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QuadrantQuadrant 1570       1570       SightingSighting the star      the star      

Tycho Tycho Brahe’sBrahe’s
newnew

instrumentsinstruments
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Tycho Brahe
on Hven
1576-97

A barrel of gold

Sextant 1580

1000 stars measured
celestial reference frame
for measurement of planets6 May 2010 Erik Høg
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Tycho BraheTycho Brahe
mural quadrantmural quadrant

One observer for the star,One observer for the star,
two assistants for clocks, two assistants for clocks, 
circle and protocolcircle and protocol

Diagonal division linesDiagonal division lines
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SextantSextant and and quadrantquadrant
•• With With nakednaked eyeeye openopen sightsight pinnulespinnules
untiluntil 1679, Johannes 1679, Johannes HeveliusHevelius

•• TelescopicTelescopic sightsight onon quadrquadr. and . and sextsext..
1640 by William 1640 by William GascoigneGascoigne
16651665--, Robert , Robert HookeHooke a.oa.o..

•• MuralMural ””quadrantquadrant” of 140 ” of 140 degdeg..
16891689--, John , John FlamsteedFlamsteed

•• 1658 : 1658 : PendulumPendulum clockclock by by ChristiaanChristiaan
HuygensHuygens

•• 1659 : 1659 : Wire Wire micrometermicrometer by by HuygensHuygens
GascoigneGascoigne 1641, but 1641, but knownknown onlyonly laterlater

HeveliusHevelius, , brassbrass sextantsextant
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DividedDivided scalesscales and and circlescircles

•• 1674  1674  HeveliusHevelius : : 
ScaleScale withwith verniervernier
and diagonalsand diagonals

•• The The highhigh art of art of 
of of dividingdividing the the circlecircle
(1990 book by Allan Chapman)(1990 book by Allan Chapman)
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Transit instrument by Ole RømerTransit instrument by Ole Rømer

•• 1675 1675 -- Transit instrumentTransit instrument
in Copenhagenin Copenhagen
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Meridian Meridian circlecircle by Ole Rømerby Ole Rømer

•• 1705 1705 -- Meridian Meridian circlecircle
fullfull circlecircle and and microscopesmicroscopes
OnlyOnly afterafter 1800 1800 werewere quadrantsquadrants
out of businessout of business

Hevelius
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MuralMural quadrantquadrant –– John John BirdBird -- 17731773

Critical issues :Critical issues :
DivisionsDivisions
Planarity of circlePlanarity of circle

6 May 2010 Erik Høg
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The photoelectric effect
• An atom emits an electron when hit by light with 

sufficiently high frequency, i.e. high energy               
• CCD:  NOT photoelectric effect
• Experimental discovery: 
• In 1887 by Heinrich Hertz (Germany, 1857-1894) while 

discovering radio waves; but he did not fully realize!
• In 1887 by Wilhelm Hallwachs (Germany, 1859-1922) on 

a zinc plate
• Named the Hallwachs effect
• Explained 1905 by Albert Einstein; Nobel prize 1921

6 May 2010 Erik Høg 12
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Copenhagen meridian circle

Bengt Strömgren 1925 and 1933Bengt Strömgren 1925 and 1933
ExperimentsExperiments withwith
photoelectricphotoelectric recordingrecording of transitsof transits

Courtesy: Steno Museum, AarhusCourtesy: Steno Museum, Aarhus

Photoelectric astrometry begins in 1925

6 May 2010 Erik Høg



Switching mirror and integration
proposed 1933

14

Bengt Strömgren (1957)Photocell           Mirror                  Photocell
integrates          switches              integrates

Star image
moving across slits

Times of
switching

t
Behind the slits:
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New meridian New meridian circlecircle
initiatedinitiated by Bengt Strömgren 1940by Bengt Strömgren 1940

installedinstalled in Brorfelde1953in Brorfelde1953
Photo 1979Photo 1979



6 May 2010 Erik Høg 16

Idea 1958:
”… general principles
of a new type of
automatic measuring 
machine …  
…to magnetic tape
…to high speed
digital computer…”
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Peter NaurPeter Naur –– mymy teacherteacher in Copenhagenin Copenhagen
at a at a lecturelecture in Hamburg  ~1959in Hamburg  ~1959
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E. Høg 1960:E. Høg 1960:
Scanner for Scanner for photographicphotographic platesplates withwith spectraspectra
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Hamburg 1960:     Hamburg 1960:     RecordingRecording onon punchedpunched cardscards
Scanning Scanning spectraspectra

My innovations were much used 
but did not give me many 
publications. I won, however,
the director Otto Heckmann’s 
sympathy and his confidence
that I had even more to offer.

Iris Iris PhotometerPhotometer
Otto Heckmann
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yy

x  ~ timex  ~ time

starstar
tt11 tt22

IdeasIdeas 19601960

B. Strömgren 1933: B. Strömgren 1933: slitsslits +  +  switchingswitching mirrormirror
1930s: 1930s: PhotomultiplierPhotomultiplier Tube (PMT) and Image Tube (PMT) and Image DissectorDissector (IDT) (IDT) developeddeveloped
AtomicAtomic bombsbombs 1957 : 1957 : CountingCounting techniquestechniques
E. Høg 1960 : E. Høg 1960 : SlitsSlits + + countingcounting >>> >>> implementationimplementation onon meridian meridian circlescircles

Light Light intensityintensity
= = PhotonsPhotons
per per secondsecond

SlitsSlits + + PhotonPhoton countingcounting vs. Timevs. Time
=> => AstrometryAstrometry + + PhotometryPhotometry

yy

x1         x2             xx1         x2             x

t1         t2            timet1         t2            time

In France called: Une grille de Høg

6 May 2010 Erik Høg



Visual meridian observations
Hamburg  ~1962

6 May 2010 Erik Høg 21

G. Holst reading the 
declination circle

J. von der Heide 
observing the star
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Aase and Erik Aase and Erik –– 1963 in Hamburg1963 in Hamburg
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FirstFirst photoelectricphotoelectric slitslit micrometermicrometer for a meridian for a meridian circlecircle ~1964~1964

DevelopedDeveloped for the Hamburg for the Hamburg ExpeditionExpedition to to Perth 1967Perth 1967--19721972

SlitSlit plateplate
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Hamburg Hamburg –– Meridian Circle 1966Meridian Circle 1966
Reading of the declination circleReading of the declination circle

Visual micrometerVisual micrometer

PhotoelectricPhotoelectric

ZähllocherZähllocher
6 May 2010 Erik Høg
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Hamburg Hamburg –– FirstFirst slitslit micrometermicrometer
onon a meridian a meridian circlecircle 19661966

SemiSemi--automaticautomatic::
Manual Manual settingsetting of of telescopetelescope
PhotoelectricPhotoelectric measurementmeasurement
of of declinationdeclination circlecircle and starand star

RecordingRecording onon punchedpunched tapetape
PhotonPhoton countscounts of the star of the star areare
accuratelyaccurately synchro’dsynchro’d to UT.to UT.

ThereforeTherefore CrabCrab pulsar 1969pulsar 1969
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Perth Perth ObservatoryObservatory -- 19671967

The GIER computer The GIER computer roomroom
GIER GIER waswas ””transistorizedtransistorized””

6 May 2010 Erik Høg
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Perth Perth –– meridian meridian pavilionpavilion
~200 star observations per ~200 star observations per nightnight
~20 000 per ~20 000 per yearyear !!! !!! 
FantasticFantastic for 1970for 1970
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Final catalogue in 1976Final catalogue in 1976
by E. Høg and J. von der Heideby E. Høg and J. von der Heide

5 years observing
by a staff of 10
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Denmark Denmark –– automaticautomatic meridian meridian circlecircle
Feb. 1979Feb. 1979



Space Space astrometryastrometry in Francein France
•• IdeasIdeas and and workwork in France  1964in France  1964--74 74 Nice, Nice, GrasseGrasse, , 

Paris, Lille: Paris, Lille: Pierre BacchusPierre Bacchus, Strasbourg, and CNES in , Strasbourg, and CNES in 
Toulouse; Toulouse; therethere waswas nono spacespace astrometryastrometry activityactivity outsideoutside France France 
in in thisthis periodperiod

•• Pierre Pierre LacrouteLacroute 19671967: : PresentationPresentation in in PraguePrague
•• Jean Kovalevsky 1974: Jean Kovalevsky 1974: European European projectproject

Jean Kovalevsky (2005)Jean Kovalevsky (2005)Pierre Bacchus & Pierre Pierre Bacchus & Pierre LacrouteLacroute (1985)(1985)
306 May 2010 Erik Høg



Design of a scanning Design of a scanning satellitesatellite
•• LacrouteLacroute 1974:1974:
ExpectedExpected 300 000 stars ~3 mas300 000 stars ~3 mas

withwith 40x40 + 30x30 cm 40x40 + 30x30 cm aperturesapertures

TwoTwo--dimensionaldimensional measurementmeasurement

6 6 PhotomultiplierPhotomultiplier tubestubes

6 May 2010 Erik Høg6 May 2010 Erik Høg 3131
Frascati 1974 in ESRO SP-108

BeamBeam combinercombiner
3 parts3 parts
45 45 degreesdegrees



BeamBeam combinerscombiners and missionand mission
Features Features laterlater adoptedadopted for for Hipparcos Hipparcos areare in redin red

•• LacrouteLacroute 19651965--1974:1974:
Scanning Scanning satellitesatellite

withwith a a beambeam combinercombiner

TwoTwo--dimensionaldimensional measurementmeasurement

BeamBeam combinercombiner of 16, 5 of 16, 5 oror 3 parts3 parts

SlitSlit systemssystems

OnlyOnly photomultiplierphotomultiplier tubes (tubes (PMsPMs))

Passive attitude Passive attitude controlcontrol

SpinSpin axisaxis relatedrelated to to orbitorbit

LacrouteLacroute alsoalso consideredconsidered

a a SpacelabSpacelab optionoption

•• Høg  3 Dec. 1975:Høg  3 Dec. 1975:
OneOne--dimensional dimensional measurementmeasurement

BeamBeam combinercombiner of 2 partsof 2 parts

ChangeChange itsits angle from 45 angle from 45 degdeg

ModulatingModulating gridgrid

Image Image dissectordissector tubetube

ActiveActive attitude attitude controlcontrol

SpinSpin axisaxis revolvesrevolves aroundaround sunsun

Star mapper Star mapper withwith oneone PMPM

Input Input cataloguecatalogue

The The bestbest I I everever did for did for astronomyastronomy

6 May 2010 Erik Høg6 May 2010 Erik Høg 3232

First meeting of the study group 
in Paris on 14 October 1975



Design of a scanning Design of a scanning satellitesatellite
•• Høg 1975Høg 1975--1976:1976:
ExpectedExpected 100 000 stars ~4 mas100 000 stars ~4 mas

withwith 16x16 cm 16x16 cm apertureaperture

OneOne--dimensional dimensional measurementmeasurement

One image One image dissectordissector tube + tube + oneone PMPM

6 May 2010 Erik Høg6 May 2010 Erik Høg 3333

IAU GA 1976, Highlights of Astr., p.361
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x  ~ timex  ~ time

starstar
tt11 tt22

Ideas 1960Ideas 1960

+ switching mirror+ switching mirror

B. Strömgren 1933: B. Strömgren 1933: SlitsSlits +  +  switchingswitching mirrormirror
E. Høg           1960: E. Høg           1960: SlitsSlits + + countingcounting

P. P. LacrouteLacroute 1967: Go to 1967: Go to spacespace
J. Kovalevsky 1974: European J. Kovalevsky 1974: European projectproject
E. Høg     1975: New design of missionE. Høg     1975: New design of mission

L. Lindegren L. Lindegren 1976: Data 1976: Data reductionreduction
Studies Studies duringduring 4 4 yearsyears led to:led to:
ESA   1980: Hipparcos ESA   1980: Hipparcos approvalapproval
www.astro.ku.dk/~erik/History.pdf

Slits + Photon counting vs. TimeSlits + Photon counting vs. Time
=> Astrometry + Photometry=> Astrometry + Photometry

yy

x1         x2             xx1         x2             x

Hipparcos mission: 1989Hipparcos mission: 1989--9393
Final Final resultsresults 1997: 1997: 

16 16 volumesvolumes + 6 CD + 6 CD ROMsROMs

In France called: Une grille de Høg

6 May 2010 Erik Høg
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HipparcosHipparcos and Tycho 1975and Tycho 1975--20072007

•• FocalFocal plane of plane of 
Hipparcos Hipparcos –– Tycho:Tycho:

•• New mission design Høg 1975New mission design Høg 1975
•• Mission Mission approvalapproval FebFeb 19801980
•• Tycho Tycho proposalproposal Høg 1981Høg 1981
•• LaunchLaunch 19891989
•• CataloguesCatalogues 1997 1997 & 2007& 2007
•• TychoTycho--2 2 CatalogueCatalogue in 2000in 2000

2.5 million stars2.5 million stars
600 citations by 2009600 citations by 2009

Modulating  gridModulating  grid

Star mapperStar mapper
gridgrid // TychoTycho



Hipparcos mission 1981Hipparcos mission 1981--19971997
Science Science leadersleaders

Lennart Lindegren (2003)Lennart Lindegren (2003)

Jean Kovalevsky (2005)Jean Kovalevsky (2005)

Michael Michael PerrymanPerryman (2009)(2009)
The The projectproject scientistscientist
and his and his fourfour
consortiaconsortia leadersleadersErik Høg (2009)Erik Høg (2009)

Catherine Turon (2005)Catherine Turon (2005)

366 May 2010 Erik Høg



Hipparcos missionHipparcos mission
owesowes a a thankthank youyou

to all theto all the
hardhard workingworking

scientistsscientists and ESA and ESA staffstaff
industryindustry and and taxtax payerspayers

376 May 2010 Erik Høg
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TelescopeTelescope of Hipparcosof Hipparcos
Schmidt type Schmidt type 
system system 

D = 0D = 0..29 m29 m
F = 1.4 mF = 1.4 m

Two fields on the skyTwo fields on the sky

Observing 1989 Observing 1989 -- 9393
6 May 2010 Erik Høg
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TelescopeTelescope andand payloadpayload of Gaiaof Gaia
LaunchLaunch 20122012

Two SiC primary mirrorsTwo SiC primary mirrors

1.45 1.45 ×× 0.50 m0.50 m22 at 106.5at 106.5°°

Basic angleBasic angle
monitoring systemmonitoring system

CombinedCombined
focal planefocal plane

(CCDs)(CCDs)
F = 35 mF = 35 m

Rotation axis (6 h)Rotation axis (6 h)

Figure courtesy EADSFigure courtesy EADS--AstriumAstrium

Superposition of Superposition of 
two Fields of View two Fields of View 

SiC toroidalSiC toroidal
structurestructure

(optical bench)(optical bench)

Two anastigmatic offTwo anastigmatic off--axis telescopesaxis telescopes
6 May 2010 Erik Høg



Astrometry besides of Gaia and beyondAstrometry besides of Gaia and beyond

•• HighHigh--precisionprecision parallaxesparallaxes of of veryvery faintfaint stars: stars: 

GroundGround--basedbased, , HubbleHubble, , JASMINE, JJASMINE, J--MAPS, SIMMAPS, SIM

•• Black hole at the Black hole at the GalacticGalactic CenterCenter
•• Astrometric Astrometric allall--skysky surveyssurveys beyondbeyond 20 mag20 mag

includingincluding multimulti--colourcolour photometryphotometry
See: See: www.astro.ku.dk/~erik/AstrometricSurveys.pdfwww.astro.ku.dk/~erik/AstrometricSurveys.pdf

6 May 2010 Erik Høg6 May 2010 Erik Høg 4040



41

Carlsberg automatic meridian circle
on La Palma from 1984

PhotoelectricPhotoelectric
duringduring 14 14 yearsyears

ThenThen from 1998from 1998
CCD CCD micrometermicrometer ::
20,000,000 star20,000,000 star
observationsobservations
per per yearyear
100 mas per obs.100 mas per obs.

4000 x 4000 x betterbetter thanthan
1970 in Perth1970 in Perth

6 May 2010 Erik Høg
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USNO – US Naval Observatory

UCACUCAC:  CCD Astrograph Catalog:  CCD Astrograph Catalog
4 k x 4 k pixels CCD  1 sq.deg
2000: UCAC2: 48 million stars

70 mas at limit R=16 mag
20 mas 10-14 mag

2009: UCAC3: 100 million stars, all sky
70 mas at limit R=16 mag
15 mas 10-14 mag

URAT: 20 cm, f= 2m Astrograph, same as UCAC
10 k x 10 k CCD 4x = 28 sq.deg
2009-2015: 400 million stars, all sky

30 mas at R=18 mag
5 mas 10-15 mag



Astrometric performance 1800Astrometric performance 1800--20002000

•• 1st 1st classclass position position cataloguescatalogues
•• WeightWeight = N = N σσ -- 22

star  star  1010 -- 66

6 May 2010 Erik Høg6 May 2010 Erik Høg 4343

Publ
year

Name Obs. 
years

N
stars

σstar
arcsec

Weight

1814 Piazzi 21 7646  1.4 0.0034

1908 Küstner 10 10663 0.34 0.092

1952 USNO 8 5216 0.15 0.23

1997 Hipparcos 3 118 000 0.001 120 000

2000 Tycho-2 3 2.5 106 0.06 700
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Some results from astrometry 1900-2007
•• By 1900 :  539 stars  0.01”/a motions By 1900 :  539 stars  0.01”/a motions DeclDecl. > . > --10 10 degdeg
•• 1905 :  Hertzsprung discovers 1905 :  Hertzsprung discovers dwarfs/giantsdwarfs/giants usingusing motions for distancesmotions for distances

100 stars  100 stars  0.04”0.04” relative relative parallaxesparallaxes
•• By 1950 :  33,342 stars  0.01”/a motions, By 1950 :  33,342 stars  0.01”/a motions, 

5822 stars  5822 stars  0.01”0.01” relative relative parallaxesparallaxes
500 stars  500 stars  withwith <10%<10% errorerror onon distancesdistances

�� 1970 1970 -- : : Radio Radio astrometryastrometry :: accurateaccurate absoluteabsolute positions, reference positions, reference 
system by system by quasarsquasars, , EarthEarth rotationrotation

•• 1997 : 1997 : Hipparcos Hipparcos satellitesatellite : : accurateaccurate large large && small anglesmall angle
120,000 stars  0.001” 120,000 stars  0.001” annann. motions (N . motions (N && S)  S)  && absabs, , parallaxesparallaxes
21,000 stars 21,000 stars withwith <10% <10% errorerror onon distancesdistances

2007 : 2007 : 30,000 stars 30,000 stars withwith <10%<10% errorerror onon distances          distances          
2000 : 2000 : TychoTycho--2 :2 : 2.500,000 stars  0.002”/a motions2.500,000 stars  0.002”/a motions

USNO : USNO : 1,000,000,000 stars to 20th mag1,000,000,000 stars to 20th mag

6 May 2010 Erik Høg



Astrometric Accuracy versus Time

Hipparchus/Ptolemy - 1000 stars

1000

100

10

arcsec   1

0.1

0.01

0.001

0.0001

0.00001

Erik Høg

1995/2009 150 BC … 1600                  1800                     2000       Year

The Landgrave of  Hesse - 1000 stars

FK5 FK5 FK5 FK5 ---- 1500150015001500

Positions

Parallaxes = 

Small angles

All parameters

Tycho-2
- 2.5 million

Hipparcos - 120,000

Bessel - 1 star

Jenkins - 6000

Gaia 23 million
SIM - 10,000

USNO - 360

ROEMER - 45 million
Proposal 1992

Flamsteed - 3000

Tycho Brahe - 1000 

Argelander - 34,000Bradley - aberration

PPM - 379,000

Gaia
- 1200 million

Lalande - 50,000

456 May 2010 Erik Høg
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After Gaia 
what then ? ? ?

• August 1989: Hipparcos launched
• 1990-91 dialogue with Russian colleagues

• Proposal 1992:  Scanning mission with CCDs

How Gaia began
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From the Roemer mission to Gaia
by Erik Høg, Copenhagen

• August 1989: Hipparcos launched
• 1990-91 dialogue with Russian colleagues
• Proposal 1992 at IAU Symposium in Shanghai:

Satellite in scanning mode with CCDs
Direct imaging for astrometry and photometry
0.1 mas at 12 mag from a 5 year mission

• Roemer proposal for ESA M3 mission in 1993
• Later enhancements: 0.01 mas mission goal; Input catalogue 

dropped;  Interferometry studied and dropped; Radial velocities 
added;  Prism photometry instead of filters.   

• Other missions:  SIM, DIVA, FAME
• Get the 6-page poster at www.astro.ku.dk/~erik in the section Gaia
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Fig. 1. Focal plane of Roemer  - 1992



The F.G.W. Struve medal 

awarded for the great contribution 
to development of ground-based 

and space astrometry 
by

Erik Høg

Scientific Council of the 
Central Astronomical Observatory of the 

Russian Academy of Sciences

Director of the CAO RAS         A.V. Stepanov

Pulkovo Observatory 
2009
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