
The Hipparcos and Tycho Catalogues





SP–1200
June 1997

The Hipparcos and Tycho Catalogues

Astrometric and Photometric Star Catalogues

derived from the

ESA Hipparcos Space Astrometry Mission

A Collaboration Between

the European Space Agency

and

the FAST, NDAC, TDAC and INCA Consortia

and the Hipparcos Industrial Consortium led by

Matra Marconi Space

and

Alenia Spazio

European Space Agency
Agence spatiale européenne



Cover illustration: an impression of selected stars in their true positions around the Sun, as determined by

Hipparcos, and viewed from a distant vantage point. Inset: sky map of the differences in parallax between the

final NDAC and FAST sphere solutions, in equatorial coordinates.

Published by: ESA Publications Division, c/o ESTEC, Noordwijk, The Netherlands

Scientific Coordination: M.A.C. Perryman, ESA Space Science Department

and the Hipparcos Science Team

Composition: Volume 1: M.A.C. Perryman

Volume 2: K.S. O’Flaherty

Volume 3: F. van Leeuwen, L. Lindegren & F. Mignard

Volume 4: U. Bastian & E. Høg

Volumes 5–11: Hans Schrijver

Volume 12: Michel Grenon

Volume 13: Michel Grenon (charts) & Hans Schrijver (tables)

Volumes 14–16: Roger W. Sinnott

Volume 17: Hans Schrijver & W. O’Mullane

Typeset using TEX (by D.E. Knuth) and dvips (by T. Rokicki)

in Monotype Plantin (Adobe) and Frutiger (URW)

Film Production: Volumes 1–4: ESA Publications Division, ESTEC, Noordwijk, The Netherlands

Volumes 5–13: Imprimerie Louis-Jean, Gap, France

Volumes 14–16: Sky Publishing Corporation, Cambridge, Massachusetts, USA

ASCII CD-ROMs: Swets & Zeitlinger B.V., Lisse, The Netherlands

Publications Management: B. Battrick & H. Wapstra

Cover Design: C. Haakman

1997 European Space Agency

ISSN 0379–6566

ISBN 92–9092–399-7 (Volumes 1–17)

Price: 650 Dfl ($400) (17 volumes)

165 Dfl ($100) (Volumes 1 & 17 only)



Volume 3

Construction of the Hipparcos Catalogue

Compiled by:

F. van Leeuwen, L. Lindegren & F. Mignard

with the support of

members of the NDAC and FAST Data Reduction Consortia





vii

Volume 3: Construction of the Hipparcos Catalogue

Contents

Foreword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Section A: Background

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1. The Purpose of this Volume . . . . . . . . . . . . . . . . . . . . 1
1.2. Pre-Launch Preparations . . . . . . . . . . . . . . . . . . . . . 2
1.3. Preparation of the Observing Programme . . . . . . . . . . . . . . 5
1.4. Methodology and Organisation of the Data Analysis . . . . . . . . . . 6
1.5. Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6. The Final Results Data Base and the Final Mission Products . . . . . . 9
1.7. Astrophysical Exploitation . . . . . . . . . . . . . . . . . . . . 11
1.8. Data ‘Rights’ and Related Issues . . . . . . . . . . . . . . . . . 12

2. Mission Operations Time-Line . . . . . . . . . . . . . . . . . . . . 13
2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2. Activities Leading to Improvements of the Data Quality . . . . . . . 13
2.3. Routine Operational Phase . . . . . . . . . . . . . . . . . . . 16
2.4. Events and Failures Leading to Loss or Degradation of Data . . . . . 19
2.5. Data Return . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3. Observing Programme . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2. The Stellar Inputs . . . . . . . . . . . . . . . . . . . . . . . 24
3.3. From Scientific Proposals to a Tentative Input Catalogue . . . . . . 26
3.4. Resulting Catalogue Content . . . . . . . . . . . . . . . . . . 27
3.5. Tests of the Hipparcos Input Catalogue by Satellite Observations . . . 30

4. Overview of the Data Analysis . . . . . . . . . . . . . . . . . . . . 33
4.1. Main Stages of the Data Reduction . . . . . . . . . . . . . . . . 33
4.2. Organisation of the Data Reductions in FAST . . . . . . . . . . . 38
4.3. Organisation of the Data Reductions in NDAC . . . . . . . . . . . 44



viii

Section B: Analysis Procedures: Main Astrometric Catalogue

5. Image Dissector Tube Data Processing . . . . . . . . . . . . . . . . . 47
5.1. Description of the Measurements and Other Input Data . . . . . . . 47
5.2. The Signal Model . . . . . . . . . . . . . . . . . . . . . . . 52
5.3. Principles of the Image Dissector Tube Data Processing . . . . . . . 55
5.4. Calculation of the Relative Phases . . . . . . . . . . . . . . . . 57
5.5. Binning Techniques . . . . . . . . . . . . . . . . . . . . . . 61
5.6. Solution of the Binned Equations . . . . . . . . . . . . . . . . . 63
5.7. Statistical Tests of the Five-Parameter Solution . . . . . . . . . . . 66
5.8. Veiling-Glare Correction by FAST . . . . . . . . . . . . . . . . 67
5.9. Optical Transfer Function Calibration and Three-Parameter Solution . 68
5.10. Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . 72

6. Star Mapper Data Processing . . . . . . . . . . . . . . . . . . . . . 73
6.1. The Measurement Principles . . . . . . . . . . . . . . . . . . 73
6.2. The Star Mapper Transit Signal . . . . . . . . . . . . . . . . . 79
6.3. Signal Recognition and Background Determination by NDAC . . . . 80
6.4. Signal Recognition and Background Determination by FAST . . . . 82
6.5. Programme Star Detection by FAST . . . . . . . . . . . . . . . 87
6.6. Transit Time and Intensity Determinations by NDAC . . . . . . . . 90
6.7. Transit Time and Intensity Estimation by FAST . . . . . . . . . . 91
6.8. Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.9. Star Mapper Astrometry . . . . . . . . . . . . . . . . . . . . 93
6.10. Star Mapper Photometry . . . . . . . . . . . . . . . . . . . . 93

7. Attitude Reconstruction . . . . . . . . . . . . . . . . . . . . . . . 97
7.1. The Attitude Reconstruction Problem . . . . . . . . . . . . . . . 97
7.2. Physics of the Attitude of the Satellite . . . . . . . . . . . . . . . 100
7.3. The Nominal Scanning Law and Real-Time Attitude Determination . 105
7.4. Attitude Modelling and Estimation by NDAC . . . . . . . . . . . 107
7.5. FAST Attitude Model . . . . . . . . . . . . . . . . . . . . . 112
7.6. FAST Estimation Procedure . . . . . . . . . . . . . . . . . . . 115
7.7. Performance Comparisons . . . . . . . . . . . . . . . . . . . . 119

8. Timing and Calibrations from the Attitude Reconstruction . . . . . . . . 123
8.1. Characteristics of the Orbit . . . . . . . . . . . . . . . . . . . 123
8.2. The On-Board Time . . . . . . . . . . . . . . . . . . . . . . 127
8.3. Gyro Calibrations . . . . . . . . . . . . . . . . . . . . . . . 131
8.4. Thruster Firings . . . . . . . . . . . . . . . . . . . . . . . . 135
8.5. Inertia Tensor and Torque Calibrations . . . . . . . . . . . . . . 137
8.6. Miscellaneous Effects . . . . . . . . . . . . . . . . . . . . . . 145
8.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 146

9. Great-Circle Reductions . . . . . . . . . . . . . . . . . . . . . . . 147
9.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 147
9.2. Great-Circle Reduction . . . . . . . . . . . . . . . . . . . . . 148
9.3. Attitude Smoothing . . . . . . . . . . . . . . . . . . . . . . 153
9.4. Rank Deficiency and Minimum Norm Solution . . . . . . . . . . 154
9.5. Accuracy of the Great-Circle Solution . . . . . . . . . . . . . . . 157
9.6. Instrument Parameters . . . . . . . . . . . . . . . . . . . . . 163
9.7. Analysis of the Least-Squares Residuals . . . . . . . . . . . . . . 164
9.8. Intercomparisons . . . . . . . . . . . . . . . . . . . . . . . . 168
9.9. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 171



ix

10. Evolution of Instrument Parameters . . . . . . . . . . . . . . . . . . 173
10.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 173
10.2. Geometrical Instrument Parameters . . . . . . . . . . . . . . . 174
10.3. Medium-Scale Distortion . . . . . . . . . . . . . . . . . . . 177

11. Sphere Solution . . . . . . . . . . . . . . . . . . . . . . . . . . 195
11.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 195
11.2. The Reference Great-Circle Frame . . . . . . . . . . . . . . . 198
11.3. Observation Equation . . . . . . . . . . . . . . . . . . . . . 198
11.4. The Sphere Solution Proper . . . . . . . . . . . . . . . . . . 203
11.5. Determination of Astrometric Parameters in NDAC . . . . . . . . 211
11.6. Determination of Astrometric Parameters in FAST . . . . . . . . 212
11.7. Rank Deficiency and Convergence Properties . . . . . . . . . . . 215

12. Ephemerides, Timing, and Calculation of Celestial Directions . . . . . . 221
12.1. Ephemerides . . . . . . . . . . . . . . . . . . . . . . . . . 221
12.2. Timing of the Observational Data . . . . . . . . . . . . . . . . 223
12.3. Coordinates for Stars and Solar System Objects . . . . . . . . . . 224
12.4. Formulae for Gravitational Deflection and Aberration . . . . . . . 227

Section C: Analysis Procedures: Independent Tasks

13. Double and Multiple Star Treatment . . . . . . . . . . . . . . . . . 233
13.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 233
13.2. Double Star Detection . . . . . . . . . . . . . . . . . . . . . 234
13.3. The Astrometric and Photometric Solution: FAST Method . . . . . 240
13.4. The Astrometric and Photometric Solution: NDAC Method . . . . 252
13.5. NDAC Implementation and Results . . . . . . . . . . . . . . . 258
13.6. NDAC/FAST Comparisons . . . . . . . . . . . . . . . . . . 263
13.7. Merging of the Results for Resolved Double and Multiple Stars . . . 264
13.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 272

14. Photometric Treatment . . . . . . . . . . . . . . . . . . . . . . . 273
14.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 273
14.2. The Photometric System . . . . . . . . . . . . . . . . . . . . 274
14.3. The Photometric Data . . . . . . . . . . . . . . . . . . . . . 277
14.4. The Calibration . . . . . . . . . . . . . . . . . . . . . . . . 279
14.5. Final Corrections . . . . . . . . . . . . . . . . . . . . . . . 286
14.6. Parasitic Transit Detections . . . . . . . . . . . . . . . . . . . 290
14.7. Merging . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
14.8. Properties of the Photometric Data . . . . . . . . . . . . . . . 297

15. Minor Planets and Planetary Satellites . . . . . . . . . . . . . . . . . 305
15.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 305
15.2. Hipparcos Observations of an Extended Source . . . . . . . . . . 305
15.3. Astrometry on the Circle . . . . . . . . . . . . . . . . . . . . 308
15.4. Astrometry Final Output . . . . . . . . . . . . . . . . . . . . 312
15.5. Photometry of the Solar System Objects . . . . . . . . . . . . . 315



x

Section D: Sphere Solution and the Final Catalogue

16. Successive Sphere Solutions . . . . . . . . . . . . . . . . . . . . . 323
16.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 323
16.2. Principles of Iterations . . . . . . . . . . . . . . . . . . . . . 324
16.3. NDAC Sphere Solutions . . . . . . . . . . . . . . . . . . . . 327
16.4. FAST Sphere Solutions . . . . . . . . . . . . . . . . . . . . 334
16.5. Evolution of Standard Errors . . . . . . . . . . . . . . . . . . 337
16.6. Intercomparisons . . . . . . . . . . . . . . . . . . . . . . . 343
16.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 366

17. Astrometric Catalogue Merging . . . . . . . . . . . . . . . . . . . . 369
17.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 369
17.2. Astrometric Parameters and Abscissa Residuals . . . . . . . . . . 370
17.3. Scaling Corrections of Consortia Formal Errors . . . . . . . . . . 372
17.4. Correlation Between Abscissae . . . . . . . . . . . . . . . . . 374
17.5. The Least-Squares Solutions . . . . . . . . . . . . . . . . . . 375
17.6. Merged Solutions of Non-Single Stars . . . . . . . . . . . . . . 377
17.7. Comparison with a Weighted Mean . . . . . . . . . . . . . . . 379
17.8. Correlations Between Different Stars on the Same Great Circle . . . 383
17.9. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 385

18. The Link to an Extragalactic System . . . . . . . . . . . . . . . . . . 387
18.1. Motivation for the Link . . . . . . . . . . . . . . . . . . . . 387
18.2. Reference System for the Hipparcos Catalogue . . . . . . . . . . 388
18.3. Link Equations . . . . . . . . . . . . . . . . . . . . . . . . 389
18.4. Results of the Different Link Programmes . . . . . . . . . . . . 392
18.5. Discussion of the Individual Solutions . . . . . . . . . . . . . . 402
18.6. Synthesis of the Link Solutions: General Methods . . . . . . . . . 403
18.7. Synthesis of the Link Solutions: Results . . . . . . . . . . . . . 405
18.8. Verification and Conclusions . . . . . . . . . . . . . . . . . . 409
18.9. Organisation of the Work . . . . . . . . . . . . . . . . . . . . 412

Section E: Properties of the Final Hipparcos Catalogue

19. Comparisons with Ground-Based Astrometry . . . . . . . . . . . . . . 415
19.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 415
19.2. Comparison with the FK5 Catalogue . . . . . . . . . . . . . . 416
19.3. Comparison with the PPM Catalogue . . . . . . . . . . . . . . 421
19.4. Comparison with the Mark III Interferometer Results . . . . . . . 427
19.5. Astrometric Reductions of Schmidt Plates . . . . . . . . . . . . 429
19.6. Analysis of Recent Meridian Circle Observations . . . . . . . . . 431
19.7. Analysis of Recent Astrolabe Observations . . . . . . . . . . . . 432

20. Verification of Parallaxes . . . . . . . . . . . . . . . . . . . . . . . 433
20.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 433
20.2. Assessment of Possible Errors . . . . . . . . . . . . . . . . . . 433
20.3. Comparison with Ground-Based Data . . . . . . . . . . . . . . 434
20.4. Systematic Errors of the Hipparcos Astrometric Parameters . . . . . 438
20.5. The Zero-Point and Unit-Weight Error of the Parallaxes . . . . . . 441
20.6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 445



xi

21. Validation of Photometric Results . . . . . . . . . . . . . . . . . . . 447
21.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 447
21.2. Evaluation of the Calibrations . . . . . . . . . . . . . . . . . . 448
21.3. Distribution of the Unit-Weight Variance . . . . . . . . . . . . . 451
21.4. Analysis of the Periods of Variable Stars . . . . . . . . . . . . . 454
21.5. Stability of the Photometric System . . . . . . . . . . . . . . . 456
21.6. Comparison with the Walraven Photometric System . . . . . . . . 461
21.7. Additional Comparisons with Ground-Based Systems . . . . . . . 464
21.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 469

22. Analysis of Double Star Results . . . . . . . . . . . . . . . . . . . . 471
22.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 471
22.2. Relative Astrometry . . . . . . . . . . . . . . . . . . . . . . 472
22.3. Relative Photometry . . . . . . . . . . . . . . . . . . . . . . 478
22.4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 481

23. Future Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . 483
23.1. The Merits of a Scanning Astrometric Mission . . . . . . . . . . 483
23.2. The Space Astrometry Problem Revisited . . . . . . . . . . . . 485
23.3. An Attempted Global Iterative Solution . . . . . . . . . . . . . 490
23.4. The Challenges for the Future . . . . . . . . . . . . . . . . . 494

Appendices

Appendix A. Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . 497

Appendix B. Notations . . . . . . . . . . . . . . . . . . . . . . . . . 505

Appendix C. References . . . . . . . . . . . . . . . . . . . . . . . . . 511

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517





xiii

Foreword

In March 1980, the Hipparcos mission was accepted within the scientific programme
of the European Space Agency. It was approved on the basis of performance analyses
predicting a standard error in parallax, at visual magnitude 9, of about 2.0 milliarcsec
(mas), assuming an observing programme of 100 000 stars. The standard errors actually
achieved are about 40 per cent smaller than these predictions, and the programme
includes nearly 20 per cent more stars, most of them selected on astrophysical grounds;
moreover, a wealth of accurate photometric data, variability and multiplicity information
has been extracted, which was not anticipated in the original project. The Tycho
experiment, resulting in a separate astrometric and photometric catalogue of over one
million stars, was also totally unforeseen in 1980. Thus, it is no exaggeration to claim
that the Hipparcos mission has achieved its original goals, and much more.

The planning and execution of the data reductions for Hipparcos required an immense
and concerted effort from the astronomical community, bringing together expertise not
only in many areas of astronomy but also in mechanics, numerical methods, geodesy,
and related fields. The reduction task was unusual among astronomical satellite projects
in the sense that it was an entity that could not be subdivided: no small subset of stars
could be reduced separately. It was therefore necessary to regard the data reductions as
an integral part of the project, which thus logically ends with the present publication of
the Hipparcos and Tycho Catalogues.

Even before acceptance of the mission in 1980, there had been two independent groups
of scientists planning to reduce all the observations of the satellite and produce an as-
trometric catalogue. When, in 1981, ESA issued an Announcement of Opportunity
to participate in the processing of the scientific data, the two groups consolidated into
the present data reduction consortia—Fundamental Astronomy by Space Techniques, un-
der the leadership of J. Kovalevsky, and Northern Data Analysis Consortium, originally
led by E. Høg and, from 1990, by L. Lindegren. These groups were subsequently
entrusted with the task of producing a single output catalogue under the supervision of
the Hipparcos Science Team. Between 1981 and 1989 the consortia developed inde-
pendent software for the comprehensive simulation and reductions of the satellite data.
Numerous comparisons were made between the partial reductions of simulated data,
from which errors in the mathematics and algorithms were identified and corrected.
Such comparisons continued during the mission, now using the real observations. Fi-
nally, two catalogues were produced that differed only slightly, and a rigorous method
was developed to combine them into a single, agreed Hipparcos Catalogue—the only
one that is published.

The point of making two independent reductions was not obvious to everybody—
certainly judging by the many times we were asked what we would do if the two cata-
logues turned out to be different! Our point was simply that any significant difference
in the results must be due to some error in the method or software, and that such
errors should then be found and corrected. In retrospect, it was an extremely good idea
to duplicate the main reductions. Not only did this eliminate many errors that might
otherwise have gone unnoticed, but it was also found that the combined catalogue was
superior to either of the consortia catalogues in terms of accuracy and reliability, for
reasons which could be understood (and which are explained in this volume).
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The full-scale scientific exploitation of the Hipparcos mission can now begin. Some
users will perhaps at first be confused by the wealth of information, the rich diversity of
results, the intricate relationships between the different parts of the catalogue, and the
sometimes very detailed descriptions of what the data represent. Indeed, the Hipparcos
Catalogue is vastly more complex than any previous astrometric catalogue. Apart from
‘traditional’ astrometric data—positions, proper motions, and parallaxes—the catalogue
provides accurate photometric results, light curves and variability analysis, detailed
information on resolved double and multiple stars, astrometric binaries, minor planets,
etc. The complexity of the catalogue reflects the non-trivial nature of celestial objects
revealed by an instrument of pioneering excellence.

The full complexity of the data analysis, in particular the multiple inter-relationships of
the various results, was not fully appreciated before launch. It demanded great flexibility
and ingenuity within the data analysis teams to cope successfully with this complexity,
with the additional complications brought by the unforeseen satellite orbit, and to
converge towards a single goal in a very short space of time. The linking of the combined
catalogue to the extragalactic reference frame, making the Hipparcos proper motions
inertial and enabling the positions to be compared immediately with radio catalogues,
was another example of an immensely successful collaboration involving many more
institutes throughout the world and the completion of a very difficult task according to a
tight schedule. Finally, the preparation of the results, their verification and presentation
on various media—printed volumes, machine-readable files, Celestia 2000—was itself a
formidable task.

A huge effort was thus invested in making these results accessible to the scientific com-
munity, and to do so in a form preserving as much as practicable of the scientifically
useful information hidden in the raw data stream. However, the extraction of this in-
formation was necessarily based on certain assumptions, e.g. that stars generally move
in straight lines through space. When these assumptions were clearly contradicted by
the data, alternative assumptions (models) had to be used, thus, for example, uniformly
accelerated motion or orbital motion. The division between different models is always a
matter of compromise between random and systematic errors, and thus to some extent
arbitrary. Similar considerations applied to all aspects of the processing, for instance
regarding the choice between constant and variable models in the photometric reduc-
tions. The additional information in the Epoch Photometry Annex, the Intermediate
Astrometric Data, and the Transit Data, is provided partly with a view to allow these
considerations to be re-assessed by the users of the catalogue.

The published Hipparcos Catalogue represents the reduction consortia’s interpretation
of the satellite data in terms of a certain range of models and criteria for selecting
between them. For most astrophysical applications it can be taken for granted that
the interpretation is reasonable and adequate. In other cases the user may wish to
understand precisely what has been done, why it was done in that way, and how these
choices are reflected in the final data. The present volume is intended to provide an
account of the reductions which is by no means complete, but sufficient to permit a
detailed understanding of the properties of the catalogue.

J. Kovalevsky, FAST Consortium Leader
L. Lindegren, NDAC Consortium Leader
E. Høg, former NDAC Consortium Leader


