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CERGA

Optical Celestial Reference Frame

From Hipparcos to Gaia

F. Mignard

Observatoire de la Côte d'Azur/Lagrange

A tribute to J. Kovalevsky
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Summary

• J. Kovalevsky: scientist and science manager

• CRF before Hipparcos

• The HCRF

• The ICRS/ICRF context

• The Gaia-CRF2

• Conclusions
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Jean Kovalevsky (1929-2018)
• Born in Paris area in 1929 from Russian emigrates

• Educated at the Ecole Normale Supérieure in Paris

• PhD in Yale with D. Brouwer in Celestial Mechanics

• Founded and headed the Service de Calculs et de Mécanique
Céleste of the Bureau des Longitudes

• Structured the Space Geodesy in France

• Build the CERGA in 1974, director to 1982, and 1988-1992

• Pioneer of Space Astrometry with Hipparcos

• Head of the FAST consortium

• President of the CIPM at the BIPM (1997-2004)

• Author of fundamental astronomy and geodesy textbooks
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Why a reference frame ?

• To refer positions of fixed or moving sources

• To detect tiny motions

• To quantify without bias the  motion of sources

– modelling the galactic kinematics

– investigate rotational and translational motion of external galaxies

• To monitor the rotation of the earth

– fix the timescale

– study the plate motions

• Angular positions (and distances) of Quasars, galaxies, stars, planets, 
spacecraft
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Stellar Reference Frames < 1990
Name Epoch N. sources mag < Precision Comment

Lacaille 1760 397 7 10 00

Maskelyne 1774 36 5 5 00 zodiacal stars

Piazzi 1818 220 6 2 00 No PM

Bessel 1830 36 5 1 00 with PM

Argelander 1869 160 6 1 00

Auwers 1879 539 6 0.5 00

FK3 1937 873 7.0 0.5 00 1st IAU supported

FK4 1963 1535 7.5 0.2 00

FK5 1988 1535 7.5 40 mas

Hipparcos 1996 100 000 11.5 1 mas HCRF

ICRF1 (radio) 1998 620 - 2 mas

ICRF2 (radio) 2009 3400 - 0.6 mas

ICRF3 (radio) 2018 4500 - 0.23 mas median uncert.

2018 302 - 0.04 mas def. sources

Gaia QSOs 2018 550 000 21 0.4 mas Gaia-CRF2

Gaia G < 18 2018 27 000 18 0.12 mas
<latexit sha1_base64="N2S5ZGSfe32WWtRXTBjfJv8GuY0="></latexit>

Main features: small catalogues, bright sources, hard work !
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~ 1980 : A new approach

• New Concepts: Ideal and Practical realisations

• New tools:  Geodetic VLBI, astrometry in space

• New sources: extragalactic sources

• Better precision: stepping in the mas realm 
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A landmark monograph

1988
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Space Astrometry: key steps
• First concepts from P. Lacroute to CNES in 1966

• A presentation at the IAU GA 1967 in Prague

• Feasibility study at CNES in 1969-70 within a national program

"Nearly all fields of astronomy will be concerned"

" …this experience would completely revolutionize astrometry"

• Submitted to ESRO and major symposium to form the community 
around scientific objectives, 22-23 October 1974 in Frascati

– initiated by J. Kovalevsky

• Road to success: combination of astrometry and astrophysics

• ESA launched early studies for space astrometry

P. Lacroute

J. Kovalevsky
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Nature, March 1980, 284, 116
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P. Lacroute

FAST Consortium Nov 1986 Credit : M. Perryman
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Lecture in Delft

16 Dec 1986

Credit : M. Perryman
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Credit : M. Perryman

11 April 1988

R. Lüst M. Perryman                                          xx
xx,             H. Hassan,                 C.Turon,  P. Lacroute,  R. Bonnet,  E. Hoeg,  J. Kovalevsky, xx
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Ariane V33 – 08/08/1989

Credit : ESA

8 August, 1989



Journées 2019, Paris 15

Nature, 17/08 1989, 340, 491

Credit : F. Mignard
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Nature, 24/08 1989, 340, 581
Nature, 07/09 1989, 341, 3

Credit : F. Mignard
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Bern , 20 May, 1999

C. Turon J. Kovalevsky    L. Lindegren E. Hoeg

Happy Ending
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Stellar Reference Frames - 1996
Name Epoch N. sources mag < Precision Comment

Lacaille 1760 397 7 10 00

Maskelyne 1774 36 5 5 00 zodiacal stars

Piazzi 1818 220 6 2 00 No PM

Bessel 1830 36 5 1 00 with PM

Argelander 1869 160 6 1 00

Auwers 1879 539 6 0.5 00

FK3 1937 873 7.0 0.5 00 1st IAU supported

FK4 1963 1535 7.5 0.2 00

FK5 1988 1535 7.5 40 mas

Hipparcos 1996 100 000 11.5 1 mas HCRF

ICRF1 (radio) 1998 620 - 2 mas

ICRF2 (radio) 2009 3400 - 0.6 mas

ICRF3 (radio) 2018 4500 - 0.23 mas median uncert.

2018 302 - 0.04 mas def. sources

Gaia QSOs 2018 550 000 21 0.4 mas Gaia-CRF2

Gaia G < 18 2018 27 000 18 0.12 mas
<latexit sha1_base64="N2S5ZGSfe32WWtRXTBjfJv8GuY0="></latexit>
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Summary

1988
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HCRF – Source distribution

HCRF - 100,000 single stars – Galactic coordinates
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HCRF – Positional uncertainty 1991.25
HCRF - 1991
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HCRF - 2016HCRF at IAU 1997
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HCRF at IAU 2000
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HCRF – Positional uncertainty 2016.0

HCRF - 2016
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Name Epoch N. sources mag < Precision Comment

Lacaille 1760 397 7 10 00

Maskelyne 1774 36 5 5 00 zodiacal stars

Piazzi 1818 220 6 2 00 No PM

Bessel 1830 36 5 1 00 with PM

Argelander 1869 160 6 1 00

Auwers 1879 539 6 0.5 00

FK3 1937 873 7.0 0.5 00 1st IAU supported

FK4 1963 1535 7.5 0.2 00

FK5 1988 1535 7.5 40 mas

Hipparcos 1996 100 000 11.5 1 mas HCRF (stars)

ICRF1 (radio) 1998 620 - 2 mas ext. galact. sces.

ICRF2 (radio) 2009 3400 - 0.6 mas

ICRF3 (radio) 2018 4500 - 0.23 mas median uncert.

2018 302 - 0.04 mas def. sources

Gaia QSOs 2018 550 000 20.8 0.4 mas Gaia-CRF2

Gaia G < 18.2 2018 40 000 18.2 0.13 mas
<latexit sha1_base64="2yfzbrxidPXlweAiJWxy1E7jjN8="></latexit>

Celestial Reference Frames – 1998 - 2018
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ICRF3 S/X– Accuracy

• two regimes

• 5% outside the wing

ICRF3 S/X Number of sources : 4319/4536

Median σ: 0.211 mas
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And ESA said, Let there be Gaia …



RP

BP

Temperature

Parallaxes
Proper motions

Intersellar absorbtion

Radius, luminosity

Vr

Variable stars

Solar system 
sources

Sky survey

THE GAIA DR2: quantity, quality, diversity

556 869
Quasars 
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Dresden, 22 Sept 2005

7th RRFWG

Reference frame with 
Gaia

Relativity and Reference frame 
working group
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et al.

Gaia - CRF2
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Gaia CRF2 : source distribution
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Gaia CRF2 - Sky density per deg2 ¡ 557;000sources

Gaia collaboration, DR2 , 2018
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Gaia CRF2 : source distribution G <18.2

1

2

3

4

Q
S
O

s
p
er

d
eg

2

Gaia CRF2 G < 18:2 - Sky density per deg2 ¡ 40;000 sources

Gaia collaboration, DR2 , 2018
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Gaia CRF2 : astrometric uncertainty G < 21

GCRF2
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Gaia CRF2 - Positional accuracy 557;000 QSOs
µas

<latexit sha1_base64="fBNwGzvZtIX7zeFmSB3czxEfeYo="></latexit>

Gaia collaboration, DR2 , 2018
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Gaia CRF2 : astrometric uncertainty G < 18.2

GCRF2
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Gaia CRF2 - Positional accuracy G < 18:2 40,000 QSOs µas
<latexit sha1_base64="fBNwGzvZtIX7zeFmSB3czxEfeYo="></latexit>

Gaia collaboration, DR2 , 2018
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Gaia CRF2 – accuracy distribution 

• very smooth distributions

• no outliers (removed !)

•

556869  QSOs  
Median σ = 0.4mas

G < 20.8
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<latexit sha1_base64="bDmhvHMcthFqsUFFAeYzzku6mu0="></latexit>

• Excellent subset with  
1 QSO/deg2

• More to come with 
DR3 & DR4

Gaia collaboration, DR2 , 2018
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Celestial Reference Frames  today
Name Epoch N. sources mag < Precision Comment

Lacaille 1760 397 7 10 00

Maskelyne 1774 36 5 5 00 zodiacal stars

Piazzi 1818 220 6 2 00 No PM

Bessel 1830 36 5 1 00 with PM

Argelander 1869 160 6 1 00

Auwers 1879 539 6 0.5 00

FK3 1937 873 7.0 0.5 00 1st IAU supported

FK4 1963 1535 7.5 0.2 00

FK5 1988 1535 7.5 40 mas

Hipparcos 1996 100 000 11.5 1 mas HCRF (stars)

ICRF1 (radio) 1998 620 - 2 mas ext. galact. sces.

ICRF2 (radio) 2009 3400 - 0.6 mas

ICRF3 (radio) 2018 4500 - 0.23 mas median uncert.

2018 302 - 0.04 mas def. sources

Gaia QSOs 2018 550 000 20.8 0.4 mas Gaia-CRF2

Gaia G < 18.2 2018 40 000 18.2 0.13 mas
<latexit sha1_base64="2yfzbrxidPXlweAiJWxy1E7jjN8="></latexit>
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ICRF after Gaia : to be discussed
• There are at least two options according as the alignment between 

optical and radio frames is achievable with the required accuracy

• OCRF = Optical Celestial Reference Frame è new versions shortly

• RCRF = Radio Celestial Reference Frame è no major revision soon

OCRF RCRF

ICRF

OCRF RCRF

R-ICRFO-ICRF
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OCRF RCRF
(S/X, K, X/Ka)

ICRF

OCRF RCRF

R-ICRFO-ICRF
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J. Kovalevsky : From astronomy to metrology
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Thanks for your attention


