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Figure 1: the Organization Breakdown Structure (OBS) of the Italian team activities in the X-IFU Consortium 
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3.2 Key persons 

The Mission Italian Key-Persons (MI-KP) are members of the Italian team having specific roles in the frame 
of the project. 

3.2.1 Science Leader 

The Italian team of the ATHENA mission is led by the Italian Science Leader and Co-Principal Investigator 
(Co-PI) of the XIFU instrument, Luigi Piro (INAF). His role and responsibilities are summarized below. 

The Science Leader shall: 

�x be, together with ASI Program Manager,  fully responsible for the Italian participation to the 
mission and for program and delivery of flight/ground subsystems/units/equipment to ESA and/or 
the Instrument consortia 

�x verify  the correct implementation of scientific and programmatic requirements with the support of 
the CPO Manager, the Project scientist and the Science team  during all the development of the 
program  

�x verify that the scientific objectives be satisfied and provide the final approval for the compliance to  
requirements giving formal evidence of the fulfilment to ASI Program Manager 

�x approve the delivery of the formal documentation 
�x represent the Italian ATHENA Team at all the mission formal meetings 
�x The Science Leader can ask advise  regarding programmatic and scientific matters to the Athena 

Italian Board, composed by the responsibles of Italian contribution to the mission, and by 
representatives of the key scientific institutes of the Athena consortium. 

3.2.2 ASI Program Manager  

The ASI Program Manager shall manage funding and contracts with involved Italian Institutes and 
Industries.   

The ASI Program Manager share with the ATHENA Italian Science Leader the final responsibility towards the 
ATHENA consortia and ESA for the delivery of the flight/ground subsystems/units/equipment. 

 

3.2.3 ESA ATHENA Technologies 

ESA has funded eight projects related to the ATHENA mission to sustain the development of the most 
critical technologies involved in the ATHENA project.  

The eight project mentioned above are: 

�x AREMBES 
�x EXACRAD 
�x SIMPOSIUM 
�x OPTITES 
�x LAOF 
�x LAOF-CCN 
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�x MITA 
�x GSTP_De-Risk 

 

3.2.3.1 AREMBES 

The AREMBES (Athena Radiation Environment Models and X-Ray Background Effects Simulator, ESA 
Contract No. 4000116655/16/NL/BW) is aimed at developing (1) a software simulator based on Geant4, 
capable of addressing all the background issues that the ATHENA mission will experience during its lifetime, 
(2) an improved environment models for the L2 vs L1 orbit radiation .  

The Italian responsible of the AREMBES is Dr. Claudio Macculi 

The Italian members of the AREMBES project are reported in Table 1. 

 

Table 1: the AREMBES team members. 

Name Function 
Claudio Macculi 
(INAF/IAPS Roma) 

�x Project Manager of the main project 
�x Project manager of CCN1 (Contract Change Notice 1) 
�x Project Manager of CCN2 (Contract Change Notice 2) 
�x WP leader: WP0 �^�W�Œ�}�i�����š���D���v���P���u���v�š�_ (for all 3 contracts) 

Andrea Argan 
(INAF HQ) 

�x Project office team member 
�x Head of the Project control 
�x WP leader: WP8 �^�h�‰�����š�������v�����D���]�v�š���]�v���v�����_ 

Monia Rossi 
(INAF/IAPS Roma) 

�x Project officer team member 
�x Support to the Coordinator for legal, financial and 

administrative aspects, and for overall management activities 
Diana Martella 
(INAF/IAPS Roma recently moved 
to ASI) 

�x Project officer team member 
�x Support to the Coordinator for legal, financial and 

administrative aspects, and for overall management activities 
Silvano Molendi 
(INAF/IASF Milano) 

�x Project Scientist  
�x WP leader: WP1 �^�Z�����]���š�]�}�v�����(�(�����š�•�����v�������Æ�‰���Œ�]���v�������(�Œ�}�u��

Previous X-�Z���Ç���D�]�•�•�]�}�v�•�����v�������}�v�•�}�o�]�����š�]�}�v���}�(���Z���‹�µ�]�Œ���u���v�š�•�_ 
�x �t�W���o���������Œ�W���t�W�������E�í�W���í���^L1 particle environment 

characterization�_ 
�x �d���•�l���o���������Œ�W���d���•�l���í�X�í���^Effects of particles as measured by 

previous X-ray missions�_ 
�x Task lea�����Œ�W���d���•�l���ô�X�î���^Radiation Effects and Experience from 

Previous X-Ray Missions and Consolidation of Requirements 
Update�_ 

�x �d���•�l���o���������Œ�W���d���•�l�������E�î�W���ì�X�î���^�^�W�>���}�µ�š�Œ�������Z�����v�����D���Z���(�������������l�_ 
Simone Lotti 
(INAF/IAPS Roma) 

�x Deputy Project Scientist  
�x WP leader: WP3 �^���v���o�Ç�•�]�•�����v�����/�u�‰�Œ�}�À���u���v�š���}�(���Z�����]���š�]�}�v��

Transport and Effects Models�_ 
�x �d���•�l���o���������Œ�W���d���•�l���ï�X�ð���^EM interaction extensive testing�_ 
�x �d���•�l���o���������Œ�W���d���•�l���ó�X�ñ���^�y-�/�&�h�����}�u�‰���Œ�]�•�}�v�_ 
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�x �t�W���o���������Œ�W���t�W�������E�í�W���î���^�^�]�u�µ�o���š�]�}�v���}�(���>�í�����(�(�����š���}�v�����š�Z���v�������Ç��

�'�����v�š�ð�_ 
�x Task leader: Task CCN�í�W���î�X�í���^�y-IFU cross-���Z�����l���>�í���À�•���>�î�_ 
�x �d���•�l���o���������Œ�W���d���•�l�������E�î�W���í�X�ð���^���(�(�����š�•���}�v���Æ-�Œ���Ç�������š�����š�}�Œ�•�_ 
�x �d���•�l���o���������Œ�W���d���•�l�������E�î�W���î�X�î���^�,�]�P�Z�����v���Œ�P�Ç���‰�Z�Ç�•�]���•�_ 

Monica Laurenza 
(INAF/IAPS Roma) 

�x �d���•�l���o���������Œ�W���d���•�l���î�X�î���^�/�v�(�o�µ���v�������}�(���^�}�o���Œ�����v���Œ�P���š�]�����W���Œ�š�]���o���•��
(SEP) events in t�Z�����>�î�����v�À�]�Œ�}�v�u���v�š�_ 

�x �d���•�l���o���������Œ�W���d���•�l�������E�í�W���í�X�í���^���v���Œ�P���š�]�����‰���Œ�š�]���o���•�����v�À�]�Œ�}�v�u���v�š�_ 
Teresa Mineo 
(INAF/IAFS Palermo) 

�x Task leader: Task �ï�X�î���^�>�}�Á-angle protons interactions testing 
and validation by ray-�š�Œ�����]�v�P���š�����Z�v�]�‹�µ���_ 

�x Task leader: Task �ô�X�ñ���^Update on low angle surface process�_ 
Valentina Fioretti 
(INAF/OAS) 

�x Task leader: Task CCN2: 1.5 � Êffects on X-ray optics�_ 
�x Task Leader: Task CCN2: 2.1 � L̂ow energy Physics�_ 
�x �d���•�l���o���������Œ�W���d���•�l���ó�X�î���^�D���P�v���š�]�������]�À���Œ�š���Œ�����v�����^�]�o�]���}�v���W�}�Œ����

�K�‰�š�]���•�_ 
Andrea Bulgarelli 
(INAF/OAS) 

�x WP �o���������Œ�W���t�W�ó���^Validation of the Simulator�_ 
�x Task leader: Task �ñ�X�í���^�^�Ç�•�š���u���Z���‹�µ�]�Œ���u���v�š�������(�]�v�]�š�]�}�v�����v����

���d�,���E�������À���v�š���(�]�o�š���Œ�����v���������š�����(�}�Œ�u���š�_ 
�x Task leader: Task �ï�X�ï���^�>�}�Á-angle protons interactions 

���Æ�š���v�•�]�À�����š���•�š�]�v�P�����Ç���'�����v�š�ð�_ 
�x Task Leader: Task �ó�X�î���^�D���P�v���š�]����diverter, Silicon Pore Optics, 

Scientific �s���o�]�����š�]�}�v�_ 
 

3.2.3.2 EXACRAD 

EXACRAD was an ESA funded activity with Italian lead. It closed in the spring of 2021 

The activity was centered on making key measurements of the interaction of particles such  

as protons and electrons with X-ray detectors and the materials surrounding them. 

The Italian responsible of the EXACRAD is Dr. S. Molendi (INAF). 

The Italian members of the EXACRAD project are reported in Table 2. 

 

Table 2: the EXACRAD team members. 

Name Function 
Silvano Molendi 
(INAF) 

EXACRAD Italian PI 

Simone Lotti 
(INAF) 

Project Scientist 

Fabio Gastaldello 
(INAF) 

Vice Project Scientist 
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3.2.3.3 SIMPOSIUM 

The SIMPOSIUM (SIlicon Pore Optics SIMulation) project is aimed to develop an open source, user-friendly 
Silicon Pore Optics (SPO) simulation tool capable to predict in detail the ATHENA optical response taking 
into account the optical configuration, mirrors module deformations, misalignment, stray-light and 
diffraction effects across the whole field of view.  

The Italian participation is focused on the management, the coordination of the team (INAF and DTU) and 
on the development of SW tools, in particular of the diffractive effects simulator (SWORDS SoftWare fOR 
Diffraction Simulation of silicon pore optics) based on physical optics laws. 

The Italian responsible of the SIMPOSIUM is Giorgia Sironi (Technologist at INAF-Osservatorio Astronomico 
di Brera) 

The Italian members of the SIMPOSIUM project are reported in Table 3. 

 

Table 3: The SIMPOSIUM team members 

Name Function 
Giorgia Sironi 
(INAF) 

SIMPOSIUM PI. 
WP 3000 4000 responsible 

Alberto Moretti 
(INAF) 

WP 1000 responsible 

Giampiero Tagliaferri 
(INAF) 

WP 4000 support 

Rachele Millul 
(INAF) 

 WP 4000 support 

Dino Fugazza 
(INAF) 

WP 1000 3000 support 

Giovanni Pareschi 
(INAF) 

WP 1000 3000 support 

Daniele Spiga 
(INAF) 

WP 1000 3000 support 
Former responsible of the contract 

 

 

3.2.3.4 OPTITES 

The OPTITES (Optimization of a European Transition Edge Sensor Array ESA Contract No. 
4000114932/15/NL/BW) is aimed at developing an European TES array. The Italian participation is focused 
on the CryoAC technologies. 

The Italian responsibles of the OPTITES is Dr. Claudio Macculi (INAF) and Prof. Flavio Gatti (UniGE). 

The Italian members of the OPTITES project are reported in Table 4. 
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3.2.13 Optics Project Office  

The Optics PO is in charge of managing and controlling the implementation of the scientific and 
programmatic requirements by Optics Local PO,  and supports the ATHENA Italian Science Leader in the 
verification of their correct programmatic and scientific implementation. 

3.2.13.1 Optics Project Manager 

The Optics Project Manager (PM) of the Italian team of Optics is Dr. Giovanni Pareschi (INAF).  

The Optics PM has day by day responsibility for managing, at Central PO level, the project during its phases 
to achieve the functional and performance requirements within the approved schedule and budget. The 
PM directs all the top-level Management activities of the project supported by the Local POs managers. The 
PM works closely with the ATHENA Italian Science Leader in all aspects of the project that might 
significantly affect the scientific performance of the Instrument, including cost budget, and calls and chairs 
the internal review. 

 

3.2.14 Optics Subsystems 

3.2.14.1 Beatrix 

The Management of the Beatrix project is under the responsibility of Dr. Bianca Salmaso (INAF).  

The members of the Beatrix team and their relative responsibilities/roles are listed in Table 14. 

Table 14: the Beatrix team members. 

Name Function 
Gianpiero Tagliaferri (INAF-OAB) Project Leader 
Giovanni Pareschi (INAF-OAB) Deputy Project Leader  
Bianca Salmaso (INAF-OAB) Program manager & System Engineer 
Stefano Basso (INAF-OAB) AIT & AIV Executive Manager 
Daniele Spiga (INAF-OAB) Optical Design and calibration  
Mauro Ghigo (INAF-OAB) Vacuum System, Polishing and figuring and control software 
Gabriele Vecchi (INAF-OAB) Polishing and figuring 
Giorgia Sironi (INAF-OAB) Metrology  
Vincenzo Cotroneo (INAF-OAB) Figuring 
Davide Sisana (POLIMI) PhD student 
Andrea Bianco (INAF-OAB) Clean environment 
Rachele Millul (INAF-OAB) Project Controller 
Roberto Moncalvi (INAF-OAB) Contracts Officer 
Claudio Ferrari (IMEM-CNR) Crystals 
Andrea Zappettini (IMEM-CNR) Crystals 
Vadim Burwitz (MPE) Validation 
Manuel Sanchez del Rio (ESRF) Crystals 
Michela Uslenghi  (INAF-IASF) Detectors 
Mauro Fiorini (INAF-IASF) Electronics 
Finn Christensen (DTU) External advisor 
Desiree Della Monica Ferreira (DTU) Coating 
Sonny Massahi (DTU) Coating 
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�x Michela Todaro 

Dr. Michela Todaro 

 

INAF �t Osservatorio Astronomico di Palermo 

Tel:   

E-mail: michela.todaro@inaf.it 

Role in the Italian participation in the ATHENA project 

 

X-IFU Thermal Filters local Project Manager, local 
Product Assurance Manager and local Risk Manager 

WFI Optical Filters local Project Manager, local 
Product Assurance Manager and local Risk Manager 

 
 

Experience/Education 
2013 �t Master's Degree in Physics, Università degli Studi di Palermo 

2018 �t PhD. in Material Science and Nanotechnology, Università degli Studi di Catania e Università degli 
Studi di Palermo 

Previous Project Participations / Responsibilities 
- Participation to calibration and testing of thermal and optical blocking filters for the X-IFU and WFI 

instrument of Athena space mission 

- �&���o�o�}�Á�•�Z�]�‰���Á�]�š�Z�]�v���š�Z�������^�d�Z�K�^�D���Z�d���‰�Œ�}�i�����š�X���^�Z���u�}�š�����•���v�•�]�v�P�����Ç�������Œ�}�•�š���š�]���������o�o�}�}�v�•�_���‰�Œ�}�(�]�o���X 
Professional Appointments and Affiliations 
- Associated to INAF since 2018 
- Since December 2022 �t Technologist at INAF �t Osservatorio Astronomico di Palermo. 
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dation. The point is simply that the number of negative paral-
laxes ful�lling the parallax_over_error < � 5 condition is
expected to be extremely small for a Gaussian error distribution.

Formal uncertainties can, however, be misleading. They are
based on the assumption that the source is undisturbed and can
be properly described using a �ve-parameter model. This is
normally true, but far from always. One way to �nd spurious
solutions is to count the fraction of very negative parallaxes,
for example for the present example smaller than minus �ve
times the formal uncertainty. There are 3.04 million sources with
parallax_over_error < � 5. These solutions are clearly spu-
rious.

We can reasonably assume that a disturbance giving rise to
a negative (spurious) parallax, for example image parameters af-
fected by duplicity or crowding, could just as well have produced
a spurious solution with a positive parallax and with roughly the
same probability. We therefore get a conservative estimate of the
number of spurious, positive parallaxes by counting the nega-
tive ones. Needless to say, disturbances can also be so small that
they merely produce slightly wrong positive parallaxes, but these
cases are harder to �nd.

We can therefore say that among the 192.21 million signi�-
cant, positive parallaxes, of the order of 3.04 million are spuri-
ous, that is to say 1.6% of this `good' sample. As illustrated in
Fig. 13 (upper panel), the spurious fraction, determined in this
way, strongly depends on magnitude and is much higher for 6p
solutions than for 5p ones. We recall here that 6p solutions are
used for sources where some circumstances prevented goodGBP
andGRP photometry from being determined in the processing for
GaiaDR2. It is reasonable to assume that it is these very circum-
stances that have also led to the spurious astrometry rather than
the inclusion of a sixth parameter. The lower panel of Fig. 13
shows that areas such as the LMC and the Galactic centre have
a particularly high fraction of spurious solutions. This is very
likely caused by crowding. When evaluating parallaxes for a par-
ticular sample of sources, where only positive parallaxes are se-
lected, we therefore recommend to also select a similar sample,
but with negative parallaxes in order to evaluate the likely frac-
tion of spurious results.

Thanks to the better angular resolution inGaia EDR3, the
number of spurious solutions has decreased substantially since
GaiaDR2. This can be illustrated with a proper motion diagram
near the Galactic centre (Fig. 14). In this region of the ecliptic,
with a small number of visibility periods, there are mostly two
perpendicular scanning directions which are now barely visible,
but which clearly appeared with spurious proper motions in the
correspondingGaia DR2 �gure (Arenou et al. 2018, �g. 11b).
With many half-resolved doubles in this very dense region, dis-
torted image parameters can explain a large number of spurious
solutions, that is to say solutions, which have large proper mo-
tion errors inGaiaDR2.

Compared toGaia DR2, the dispersion of the proper mo-
tions in Fig. 14 is a factor> 3 smaller, so that one could
wonder whether spurious solutions are still present. Here the
ipd_gof_harmonic_amplitude 5 parameter can be of help:
Values above 0.1 for sources withruwe6 larger than 1.4
characterise resolved doubles, which have not been correctly
handled yet. Using this parameter as an explanatory vari-
able on Fig. 14 (upper panel), we conclude that the corona

5 ipd_gof_harmonic_amplitude indicates the level of asymmetry
in the image, cf. Table B.1.
6 ruwe is the renormalised unit weight error (for astrometry) given in
theGaiaarchive.

Fig. 14. Proper motion diagram of sources near the
Galactic centre within a 0:5� radius. Top: Colour-coded
by ipd_gof_harmonic_amplitude . Bottom: Coded by
ipd_gof_harmonic_phase . Reddish points in the top panel re-
veal potentially spurious solutions.

of relatively large proper motions can be spurious, since the
ipd_gof_harmonic_phase 7 in Fig. 14 (lower panel) suggests
that these sources were partly resolved along the two principal
scanning directions.

3.3. Large-scale systematics

The quasars are distant enough so that the DR3 measured par-
allax directly gives the astrometric error, thus QSOs can be
used to estimate the large-scale variation of the parallax sys-
tematics. The QSO sample used is mostly a subset from out-
side of the Galactic plane of the sources listed in the ta-
ble agn_cross_id published as part of theGaia Archive for
EDR3. The sample was �ltered from potential 5� outliers in
parallax or proper motion and from potential non-single ob-
jects using:ruwe < 1:4 andipd_frac_multi_peak � 2 and
ipd_gof_harmonic_amplitude < 0:1.

Median parallaxes were computed in overlapping regions of
radius 5� having at least 20 QSOs and are shown in Fig. 15.
Compared to the similar plot done forGaia DR2 (Arenou et al.
2018, �g. 15), the improvement in the top panel of Fig. 15 is very

7 ipd_gof_harmonic_phase indicates the orientation of an asym-
metric image.
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clear for the 5p solutions. A slight north-south asymmetry ap-
pears with, for example, parallaxes below� < � 30� being about
8 � as more negative than those above� > 30� . Applying the
zero point correction from Lindegren et al. (2020a) removes this
asymmetry (see bottom panel of Fig. 15); some east-west asym-
metry along the ecliptic of a few� as may, however, remain. It is
more di� cult to conclude about the 6p solutions: They represent
only 20% of the QSO sample and have larger uncertainties, so
the amplitude of the variations may be more related to random
errors than to systematics.

Fig. 15.Maps in ecliptic coordinates of the variations of QSO parallaxes
(mas) in 5� radius �elds.Top: 5p solution.Bottom: 5p with zero point
correction.

3.4. Comparison to external data

We compared theGaia EDR3 parallaxes with external cata-
logues described in detail in theGaia EDR3 online documenta-
tion.8 Those are the same as used in Arenou et al. (2018), except
that we updated the APOGEE catalogue to the DR16 version
(Ahumada et al. 2020), the ICRF catalogue to its third realisa-
tion (Charlot et al. 2020), and added dSph members. We show
the summary of the results in Table 1 without and with the paral-
lax zero point correction of Lindegren et al. (2020a) applied. The
correction signi�cantly improves the parallax di� erences, the ex-
ceptions being the LMC and SMC (Small Magellanic Cloud)
stars sub-selected by theirGaia DR2 radial velocities, which
are bright, and the two largest dSph of our sample, Sculptor and
Fornax. The parallax di� erence with Hipparcosis within the ex-
pected Hipparcosparallax zero point uncertainty (up to 0.1 mas,

8 https://gea.esac.esa.int/archive/documentation/
GEDR3/Catalogue_consolidation/chap_cu9val/sec_cu9val_
944/

Arenou et al. 1995), but a correlation of the parallax di� er-
ence with the magnitude is seen for Hipparcosstars brighter than
G = 6 mag. The jump in the parallax zero point atG � 13 mag
(Lindegren et al. 2020a) is seen in the APOGEE comparison and
removed by the application of the parallax zero point correction.
The variation in the QSO parallax with the magnitude for 5p so-
lutions was also removed by the parallax zero point correction.
A correlation of the parallax zero point with the pseudo-colour
is seen in the dSph, in particular in Fornax, which was reduced
but not fully removed by the parallax zero point correction of
Lindegren et al. (2020a).

Concerning the proper motions, we looked in particular at
the di� erence between theGaia proper motion and the proper
motion derived from the positions ofGaia and Hipparcos. By
construction (sect. 4.5 of Lindegren et al. 2020b), the global ro-
tation between those proper motions, seen inGaia DR2 (Linde-
gren et al. 2018b; Brandt 2018), is not present anymore. How-
ever, a variation of this rotation with magnitude and colour is
still present but smaller than forGaia DR2 (the maximum vari-
ation reaching 0.1 mas yr� 1 for bright or red sources). We note
that betweenGaia and Hipparcosproper motions, a global ro-
tation is still present withw =(� 0:120, 0.173, 0.090)� 0.005
mas yr� 1. This is a deviation well within the estimated accuracy
of the Hipparcosspin.

3.5. Comparison to a Milky Way model

We compared the astrometric data to that of the GOG20 simula-
tion in order to investigate potential systematic errors. This was
done by computing the median of the parallaxes and the median
of the proper motions in each healpix bin of the sky map for
all of the data and the model. The comparison for the median
parallaxes are shown in Fig. 16 as a function of magnitude for
GaiaEDR3,GaiaDR2, and the GOG20 simulation.

The median parallaxes are generally in very good agreement
betweenGaiaEDR3 and GOG20, specially at magnitudes larger
than ten. However, there is a systematic di� erence which, in
absolute value, depends on magnitude, and it is quite high on
the bright side and more than 1 mas. This systematic di� er-
ence between the data and model simulation is a bit reduced
in Gaia EDR3 compared toGaia DR2. At G > 10 mag, the
di� erence goes below 0.1 mas. Regarding the proper motions,
the model and data present approximately similar patterns in all
magnitude ranges. However, there are systematics, as was al-
ready noted in the validation ofGaiaDR2. Overall,GaiaEDR3
data are as expected from our knowledge of the Galactic kine-
matics up to very faint magnitudes and it is probably the model
which su� ers from systematics, or it does not account for asym-
metries. Indeed, we note that the change of kinematics prescrip-
tions from GOG18 to GOG20 generally allows for a better agree-
ment with the data.

3.6. Astrometric zero point and precision of the parallaxes
from cluster analysis

The zero point of the parallaxes was veri�ed using three ex-
ternal reference catalogues of open clusters. We made use of
Dias et al. (2014) (hereafter DAML), Kharchenko et al. (2013)
(hereafter MWSC), and �nally Cantat-Gaudin et al. (2020) based
on Gaia DR2 parallaxes. We selected the most suitable clusters
for this aim: a selection of about 200 clusters with well known
parameters (hereafter best sample) for a total of about 70 000
stars; and a wider sample of 2043 clusters including 250 000
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Table 1.Summary of the comparison between theGaiaparallaxes and the external catalogues.

Catalogue Nb Outliers < G > $ di� erence $ cor di� erence $ cor uwu
Hipparcos 62484 0.15% 8.2 � 0.08� 0.003 � 0.068� 0.002 2.4� 0.4

VLBI 40 8% 8.3 � 0.01� 0.01 0.02� 0.01 2.0� 0.4
HST 49 27% 12.2 0.01� 0.02 0.03� 0.02 1.9� 0.3
RECONS 427 3% 12.6 � 0.8 � 0.06 � 0.8 � 0.06 1.54� 0.06

GaiaCepheids 1372 1% 15.7 � 0.028� 0.0007 0.006� 0.0007 1.22� 0.02
GaiaRRLyrae 318 2% 18.1 � 0.030� 0.008 � 0.001� 0.008 1.04� 0.05

APOGEE 3453 2% 18.6 � 0.046� 0.003 � 0.007� 0.003 1.19� 0.02
SEGUE Kg 2491 0.04% 17.3 � 0.029� 0.002 0.004� 0.001 1.07� 0.02

LMC 52795 0.7% 19.2 � 0.023� 0.0003 0.003� 0.0003 1.3� 0.004
LMC Vr 318 1.6% 12.8 � 0.004� 0.001 0.015� 0.001 2.17� 0.09
SMC 26480 1.3% 16.4 � 0.0255� 0.0002 0.0055� 0.0002 1.26� 0.006
SMC Vr 114 9.6% 12.5 � 0.006� 0.001 0.016� 0.001 1.5� 0.1
Draco 427 0% 19.3 � 0.024� 0.005 0.0002� 0.006 1.09� 0.04
Sculptor 1286 0.08% 19.1 � 0.011� 0.005 0.015� 0.004 1.09� 0.03
Sextans 528 0% 19.4 � 0.015� 0.01 0.01� 0.01 1.00� 0.03
Carina 865 0% 19.8 � 0.014� 0.005 0.012� 0.005 1.03� 0.02
Antlia II 159 0% 18.9 � 0.025� 0.012 � 0.0006� 0.01 0.89� 0.05
Fornax 2660 0.6% 18.8 � 0.013� 0.003 0.011� 0.003 1.16� 0.03
LeoII 185 0% 19.8 0.005� 0.03 0.02� 0.03 1.0� 0.05
LeoI 328 0.3% 19.6 � 0.063� 0.02 � 0.05� 0.02 1.11� 0.04
all dSph 7174 0.3% 19.0 � 0.017� 0.002 0.008� 0.002 1.09� 0.01

ICRF3 3172 0.06% 18.9 � 0.023� 0.002 0.001� 0.002 1.10� 0.01
LQRF 8231 0.03% 19.1 � 0.024� 0.0006 � 0.0015� 0.0006 1.063� 0.003
RFC2016cnoU 3705 0.05% 18.9 � 0.022� 0.002 0.002� 0.002 1.090� 0.01

Notes.We present the total number of stars used in the comparison (Nb) as well as the percentage of outliers excluded (at 5� , in violet if higher
than 10%) as well as the medianG of the sample. The parallax di� erences ($ G � $ E, in mas), the parallax di� erence with the correction of
Lindegren et al. (2020a) applied ($ cor) and the unit-weight uncertainty (uwu) that needs to be applied to the uncertainties to adjust the di� erences
are indicated in violet when they are signi�cant (p-value limit: 0.01) and higher than 10� as for the parallax di� erence and 10% for the uwu. For
the Hipparcoscatalogue, in addition to the uwu, a systematic uncertainty of 0.5 mas has yet to be quadratically added.

Fig. 16.Parallaxes averaged among healpix bins over the whole sky as a
function of magnitude forGaiaEDR3 (orange crosses), GOG20 (black
circles), andGaiaDR2 (blue triangles).

stars (hereafter whole sample). The best sample is the same
sample that was already used to validateGaia DR2 in Arenou
et al. (2018). The whole sample is based on Cantat-Gaudin et al.
(2020) cluster identi�cation and parameters. Cluster members
for this analysis were obtained usingGaia EDR3 proper mo-
tions selected within one� from the mean value. Clusters closer

than 1000 pc show an intrinsic internal dispersion in the paral-
laxes and are not suitable for estimating the zero point. When we
used clusters located farther away, we derived an average zero
point di� erence ($ Gaia � $ reference) = � 0:059 mas for MWSC
and� 0:091 mas for DAML, but with a large� � 0:2 mas. Look-
ing at the trends of the zero point with colour and magnitude, we
�nd a complex pattern. In Fig. 17, we plotted the di� erential par-
allax to the cluster median� $ for the whole sample of clusters
located farther than 1000 pc, which were normalised and not nor-
malised to the nominal parallax uncertainties. We note that� $
gives an indication about zero point changes. When plotted ver-
susG, we detected discontinuities in the zero point atG � 11, 12,
and 13 mag. Strong variations are evident for stars bluer and red-
der thanGBP � GRP � 0:9 mag. Figure 17 (right panel) presents
the variation of� $ in the colour-magnitude diagram, showing a
number of discontinuities and a complex pattern. At faint mag-
nitudes, red stars have a higher dispersion; however, the e� ect
can be due to the less reliable membership, while at red colours,
the large variations can re�ect poor statistics. When divided by
the nominal uncertainty, these patterns are still present with a
reduced amplitude, implying that nominal uncertainties on the
parallax do not account for the zero point variation, that is to say
nominal uncertainties are underestimated.

Clusters are very good targets to test the quality of the par-
allax correction from Lindegren et al. (2020a) since all the stars
are expected to have the same parallax. In addition, clusters can
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Fig. 17.Left: � $ (top) and scaled to the nominal uncertainties� $ (bottom) versusG for the whole sample of clusters. The solid lines show the
LOWESS (locally weighted scatterplot smoothing) of the stars bluer (redder) thanGBP � GRP = 0:9 (blue and red lines), while the black line is for
the whole sample.Right:CMD of the whole sample where the colour shows the di� erential parallax to the median.

Fig. 18.Left: � $ (top) and the scaled� $ (bottom) versus magnitude for the whole sample after the correction to the parallax zero point is applied.
The solid lines show the LOWESS of the stars bluer (redder) thanGBP � GRP = 0.9 mag (blue and red lines). The black line is the for the whole
sample.Right:CMD of the whole sample where the colour shows the di� erential parallax to the median, and the analogous scaled to the nominal
parallax uncertainties after parallax zero point correction (see text for details).

be found close to the Galactic plane, where no calibration tracers
are located. This allows for an independent veri�cation. We ap-
plied this correction to the cluster data, using the Matlab code9

provided in the Lindegren et al. (2020a) paper.
The results are shown in Fig.18 where we plotted the� $ and

the scaled� $ , that is to say the analogue was scaled to the nomi-
nal uncertainties on parallaxes as a function of theG magnitude,
and �nally the residuals to the median in the colour magnitude
diagram. This correction reduces the dispersion inside the clus-
ters at bright magnitudes and bluer colours, while at faint mag-
nitudes (G > 18 mag) or a redder colour, the dispersion is still
high. The median values scaled to the nominal uncertainties are
always< 1, which indicates that nominal uncertainties account
for the residual variations. Clearly this positive result should be
taken with caution. It refers to a speci�c range of colours and
positions in the sky.

9 A python code is distributed withGaia EDR3 athttps://www.
cosmos.esa.int/web/gaia/edr3-code .

Finally, we compare the parallaxes of single stars in
Gaia DR2 andGaia EDR3 for the whole cluster sample. The
median di� erence is ($ Gaia DR3� $ Gaia DR2) = 0:017 mas (with
16th percentile= � 0:047 mas; 84th percentile= 0:082 mas) with
a dependence on the magnitude.

3.7. Uncertainty of the astrometric parameters

We evaluate the actual precision of the astrometric parame-
ters partly from parallaxes and proper motions of QSOs and
of stars in the LMC and partly from deconvolution of the neg-
ative parallax tail. As discussed by Lindegren et al. (2018a),
it is useful to describe the true external parallax uncertainty,
� ext, as the quadratic sum of the formal catalogue uncertainty
(parallax_error ) times a multiplicative factor (k) plus a sys-
tematic error (� s),

� 2
ext = k2� 2

i + � 2
s: (1)
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Fig. 19. Unit-weight uncertainty (uwu) that needs to be applied to the
Gaia parallax uncertainties to be consistent with the residual distribu-
tion (after zero point correction and removing stars withruwe < 1:4)
versus LQRF QSOs, LMC, and dSph stars for the 5p (top) and 6p (bot-
tom) solutions, as a function of magnitude.

In addition to this, the catalogue uncertainties incorporate part
of the excess noise of the solution when present. Consequently,
large uncertainties typically correspond to both fainter sources
and/or non-single stars.

3.7.1. Uncertainty of parallax and proper motion from distant
objects

Similarly to what was found forGaia DR2 by Arenou et al.
(2018), QSOs show that the uncertainties are slightly underes-
timated and that this under-estimation increases with magnitude.
The under-estimation is lower than forGaia DR2 for the 5p so-
lution, but larger for the 6p solution. This is seen for a parallax
using the unit-weight uncertainty (uwu) in Fig. 19 and for proper
motion using a� 2 test in Fig. 20. The trend with magnitude is
also seen with LMC stars, although the under-estimation of un-
certainties is higher, as presented in Fig. 21, which is most prob-
ably due to the crowding. The increase in the under-estimation
is also seen in the uwu presented in Table 1. The uwu reported is
thek term of Eq. 1, assuming a negligible systematic error term
(� s) except for the Hipparcoscomparison which is the only cata-
logue for which both terms could be clearly separated. The uwu
and the residualR� were computed after applying the parallax
zero point correction of Lindegren et al. (2020a) and removing
stars withruwe > 1:4.

Fig. 20. � 2 test of the LQRF QSOs proper motions as a function ofG
magnitude for the 5p (black circles) and 6p (purple squares) solution.
The residualR� should follow a� 2 with 2 degrees of freedom. The cor-
relation observed here is due to the underestimation of the uncertainties
as a function of magnitude.

3.7.2. Parallax uncertainties by deconvolution

The `true' dispersion of the parallaxes was estimated using a de-
convolution method, which was applied on the negative tail of
the parallaxes (see Arenou et al. 2017, sect. 6.2.1 for details),
and the uwu ratio of the external over the internal uncertainty
was computed. Figure 21 shows the uwu as a function of the
catalogue uncertainties for several illustrative subsets and it can
give insights into the underestimation factor, the systematics, and
the contamination by non-single sources.

On the right side of the �gure, the asymptotic uwu is mostly
�at and it gives the multiplicative factor: It is about 1.05 for
5p solutions (improved from DR2), slightly more for very faint
stars, 1.22 for 6p solutions, and larger for sources with non-
zero excess noise or those in the LMC. While the uwu is in
general slowly increasing with uncertainty due to the contam-
ination by non-single sources, it increases sharply for sources
brighter than 17 mag, most probably due to half-resolved dou-
bles (as indicated by the averageipd_frac_multi_peak or
ipd_gof_harmonic_amplitude ), which suggests that the un-
certainties of these non-single bright stars are underestimated
quite a bit. Then, the left part of the curves shows the in�uence
of the systematics. As con�rmed by other tests, the systematics
have decreased compared to DR2, except for 6p solutions, and
they are largest for sources with non-zero excess noise, which is
due to either calibration errors or to perturbation of non-single
stars.

3.8. Magnitude dependence from binary stars

One way to check the magnitude variations of the parallax zero
point is to use resolved binary stars. When the period of the bi-
nary system is long enough, the proper motion of the two com-
ponents is similar, or at least the di� erences are smoothed out
when a large sample is used. Potential common proper motion
pairs have been selected over the whole sky; this has been re-
stricted to primaries up toG < 15 mag and secondaries up to
G < 18 mag only: Selecting fainter secondaries would increase
the fraction of optical doubles in dense �elds too much, thus bi-
asing the parallax di� erences. We computed the di� erences be-
tween the two components of their parallax and proper motion,
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