars as well as a large number of the hottest, most massive
and most luminous stars — those of spectral type O and B.
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Figure 40: An infrared view of the Cygnus X region with, at its heart, the Cyg OB2 association.

The energy and momentum of the combined stellar winds of these hot stars shape the interstellar material
around them. By compressing this material they can stimulate more stars to be born, or by blowing away the
material they can actually hinder further star birth. Clusters and associations like Cyg OB2 therefore play an
important role in the ecology of our Milky Way.

Because of its exceptional nature, Cyg OB2 and the wider area around it has been the object of a number of
surveys, going from X-rays through infrared to radio wavelengths. The main problem with observing Cyg OB2
is that it has a high visual extinction, due to the large amounts of interstellar dust. By observing at longer
wavelengths, the effect of this extinction is reduced. At radio wavelengths, the extinction is even negligible,
making radio observations ideal for studying Cyg OB2.
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e-MERLIN

e-MERLIN is an array of seven linked radio telescopes across
the UK (Figure 41), operated by the University of
Manchester on behalf of the UK Science and Technology
Facilities Council. e-MERLIN is an upgrade of MERLIN (Multi-
Element Radio Linked Interferometer Network).

The angular resolution of a single radio telescope is quite
bad, but, by combining a number of radio telescopes in an
array, the resolution is improved. Using this interferometric
technique the resolution becomes that of a virtual telescope
that has a diameter equal to the largest baseline between
two telescopes in the array. A huge amount of data needs
to be exchanged and processed for this interferometric
technique to work, and the old microwave connections of
MERLIN were therefore replaced by optical fibre links. The
detectors on each of the telescopes were also upgraded,
leading to a factor 30 increase in sensitivity.

COBRaS$

Jodewt Bark Laewt

2

Figure 41: The locations of the seven radio telescopes
making up the e-MERLIN radio interferometer. Credit:
University of Manchester.

The Cyg OB2 Radio Survey (COBRaS) is a Legacy project that uses e-MERLIN to do an extensive radio survey of
the central region of the Cyg OB2 association. It collects observations at L-band (20 cm; 1.5 GHz) and at C-band
(6 cm; 5 GHz). It provides a radio survey of this region that goes substantially deeper than the previous radio
surveys and provides a higher angular resolution. As a Legacy project, it was awarded 294 hours of observing
time. The Survey is a collaboration between scientists from 18 different institutes, most of them in the UK,

including the Royal Observatory of Belgium.

S ECTTTTIE TS

The Survey was a long-term effort. The planning began
in 2008, and the first data were collected in 2014. Figure
42 shows the seven pointings that were used to cover
the inner part of Cyg OB2. The data reduction of the 42
hours of L-band observations took a considerable effort,
as 940 GB of data had to be processed. Specific software
was developed for the flux measurements. A first
publication, limited to a few O and B-type stars was out
in 2016, and the first full-Survey paper appeared in 2020.

The Survey reaches a noise level of 21 ply and an angular
resolution of 180 milliarcsec. Of the 61 sources detected,
27 can be associated with sources in other catalogues.

a0k s e = : | Among them, there are a number of colliding-wind

RA L2000 binaries. The very luminous stars in Cyg OB2 have such a

Figure 42: The area on the sky covered by the L-band high luminosity that they blow away their surface layers
observations of COBRaS. The background colour figure is the by the radiation pressure, thus creating a stellar wind.

stellar density distribution from the infrared 2MASS survey.
Various symbols indicate known stars from different
catalogues.
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Figure 43: Cyg OB2#5 is a multiple-star system. Although we Figure 44: The morphology of this source strongly suggests
cannot detect the individual stars, we see the radio emission of that it is an Active Galactic Nucleus (AGN), far beyond our
two colliding-wind regions (Morford et al. 2020, A&A 637, A64). Milky Way (Morford et al. 2020, A&A 637, A64).

When two such stars are in a binary system, their winds must collide at a certain point. Around the collision
shocks, electrons are accelerated to relativistic speeds and emit synchrotron radiation. In this way, we can
detect these colliding-wind binaries. The most spectacular case is the system Cyg OB2 #5, which consists of
four stars. On Figure 43, two of the colliding-wind regions in this system can be seen.

Another interesting detection is that of Cyg OB2 #12. This is a candidate Luminous Blue Variable (LBV) star.
LBVs are massive stars that show variability in a range of amplitudes on different timescales. This variability
can profoundly affect the mass loss of these stars. Cyg OB2 #12 emits radiation at radio wavelengths because
of the free-free emission in its ionised stellar wind: as an electron passes near an ion, it can lose energy, which
is then emitted as radiation at radio wavelengths. The radio flux of Cyg OB2 # 12 is variable, which is suspected
to be due to inhomogeneities in its stellar wind.

We also detect two young stellar objects (YSOs), as well as a source that shows a very large change in its L-
band flux over the 15-day period between epochs. This suggests a possible flaring event in a pre-main
sequence type object or a potential small-period massive star binary system imaged at significantly different
orbital phases.

As the absorption at radio wavelengths in negligible, we can actually see through the Milky Way and detect
extragalactic objects behind it. Figure 44 shows an example of an Active Galactic Nucleus (AGN). Although the
object was not previously catalogued, we can give it this classification based on its morphology: it clearly shows
the double-lobed structure (due to jets) around the galaxy in the centre.

Finally, thirty-three sources have been detected for the first time. But, without further information, only a
limited number of conclusions can be drawn for these objects.

At the moment, the Survey is far from finished. A much larger amount of observing time will be used to obtain
C-band observations of the same area of Cyg OB2. With flux information at two wavelengths, we will be better
able to classify the sources that have been detected, and we will undoubtedly detect new ones as well.
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The Belgian Repository of Fundamental Atomic Data and
Stellar Spectra

Brain-be BRASS project

Accurate atomic line transition data are fundamental input parameters in

,Q‘\ astrophysics. Spectrum synthesis calculations are of central importance for the
!\\\ | \/7 development of complex models that describe, analyse and explain stars and planets,
- their internal structures, atmospheres, and evolution in relation to their
Q\ . /e- environments. Uncertainties and errors in adopted fundamental atomic data may
l BRH§§ systematically propagate throughout all fields of astrophysics, from star-planet

formation to large-scale galactic evolution. It is very difficult to obtain accurate
fundamental atomic data of astrophysical interest from laboratory measurements. There are only a limited
number of repositories that offer these important atomic data values. The atomic repositories are often
complementary rather than redundant, and can provide incomplete or inaccurate information. Important
quality assessments of the provided atomic data values are scarce (and mostly absent), which very much
complicates the validation of results that follow from their application.

The BRASS project was a large scientific collaboration (The BRASS Team 2015—-2020) on astrophysics research
of the Royal Observatory of Belgium (ORB-KSB), the University of Leuven (KULeuven), the European Southern
Observatory (ESO) at Paranal, Chile, and the Université Libre de Bruxelles (ULB), the University of Antwerp
(UA), and the Vereniging voor Sterrenkunde (VVS).

Science goals

The main objective of BRASS was to properly assess the quality of input atomic data required in astrophysics
research. In particular, atomic line transition data are fundamental parameters for quantitative stellar
spectroscopy. Emphasis was set on the development and application of new methods for removing and
reducing systematic errors in atomic datasets offered in the literature and the largest on-line repositories by
comparing very high-quality observed stellar spectra with state-of-the-art theoretical spectra.

The objective of BRASS was to provide the largest systematic and homogeneous quality assessment of
fundamental atomic data to date in terms of wavelengths and atomic species. The BRASS Team has combined
very high-quality stellar spectra, observed with modern high-resolution spectrographs, with carefully selected
fundamental atomic data required for computing accurate theoretical stellar spectra. The research has
compared observed and theoretical spectra in detail, on a line-by-line basis, to assess the validity and quality
of the selected atomic input data. The theoretical spectra were computed with advanced radiative transfer
codes that use modern atmosphere models of stars of the K, G, F, A and B stellar spectral types.

An important goal of BRASS also was to deliver an open dynamic data platform with standardised data
presentations allowing user interaction with the integrated (hyperlinked) investigated atomic data, in
combination with advanced graphics display tools that offer powerful new functionalities for stellar
spectroscopic research (see Figure 45).
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Figure 45: BRASS Spectral Data Interface (SBDI) showing the solar spectrum (central top panel) and the BRASS benchmark HERMES

spectrum of solar-like star 51 Peg (central bottom panel). The red and blue interactive labels mark identified absorption lines with

atomic and line property data tables shown in the right-hand sub-panels. Atomic quality assessment pages are displayed under the
central Atomic Data Quality tab by clicking on the ‘View data quality’ link in the red or green line data tables.

To achieve these goals, the following questions were addressed:

1. Can fundamental atomic data required for astrophysical spectroscopic research, but scattered across a large
variety of online data repositories and in the scientific literature, be combined in a single open access
database? What methods are required for uniformly combining these datasets? This goal has been
accomplished by developing two methods for ordering atomic line data according to the traditional cross-
matching method using transition wavelengths, and a more advanced novel approach that can account for
unique electronic transition configuration information (see Figure 46 and Figure 47).

2. Can fundamental atomic data available in the repositories and literature combined in BRASS be quality-
assessed as they are mainly produced in laboratory measurements and/or theoretical atomic structure and
transition probability calculations with limited accuracy inherent to these (historical) production methods?
This goal has been accomplished by offering atomic line data the BRASS Team thoroughly tested by comparing
theoretical and observed stellar spectra. Extensive quality assessments of the selected atomic input data were
performed using advanced radiative transfer spectrum synthesis calculations that were compared in detail to
high-resolution Mercator-HERMES and KPNO-FTS spectra of FGK-type stars observed with very large signal-
to-noise ratios (see Figure 48 and Figure 49).

3. Can the quality analysis results of tested atomic data comprehensively be provided in a user-friendly open
access way? This goal has been accomplished with the development of advanced online access infrastructure
offering the quality assessment results together with all input data. The validated datasets, combined with the
observed and theoretical spectra, are interactively offered at http://brass.sdf.org. The combination of stellar
spectra and atomic line data is a novel approach for its development providing a universal reference for
advanced stellar spectroscopic research.
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http://brass.sdf.org/

Results

The detailed comparisons of line transition data (or log(gs)-values) retrieved from various atomic data
repositories and the literature revealed remarkably large differences of up to 3 dex or more. The values can
considerably change over time, sometimes within a few years, showing the importance of providing an
external assessment of their accuracy (quality) by comparing to values obtained from contemporary high-
quality astrophysical spectroscopic observations (Figure 46 and Figure 47).

By combining the atomic and spectroscopic data analyses of BRASS (i.e. using spectral line lists and high-quality
benchmark stars) the project compiled an extensive list of reference spectral lines suitable for the quality
assessment of the retrieved atomic datasets. The results of these complementary analysis methods
determined the reliability of the atomic line data. In case the methods produced similar values within errors,
the retrieved atomic data were considered reliable. Otherwise, one or more complicating factors could
exclude them from further analysis.
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Figure 46: The online BRASS Data Interface Figure 47: BRASS query results page for spectral lines sorted by transition

query page. wavelengths. The line data are cross-matched in BRASS using various atomic

databases and the corresponding literature. References are also offered.

The objectives of the project were accomplished by performing a systematic analysis of the selected spectral
lines in each FGK benchmark star. It resulted in the final list of 1091 spectral lines that were scrutinised and
guantitatively compared between the various atomic data repositories and the observed stellar benchmark
spectra. A subset of 845 atomic lines was retained having log(gs-values internally consistent with the
astrophysical selection criteria. The ‘astrophysical’ values therefore have been used as benchmark values for
quality assessing against those retrieved from the repositories and literature. In case the latter values were in
agreement with the benchmark values they are recommended as reliable for advanced spectroscopic
research.

The BRASS project has produced important new results with the development of novel methods for the quality
assessment of atomic line data of central importance in modern astrophysical spectroscopic research. It
provided accuracy assessment results of atomic log(gs)-values required for theoretical modelling of high-
resolution stellar spectra using seven FGK-type benchmark stars including the Sun. Astrophysical log(gy)-values
have been calculated for 1091 carefully selected unblended line transitions between 420 nm and 680 nm using
two different methods. The agreement between both methods selected 845 lines suitable for the atomic
quality assessments. An investigation of mean Alog(gs)-values (difference between literature and BRASS
astrophysical log(gy)-values) revealed large differences for lines with limited atomic data quality offered in the
literature for -3 < log(gy) < 0.5 (Figure 48 and Figure 49).
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Figure 48: An example of BRASS online page with the atomic data Figure 49: Mean Alog(gy)-values determined in BRASS
quality assessment results of the Ni | A6598 line observed in seven plotted against literature log(gys)-values. The difference
BRASS benchmark spectra. The SBDI pages offer an overview of all values of astrophysical log(gy)-values for 408 analysis-
atomic data quality results for each investigated line, including independent lines are calculated with the GRID (blue
observed and theoretical line equivalent width values. symbols) and COG (black symbols) atomic data quality
assessment methods developed in BRASS.

The BRASS results showed that ~53% of the quality-assessable lines have at least one literature log(gy)-value
in agreement with astrophysical values, while values for other lines can differ by more than 0.5 dex. Only
~38% of the investigated Fe | lines have sufficiently accurate literature log(gy)-values, while ~70%-75% for
other Fe-group element lines. The large percentage of theoretical Fe I log(gs)-values with low quality offered
in the literature mainly results from medium-strong and weak lines in atomic multiplets having lower transition
levels above 4 eV, likely due to strong level mixing and inaccurate/incomplete energy levels. The results also
revealed that the majority of AA-values are below +0.01 A, comparable to the high accuracy of the HERMES
spectra wavelength scale.

The cross-matched atomic line datasets and the observed and theoretical stellar spectra have been
incorporated in the online BRASS Data Interface (BDI). Users of the BRASS repository can query the Lines and
Spectra BDI for atomic data downloading, including the corresponding literature references, with interactive
display of dynamic plots for comparisons of database log(gs)-values. The Spectra BDI offers interactive display
tools for the (observed and theoretical) benchmark spectra, combined with line identification and atomic data
values and line properties for user downloading. The BDI offers interactive atomic data quality assessment
pages for the 1091 investigated spectral lines. It also offers tools for interactive line equivalent width
measurements and comprehensive help pages and tutorial videos to its users.

Acknowledgments: The research for the present results has been subsidised by the Belgian Federal Science Policy Office under
contract No. BR/143/A2/BRASS.
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Since March 16, due to the COVID-19 pandemics, the majority of the ORB-KSB staff are teleworking at 100%.
Some events at the Observatory, such as the ASGARD balloon launch day, which was scheduled to take place
at the Uccle site on April 23, 2020, were cancelled. As most of the ORB-KSB services, activities of the
Communication and Information Service remained operational.

Calendar 2021 of the Royal Observatory of Belgium

At the end of December 2020, the Calendar 2021 of
the Royal Observatory of Belgium (ORB-KSB) was
published in the Planetarium shop. The purposes of
the calendar are

° To present ORB-KSB to the public, with
pictures related to the institute and its activities. A
short text in French and Dutch describes each
picture;

° To give to the public a list of astronomical
events visible to the naked eye. This list is selected
from the Yearbook of the Observatory.

T B

nyr

The remaining copies of the 2021 Calendar (about
Figure 50: Cover page of the 2021 calendar of the Royal one hundred copies) were given to Jean-Pierre

Observatory of Belgium
Y 8 Grootaerd, a member of the IAU outreach group.

Virtual exhibition at the Royal Palace 2020

Due to the COVID-19 pandemics, the 2020 edition of
Science & Culture at the Royal Palace did not take place
in situ, but online on the website
http://www.royalbelspo.be/. The theme of this year
was ‘Birth’. The exhibition is a collaboration of the
Federal Scientific Institutes, including ORB-KSB, which |
are joined by SCIENSANO, CINEMATEK, the National
Geographic Institute (IGN) and the coordination unit of £

the BCCM  Consortium  (Belgian Co-ordinated M

Collections of Micro-organisms) of BELSPO. :

ORB-KSB shared media related to the birth of the
universe and to George Lemaitre, one of the founders

Figure 51: Georges Lemaitre visiting the Royal Observatory of
of the Big Bang theory. In the 1950s, Georges Lemaitre, Belgium with his students.

as a professor of astronomy at the Université

catholique de Louvain, visited the ORB-KSB telescopes every year with his students. During these visits, he
gave a practical lecture in front of the Double Astrograph, the telescope with which several comets and
asteroids were discovered.
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Information to the Public, Website, News and Press releases

In 2020, the Communication and Information service replied to questions from authorities, public and the
media sent by email (489, with 290 in French, 160 in Dutch and 39 in English), by telephone (191), by letter or
fax (21), and on the social media of ORB-KSB (Facebook and Twitter, 27), hence 618 replies in total. 57
questions came from authorities (courts, police...) or particulars such as lawyers, with 41 in Dutch and 16 in
French. As usual, most questions were about sunset and sunrise, astronomical phenomena, calendars and
time, satellite and space station flybys and the history of ORB-KSB. Questions related to other fields of
expertise such as seismology or space weather were forwarded to the respective services. Due to lockdown
and COVID-19 safety measurements (put in place since March 12, 2020), visits were restricted and strongly
discouraged.

In April 2020, there was a surge of questions and requests from the public related to the passing of Starlink
satellites and to the planet Venus, which was particularly visible at night during this period. This surge of
questions was probably related to the good weather at this moment (no rain for several months, not much
clouds), and to the first lockdown period which gave more opportunities for people to observe the sky at night.

In 2020, the main website of ORB-KSB (https://www.astro.oma.be) got 397,423 visits on the main website
(comprising the information service website) and a mean duration of 1 min 27 s per visit. 14 topics were
published in the ‘News’ section of the ORB-KSB’s website (always in three languages: NL/FR/EN), including 7
press releases. The most important news of this year was related to the launch, first light and first images of
Solar Orbiter (see the highlights on page 12 and page 30) and to the participation of ORB-KSB to the ESA Hera
mission with the instrument GRACE (see the highlight on page 14).

Social Media

On 31 December 2020, the ORB-KSB Facebook webpage had 1054 likes (with 256 new likes since end 2019),
and the ORB-KSB Twitter account had 917 followers (311 new followers since end 2019). The themes of the
published posts and videos are related to all services of the institutes, comprising shared posts from the
Planetarium Facebook page, from the Seismologie.be Facebook page and Twitter account, from the EUI
Twitter account and also from the Royal Belgian Institute for Space Aeronomy and the Royal Meteorological
Institute.

The most successful ORB-KSB Facebook post of the year is related to the passing of the ISS in front of the Sun
(see the highlight on page 9). On Twitter, it was an interview of Dirk Frimout on the occasion of Hubble’s 30th
anniversary of the year.

Some social media accounts linked to ORB-KSB gained a significant increase of views, likes and engagements
in 2020. In March 2020, the Seismology and Gravimetry’s Facebook page and Twitter account published a post
which showed the significant decrease of seismic noise due to the COVID-19 lockdown (see highlight on page
20). This post got viral in the public and the media worldwide. The Planetarium’s Facebook page also page got
a significant increase of impressions, engagements and page likes from March 2020, which peaked in May,
June and July 2020 (see highlight on page 61). This is related to an increase of educational and astronomical
information posts on the page since the first COVID-19 lockdown, during which the Planetarium was closed.
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The Planetarium




Daily Activities

The COVID-19 pandemic and the lockdown periods obviously had a significant impact on the activities and
visitor numbers in the Planetarium in 2020. The Planetarium was closed to the public from mid-March to the
end of June and again from mid-October to the end of November. In total, the Planetarium was open to the
public for two and a half months at the beginning of the year under normal conditions (from January to mid-
March), and then for four and a half months (from July to mid-October and then December) under reduced
room capacity (often at 20% of the total capacity).

Only 20,383 paying visitors were welcomed. It should be noted, however, that the family public was largely
present during the summer months and during the month of December, but this success was, of course, unable
to compensate for the absence of school groups in the autumn and the months of complete closure.

A total of 828 sessions were given, divided between 83 school group courses, 6 workshops and 739 film
screenings (individual visits, families, tourists). These figures, compared to a normal year such as 2019 (1657
sessions including 222 school group courses, 40 workshops and 1395 film screenings), give a clear idea of the
impact of the school closure and lockdown periods on the Planetarium’s daily activities.

The Facebook page continued its upward curve as the year 2020 ended with 2963 followers (+945 over the
year) and 2846 likes (+899).

Special Activities
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The number of science promotion, educational and cultural events that traditionally complemented the daily
activities throughout the year was consequently much reduced in 2020. Nevertheless, the following can be

listed:

Educational posts on the Planetarium’s Facebook: from March 27 to June 27, an educational post (e.g.
create your own folding solar system) was posted almost daily (55 posts in total) on the Facebook,
keeping in touch with the public, especially the younger ones.

The Facebook Watch Party organised by the ESA/Hubble Public Information Office on the occasion of
the Hubble Anniversary on April 24. The Planetarium actively participated by posting the filmed
testimonies of Dirk Frimout, two scientists from ORB-KSB (Peter Van Hoof and Alex Lobel) and two
amateur astronomers (Francis Meeus and Raoul Lannoy).

The co-organisation of the Brussels Planetarium Poetry Festival on 11 and September 12.

The online coordination of the ASGARD competition on 23-26 September.

The special Come-Back Musea evenings organised by the Brussels Council of Museums on October 1
and 2.

Participation in the Night of Darkness (Nuit de I’Obscurité/Nacht van de Duisternis) on 10 October
2020.

Creation of online content for the Dag van de Wetenschap on November 22.

Room rental (projection room or auditorium) on September 15 (Geography Olympiad) and October 17
(Astrophotography Fair).

Media interviews: RTL-TVI (March 4), Bel-RTL (April 24), Radio-Vivacité (June 30), RTBF (December 21)
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Annex 2: Workforce




Staff statistics

On 31 December 2020, 173 employees are working in ORB-KSB (including people working at the Planetarium).
The staff includes two more employees than last year (171 employees on 31 December 2019).
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As expected from a research institute, scientists constitute the main part of the personnel (96 agents, or 55%
of the staff). This highlights the importance of scientific knowledge and expertise at ORB-KSB.

Scientists and non-scientists share in 2020

The majority of the staff (65%) are
contractual agents. This is particularly true
for scientists, in whom 75% are contractual.
This is related to the fact that scientific
research is more and more funded by
external projects while the federal dotation
is shrinking. The proportion of contractual to
statutory is even higher for employees of
level D (93% of them are contractual). Only
agents of level B are in the vast majority
statutory (82% of level B agents).
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39% of the agents are women (67 women
and 106 men), which a bit higher than in
2019. Among statutory agents, the
proportion is lower as only 31% of them are
women. Actually, 72% of the female
employees are contractual, compared to
60% of the male employees. At the scientists’
level, the women proportion is slightly lower
than the women proportion for the whole
staff (with 35% of scientists being women).
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