Astronomy & Astrophysics manuscript no. GDR2_Gaia_CRF_corr ©ESO 2018
April 19,2018

Gaia Data Release 2
The Celestial reference frame (Gaia-CRF2)

Gaia Collaboration, F. Mignard', S.A. Klioner?, L. Lindegren®, J. Hernindez*, U. Bastian®, A. Bombrun®, D.
Hobbs?, U. Lammers*, D. Michalik®, M. Ramos-Lerate’, M. Biermann’, J. Fernidndez-Hernindez®, R. Geyer?, T.
Hilger?, H.I. Siddiqui®, H. Steidelmiiller?, C. Babusiaux'®!! C. Barache!?, S. Lambert!?, A-H. Andrei'® %12 G.

Bourda'’, P. Charlot!®’, A.G.A. Brown'®, A. Vallenari'’, T. Prusti'®, J.H.J. de Bruijne'®, C.A L. Bailer-Jones'?,

D.W. Evans®, L. Eyer’!, F. Jansen??, C. Jordi**, X. Luri®, C. Panem?*, D. Pourbaix?>>2¢, S. Randich?’, P.

Sartoretti'?, C. Soubiran'®, F. van Leeuwen?’, N.A. Walton?’, E. Arenou'’, M. Cropper?®, R. Drimmel®’, D.
Katz!'°, M.G. Lattanzi?®, J. Bakker*, C. Cacciari’’, J. Castaiieda?®, L. Chaoul?*, N. Cheek®!, F. De Angeli?’, C.

Fabricius®, R. Guerra®, B. Holl?!, E. Masana?®, R. Messineo®2, N. Mowlavi?!, K. Nienartowicz>?, P. Panuzzo', J.
Portell?®, M. Riello®, G.M. Seabroke?®, P. Tanga!, F. Thévenin', G. Gracia-Abril**>, G. Comoretto’, M.
Garcia-Reinaldos®, D. Teyssier’, M. Altmann’ ', R. Andrae'’, M. Audard®', 1. Bellas-Velidis*>, K. Benson®®, J.
Berthier’®, R. Blomme?’, P. Burgess?’, G. Busso?’, B. Carry:3¢, A. Cellino®, G. Clementini*’, M. Clotet?3, O.
Creevey', M. Davidson®®, J. De Ridder””, L. Delchambre®’, A. Dell’Oro?’, C. Ducourant'®, M. Fouesneau'’, Y.
Frémat®’, L. Galluccio', M. Garcia-Torres*!, J. Gonzalez-Nuifiez?!:*2, J.J. Gonzélez-Vidal®, E. Gosset*26 L.P.
Guy3*#3, J.-L. Halbwachs*4, N.C. Hambly?®, D.L. Harrison?>%3, D. Hestroffer’®, S.T. Hodgkin?’, A. Hutton*®, G.
Jasniewicz?’, A. Jean-Antoine-Piccolo?*, S. Jordan’, A.J. Korn*®, A. Krone-Martins*’, A.C. Lanzafame®%>!, T.
Lebzelter’?, W. Loffler’, M. Manteiga®®>*, PM. Marrese’>>°, J.M. Martin-Fleitas*®, A. Moitinho*’, A. Mora*®, K.
Muinonen®”-38, J. Osinde’?, E. Pancino?’”-°°, T. Pauwels?’, J.-M. Petit®, A. Recio-Blanco!, P.J. Richards®!, L.
Rimoldini**, A.C. Robin®, LM. Sarro®, C. Siopis®®, M. Smith?®, A. Sozzetti?®, M. Siiveges'?, J. Torra?®>, W. van
Reeven?®, U. Abbas??, A. Abreu Aramburu®®, S. Accart®®, C. Aerts®:%5, G. Altavilla’>56.30, M.A. Alvarez>?, R.
Alvarez*, J. Alves®?, R.I. Anderson® 2! E. Anglada Varela®, E. Antiche®3, T. Antoja'®?3, B. Arcay>?, T.L.
Astraatmadja'® %’ N. Bach?, S.G. Baker®®, L. Balaguer-Niifiez?*, P. Balm®, C. Barata*’, D. Barbato®?°, F.
Barblan?!, P.S. Barklem*®, D. Barrado®, M. Barros*’, M.A. Barstow’’, S. Bartholomé Muifioz??, J.-L. Bassilana®*,
U. Becciani’!, M. Bellazzini*’, A. Berihuete’!, S. Bertone®>'>72, L. Bianchi’?, O. Bienaymé*, S.
Blanco-Cuaresma®b15:74 T. Boch*, C. Boeche!”, R. Borrachero?*, D. Bossini!’, S. Bouquillon!2, A. Bragaglia®,
L. Bramante®?>, M.A. Breddels”>, A. Bressan’®, N. Brouillet'>, T. Briisemeister’, E. Brugaletta®!, B. Bucciarelli®?,
A. Burlacu?*, D. Busonero?’, A.G. Butkevich?, R. Buzzi?’, E. Caffau'®, R. Cancelliere’’, G. Cannizzaro’® %, T.
Cantat-Gaudin'”-23, R. Carballo’?, T. Carlucci'?, JM. Carrasco®, L. Casamiquela®®, M. Castellani®®, A.
Castro-Ginard®®, L. Chemin®’, A. Chiavassa', G. Cocozza®®, G. Costigan'®, S. Cowell?”, E Crifo'’, M. Crosta?,
C. Crowley®, J. Cuypers'?, C. Dafonte™, Y. Damerd;ji*>-8!, A. Dapergolas®, P. David*®, M. David®?, P. de
Laverny!, F. De Luise®?, R. De March®?, R. de Souza®, A. de Torres®, J. Debosscher’?, E. del Pozo*, M. Delbo!,
A. Delgado®, H.E. Delgado®, S. Diakite®’, C. Diener?’, E. Distefano’!, C. Dolding?®, P. Drazinos®, J. Durdn’?,
B. Edvardsson*®, H. Enke®, K. Eriksson*®, P. Esquej®’, G. Eynard Bontemps?*, C. Fabre®®, M. Fabrizio®:°, S.
Faigler®, A.J. Falcao®, M. Farras Casas®?, L. Federici*’, G. Fedorets®’, P. Fernique**, F. Figueras?®, F. Filippi®?,
K. Findeisen'’, A. Fonti*’, E. Fraile®’, M. Fraser’°!, B. Frézouls®*, M. Gai*’, S. Galleti*’, D. Garabato>’, F.
Garcia-Sedano®, A. Garofalo®?, N. Garralda®®, A. Gavel*®, P. Gavras'®3% J. Gerssen®, P. Giacobbe?’, G.

Gilmore??, S. Girona”?, G. Giuffrida®®>>, F. Glass*', M. Gomes*’, M. Granvik’”*%*, A. Gueguenlo’gs,A.

Guerrier®, J. Guiraud®, R. Gutiérrez-Sanchez’, R. Haigron'’, D. Hatzidimitriou®>'*, M. Hauser>'?, M.
Haywood'?, U. Heiter*®, A. Helmi’®, J. Heu'’, W. Hofmann’, G. Holland?’, H.E. Huckle?®, A. Hypki'®“®, V.

Icardi®?, K. JanBen®®, G. Jevardat de Fombelle®®, PG. Jonker’® %, A.L. Juhasz®” %, F. Julbe?, A. KarampelasSS'gg,
A. KewleyZO,J. Klar®, A. Kochoska'?% 101 R, Kohley4, K. Kolenberg'02’39’74,M. Kontizas®, E. Kontizas®, S.E.
Koposovzo’ 103,G. Kordopatisl,Z. Kostxzewa—Rutkowska78’65,R Koubsky104, AF. Lanza51, Y. Lasne("‘, J.-B.
Lavigne“, Y. Le Fustec!?’, C. Le Poncin-Lafitte'2, Y. Lebreton'®'% S. Leccia!””, N. Leclerc!?, I. Lecoeur-Taibi>>,
H. Lenhardt’, F. Leroux®, S. Liao®'% 1% E [Licata’®, HE.P. Lindstrgm''%!"! T.A. Lister''?, E. Livanou®, A.
Lobel’’, M. Lépez®®, S. Managau®®, R.G. Mann®®, G. Mantelet’, O. Marchal'’, JM. Marchant'!*, M. Marconi'?’,
S. Marinoni*>>®, G. Marschalk6’”'!4, D.J. Marshall''>, M. Martino®?, G. Marton®’, N. Mary®*, D. Massari’, G.
Matijevic®®, T. Mazeh®, P.J. McMillan®, S. Messina’', N.R. Millar?’, D. Molina?*, R. Molinaro'”’, L. Molnar®’, P.

Article number, page 1 of 13

Article published by EDP Sciences, to be cited as https://doi.org/10.1051/0004-6361/201832916




A&A proofs: manuscript no. GDR2_Gaia_CRF_corr

Montegriffo®®, R. Mor?}, R. Morbidelli?’, T. Morel*’, D. Morris*®, A.F. Mulone®?, T. Muraveva®’, I. Musella'’’, G.
Nelemans®: 3, L. Nicastro®, L. Noval®, W. O’Mullane**3, C. Ordénovic!, D. Ordéiiez-Blanco®?, P. Osborne?’, C.
Pagani’’, I. Pagano’!, F. Pailler?®, H. Palacin®, L. Palaversa®”?!, A. Panahi®’, M. Pawlak!'®-!17 A M.
Piersimoni®®, E-X. Pineau®, E. Plachy”’, G. Plum'?, E. Poggio®?° E. Poujoulet'!®, A. Prfa'!, L. Pulone®, E.
Racero’!, S. Ragaini’’, N. Rambaux®®, S. Regibo®, C. Reylé®”, F. Riclet?*, V. Ripepi!”’, A. Riva?’, A. Rivard®,
G. Rixon?, T. Roegiers'!?, M. Roelens?!, M. Romero-Gémez?*, N. Rowell*®, F. Royer'?, L. Ruiz-Dem!’, G.
Sadowski?®, T. Sagrista Sellés®, J. Sahlmann* ', J. Salgado'?', E. Salguero®, N. Sanna®’, T. Santana-Ros”®, M.
Sarasso?’, H. Savietto'??, M. Schultheis', E. Sciacca’!, M. Segol'?3,J.C. Segovia®', D. Ségransan?!, I-C. Shih'’,
L. Siltala”!2* AE Silva*’, RL. Smart?, KW. Smith'?, E. Solano® 123  E. Solitro*2, R. Sordo!’, S. Soria
Nieto??, J. Souchay'?, A. Spagna®, F. Spoto3%, U. Stampa’, L A. Steele'!3, C.A. Stephenson’, H. Stoev'?°, FF.
Suess?’, J. Surdej*’, L. Szabados®’, E. Szegedi-Elek®’, D. Tapiador'?”-'2% F. Taris'2, G. Tauran®, M.B. Taylor'?’,
R. Teixeira®, D. Terrett®!, P. Teyssandier'?, W. Thuillot*®, A. Titarenko', F. Torra Clotet!*°, C. Turon!?, A.
Ulla"?!, E. Utrilla*, S. Uzzi*?, M. Vaillant®, G. Valentini®®, V. Valette?*, A. van Elteren'®, E. Van Hemelryck?’,
M. van Leeuwen?’, M. Vaschetto®?, A. Vecchiato?’, J. Veljanoski’?, Y. Viala!®, D. Vicente®, S. Vogt!'?, C. von
Essen'®?, H. Voss®, V. Votruba!®*, S. Voutsinas*®, G. Walmsley?*, M. Weiler>*, 0. Wertz'*3, T. Wevers?*% L.
Wyrzykowski?® 116 A, Yoldas?®, M. Zerjal'®- 134 H. Ziaeepour®, J. Zorec'?3,S. Zschocke?, S. Zucker!'*, C.
Zurbach®’, and T. Zwitter'®

(Affiliations can be found after the references)

ABSTRACT

Context. The second release of Gaia data (Gaia DR2) contains the astrometric parameters for more than half a million quasars. This set defines a
kinematically non-rotating reference frame in the optical domain. A subset of these quasars have accurate VLBI positions that allow the axes of
the reference frame to be aligned with the International Celestial Reference System (ICRF) radio frame.

Aims. We describe the astrometric and photometric properties of the quasars that were selected to represent the celestial reference frame of
Gaia DR2 (Gaia-CRF2), and to compare the optical and radio positions for sources with accurate VLBI positions.

Methods. Descriptive statistics are used to characterise the overall properties of the quasar sample. Residual rotation and orientation errors and
large-scale systematics are quantified by means of expansions in vector spherical harmonics. Positional differences are calculated relative to a
prototype version of the forthcoming ICRF3.

Results. Gaia-CRF2 consists of the positions of a sample of 556 869 sources in Gaia DR2, obtained from a positional cross-match with the
ICRE3-prototype and AIIWISE AGN catalogues. The sample constitutes a clean, dense, and homogeneous set of extragalactic point sources in the
magnitude range G = 16 to 21 mag with accurately known optical positions. The median positional uncertainty is 0.12 mas for G < 18 mag and
0.5 mas at G = 20 mag. Large-scale systematics are estimated to be in the range 20 to 30 pas. The accuracy claims are supported by the parallaxes
and proper motions of the quasars in Gaia DR2. The optical positions for a subset of 2820 sources in common with the ICRF3-prototype show
very good overall agreement with the radio positions, but several tens of sources have significantly discrepant positions.

Conclusions. Based on less than 40% of the data expected from the nominal Gaia mission, Gaia-CRF2 is the first realisation of a non-rotating
global optical reference frame that meets the ICRS prescriptions, meaning that it is built only on extragalactic sources. Its accuracy matches the
current radio frame of the ICRE, but the density of sources in all parts of the sky is much higher, except along the Galactic equator.

Key words. astrometry and celestial mechanics — reference systems— catalogs — proper motions — quasars: general

1. Introduction (Lindegren et al. 2018), subsets of these objects were used to
avoid the rotation and align the axes with a prototype ver-
sion of the forthcoming third realisation of the ICRF. ! The
purpose of this paper is to characterise the resulting reference
frame, Gaia-CRF2, by analysing the astrometric and photomet-
ric properties of quasars that are identified in Gaia DR2 from
a positional cross-match with existing catalogues, including the
ICRF3-prototype.

Gaia-CRF2 is the first optical realisation of a reference frame
at sub-milliarcsecond (mas) precision, using a large number of
extragalactic objects. With a mean density of more than ten
quasars per square degree, it represents a more than 100-fold
increase in the number of objects from the current realisation at

One of the key science objectives of the European Space
Agency’s Gaia mission (Gaia Collaboration et al. 2016) is to
build a rotation-free celestial reference frame in the visible wave-
lengths. This reference frame, which may be called the Gaia Ce-
lestial Reference Frame (Gaia-CRF), should meet the specifi-
cations of the International Celestial Reference System (ICRS;
Arias et al. 1995) in that its axes are fixed with respect to dis-
tant extragalactic objects, that is, to quasars. For continuity with
existing reference frames and consistency across the electromag-
netic spectrum, the orientation of the axes should moreover co-
incide with the International Celestial Reference Frame (ICRF;
Ma et al. 1998) that is established in the radio domain by means
of VLBI observations of selected quasars. 1

The second release of data from Gaia (Gaia DR2;

“Rotation” here refers exclusively to the kinematical rotation of the
spatial axes of the barycentric celestial reference system (BCRS), as

Gaia Collaboration et al. 2018) provides complete astrometric
data (positions, parallaxes, and proper motions) for more than
550000 quasars. In the astrometric solution for Gaia DR2
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(non-) alignment of the axes at the reference epoch J2015.5.



Gaia Collaboration et al.: Gaia Data Release 2 The Celestial reference frame (Gaia-CRF2)

radio wavelengths, the ICRF2 (Fey et al. 2015). The Gaia-CRF2
is bound to replace the HCRF (Hipparcos Celestial Reference
Frame) as the most accurate representation of the ICRS at op-
tical wavelengths until the next release of Gaia data. While the
positions of the generally faint quasars constitute the primary
realisation of Gaia-CRF2, the positions and proper motions of
the ~ 1.3 billion stars in Gaia DR2 are nominally in the same
reference frame and thus provide a secondary realisation that
covers the magnitude range G =~ 6 to 21 mag at similar pre-
cisions, which degrades with increasing distance from the refer-
ence epoch J2015.5. The properties of the stellar reference frame
of Gaia DR2 are not discussed here.

This paper explains in Sect. 2 the selection of the Gaia
sources from which we built the reference frame. Section 3
presents statistics summarising the overall properties of the ref-
erence frame in terms of the spatial distribution, accuracy, and
magnitude distribution of the sources. The parallax and proper
motion distributions are used as additional quality indicators and
strengthen the confidence in the overall quality of the product. In
Sect. 4 the optical positions in Gaia DR2 are compared with the
VLBI frame realised in the ICRF3-prototype. A brief discussion
of other quasars in the data release (Sect. 5) is followed by the
conclusions in Sect. 6.

2. Construction of Gaia-CRF2
2.1. Principles

Starting with Gaia DR2, the astrometric processing of the Gaia
data provides the parallax and the two proper motion compo-
nents for most of the sources, in addition to the positions (see
Lindegren et al. 2018). As a consequence of the Gaia observing
principle, the spin of the global reference frame must be con-
strained in some way in order to deliver stellar proper motions in
a non-rotating frame. Less relevant for the underlying physics,
but of great practical importance, is that the orientation of the
resulting Gaia frame should coincide with the current best real-
isation of the ICRS in the radio domain as well as possible, as
implemented by the ICRF2 and soon by the ICRF3.

These two objectives were achieved in the course of the it-
erated astrometric solution by analysing the provisional posi-
tions and proper motions of a pre-defined set of sources, and
by adjusting the source and attitude parameters accordingly by
means of the so-called frame rotator (Lindegren et al. 2012).
Two types of sources were used for this purpose: a few thousand
sources identified as the optical counterparts of ICRF sources
were used to align the positions with the radio frame, and a
much larger set of probable quasars found by a cross-match with
existing quasar catalogues were used, together with the ICRF
sources, to ensure that the set of quasar proper motions was glob-
ally non-rotating. The resulting solution is then a physical real-
isation of the Gaia frame that is rotationally stabilised on the
quasars. The detailed procedure used for Gaia DR2 is described
in Lindegren et al. (2018).

2.2. Selection of quasars

Although Gaia is meant to be autonomous in terms of the recog-
nition of quasars from their photometric properties (colours,
variability), this functionality was not yet implemented for the
first few releases. Therefore the sources that are currently iden-
tified as quasars are known objects drawn from available cata-
logues and cross-matched to Gaia sources by retaining the near-
est positional match. In Gaia DR1, quasars where flagged from

QSOs per dcg“

Fig. 1. Sky density per square degree for the quasars of Gaia-CRF2 on
an equal-area Hammer—Aitoff projection in Galactic coordinates. The
Galactic centre is at the origin of coordinates (centre of the map), Galac-
tic north is up, and Galactic longitude increases from right to left. The
solid black line shows the ecliptic. The higher density areas are located
around the ecliptic poles.

a compilation made before the mission (Andrei et al. 2014),
and a subset of ICRF2 was used for the alignment. The het-
erogeneous spatial distribution of this compilation did not
greatly affect the reference frame of Gaia DRI because of
the special procedures that were used to link it to the HCRF
(Lindegren et al. 2016; Mignard et al. 2016).

For Gaia DR2, which is the first release that is completely
independent of the earlier Hipparcos and Tycho catalogues, it
was desirable to use the most recent VLBI positions for the ori-
entation of the reference frame, and a large, homogeneous set
of quasars for the rotation. The Gaia data were therefore cross-
matched with two different sets of known quasars:

— A prototype of the upcoming ICRF3, based on the VLBI
solution of the Goddard Space Flight Center (GSFC) that
comprises 4262 radio-loud quasars that are observed in the
X (8.5 GHz) and S (2.3 GHz) bands. This catalogue, re-
ferred to here as the ICRF3-prototype, was kindly provided
to the Gaia team by the IAU Working Group on ICRF3 (see
Sect. 4) more than a year in advance of the scheduled release
of the ICRF3. The positional accuracy is comparable to that
of Gaia, and this set was used to align the reference frame of
Gaia DR2 to the radio frame.

— The all-sky sample of 1.4 million active galactic nuclei
(AGNs) of Secrest et al. (2015), referred to below as the All-
WISE AGN catalogue (AW in labels and captions). This cat-
alogue resulted from observations by the Wide-field Infrared
Survey Explorer (WISE; Wright et al. 2010) that operates in
the mid-IR at 3.4, 4.6, 12, and 22 ym wavelength. The All-
WISE AGN catalogue has a relatively homogenous sky cov-
erage, except for the Galactic plane, where the coverage is
less extensive because of Galactic extinction and confusion
by stars, and at the ecliptic poles, which have a higher den-
sity because of the WISE scanning law. The sources are clas-
sified as AGNs from a two-colour infrared photometric crite-
rion, and Secrest et al. (2015) estimated that the probability
of stellar contamination is < 4.0 x 1073 per source. About
half of the AIIWISE AGN sources have an optical counter-
part thatis detected atleast once by Gaia in its first two years.

Cross-matching the two catalogues with a provisional Gaia so-
lution and applying some filters based on the Gaia astrometry
(see Sect. 5.1, Eq.13 in Lindegren et al. 2018) resulted in a list of
492007 putative quasars, including 2844 ICRF3-prototype ob-
jects. The filters select sources with good observation records, a
parallax formal uncertainty < 1 mas, a reliable level of signifi-
cance in parallax and proper motion, and they avoid the Galac-
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tic plane by imposing |sinb| > 0.1. These sources were used
by the frame rotator, as explained above, when calculating the
final solution; in Gaia DR2, they are identified by means of the
flag frame rotator object type. This subset of (presumed)
quasars cannot, however, be regarded as a proper representation
of Gaia-CRF2 because of the provisional nature of the solution
used for the cross-matching and the relatively coarse selection
criteria. Several of these sources were indeed later found to be
Galactic stars.

A new selection of quasars was therefore made after
Gaia DR2 was completed. This selection took advantage of
the higher astrometric accuracy of Gaia DR2 and applied bet-
ter selection criteria that are detailed in Sect. 5.2, Eq. 14,
of Lindegren et al. (2018). In particular, this updated selection
takes the parallax zeropoint into account. This resulted in a set
of 555934 Gaia DR2 sources that are matched to the AIIWISE
AGN catalogue and 2820 sources that are matched to the ICRF3-
prototype. The union of the two sets contains 556 869 Gaia DR2
sources. These sources and their positions in Gaia DR2 are a
version of the Gaia-CRF that we call Gaia-CRF2.

The entire subsequent analysis in this paper (except in
Sect. 5) is based on this sample or on subsets of it. For simplicity,
we use the term quasar (QSO) for these objects, although other
classifications (BL Lac object, Seyfert 1, etc.) may be more ap-
propriate in many cases, and a very small number of them may
be distant (> 1 kpc) Galactic stars.

% in bin

G ( mag)

sources
=
S
w
el

1024

2 13 14 15 16 17 18 19 20 21
G ( mag)

Fig. 2. G -magnitude distribution of the Gaia-CRF2 quasars. Percentage
per bin of 0.1 mag (top) and cumulative distribution (bottom).

3. Properties of Gaia-CRF2

This section describes the overall astrometric and photometric
properties in Gaia DR2 of the sources of the Gaia-CRF2, that is,
the 556 869 quasars we obtained from the match to the AIIWISE
AGN catalogue and the ICRF3-prototype. Their sky density is
displayed in Fig. 1. The Galactic plane area is filtered out by the
AIIWISE AGN selection criteria, while areas around the ecliptic
poles are higher than the average density, as noted above. Lower
density arcs from the WISE survey are also visible, but as a rule,
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the whole-sky coverage outside the Galactic plane has an aver-
age density of about 14 sources per deg®. The few sources in the
Galactic plane area come from the ICRF3-prototype.

3.1. Magnitude and colour

Figure 2 shows the magnitude distribution of the Gaia-CRF2
sources. In rounded numbers, there are 27 000 sources with
G < 18 mag, 150000 with G < 19 mag, and 400000 with
G < 20 mag. The average density of one source per square
degree is reached at G = 18.2 mag, where it is likely that the
sample is nearly complete outside the Galactic plane.

10+

104

sources

Ggp - Grp (mag)

Fig. 3. Colour distribution of the Gaia-CRF2 quasars (log scale for the
number of sources per bin of 0.1 mag).

Figure 3 shows the distribution in colour index Ggp — Ggp
(for the definition of the blue and red passbands, BP and RP, see
Riello et al. 2018). Of the sources, 2154 (0.4%) have no colour
index Ggp — Ggrp in Gaia DR2. The distribution is rather narrow
with a median of 0.71 mag and only 1% of the sources bluer than
0.28 mag or redder than 1.75 mag.

The magnitude is not evenly distributed on the sky, as shown
in Fig. 4, with on the average fainter sources around the eclip-
tic poles, where the highest densities are found as well (Fig. 1).
These two features result from a combination of the deeper sur-
vey of AIIWISE in these areas and the more frequent Gaia ob-
servations from the scanning law.

210
205
200
195 ;Ef
(V)
190

185

180

Fig. 4. Sky distribution of the Gaia-CRF2 source magnitudes. This map
shows the median values of the G magnitude in cells of approximately
0.84 deg? using an equal-area Hammer-Aitoff projection in Galactic
coordinates. The Galactic centre is at the origin of coordinates (centre
of the map), Galactic north is up, and Galactic longitude increases from
right to left.

3.2. Astrometric quality

In this section we describe the astrometric quality of the Gaia-
CRF2 quasars based on the formal positional uncertainties and
on the distribution of observed parallaxes and proper motions,
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which are not expected to be measurable by Gaia at the level
of individual sources. We defer a direct comparison of the Gaia
positions with VLBI astrometry to Sect. 4.

10

G <21 N =556869 sources
c
a
£
ES

T T
0 0.5 1.0 15 2.0 25 3.0
Opos max (mMas)
12

G <19 N =150512 sources
c
a
£
ES

0 0.2 0.4 0.6 0.8 10
Opos max (mMas)

Fig. 5. Distribution of positional uncertainties oposmax for the Gaia-
CRF2 quasars: all sources (top) and G < 19 mag (bottom).

7pos;mex (Mas)
o ©

Q ¢

0:05

0:02

5 16 17

18 19 20 21
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Fig. 6. Positional uncertainties 0 posmax for the sources in the Gaia-

CREF2 as function of the G magnitude. The red solid line is the running
median, and the two green lines are the first and ninth decile.

Table 1. Positional uncertainty 0 posmax Of the Gaia-CRF2 quasars.

G selection N Ist quartile median 3rd quartile
[mag] [mas] [mas] [mas]
< 18.0 27275 0.09 0.12 0.15
[18.0-19.0f 123237 0.17 0.22 0.28
[19.0-19.5[ 125029 0.27 0.33 0.41
[19.5-20.0f 132418 0.38 0.47 0.59
>20.0 148910 0.61 0.81 1.12
all 556869 0.26 0.40 0.64

3.2.1. Formal uncertainty in position

As a single number characterising the positional uncertainty of
a SOUrCe, O pos,max, We take the semi-major axis of the dispersion

8 83 88 8
Yos max (* as)

8

0

Fig. 7. Spatial distribution of the formal position uncertainty in Eq. (1)
for the 407 959 sources of the Gaia-CRF2 with G < 20. The map
shows the median value in each cell of approximately 0.84 deg?, using a
Hammer-Aitoff projection in Galactic coordinates with zero longitude
at the centre and increasing longitude from right to left. The solid black
line shows the ecliptic.

ellipse, computed from a combination o, = 0, cosd, os, and
the correlation coefficient g, 4:

( v )
1
Thosmax =5 Tant 05+ (00 ~09)? + Q0w0s0as) - (1)

Because this is also the highest eigenvalue of the 2 X 2 covari-
ance matrix, it is invariant to a change of coordinates. These are
formal uncertainties (see Sect. 3.2.2 for a discussion of how real
they are) for the reference epoch J2015.5 of Gaia DR2.

The results for the whole sample of Gaia-CRF2 quasars and
the subset with G < 19 are shown in Fig. 5. The median accuracy
is 0.40 mas for the full set and 0.20 mas for the brighter subset.
Additional statistics are given in Table 1.

The main factors governing the positional accuracy are the
magnitude (Fig. 6) and location on the sky (Fig. 7). The larger-
than-average uncertainty along the ecliptic in Fig. 7 is conspic-
uous; this is a signature of the Gaia scanning law. This feature
will also be present in future releases of Gaia astrometry and
will remain an important characteristic of the Gaia-CRF.

3.2.2. Parallaxes and proper motions

Parallaxes and proper motions are nominally zero for the quasars
that were selected for the reference frame (we neglect here the
expected global pattern from the Galactic acceleration, which is
expected to have an amplitude of 4.5 pasyr!, see Sect. 3.3).
Their statistics are useful as complementary indicators of the
global quality of the frame and support the accuracy claim. Here
we consider the global statistics before investigating possible
systematics in Sect. 3.3. Figure 8 shows the distribution of the
parallaxes for different magnitude-limited subsets. As explained
in Lindegren et al. (2018), the Gaia DR2 parallaxes have a global
zeropoint error of —0.029 mas, which is not corrected for in the
data available in the Gaia archive. This feature is well visible
for the quasar sample and is a real instrumental effect that is not
yet eliminated by the calibration models. Fortunately, the offset
is similar for the different subsets. The shape of the distributions
(best visible in the full set) is clearly non-Gaussian because of
the mixture of normal distributions with a large spread in stan-
dard deviation, which is primarily linked to the source magni-
tude. The typical half-widths of the distributions (0.4, 0.3, and
0.2 mas) are of a similar size as the median positional uncertain-
ties in Table 1.

The distribution of the normalised debiased parallaxes, com-
puted as (w + 0.029 mas)/o 4, should follow a standard normal
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Fig. 8. Distribution of parallaxes in the Gaia archive for the Gaia-
CRF2 quasars, subdivided by the maximum magnitude. The line at
@ = —0.029 mas shows the global zeropoint offset.

distribution (zero mean and unit variance) if the errors are Gaus-
sian and the formal uncertainties o, are correctly estimated. The
actual distribution for the full set of 556 869 quasars is plotted in
Fig. 9. The red continuous curve is a normal distribution with
zero mean and standard deviation 1.08; that this very closely
follows the distribution up to normalised values of +3.5 is an
amazing feature for real data. The magnitude effect is then fully
absorbed by the normalisation, indicating that the Gaia accuracy
in this brightness range is dominated by the photon noise. The
factor 1.08 means that the formal uncertainties of the parallaxes
are too small by 8%.

% in bin
N
1

-2 -1 0 1 2 3 4
Normelised debiased parallax

w

sources

-2 0 2
Normalised debiased parallax

Fig. 9. Distribution of the normalised debiased parallaxes, (@ +
0.029 mas)/o, for the Gaia-CRF2 quasars in linear scale (top) and
logarithmic (bottom). The red curve is a normal distribution with zero
mean and standard deviation 1.08.

Similarly, the distributions in Fig. 10 for the normalised com-
ponents of proper motions are very close to a normal distribu-
tion, with zero mean and standard deviations of 1.09 (u,.) and
1.11 (us). The extended distributions in log scale are very similar
to the parallax and are not plotted.
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Fig. 10. Distributions of the normalised components of proper motions
of the QSOs found with Gaia data, with y,. (top) and ;s (bottom) A
normal distribution with zero mean and standard deviation of 1.09 for
Has (1.11 for ps) is drawn in red.

3.3. Systematic effects
3.3.1. Spatial distributions

In an ideal world, the errors in position, parallax, and proper
motion should be purely random and not display any systematic
patterns as function of position on the celestial sphere. While the
non-uniform sampling of the sky produced by the Gaia scanning
law is reflected in the formal uncertainties of the quasar astrom-
etry, as shown in Fig. 7 for the positions, this does not imply that
the errors (i.e. the deviations from the true values) show patterns
of a similar nature. In the absence of areliable external reference
for the positions (except for the VLBI subset), the possibility of
investigating the true errors in position is limited. However, the
positions are derived from the same set of observations as the
other astrometric parameters, using the same solution. Since the
errors in parallax and proper motion are found to be in good
agreement with the formal uncertainties calculated from the so-
lution, we expect this to be the case for the positional errors as
well.

Figure 11 shows maps in Galactic coordinates of the me-
dian parallax and proper motion components of the Gaia-CRF2
sources, calculated over cells of 4.669 degz. For cells of this size,
the median number of sources per cell is 70, with the exception
of low Galactic latitude, where the density is lower (see Fig. 1),
resulting in a larger scatter of the median from cell to cell than in
other parts of the map. In Fig. 11 this is visible as an increased
number of cells with red and blue colours, instead of green and
yellow, in the less populated areas.

The median parallaxes shown in the top panel of Fig. 11 were
corrected for the global zeropoint of —29 pas (Sect. 3.2.2). In all
three maps, various large-scale patterns are seen for Galactic lat-
itudes |b| & 10-15 deg, while at small angles (cell size), only
a mixture of positive or negative offsets is visible that results
from normal statistical scatter. The visual interpretation is com-
plicated by large-scale patterns in the amplitude of the statistical
scatter, in particular the smaller scatter in the second and fourth
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Fig. 11. Spatial distributions (in Galactic coordinates) of the parallaxes
and proper motions of the Gaia-CRF2 quasars. From top to bottom:
parallax (=), proper motion in Galactic longitude (4;.), and proper mo-
tion in Galactic latitude (u;). Median values are computed in cells of
approximately 5 deg?. Maps are in the Hammer—Aitoff projection with
Galactic longitude zero at the centre and increasing from right to left.

quadrants, that is, around the ecliptic poles. This is the result of a
combination of the sky distribution of the sources (Fig. 1), their
magnitudes (Fig. 4), and the Gaia scanning law (Fig. 7), which
all exhibit similar patterns. Quantifying the large-scale system-
atics therefore requires a more detailed numerical analysis.

3.3.2. Spectral analysis

The vector field of the proper motions of the Gaia-CRF2 quasars
was analysed using expansions on a set of vector spherical har-
monics (VSH), as explained in Mignard & Klioner (2012) or
Vityazev & Tsvetkov (2014).

In this approach the components of proper motion are pro-
jected onto a set of orthogonal functions up to a certain degree
Imax- The terms of lower degrees provide global signatures such
as the rotation and other important physical effects (secular ac-
celeration, gravitational wave signatures), while harmonics of
higher degree hold information on local distortions at different
scales. Given the patterns seen in Fig. 11, we expect to see a slow
decrease in the power of harmonics with / > 1. The harmonics of
degree [ = 1 play a special role, since any global rotation of the
system of proper motions will be observed in the form of a ro-
tation vector directly extracted from the three components with

(I,m) = (1,0), (1,-1), and (1, +1), where m is the order of the
harmonic (|m| < I).

Mignard & Klioner (2012) derived a second global term
from I = 1 thatthey called glide. This physically corre-
sponds to a dipolar displacement originating at one point
on a sphere and ending at the diametrically opposite point.
For the quasar proper motions, this vector field is pre-
cisely the expected signature of the the galactocentric ac-
celeration (Fanselow 1983, Bastian 1995, Sovers et al. 1998,
Kovalevsky 2003, Titov & Lambert 2013).

As summarised in Table 2, several VSH fits were made using
different selections of quasars or other configuration parameters.
Fit 1 uses all the quasars and fits only the rotation, without glide
or harmonics with / > 1. This is very close to the conditions used
to achieve the non-rotating frame in the astrometric solution for
Gaia DR2. 1t is therefore not surprising that the rotation we find
is much smaller than in the other experiments. The remaining ro-
tation can be explained by differences in the set of sources used,
treatment of outliers, and so on. This also illustrates the diffi-
culty of producing a non-rotating frame that is non-rotating for
every reasonable subset that a user may wish to select: This is
not possible, at least at the level of formal uncertainties. Exper-
iment 2 fits both the rotation and glide to all the data. The very
small change in rotation compared with fit 1 shows the stability
of the rotation resulting from the regular spatial distribution of
the sources and the consequent near-orthogonality of the rotation
and glide on this set. Fit 3 includes all harmonics of degree / < 5,
that is, 70 fitted parameters. Again the results do not change very
much because of the good spatial distribution. The next five fits
show the influence of the selection in magnitude and modulus
of proper motion, and of not weighting the data by the inverse
formal variance. In the next two fits (9a and 9b), the data are
divided into two independent subsets, illustrating the statistical
uncertainties. Most of these fits use fewer sources with a less
regular distribution on the sky.

The last fit, fit 10, uses only the faint sources and has
a similar glide but a very different rotation (x and y com-
ponents, primarily), although it comprises the majority (73%)
of the Gaia-CRF2 sources. This agrees with Figs. 3 and 4
in Lindegren et al. (2018), which show a slight dependency on
colour and magnitude of the Gaia spin relative to quasars. Again,
this illustrates the sensitivity of the determination of the residual
spin to the source selection, and at this stage, we cannot offer a
better explanation than that a single solid rotation is too simple
a model to fit the entire range of magnitudes. No attempt was
made to introduce a magnitude equation in the fits.

The formal uncertainty of all the fits using at least a few hun-
dred thousand quasars is of the order of 1 yas yr~!. It is tempting
to conclude from this that the residual rotation of the frame with
respect to the distant universe is of a similar magnitude. How-
ever, the scatter from one fit to the next is considerably larger,
with some values exceeding 10 pas yr~'. Clearly, an overall solid
rotation does not easily fit all the Gaia data, but gives results that
vary with source selection well above the statistical noise. How-
ever, the degree of consistency between the various selections
allows us to state that the residual rotation rate of the Gaia-CRF
is probably not much higher than +10 pasyr~' in each axis for
any subset of sources.

The typical glide vector is about (—8, +5, +12) + 1 pas yr™!
for the components in the ICRS. The expected signature for
the galactocentric acceleration is a vector directed towards
the Galactic centre with a magnitude of ~4.50 wasyr™!, or
(-0.25,-3.93, —2.18) pas yr~! in the ICRS components. Clearly,
the large-scale systematic effects in the Gaia proper motions, be-
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Table 2. Large-scale structure of the proper motion field of the Gaia-CRF2 quasars analysed using vector spherical harmonics.

Rotation [uas yr™'] Glide [uas yr™']

Fit  Source selection W e N X y b4 X y z

1 all y 1 556869 -3.1+0.8 -19+0.7 -1.0+09 - - -

2 all y 1 556869 -3.6+0.8 -22+0.7 -09+09 -7.0+08 4707 121+07
3 all y 5 556869 -55+1.1 -74+09 56+12 -92+12 4710 116+10
4 pu<2masyr!,G<18 'y 5 27189 -13.8+2.0 -132+1.7 40+22 -79+22 47+18 10317
5 u<2masyr!,G<18 n 5 27189 -89+29 -121+24 28+25 -104+£29 57+24 166£25
6 pu<2masyr!,G<19 'y 5 149146 -11.2+13 -120+1.1 44+14 -98+15 46+12 104+1.1
7 u<3masyr!,G<20 'y 5 400472 -59+1.1 -8.6+0.9 51+12 -90+12 41+£10 11910
8 4 < 3 mas yr! y 5 513270 -57+1.1 -79+0.9 52+12 -88+12 41+£10 11.6+09
9a |10°a/ mod2 =0 y 5 278170 -58+1.6 -89+13 64+17 -85+17 30+£14 12514
9b |10°%a| mod 2 =1 y 5 278699 -5.1+1.6 -58+13 48+17 -98+17 66+14 107+14
10 G>19 y 5 406356 9.8 +2.1 6.2+ 1.8 70+24 -83+23 33+£19 156=+19

Notes. u = (12, + p2)!? is the modulus of the proper motion. N is the number of sources used in the solution. W = “y” or “n” for weighted or
unweighted solution. The weighted solutions use a block-diagonal weight matrix obtained from the 2 X 2 covariance matrix of each source. /nax is
the highest degree of the fitted VSH from which rotation and glide are extracted for / = 1. The columns headed x, y, z give the components of the
rotation and glide along the principal axes of the ICRS. In rows 9a and 9b, two independent halves of the sample are selected according to whether

L10° a| is even (9a) or odd (9b), with @ in degrees.

ing of the order of 10 yasyr™! at this stage of the data analysis,
prevent a fruitful analysis of the quasar proper motion field in
terms of the Galactic acceleration. For this purpose, an order-
of-magnitude improvement is needed in the level of system-
atic errors, which may be achieved in future releases of Gaia
data based on better instrument calibrations and a longer obser-
vation time-span. A similar improvement is needed to achieve
the expected estimate of the energy flux of the primordial grav-
itational waves (Gwinn et al. 1997; Mignard & Klioner 2012;
Klioner 2018).

The overall stability of the fits in Table 2 is partly due to the
fairly uniform distribution of the Gaia-CRF2 sources over the
celestial sphere, and it does not preclude the existence of sig-
nificant large-scale distortions of the system of proper motions.
Such systematics may be quantified by means of the fitted VSH,
however, and a convenient synthetic indicator of how much sig-
nal is found at different angular scales is given by the total power
in each degree [ of the VSH expansion. This power #; is invariant
under orthogonal transformation (change of coordinate system)
and therefore describes a more intrinsic, geometric feature than
the individual components of the VSH expansion. The degree /
corresponds to an angular scale of ~180°/1.

In Fig. 12 (top panel) we plot (P;/4r)'/? in pasyr~!, repre-
senting the RMS value of the vector field for the correspond-
ing degree I. The lower panel in Fig. 12 shows the signifi-
cance level of the power given as the equivalent standard nor-
mal variate derived from the asymptotic y? distribution; see
Mignard & Klioner (2012) for details. The points labelled S and
T correspond to the spheroidal and toroidal harmonics, with
T&S for their quadratic combination. To illustrate the interpre-
tation of the diagrams, for 7 the RMS value is (7 J4m)\ /% ~
10 pas yr~!, which should be similar to the magnitude of the ro-
tation vector for fit 3 in Table 2. The significance of this value
is Zy» =~ 7, corresponding to 70" of a normal distribution, or a

probability below 10711,

For the low degrees plotted in Fig. 12, the power gener-
ally decreases with increasing [ (smaller angular scales). This
indicates that the systematics are generally dominated by the
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large angular scales. The total RMS for / < 10 (angular scales
& 18 deg) is 42 pasyr~'.

Lindegren et al. (2018) analysed the large-scale systematics
of the Gaia DR2 proper motions of exactly the same quasar
sample, using a very different spatial correlation technique. A
characteristic angular scale of 20 deg was found, with an RMS
amplitude of 28 pasyr~' per component of proper motion (their
Eq. 18). Since this corresponds to 40 wasyr™' for the total
proper motion, their result is in good agreement with ours. They
also found higher-amplitude oscillations with a spatial period of
=~ 1 deg, which in the present context of Gaia-CRF2 are almost
indistinguishable from random noise, however.

4. ICRF3-prototype subset of Gaia-CRF2

This section describes the subset of 2820 Gaia-CRF2 quasars
matched to the ICRF3-prototype (Sect. 2.2), that is, the optical
counterparts of compact radio sources with accurate VLBI po-
sitions. A comparison between the optical and VLBI positions
is in fact a two-way exercise, as useful for understanding the ra-
dio frame as it is to Gaia, since neither of the two datasets is
significantly better than the other. A similar investigation of the
reference frame for Gaia DR1 (Mignard et al. 2016) showed the
limitations of ICRF2, the currently available realisation of the
ICRS, for such a comparison. A subset ICRF2 sources also had a
less extensive VLBI observation record, the accuracy was lower
for the best sources, and it would have been only marginally use-
ful for a comparison to the Gaia DR2.

In discussions with the IAU working group in charge of
preparing the upcoming ICRF3, which is scheduled for mid-
2018, it was agreed that the working group would provide a pro-
totype version of ICRF3 in the form of their best current solution
to the Gaia team. This ICRF3-prototype was officially delivered
in July 2017 and is particularly relevant in the current context for
two reasons.

— With the assumption that there is no globally systematic dif-
ference between the radio and optical positions, the com-
mon sources allowed the axes of the two reference frames
to be aligned, as explained in Lindegren et al. (2018). The
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Fig. 12. Distributions of the RMS values (top) and their statistical levels
of significance (bottom) in the VSH decomposition of the proper motion
vector field of the Gaia-CRF2 from [/ = 1 to 10. § and T refer to the
spheroidal and toroidal harmonics, and T&S signifies their quadratic
combination.

existence of radio—optical offsets with random orientation
for each source is not a great problem for this purpose as
it only adds white noise to the position differences. If large
enough, it will be detected in the normalised position differ-
ences (Sect. 4.3).

— The VLBI sources included in this prototype, together with
the associated sets worked out in the X/Ka and K band (not
yet released), are the most accurate global astrometric so-
lutions available today that are fully independent of Gaia.
The quoted uncertainties are very similar to what is for-
mally achieved in Gaia DR2, and the best-observed VLBI
sources have positions that are nominally better than those
from Gaia. This is therefore the only dataset from which the
true errors and possible systematics in the positions of ei-
ther dataset can be assessed and individual cases of truly dis-
crepant positions between the radio and optical domains can
be identified. The VLBI positions are less homogeneous in
accuracy than the corresponding Gaia data, but the ~ 1650
ICRF3-prototype sources with a (formal) position uncer-
tainty <0.2 mas match the Gaia positions of the brighter
(G < 18 mag) sources well in quality.

4.1. Properties of the Gaia sources in the ICRF3-prototype

Figure 13 shows the spatial distribution of the 2820 optical coun-
terparts of ICRF3-prototype sources on the sky. The plot is in
Galactic coordinates to facilitate comparison with Fig. 1, show-
ing the full Gaia-CRF2 sample. The area in the lower right quad-
rant with low density corresponds to the region of the sky at
6 < —40 deg with less VLBI coverage. Otherwise the distribu-
tion is relatively uniform, but with a slight depletion along the

Galactic plane, as expected for an instrument operating at opti-
cal wavelengths.

Fig. 13. Sky distribution of the 2820 Gaia sources identified as
most probable optical counterparts of quasars in the ICRF3-prototype.
Hammer-Aitoff projection in Galactic coordinates with origin at the
centre of the map and longitude increasing from right to left.

The magnitude distribution of the ICRF3-prototype sources
is shown in Fig. 14. The median is 18.8 mag, compared with
19.5 mag for the full Gaia-CRF2 sample shown in Fig. 2. The
colour distribution (not shown) is similar to that of the full sam-
ple, shown in Fig. 2, only slightly redder: the median Ggp — Grp
is = 0.8 mag for the ICRF3-prototype subset, compared with
0.7 mag for the full sample.

154

104
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Fig. 14. Magnitude distribution of the 2820 Gaia sources identified as
likely optical counterparts of quasars in the ICRF3-prototype.

In terms of astrometric quality, the Gaia DR2 sources in the
ICRF3-prototype subset do not differ significantly from other
quasars in Gaia-CRF2 at the same magnitude. Figure 15 dis-
plays the formal uncertainty in position, computed with Eq. (1),
as function of the G magnitude. Both the median relation and
the scatter about the median are virtually the same as for the
general population of quasars in Gaia-CRF2 shown in Fig. 6.
For G & 16.2, only few points in Fig. 15 lie clearly above
the main relation. This may be linked to the change in the on-
board CCD observation window allocation that occurs atG =~ 16
(Gaia Collaboration et al. 2016). Four hundred and nine sources
are brighter than G = 17.4, where the median position uncer-
tainty as shown on Figure 15 reaches 100 pas.

4.2. Angular separations

We now compare the positions in Gaia DR2 and ICRF3-
prototype directly for the 2820 quasars in common. Figure 16
gives in log-scale the distribution of the angular distances com-
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Fig. 15. Formal position uncertainty as a function of magnitude for the
2820 Gaia sources identified as optical counterparts of quasars in the
ICRF3-prototype. The solid red line is a running median through the
data points.

puted as
p=(Aa? + A2, (2

where A, = (@gaia—@vLB1) cos 6. While for most of the sources,
p is lower than 1 mas and very often much below this level, the
number of discrepant sources is significant, and a few even have
a position difference higher than 10 mas that would require indi-
vidual examination.

To illustrate the dependence on the solution accuracies,
Fig. 17 shows scatter plots of p versus the formal uncertainty
in the ICRF3-prototype (top) and Gaia-CRF2 (bottom). Several
of the most extreme distances in the top diagram are for sources
with a large uncertainty in the ICRF3-prototype. However, some
sources with nominally good solutions in both datasets exhibit
large positional differences. These deserve more attention as the
differences could represent real offsets between the centres of
emission at optical and radio wavelengths. This is not further
investigated in this paper, which is devoted to present the main
properties of the Gaia-CRF2. Other explanations for the large
differences can be put forward, such as a mismatch on the Gaia
side when the optical counterpart is too faint and a distant star
happens to be matched instead (unlikely at < 10 mas distance);
an extended galaxy around the quasar that is misinterpreted by
the Gaia detector (should in general produce a poor solution);
double or lensed quasars; or simply statistical outliers from the
possibly extended tails of random errors. Although the ICRF3-
prototype data in Fig. 17 cover a wider range in 0 pos max than the
Gaia data, the cores of both distributions extend from =~0.1 to
0.5 mas.

4.3. Normalised separations

The angular separations p become statistically more meaning-
ful when scaled with the combined standard uncertainties. In the
case of correlated variables, Mignard et al. (2016) have shown
how to compute a dimensionless statistic X, called the nor-
malised separation (their Eq. 4). If the positional errors in both
catalogues are Gaussian with the given covariances, then X is
expected to follow a standard Rayleigh distribution, and values
of X > 3 should be rare (probability ~0.01). We caution that
the normalisation used in this section depends on the reliabil-
ity of the reported position uncertainties from the Gaia DR2 on
one hand and from the ICRF3-prototype on the other hand. The
latter are still provisional and purely formal, without noise floor
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Fig. 16. Distribution of the angular separation p between Gaia DR2 and
the ICRF3-prototype for the 2820 sources in common. Log-log scale
plot with bins in p having a fractional width of 2!/,
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Fig. 17. Angular position differences p between Gaia DR2 and the
ICRF3-prototype as function of the formal uncertainties o pos max Of the
ICRF3-prototype (top) and Gaia DR2 (bottom).

and other overall adjustment, which will be introduced in the fi-
nal release of the ICRF3.

Figure 18 is a scatter plot of p versus X, showing a fairly
large subset of sources with X > 3 and even much larger. The
most anomalous cases are found in the upper right part of the
diagram. Some of the sources with the largest p are located in
the upper centre of the diagram, with unremarkable X, meaning
that their large angular separations are not significant in view of
the formal uncertainties.

The diagram in Fig. 19 shows the frequency distribution of
the normalised separations X with the standard Rayleigh proba-
bility density function superimposed as a solid red line. The fre-
quency diagram includes all the sources, although 148 sources
have a normalised separation > 10 and would be outside the
frame. The distribution cannot be represented by a standard
Rayleigh distribution, even though its mode is not very far from
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Fig. 18. Angular separation (p) vs. normalised separation (X) for the
ICRE3-prototype subset of Gaia-CRF2.

one, but the spread at large normalised separations is much too
large. The departure from a pure Rayleigh distribution between
VLBI positions and the Gaia DR1 has previously been noted in
Petrov & Kovalev 2017 in a comparison using more than 6000
sources with VLBI positions. However, at this stage with the
ICRF3-prototype, we cannot draw definite conclusions, and this
issue will have to be reconsidered with the official release of
ICRF3.
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Fig. 19. Distribution of the normalised separations X between
Gaia DR2 and the ICRF3-prototype. 148 sources have a normalised
separation > 10. The red curves show the (standard) Rayleigh distribu-
tions for unit standard deviation.

4.4. Large-scale systematics

In this section we analyse the positional difference between
Gaia DR2 and the ICRF3-prototype in terms of large-scale spa-
tial patterns. As in Sect. 3.3, the vector field of position differ-
ences is decomposed using VSH, where in particular the coef-
ficients for degree [ = 1 give the orientation difference of the
two frames and a glide in position. Several fits were made to
assess the stability of the orientation rotation against various
selections of sources. Nominally, Gaia DR2 has been aligned
to the ICRF3-prototype and no significant orientation difference
should remain. However, stating that the two frames have been
aligned is not the complete story, since the final alignment de-
pends on many details of the fit: weighting scheme, outlier filter-
ing, magnitude selection, and the model used for the fit. Further-
more, as explained in Sect. 2.2, the alignment was made using a
slightly different set of ICRF3-prototype sources than currently
considered. As a consequence of these differences, we often find
statistically significant non-zero orientation errors in our fits. The

amplitude of these errors provides the best answer to the ques-
tion of how precisely the two frames share the same axes.

The results of the various fits are summarised in Table 3. The
first fit is similar to the alignment procedure in the astrometric
solution for Gaia DR2 in that only the three orientation parame-
ters (otherwise denoted €,, €, €,) are fitted without a glide com-
ponent. Of all the fits in the table, this has the overall smallest,
statistically most insignificant orientation parameters. It gives a
formal uncertainty in the alignment of about 30 pas per axis. Fit
2, using the same data set, but fitting the glide as well, reveals a
different picture. The orientation parameters remain negligible,
but not as close to zero as in fit 1, and the glide components have
a significant amplitude. The uncertainty is unchanged at about
30 pas. This is a good illustration of the ambiguity in the align-
ment when the procedure is not fully implemented.

In fits 3 to 5, only the orientation parameters are estimated,
but with different filtering of the data, with or without statistical
weighting of the differences. We showed in Sect. 4.1 that a sub-
set of sources has good astrometric quality in both catalogues,
but the position differences are not compatible with the formal
uncertainties. Removing these sources from the fit greatly im-
proves the formal precision of the fit, while the orientation pa-
rameters are changed by a few tens of uas, which is still only
marginally significant. More significant changes result from in-
cluding the glide and higher degrees of VSH (fits 6 to 8), or re-
stricting the sample to the brighter subset (fits 9 and 10) with or
without weighting. In these fits particularly the orientation error
in x and the glide in y become significant. Finally, cases 11a and
11b are run on two independent halves of the data to ascertain
the sensitivity of the solution to the selection.

Based on these experiments, we state that the axes of the
Gaia-CRF2 and the ICRF3-prototype are aligned with an uncer-
tainty of 20 to 30 pas, but no precise value can be provided with-
out agreeing on the detailed model and numerical procedures for
determining the orientation errors.

5. Other quasars in Gaia DR2

The cross-match of Gaia DR2 with the AIIWISE AGN catalogue
provided a very clean and homogeneous sample of quasars that
is suitable for the definition of the Gaia-CRF2 and systematic
investigation of its properties. However, other catalogues ex-
ist that will enlarge the sample of known or probable quasars
in Gaia DR2 for other purposes. The Million Quasars Cata-
logue (MILLIQUAS; Flesch 2015) is a compilation of quasars
and AGNs from the literature, including the release of SDSS-
DR14 and AIIWISE. We have cross-matched MILLIQUAS? to
Gaia DR2 using a matching radius of 5 arcsec, but otherwise
applying the same selection criteria as for Gaia-CRF2. This
yielded 1007920 sources with good five-parameter solutions
in Gaia DR2, of which 501204 are in common with the All-
WISE selection in Gaia-CRF2. The magnitude distribution of
the 506 716 additional sources is shown in Fig. 20. With a me-
dian G ~ 20.2 mag, these sources are typically one magnitude
fainter than the AIIWISE AGNs in Gaia-CRF2, with positional
uncertainties of about 1 mas.

Obviously, the Gaia DR2 release contains even more
quasars. They can be found by cross-matching with other QSO
catalogues such as the LQAC (Souchay et al. 2015) and various
VLBI catalogues. Ultimately, a self-consistent identification of

2 http://quasars.org/milliquas.htm, version of August 2017,
containing 1 998 464 entries.
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Table 3. Global differences between the Gaia-CRF2 positions of ICRF sources and their positions in the ICRF3-prototype, expressed by the

orientation and glide parameters.

Orientation (uas) Glide (uas)
Fit  Source selection W L N x y b4 X y z
1 all y 1 2820 -9 +29 4+27 3+28 - - -
2 all y 1 2820 -28+31 -8+29 10 £28 47+£29 -69+28 -72+29
3  p < 10mas y 1 2773 -17+16 22+15 -23+16 - - -
4 p<2mas y 1 2423 -35+9 21+ 8 -24+ 9 - - -
5 p<2mas n 1 2423 -13+14 5+14 -5+13 - - -
6 p<2mas y 5 2423 -47+12 3010 0+11 2+12 -40+10 -25=+11
7 p<1lmas y 5 1932 -47+10 12+ 9 -10+ 9 -2+10 -42+ 9 -18+ 9
8 p<l1lmas n 5 1932 -15+12 2+12 -14+11 -6+12 1+12 11+11
9 p<2mas,G<19 y 5 1382 -57+16 33+13 9+14 3+15 -48+13 -24+14
10 p<2mas,G<19 n 5 1382 -65+20 0+18 22 +17 5£20 -30+18 24 + 17
l1la p<2mas, [10°a)mod2=0 vy 5 1255 -19+18 34+15 -10x16 28+17 -10+15 -22+16
11b p<2mas, [10°¢/mod2=1 'y 5 1168 -61+17 3315 17 +15 -31+17 -64+15 -18+15

Notes. p is the angular separation between the optical and radio positions. N is the number of sources used in the fit. W = “y” or “n” for weighted
or unweighted solution. The weighted solutions use a non-diagonal weight matrix resulting from the combination of Gaia covariances and the
covariances from the ICRF3-prototype. I, is the highest degree of the fit from which orientation and glide are extracted for / = 1. The columns
headed x, y, z give the components of the orientation and glide along the principal axes of the ICRS.

quasars from photometric and astrometric data of Gaia will be
possible in a future release.

% in bin

17 18 19
G ( mag)

Fig. 20. Magnitude distribution for ~ 507 000 Gaia sources that are not
included in Gaia-CRF2, but are tentatively identified as quasars through
a cross-match with the MILLIQUAS catalogue.

6. Conclusions

With Gaia DR2, a long-awaited promise of Gaia has come to
fruition: the publication of the first full-fledged optical realisa-
tion of the ICRS, that is to say, an optical reference frame built
only on extragalactic sources. Comprising more than half a mil-
lion extragalactic sources that are globally positioned on the sky
with a median uncertainty of 0.4 mas on average, this represents
a major step in the history of non-rotating celestial reference
frames built over the centuries by generations of astronomers.
The brighter subset with G < 18 mag, comprising nearly 30 000
quasars with ~0.12 mas astrometric accuracy, is the best refer-
ence frame available today and within relatively easy reach for
telescopes of moderate size.

We have summarised the detailed content and mapped the
main properties of Gaia-CRF2 as functions of magnitude and
position. The quality claims regarding positional accuracy are
supported by independent indicators such as the distribution of
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parallaxes or proper motions. Large-scale systematics are char-
acterised by means of expansions in vector spherical harmonics.
Comparison with VLBI positions in a prototype version of the
forthcoming ICRF3 shows a globally satisfactory agreement at
the level of 20 to 30 uas. Several sources with significant radio—
optical differences of several mas require further investigation on
a case-by-case basis.
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