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ABSTRACT:

Technological and scientific developments during the past gentade a new branch of astronomy
flourish, i.e. astrophysics, and resulted in our predeap understanding of the whole Universe. But this
brought astrometry almost to extinction because it waddenes to be dull and old-fashioned, especially
by young astronomers. Astrometry is the much older bran@stobnomy, in fact 2000 years of age,
which performs accurate measurements of positions, nsotiad distances of stars and other celestial
bodies. Astrometric data are of great scientific andttma importance for investigation of celestial
phenomena and also for control of telescopes and satalitefor monitoring of Earth rotation. Our main
subject is the development during thd"2@ntury which finally made astrometry flourish as aedral
part of astronomy through the success of the Hipparcos astiosegellite, soon to be followed by the
even more powerful Gaia mission.

Synopsis

The renewal of astrometry in the™@entury resulted from work by astronomers who saw the
necessity and were able to utilize the newest tecggdlr astrometry, and it is now possible in
retrospect to see in detail how this was accomplished.r&newal began with a rather modest
experiment on the old meridian circle in Copenhagen in 1885 alminated with the Hipparcos
and Gaia space missions. From 1925 to 1975 the ground was laiddsy amall number of
researchers who, in fact, acted in a single chaianyfof them had been missing we would not
have had any Hipparcos mission, and consequently no Guid925 Bengt Stromgren in
Copenhagen, Denmark, made experiments with recording dfateits at a meridian circle. He
placed a plate with slits in the focal plane withhetocell behind, and recorded the current as a
star was moving across. The present author was Strommgteident 1950 to 1956. Shortly later

| went to Hamburg in Germany where | stayed for 15 yelarsl960 | proposed that the
recording of star transits should be done with the Ini@atnique of photon counting which was
then implemented and used for many years on the Hambuidjianecircle.

In 1967 Pierre Lacroute in Strasbourg, France, proposscatothe sky with a rotating satellite,
recording the star transits with photon counting. |ddagpace astrometry were much studied in
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France, but only in France. Especially on French inigatihe European Space Agency began
studies in 1975 where | was invited to participate. Swiftipade a realistic design of a scanning
satellite with many new features. The design was siulbdyeastronomers, ESA engineers and
industry, and the Hipparcos astrometric mission was apgravel980. The satellte was
launched in 1989 and completed a three year successkibmighe results were published in
1997 and have since been utilized in many thousand publicatigpsartios observations were
obtained with photoelectric detectors, viz. an imagsedior tube and two photomultipliers.

In 1992 | proposed a new astrometric mission where CCé&rttes were introduced, resulting in
a million times higher observing efficiency than Hippa@axchieved. Such a mission, named
Gaia, was approved by ESA in 2000 after deep studies by stseai® engineers, and is due for
launch in 2012. Thus, astrometry seemed lost, but has bgamed through the application of
space techniques after astrometric developments during lglitury depending critically on a
very few men, and subsequently being implemented by l@@®as of dedicated scientist and
engineers.

Astrometry seemed lost

The revival of astrometry during the last century wasipbes through photoelectric astrometry
applied to space techniques, implemented in the Hipparcekiteaaunched by ESA in 1989.
The chain of ideas and experiments which led to Hippardoaded in the following, for greater
detail see Hgg (2008 and 2009). Photoelectric techniques were usastrfimetry by many
scientists in the previous century, but | shall focustendctivities in Copenhagen, Hamburg,
Strasbourg and other places in France, leading from aefipsriment on the meridian circle in
Copenhagen in 1925 up to approval of the Hipparcos mission byrEEF80.

The prospects for astrometry looked bleak at the midfitheo 23" century. If an astrometrist
retired, the vacancy was usually filled with an astropigts and astrophysics was moving
towards the exciting new extragalactic astronomy. But ghesent author did not feel any
pressure from this trend when | studied in Copenhagen (1950-56)tekbhers at the
observatory, Bengt Stromgren and Peter Naur, were \mthfamiliar with astrometry, and it
was natural to follow their advice. As a boy, | haddrahout Tycho Brahe and Ole Rgmer, the
two Danish heroes in astronomy, who both worked on vghadw called astrometry, astronomy
of positions.

In fact, important developments were going on also dutfireg middle of the century which
eventually allowed me to lead the construction of theh®y2 Catalogue with 2.5 million stars.
This catalogue has replaced all previous reference catalogitle its positions and proper
motions derived from observations with the Hipparcos lgateind 100 years of ground-based
observations. Since its release in 2000, Tycho-2 is beiryaxsrywhere to guide astronomical
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telescopes on the ground and satellites in space, arasti@mphysical studies by means of its
two-colour photometry.

The term astrometry does not apply to astronomical measnt in general as the word
suggests, but only to the measurement of positions okyhef stars and other celestial objects.
The position of a star changes with time due to its propstiom to the parallactic motion
created by the motion of the Earth around the Sun, andet@rbital motion in the case of a
binary star. The term astrometry came into use tondisish it from astrophysics, especially
after the introduction of stellar spectroscopy 150 yegosaad of atomic theory later on, which
were used to analyse the spectra. For the two millgrioa to that, astrometry had in fact been
the main task of astronomy. Astrometric observationtd iave been the basis for navigation,
time keeping and monitoring of Earth rotation, and they tgiven us a deep astronomical
understanding of stars and their distances and moti@rssydtems, planetary motions, and the
underlying physical laws.

The photoelectric effect was discovered in 1887 by Wilhdhltiwachs. He saw that a negative
charge on a zinc plate was lost when it was illuminatedght of sufficiently high frequency,
i.e. high energy. The effect was explained in 1905 by AlBerstein in terms of atomic theory
which earned him the Nobel prize in 1921.

W D . X
Fig. 1. Two slit systems for photoelectric observation with eridian circle: Stromgren 1925 and Hag

1960, the latter for two-dimensional measurement. In lerarwas called “une grille de Hgg” in the early
1960s

Photoelectric astrometry in Copenhagen and Hamburg

Bengt Stromgren was introduced to astronomy by his fatherwds professor and director of
the observatory. In 1925, at the age of 17 years, he rdpaisteit experiments with photoelectric
recording of star transits. In the focal plane of ti& meridian circle in Copenhagen he had
placed a system of slits parallel to the meridiag, IFiBehind the slits a photo cell received the
light from the star after it had passed the slitsth&sstar moved across the slits the variations of
light intensity gave corresponding variations in thetplaurrent, and these variations of current
were amplified and recorded.
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Stromgren, however, found a serious drawback of his limigthod: For reasons of statistical
noise, it would only allow recording of stars B & 7" magnitude with a medium size meridian
circle. In 1933 he therefore proposed a method of integratith a switching mirror and two
photocells behind the grid which should allow observatiomo€h fainter stars. But the method
posed technical problems and no further experiments haam reported. The present author
heard about the two proposals as a student and thatrbdater on.

In 1940 Bengt Stréomgren became director of the observatmgted in the centre of
Copenhagen. The same year he took the initiative to buiéva observatory at a site in
Brorfelde 50 km west of Copenhagen. The main instruneenéw meridian circle, was installed
in 1953 and | got the task as student to test the stabiliftyeofiew instrument by photographic
observations of a star very close to the North Pole.

Most important for me as a young scientist, was tovgup in an environment where a new
meridian circle was the main instrument and wheredbisse for the institute had been defined
by an outstanding scientist. Bengt Stromgren gave budgy not only a youngster as me,
confidence about the future line of astronomy. How vefferént at most other places in the
world where astrometry, the astronomy of positions, beasg discarded as old science. At such
places | would probably have become an astrophysicist $inertainly did not want to do old
stuff.

My studies finished, | became a conscript soldier. Mbshe time | had the opportunity to work
in a laboratory measuring radioactive decay of dust, cetletd follow the nuclear weapon
testing of the two superpowers. This involved radioactesinting techniques and my
experience with this brand new technique was later apgiptiotoelectric astrometry.

In 1958 | moved to the Hamburg Observatory where both astrpaned astrophysics were held
in high esteem; Otto Heckmann was the powerful direttwanted to classify stars by objective
prism spectra obtained with the big Schmidt telescope amdiltl a punched card recording
system for the spectrum scanner, something new for timgt. tBut in 1960 | returned to
astrometry after the excursion in direction of astrgptsyand stellar astronomy. | had the idea
that Stromgren’s method with the switching mirror couldirbplemented very elegantly by a
photon counting technique which | had learnt from the cogmfrradioactive decay.

A photo multiplier tube should be placed behind a sitesy and the photo-electrons be counted
in short time intervals, controlled by an accurate cl@eld the counts be recorded on punched
tape. Later numerical analysis of the counts in a coenpubuld give the transit times across the
slits. In principle, the transit time for individualtslicould be derived, or the transit time for a
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group of slits. The latter method would be less sensitvaoise, and in the course of time both
methods have been widely applied.

The slits should be inclined to the stellar motion by 45 degyie alternating directions, Fig. 1.
By such a “fishbone grid” a two-dimensional measuremethefttar in the focal plane became
possible, corresponding to right ascension and declination

Astrometry by means of accurate slits and photon countiag subsequently applied on
meridian circles, on long-focus telescopes, and utgipaon the first astrometric satellite,

Hipparcos. French astronomers became interested in ¢lieody and there were reports from
Lile and Besancon in the early 1960s and later follhwauzeat (1974) and Creze et al.
(1982) where they worked with “une grille de Hgg”, as theyed the system of inclined slits.

The method with the fishbone grid and photon counting wasiad in the proposal for space

astrometry by Pierre Lacroute.

Heckmann was immediately interested and the method invpemented on the Hamburg
meridian circle for the expedition to Perth, West@urstralia. That kept me busy for the next
decade and resulted in a catalogue in 1976 with positions of 238060 s

Astrometry with a scanning satellite

Pierre Lacroute, director of the Strasbourg Observatmgsented a project of space astrometry
at the General Assembly of the International Astraical Union (IAU) in Prague in 1967.
Lacroute had already presented such a project in angaetBordeaux on 4-6 October 1965, in
front of French and Belgian astronomers. This waditsietime that such type of astronomy was
proposed for a space mission.

The potential advantages were clear, no atmospherecagdavity, and perhaps thermal stability
if that would be technically feasible. | attended thespn¢ation in Prague, but to me and most
others the technical problems seemed utterly underestinmiBbedproposal did not start any
activity outside France, but Lacroute’s vision was foatety shared by other French
astronomers, especially by Pierre Bacchus and they wockeskly together. Also Jean
Kovalevsky supported the project and he has recently gavemmccount of the early years
(Kovalevsky 2009). He finally had it converted from being diomal project to become
European, through ESA.

A study group of astronomers and ESA engineers was set 1§/b and | joined the group on
invitation, in spite of my profound scepticism and lackntérest in space techniques. But the
first meeting on 14 October changed my scepticism bedhasehairman of the meeting urged
us not especially to consider the existing proposalssioply to think about how we could
make use of space techniques for our science, astroméiay.nfade me think freely, in fact
converted me to become an enthusiast, and with a nunhlmeajor changes in the following
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weeks | could swiftly transform the satellite to beeomachnically simpler and vastly more
effective, see Fig. 2 and Hag (1997).
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Fig. 2. Hipparcos design by mid 1976. When launched in 1989, the tpkesas very different, a folded
Schmidt system as shown in Fig. 3, but the slit systahdatectors were quite similar
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Fig. 3. Hipparcos as launched in 1989: Schmidt system with 29 cmeti aperture, 1.4 m focal length
and two viewing directions, all mirrors silver coatedt fnaximum reflectivity. The satellite rotation
makes the stars cross the modulating grid and the Tyahmapper slits

It is interesting to note that the new design in 1975 based on technology which had been
available also e.g. ten years earlier if somebody avdalve thought of combining it to an
astrometric mission. In particular, the detection waslenby an image dissector tube instead of
photo multiplier tubes which increased the detectioniefiy by a factor of one hundred, and
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the image dissector was developed in the 1930s and had siewceMiely used as electronic
television camera.

In 1976 the data reduction was a formidable task: to derivéiqss proper motions and
parallaxes for 100,000 stars from 10 million angular measutegunately, | was already
acquainted with Lennart Lindegren since 1973 when he was a 23olgestudent at Lund
Observatory. On 22 September | introduced him to Hipparcoaftadfour weeks he presented
the mathematical formulation of the method which veasrlused during the mission, the “three-
step method.” Two weeks later came a report with itisé dimulations. Without his unfailing
genius in all mathematical, computational and opticatemathe project would not have been
ripe for approval in 1980, and probably never.

By the end of 1979, after studies involving astronomersh E8gineers and the industry,
Hipparcos looked very different from the early ideasl ldown by Lacroute. His idea of a
satellite scanning the sky with a beam combiner mirrowivig in two directions with one
telescope was maintained, but it was yet bolder inhjectives and technically more realistic.
As a result, it had also succeeded in generating a substsiéntific following across Europe,
backed by an increasingly vocal international commutiitgse sentences are partly quoted from
a forthcoming book about the project by Michael Perryman

During the first months of 1980, decision about the nexA BE#ssion was taken in difficult
negotiations where an EXUV project was a very strongpeiitor. The competition ultimately
led ESA to do two things the agency had never donerdyefirstly to approve two missions at
the same time, Hipparcos and the Giotto mission to tétadley, and secondly to finance the
Hipparcos payload out of the science budget. Otherwise B&#ys paid spacecraft and launch
and the national institutes built and financed their erpants to go on board. Hipparcos was up
against great hurdles all the time, but our mission wdhe end, thanks to negotiations in which
Jean Kovalevsky took part. My own attitude then was thidipparcos had lost | was ready to
quit the project for lack of faith that the astrophystieiwould ever let it through.

In April 1981 the satellite was well into the design ghaéen significant modifications would
normally have been strictly rejected for reasongisi, and for the increased cost that they
would incur. But at that time | realised that the sigriedsn the satellite attitude detectors, i.e.
the star mapper slits, contained an enormous quantitaropasitions that were not being sent to
the ground. | immediately pointed out what was at stakletlee modifications to the design were
made, including the addition of colour filters and detexto
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Fig. 4. The Hipparcos satellite launched 1989
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Fig. 5. Astrometric accuracy during the past 2000 years. The ancuvas greatly improved shortly
before 1600 by Tycho Brahe. The following 400 years brought eveerldut much more gradual
improvement before space technigues with the Hipparcdéiteattarted a new era of astrometry

8
20.02.2010 ICSIT 2009 -The Third International Conference on Space Information Technology in Beijing



This “Tycho experiment” as it was called, resulted in Theho-2 Catalogue in 2000 with

astrometry and two-colour photometry of 2.5 million si{&tgg et al. 2000). Tycho-2 is now the
preferred astrometric reference catalogue for stahtemigthan 11 magnitude, used to tie the

bright 120,000 stars of the Hipparcos system to astronwdtsiervations of fainter stars obtained
by ground-based CCD telescopes.

After approval the project gained great momentum and wagddhrough by large enthusiastic
teams (Perryman et al. 1997) working many years guided yipparcos Science Team whose
chairman Michael Perryman personifies this phase ofnikeion more than anyone.

Astrometry regained!

Hipparcos was launched in 1989, Figures 3 and 4, observedderybars, and the results were
extensively published in 1997. The two cited papers about the ldggand Tycho Catalogues
by Perryman et al. (1997) and Hgg et al. (2000) are among theod0D aited articles in
Astronomy & Astrophysics out of 50,000 published in 40 years and b@arefore been
reprinted recently in Volume 500. The Hipparcos Catalogue of h897been superseded by a
new reduction of all raw observation data by van Leeuw2@07) resulting in what may be
called Hipparcos-2. The bright stars are much more aecurahis catalogue with the result,
e.g., that 30,000 stars obtain distances with less thaarldept error, compared to 21,000 in the
catalogue from 1997, and to less than 1000 stars before Higpditwese facts and the Figure 5
illustrate the revival of astrometry.

Bengt Stromgren appears clearly at the root of my cativibs to astrometry, including

Hipparcos, and he was directly active before the msajproval in 1980 in order to ensure
Danish and Swedish support. It seems from the unbroken ofiantions listed above and

detailed in Hag (2008 and 2009) that there would have been no ebgpano space astrometry
with a scanning satellite, if any of the four persons BeStgbmgren, Pierre Lacroute, Jean
Kovalevsky or Lennart Lindegren had been absent fromsteme before 1980, and | may
include myself and Otto Heckmann for his immediate stropgart of my ideas.

It appears that the approval by ESA could well havedaile which case | am sure Hipparcos
would never have been realized. This proposition has beenecedrby a colleagué&‘ou can
never know that, something could have happenddlt please consider the situation of
astrometry at that time. For decades up to 1980 the astinogommunity was becoming ever
weaker, the older generation retired and very few yourgnssis entered the field. 1 myself
would have lost the faith that the astrophysicists wewer let such a space mission through,
and others would also have left the field of space stiny.

If someone would have tried a revival of the idea ondwar decades later, the available
astrometric competence would have been weaker, and wiearkel she faith in space astrometry
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have come from? When Hipparcos became a European profe275 and the hopes were high
for a realization, the competence from many Europeamtdes gathered and eventually was
able to carry the mission. This could not have been tegedter a rejection of the mission.

But could NASA have realized a Hipparcos-like mission? lond for two reasons: The
American astrometric community had much less resourte®rpetence to draw from than
available in Europe, and secondly, as an American collesgige“You can convince a US
Congressman that it is important to find life on other planets, but not thatimportant to
measure a hundred thousand stars.”

Telescope and payload of Gaia
Launch 2012
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Fig. 6. The Gaia payload

Thanks to the completion of the Hipparcos mission aagtestrometric community now exists in
Europe which has been able to propose and develop the @GaiarmFigure 6, and which will
carry it to a successful completion. Without Hipparttesfaith in the much more difficult CCD
technology of Gaia would have been missing. Gaiasisaaning satellite with two directions of
view imaged directly on a focal plane, similar to Higmes. The star images are however
measured not by a photoelectric image dissector tulie lgpparcos but by a large mosaic of
CCDs operated in time-delayed integration (TDI) as pregas 1992 for the Roemer mission
(Hag 1993 and 2007).
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