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Abstract. We presentanddiscussnew determinationsof metallicity, rotation,age,kinematics,andGalacticorbits for a com-
plete,magnitude-limited,andkinematicallyunbiasedsampleof 16682nearbyF andG dwarf stars.Our � 63000new, accurate
radial-velocity observationsfor nearly13500starsallow identificationof mostof thebinarystarsin thesampleand,together
with publisheduvby	 photometry, Hipparcosparallaxes,Tycho-2propermotions,anda few earlierradialvelocities,complete
the kinematicinformationfor 14139 stars.Thesehigh-qualityvelocity dataaresupplementedby e
 ective temperaturesand
metallicitiesnewly derivedfrom recentand� or revisedcalibrations.Theremainingstarseitherlack Hipparcosdataor have fast
rotation.
A majore
 ort hasbeendevotedto thedeterminationof new isochroneagesfor all starsfor which this is possible.Particular
attentionhasbeengiven to a realistictreatmentof statisticalbiasesanderrorestimates,asstandardtechniquestendto under-
estimatethesee
 ectsandintroducespuriousfeaturesin theagedistributions.Our agesagreewell with thoseby Edvardsson
et al. (1993), despiteseveralastrophysicalandcomputationalimprovementssincethen.We demonstrate,however, how strong
observationalandtheoreticalbiasescausethe distribution of the observedagesto be very di 
 erentfrom thatof the true age
distributionof thesample.
Among the many basicrelationsof the Galacticdisk that canbe reinvestigatedfrom the datapresentedhere,we revisit the
metallicity distribution of the G dwarfs and the age-metallicity, age-velocity, andmetallicity-velocity relationsof the Solar
neighbourhood.Ourfirst resultsconfirmthelackof metal-poorG dwarfsrelativeto closed-boxmodelpredictions(the“G dwarf
problem”),theexistenceof radialmetallicity gradientsin thedisk, thesmallchangein meanmetallicity of thethin disk since
its formationandthesubstantialscatterin metallicity at all ages,andthecontinuingkinematicheatingof thethin disk with an
e� ciency consistentwith thatexpectedfor a combinationof spiral armsandgiant molecularclouds.Distinct featuresin the
distributionof theV componentof thespacemotionareextendedin ageandmetallicity, correspondingto thee
 ectsof stochas-
tic spiralwavesratherthanclassicalmoving groups,andmaycomplicatetheidentificationof thick-diskstarsfrom kinematic
criteria.More advancedanalysesof this rich materialwill requirecarefulsimulationsof the selectioncriteria for thesample
andthedistributionof observationalerrors.

Key words. Galaxy: disk – Galaxy: solar neighbourhood– Galaxy: stellar content– Galaxy: kinematicsand dynamics–
Galaxy:evolution– stars:fundamentalparameters
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1. Backgr ound and motiv ation

TheSolarneighbourhoodis thebenchmarktestfor modelsof
theGalacticdisk: thestarsin a samplevolumearoundtheSun
provideafirst estimateof themassdensityof theGalacticdisk
neartheplane.Theirdistribution in ageis our recordof thestar
formationhistoryof thedisk.Theiroverallanddetailedheavy-
elementabundancesas functionsof ageare the fossil record
of the chemicalevolution andenrichmenthistory of the disk.
Finally, the spacemotionsandGalacticorbits of the starsas
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functionsof ageareour cluesto the parallel dynamicalevo-
lution of the Galaxyandthe degreeof mixing of stellarpop-
ulationsfrom di N erentregionsof thedisk (see,e.g.therecent
review by Freeman& Bland-Hawthorn2002).

Providing the basicdatafor the starsof the Solar neigh-
bourhood– ages,metallicities,velocities,andGalacticorbits
– may seemthe simplestobservational task of all. Yet, the
identification of the neareststarsand the data neededfor a
propercharacterisationof their mainastrophysicalparameters
remainseriouslyincomplete.Moreover, starshave oftenbeen
selectedfor observationfrom criteriawhichinducecorrelations
betweentheobservedparametersthatreflectthecharacteristics
of theselectionprocessmorestronglythanthoseof theGalaxy.
Intrinsicparameterssuchasthefrequency, age,andmetallicity
of groupsof starsareintertwinedwith sucheasilyobservable
propertiesasbrightness,colours,andpropermotionsin ways
that canmake it di O cult or impossibleto retrieve the former
from thelatter. Kinematicselectionbiasesareparticularlyper-
niciousin this regard.

F- andG-typedwarf starsarefavourite tracerpopulations
of the history of the disk. They are relatively numerousand
suO ciently long-lived to survive from the formation of the
disk; their convective atmospheresreflect their initial chem-
ical composition;and agescan be estimatedfor at least the
moreevolvedstarsby comparisonwith stellarevolution mod-
els. Photometryin the Strömgren uvbyP systemis an eO -
cient meansto derive their intrinsic propertiesfrom observa-
tion (Strömgren1963, 1987). Recentstudiesbasedmainly on
uvbyP photometryare, e.g. Feltzing et al. (2001), Holmberg
(2001), and Jørgensen(2000), while more detailedspectro-
scopic studies of the chemical history of selectedsubsets
of starshave beenmadeby, e.g. Edvardssonet al. (1993),
Fuhrmann(1998), Reddy et al. (2003), and Bensby et al.
(2003).

Extensive uvbyP photometric surveys of the nearby F
andG starshavebeenperformedby Olsen(1983, 1993, 1994a,
1994b). Accurateparallaxesandpropermotionshave become
availablefor large numbersof thesestarsfrom the Hipparcos
(ESA 1997) and Tycho-2 (Høg et al. 2000) catalogues.The
bottleneckso far hasbeenthe correspondingradial-velocity
data.Theseareneeded,first, to completethethree-dimensional
spacemotionsfor all the starsandimprove the statisticalac-
curacy of the derived age-velocity relations.They also serve
to identify thosestarswhich just happento passnearthe Sun
at present,but wereformedelsewhereandhave witnessedan-
otherevolutionaryhistorythanthatof theSolarcircle.Finally,
and perhapsmost importantly, repeatedradial-velocity mea-
surementsallow identificationof the large fraction of starsin
thephotometricsampleswhich arebinaries,andfor which the
derived astrophysicalandkinematicaldatawill be inaccurate
andpotentiallymisleading.

Thekey contributionof thispaperconsistsof new, accurate,
radialvelocitiesfor anall-sky, magnitude-limitedandkinemat-
ically unbiasedsampleof Q 13500nearbyF andG stars,based
on Q 63000individualphotoelectricobservations.Becausethis
datasetis unlikely to besupersededin essentialrespectsuntil
theresultsof theGAIA mission(Perrymanet al. 2001) andR or
theRAVE project(Steinmetz2003) becomeavailable,wehave

Table 1. Table1 will only beavailablein electronicform at theCDS.
Thetwo first pagesof thetable,listing thefirst 100stars,aregivenat
theendof this paperassampleof its contentandformat.

also recalibratedand redeterminedthe astrophysicalparame-
ters (TeS , MT , and [FeR H]) for all starsin our sample.Much
eN ort hasbeendevotedto the fundamentalissueof determin-
ing reliableisochroneagesfor asmany starsaspossible,and
we believe thata rathermorerealisticassessmentof theerrors
of suchageshasbeenobtained.Finally, we havecomputedin-
dividualGalacticorbitsfor all starswith adequatedata.

Theresultingdatasetshouldplacea wide rangeof studies
of theevolutionof theGalacticdiskonanew andconsiderably
improvedfooting. We caution,however, thatno suchthing as
a fully unbiasedsampleexists in Galacticastronomy, andthe
readeris stronglyurgedto carefully studySect.5, wherewe
discussthekey issueof completenessof thedata,especiallyas
regardsthe derived agesandmasses.The cataloguewith the
completedataset for 16682 starswill be availableelectroni-
cally (samplepagesareshown in Table1).

The complementaritybetweenthe presentstudy and the
much-quotedpaperby Edvardssonet al. (1993) deservesclar-
ification. The 189 starsstudiedby Edvardssonet al. (1993)
weredrawn from thekinematicallyunbiasedsamplepresented
here,selectingequalnumbersof starsin 10 metallicity bins
throughthe rangeof [FeR H] seenin the (thin andthick) disk.
EvolvedF dwarfswereselected,excludingknown binariesand
fast-rotatingstars,so that interstellarreddeningandisochrone
agescouldbedetermined.Thus,unevolvedstarswereavoided,
youngmetal-poorandold metal-richstarswereexcludedapri-
ori by the colour cutoN s used,and the samplewas strongly
biasedin favour of metal-poorstars.The samplediscussed
here was explicitly designedto alleviate theseselectionbi-
asesandfurtherbenefitsfrom theadventof theHipparcosand
Tycho-2databut, for obviousreasons,lacksthedetailed,pre-
cise,andhomogeneousspectroscopy thatwasthe centrepiece
of thestudyby Edvardssonet al. (1993).

Thepresentpaperis organisedasfollows: Sect.2 clarifies
theselectioncriteriausedto definethesample,andSect.3 de-
scribesthenew radial velocitiesandotherbasicobservational
materialavailablefor the stars.Section4 explains the (partly
new) calibrationsand analysismethodswe have usedto de-
rive reliableastrophysicalparametersfrom the raw data,and
Sect.5 discussesthe completenessand variousbiasesin the
resultingparametersets.Webriefly rediscusssomeof theclas-
sicaldiagnosticdiagramsin Sect.6 andfinally summariseour
conclusionsandsomeof theprospectsfor thefuturein Sect.7.

2. Sample definition

From the outset,it wasclear that the definitive selectionand
characterisationof thenearbyF andG dwarfsshouldbemade
from a comprehensive photometricsurvey in the Strömgren
uvbyP system.But in orderto undertake sucha survey, anob-
servinglist is needed.Thus, the first stepin the project was
to establishan apparent-magnitudelimited, kinematicallyun-
biasedall-sky sampleof starswithin which theF andG dwarfs
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would also be volume-completeto a suO ciently large dis-
tance( Q 40 pc).

For this, we chosetheHD catalogue(Cannon& Pickering
1918–24), the only all-sky spectralcataloguethen available.
All A5-G0 starsbrighterthanmvis U 8V 3, G0 starsin theinter-
val 8V 30 W mvis W 8V 40,andall G5or justG stars(nosubtypes)
brighter thanmvis U 8.6 wereselected.On the onehand,the
A5 spectral-typelimit is early enoughto include even quite
metal-poorF stars;ontheotherhand,mostK0-typestarsin the
HD cataloguearegiantstarsfor which luminosities,distances,
tangentialvelocities,andagescannotbereliably determined.

It wasdesirableto alsoincludeany old, metal-richdwarfs
andthusimprovetheobservationalbasisfor a reassessmentof
the“G-dwarf problem”.However, observingthevastnumbers
of HD K-typegiantsis anineO cientway to identify suchstars.
Wethereforeaddedall 1277G0V-K2V starssouthof X UZY 26[
from theMichiganSpectralCatalogues(Houk& Cowley 1975;
Houk 1978, 1982) that were previously unobserved, but es-
timated from the spectraltypesand mp\ to be within a dis-
tanceof 50 pc, with generousallowancefor the uncertainties.
This sampleshouldbe completeto about the samedistance
limit (40pc)astherestof theG-dwarf sample,but coversonly
part(28%)of theentiresky.

Thevastmajority of all thesestars( Q 30000in total) were
thenobservedin theuvbyP photometricsurveys describedbe-
low, andthesamplefor theradial-velocityprogrammewasde-
fined from the measuredphotometricindices.Subsequently,
theHipparcosandTycho-2catalogueshave providedaccurate
parallaxesandpropermotionsfor nearlyall thestarsfor which
radialvelocitieshadbeenmeasured.

2.1. Initial photometric survey

From the observing lists assembledas described above,
nearlyall starswereobserved at leastoncein the Strömgren
uvbyP systemby Olsen(1983, 1993, 1994a,b). The resulting
cataloguesweremergedwith previous sourcesof uvbyP pho-
tometry(Strömgren& Perry1965; Crawford etal. 1966, 1970,
1971a,b, 1972, 1973; Grønbech& Olsen1976, 1977; Olsen
& Perry1984). ThecombinedFG photometriccataloguethus
constructedcontainsa totalof 30465stars.

This all-sky sampleis completeto the magnitudelimits
describedabove and should be volume completefor the F
andG dwarfsto adistanceof Q 40pc.In thesoutherncapwhere
modernMK spectraltypesare available, the G0V-K2V stars
within thesamedistancearealsoincluded.Thishomogeneous,
complete,andkinematicallyunbiaseddatabasewasusedto se-
lect starsfor the radial-velocity programme,usingthe criteria
describedbelow.

2.2. Sample definition for the catalogue

The sampleof starsfor which radial velocitieshave beenob-
tainedwasdefinedfrom the completeFG catalogue.Slightly
generouslimits in photometryspacehave beenadoptedto al-
low aselectionof FGdwarf starsbasedonphysicalcriterialike
mass,temperature,metallicity, etc.

Fig. 1. Distributiononthesky of the16682programmestars.Top: the
14139starswith radialvelocity data(notetheoverdensityof starsin
the Hyadesclusterandsouthof ]_^�` 26a ). Bottom: the 2543stars
with no radialvelocity.

The following four sampleswere selected,merged, and
cleanedof duplicateentries:

1. all stars for which the F-star calibrationsof Crawford
(1975)andOlsen(1988)arevalid;

2. all starswith no P valueand0V 240 W b Ycb W 0V 460,[m1] d
0V 120,X c1 W 0V 400,andV W 9V 600;

3. all starswith 0V 205 W b Yeb W 0V 240,[m1] d 0V 120, X c1 W
0V 400,andV W 9V 600;

4. all starsfor which the G- andK-star calibrationsof Olsen
(1984)arevalid.

Criterion 3 ensuresthat no metalpoor F-starswill be lost on
thehotsideof theF-typestars.Bothcriterion2 and3 compen-
satefor somemissingP observations.Criteria1 and4 andthe
V-limit 9.6 ensurethat a numberof fainterstarsobserved for
calibrationpurposesarealsoincluded.After removal of a few
knownsupergiantsandotherirrelevantobjects,thelist contains
a total of 16682objects.

Thedistribution of thefull sampleof 16682starsover the
sky is shown in Fig. 1, in equatorialcoordinatesandin anequi-
areaprojection.Note the concentrationof starsin the Hyades
– observedwith specialcarefor calibrationpurposes– andthe
addition of the latest-typedwarfs southof X UfY 26[ . Apart
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Fig. 2. Distributionof thewholesamplein b `hg colour.

from thesefeatures,the sampleis very uniformly distributed
on thesky.

3. Obser vational data

For reference,we summarisein the following the basicob-
servationaldataunderlyingthe astrophysicalandkinematical
parametersderived for the programmestars.Our new radial-
velocityobservationsaredescribedin detail;for otherdata,the
relevantsourcesaregiven.

3.1. Strömgren uvbyi photometry

The merged catalogueof uvbyP photometryfrom which our
programmestarswere selectedwas briefly describedabove
(Sect.2.2); much additionalexplanationand extensive notes
are given in the original catalogues(Olsen 1983, 1993,
1994a,b). With time, the P observationswereextendedto in-
cludeall starswith a b Yjb valueindicatingthat P might be a
usefulreddening-freetemperatureindicator, exceptthat P ob-
servationsfor asmallfractionof thenorthernsky arestill pend-
ing. The distribution of the samplein b Ykb colour is shown
in Fig. 2.

3.2. Radial velocities

Whenthefirst phaseof this projectwasinitiated,not eventhe
Bright Star Catalog(Hol eit & Jaschek1982) had complete
radial-velocity coverage.Of the Q 1500missingsouthernstars
in that catalogue,the early-typehalf wereobservedwith con-
ventionalspectrographictechniques(Andersen& Nordstr̈om
1983a,b; Nordstr̈om& Andersen1985), thelate-typehalf with
CORAVEL (Andersenetal. 1985; seealsoSect.3.2.1).

For thefainterstars,new observationswereobtainedasde-
tailedbelow – altogether, a total of 62993new radial-velocity
observationsof 13464programmestars.Adding earlierlitera-
ture data,completekinematicalinformation is availablefor a
total of 14139stars.

3.2.1. CORAVEL observations

The bulk of the radial-velocity datapresentedhere was ob-
tainedwith the photoelectriccross-correlationspectrometers
CORAVEL (Baranneet al. 1979; Mayor 1985). Operatedat
the Swiss1-m telescopeat Observatoirede Haute-Provence,
France,andthe Danish1.5-mtelescopeat ESO,La Silla, the
two CORAVELs cover theentiresky betweenthem,andtheir
fixed, late-typecross-correlationtemplatespectraeO ciently
matchthespectraof thelargemajorityof ourprogrammestars.

Initially, specificobservingprogrammeswere targetedto
primarily cover thethick-diskstarswhich wereassumedto be
very old, and the evolved thin-disk starsfor which agescan
bedetermined.Whena separateprogrammeto observe all the
late-typesouthernstarsof the Hipparcossurvey wasinitiated
(Udry et al. 1997), mostof the remainingsouthernunevolved
F starswere includedas well. Subsequently, a good fraction
of the northernhalf of the starshasbeenalso observed in a
separateGenevaprogrammeon theHipparcosstars.

In all programmes,two or more observationswere made
for almostall starsover a substantialtime base.This allows
to define more reliable meanvelocities,but also to identify
most of the spectroscopicbinaries which, if unrecognised,
yield misleadingastrophysicalparametersfrom the observed
magnitudesand colour indices.Betweenthe two telescopes,
a total of 60476 CORAVEL observations have beenmade
of 12941of theprogrammestarsdiscussedin thispaper– some
1000nights’ worth of data.

Thecataloguepresentedherecontainsthemeanradial ve-
locity for eachstartogetherwith thesummarydataon theob-
servationsasdescribedin theAppendix.Our computationsof
theobservationalerrors,criterionfor detectingvariable(i.e.bi-
nary)stars,andour treatmentof double-linedbinariesaredis-
cussedin Sect.3.2.4below.

Many starson themainprogrammeareprimariesof close
doublestars.CORAVEL observationsweremadeof thefainter
companionsto many of thesestarsin orderto ascertainwhether
they arephysicallyboundor merelyoptical pairs.Thesedata
will bemadeavailableseparatelyandarenotdiscussedfurther
here.

3.2.2. CfA observations

The fixed-resolutionCORAVEL maskis optimisedfor sharp-
lined spectra,and the cross-correlationprofile rapidly be-
comestoobroadandshallow to yield accurateradialvelocities
for starsrotatingfasterthan40Y 50 km sm 1, asis thecasefor a
largefractionof starswith 0V 20 W b Ynb W 0V 27.

In order to recover as many as possible of the early
F starsof thesample,severalhundredstarsrotatingtoo rapidly
for CORAVEL were observed with the digital spectrome-
ters (Latham 1985) of the Harvard-SmithsonianCenter for
Astrophysics(CfA). Theseinstrumentsyield accurateresults
for single starswith rotationalvelocitiesup to Q 120 km sm 1

(Nordstr̈om et al. 1994) and also perform well on double-
lined spectra with two-dimensionalcross-correlationtech-
niques(Lathamet al. 1996).
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Fig. 3. Distributionof themeanerrorsof themeanradialvelocitiesin
thecatalogue(top), andthetimespancoveredfor eachstar(bottom).

CfA radial velocities for 595 stars were published by
Nordstr̈om et al. (1997b) and have beenusedin the present
cataloguewhenCORAVEL dataweremissingor lessaccurate
(2517observationsof 523 stars).Rapidly rotatingstarssouth
of declinationY 40[ cannotbereachedby theCfA instruments
andthushaveno new radial-velocitydata.

3.2.3. Literature data

When this programmewas initiated, radial-velocity dataex-
isted in the literatureessentiallyonly for starsin the Bright
Star Catalog.As the earlier datawere mostly of reasonably
goodquality, thesebright starshave generallynot beenreob-
served.Literaturedatafor a total of 675suchstarsandothers
not coveredby the new programmeshave beentaken, as far

Table 2. Table2 containsthemassratiosdeterminedfor 511double-
linedbinarysystems;it will beavailableasfor Table1.

aspossible,from the compilationof Barbier-Brossat& Figon
(2000),andbring thetotal numberof starswith radialvelocity
datato 14139.

3.2.4. Variability criterion and binary detection

Eachradial-velocity observationis associatedwith an internal
error estimate,o , while an externalerror estimateis provided
by the standarddeviation, p , of repeatedobservationsat dif-
ferentepochs.From theseandthe numberof observations,n,
theprobabilityP(q 2) thattheobservedscatteris dueto measur-
ing errorsalonemaybecomputedasdescribedin greaterdetail
by Andersen& Nordstr̈om (1983b). P(q 2) r 0V 01 is adopted
asour criterion for certainvelocity variability – mostlydueto
binaryorbitalmotion– for boththeCORAVEL andCfA data.

Normally, the meanerror of the meanradial velocity is
computedaspts nm 1u 2. However, if fortuitousgoodagreement
betweena few observationsresultsin pvrwo , then oxs nm 1u 2 is
giveninsteadasa morerealisticestimateof themeanerrorof
theaveragevelocity.

Occasionally, a double correlation peak may identify a
spectroscopicbinary from just a single observation, but nor-
mally two or more observationsareavailable. In suchcases,
thecentre-of-massvelocityandthemassratioof adouble-lined
binarymaybecomputedby themethodof Wilson(1941) with-
out a full orbital solution,if the velocitiescanbeproperlyas-
signedto the two components.For the510systemsfor which
thishasbeenpossible,thesystemicvelocity is giveninsteadof
theraw averageof theobservations,andthemassratio is given
in Table2 (electronicform only). Thebinarypopulationof the
sampleis furtherdiscussedin Sect.5.1.

Figure3 shows the distribution of the meanerrorsof the
mean radial velocities in the sample(upper panel), and of
the time spancoveredby the observationsof eachstar(lower
panel).As will beseen,themeanerrorof a meanradialveloc-
ity is typically Q 0.25km sm 1 andonly rarelyexceeds1 km sm 1.
Theobservationstypically covera time spanof 1Y 3 years,but
occasionallyextendovermorethana decade.

3.3. Rotational velocities

For stars with significant rotation, the width of the cross-
correlationprofileis agoodindicatorof y sini. For thestarswith
CORAVEL observations, y sini hasbeencomputedusing the
calibrationsof Benz& Mayor(1980, 1984). For theCfA obser-
vations,the y sini of thebest-fittingtemplatespectrumis agood
measureof therotationof theprogrammestar(Nordstr̈ometal.
1994, 1997b).

For the slowest rotators,more elaborateproceduresare
neededto derive very accuraterotational velocities; for the
fastestrotators, the shallow cross-correlationprofiles yield
resultsof low accuracy. Accordingly, y sini as derived from
the observations are only given to the nearestkm sm 1, and
from 30km sm 1 andupwardsonly to thenearest5 or 10km sm 1.
As seenin Fig. 4, the greatmajority of the programmestars
haverotationsbelow 20 km sm 1.
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Fig. 4. Distributionof rotationalvelocitiesin thesample.

3.4. Parallaxes

Good distancesare crucial in order to computeaccurateab-
solute magnitudes,spacemotions, and parametersderived
from them.Trigonometricparallaxes,generallyof very good
accuracy, are available from Hipparcosfor the majority of
our relatively nearbyprogrammestars(ESA 1997). Figure 5
shows the distribution of the parallaxes (z ) and their rela-
tive errors(p|{�}~z ); mostarebetterthan10%,nearlyall better
than20%.Thecomputationof distancesfor all ourstarsis dis-
cussedin Sect.4.4.

3.5. Proper motions

Accuratepropermotionsareavailablefor thevastmajority of
the starsfrom the Tycho-2 catalogue(Høg et al. 2000). This
catalogueis constructedby combiningthe Tycho star-mapper
measurementsof theHipparcossatellitewith theAstrographic
Cataloguebasedon measurementsin the Cartedu Ciel and
otherground-basedcatalogues.By this procedurethebaseline
for determiningpropermotionsis extendedup to nearlyacen-
tury, againstonly 3.5yearsfor theHipparcosmissionitself.

For a few stars,mostly very bright starsor close bina-
ries without a Tycho-2 propermotion, a Hipparcosor Tycho
measurementhasbeenusedinstead.The typical meanerror
in the total propermotion vector is 1.8 milliarcsecR year, cor-
respondingto a meanpropagatederror in the spacevelocity
of 0.7 km sm 1 from the propermotionsalone(i.e., neglecting
parallaxandradial-velocityerrors).

4. Derived astr oph ysical parameter s

In orderfor thestellardatato beusefulin discussingtheevo-
lutionaryhistoryof theSolarneighbourhood,a numberof as-
trophysicallyinterestingparametersmustbe derivedfrom the

Fig. 5. Distributionof Hipparcosparallaxes(top) andtheir relativeer-
rors(bottom) for thewholesample.

raw observationaldata.In mostcases,calibrationsof thephoto-
metricindicesin termsof intrinsic parametersarefoundin the
literature,exceptasnotedbelow. We discusseachcalibration
in turn in thefollowing.

4.1. Interstellar reddening

E(b Ynb ) canbecomputedfor F starswith P observationsfrom
theintrinsiccolourcalibrationby Olsen(1988). It hasbeenap-
plied in the photometrictemperatureanddistancedetermina-
tions if E(b Yjb ) d 0V 02 andthe distanceis above 40 pc; oth-
erwisethestarsareassumedto beunreddened.Moststarswith
no valueof E(b Yeb ) arelate-typedwarfswithin 40 pc, which
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Fig. 6. Distributionof reddeningvaluesin thesample.

will have negligible reddeninganyway. As seenin Fig. 6, very
few of thestarshaveE(b Y=b ) � 0V 05mag.WenotethatE(b Y=b )
may be overestimatedfor the hottest,brightest,andmostdis-
tantearlyF stars(Burstein2003).

4.2. Effective temperatures

EN ective temperaturesfor all the programmestarshave been
determinedfrom thereddening-correctedb Y�b , c1, andm1 in-
dicesandthecalibrationof Alonsoetal. (1996) which is based
on the infraredflux method.The resultingtemperatureshave
beencomparedto thedeterminationsby Barklemetal. (2002),
basedonafit to theBalmerline wingsusingthelatestbroaden-
ing theory. Theagreementis excellent,with a meandi N erence
of only 3 K anda dispersionof 94 K. We have alsocompared
our resultsto the spectroscopicexcitation temperaturesdeter-
minedby Bensbyet al. (2003) for 63of ourstars;thelatterare
on average93K higherthanours,with adispersionaroundthe
meanof only 57 K. The distribution of the eN ective tempera-
turesin thesampleis shown in Fig. 7.

4.3. Metal abundances

Theaccuratedeterminationof metallicitiesfor F andG starsis
oneof thestrengthsof theStrömgrenuvbyP system.Amongthe
availablecalibrations,we haveusedthatby Schuster& Nissen
(1989) for themajority of thestars.In our sample,Q 600stars
arecoveredby boththeF andG starcalibrationsof Schuster&
Nissen(1989), andthemeandi N erencein [FeR H] is 0.06with a
dispersionaroundthemeanof only 0.07.Wehavefurthercom-
paredthesephotometricmetallicitieswith the homogeneous
spectroscopicvaluesfor F and G starsby Edvardssonet al.
(1993) andChenetal. (2000). Theagreementis excellent,with
meandi N erencesof only 0.02 and 0.00 dex and dispersions

Fig. 7. Distributionof thesamplein Te� .

aroundthemeanof 0.08and0.11,respectively. A furthercom-
parisonwith the compilationby Taylor (2003) shows a mean
di � erenceof only 0.01dex, but a largerdispersionof 0.12dex,
asexpectedfor a compilationfrom many sourcesof varying
quality.

Within the range of validity of the Schuster& Nissen
(1989) calibration,we thusfind the photometricmetallicities
to have no significantzero-pointo� setandremarkablysmall
dispersionwhencomparedto high-quality spectroscopicval-
ues.However, as pointedout most recentlyby Twarog et al.
(2002), theSchuster& Nissen(1989) calibrationseemsto give
substantialsystematicerrorsin themetallicitycomputedfor the
very reddestG andK dwarfs (b �j��� 0� 46), wherevery few
spectroscopiccalibratorswereavailableat that time. Because
our samplecontainsan appreciablenumberof suchred stars
andmorespectroscopicmetallicitiesin this rangehavebecome
available,we decidedto derive an improved metallicity cali-
brationfor thesestars,asfollows:

Fromthehigh-resolutionspectroscopicstudiesof Flynn &
Morell (1997), Tomkin & Lambert(1999), Thorén& Feltzing
(2000), andSantosetal. (2001), wehaveextractedmetallicities
for 72 dwarf starsin the colour range0� 44 � b ����� 0� 59
and performeda new fit of the uvby indicesto thesevalues,
usingthe sametermsasthe Schuster& Nissen(1989) G-star
calibration.Theresultingcalibrationequationis:

[Fe� H] ��� 2� 06 � 24� 56m1 � 31� 61m2
1 � 53� 64m1(b ��� )

� 73� 50m2
1(b ��� ) � 26� 34m1 � 0� 46c1 � 17� 76m2

1 c1 �
Thefit of thephotometricmetallicitiesfrom this calibrationto
thespectroscopicreferencevaluesis shown in Fig. 8 (opencir-
cles). Thedispersionaroundthe(zero)meanis 0.12dex.

Spectroscopicabundancesfor suchcool dwarfsremainaf-
fectedby bothobservationalandtheoreticaluncertainties(see,
e.g.Thorén& Feltzing2000). However, thedeterminationsse-
lectedhereseemto representthecurrentstateof theart,andwe
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Fig. 8. Comparison between our final photometric metallici-
ties ([Me� H]) and the spectroscopic([Fe� H]) valuesusedto estab-
lish thecalibrations.Opencirclesdenotethecool (GK) stars,dotsthe
hot (F) stars(seetext).

have usedour new calibrationto computephotometricmetal-
licities for the Q 1500starsin our samplewith b Y�b � 0V 46.
For the Q 600starsin theinterval 0V 44 r b Ynb r 0V 46,thenew
calibrationagreeswith thatby theSchuster& Nissen(1989) to
within 0.00dex in themean,with a dispersionof 0.12dex.

About 2400 of our starswith high temperaturesand low
gravities are outside the range covered by the Schuster&
Nissen(1989) calibration.For thesestarswe have adoptedthe
calibrationof P andm1 by Edvardssonetal. (1993), whenvalid.
For the starsin common,the two calibrationsagreevery well
(meandi N erenceof 0.00dex, dispersiononly 0.05).For stars
outsidethe limits of bothcalibrations,we have deriveda new
relation, using the sametermsas Schuster& Nissen(1989)
for F stars.In additionto theabovenew spectroscopicsources,
we usedBurkhart & Coupry (1991), Glaspey et al. (1994)
and Taylor (2003) to extend the coveragein b Y�b , m1, c1,
and[FeR H]. From342starsin theranges:0V 18 W b Y�b W 0V 38,
0V 07 W m1 W 0V 26,0V 21 W c1 W 0V 86and Y 1V 5 W [Fe} H] W 0V 8,
we derive thefollowing calibrationequation:

[Fe} H] U 9V 60 Y 61V 16m1 � 81V 25m1(b Ynb )

� 224V 65m2
1(b Y�b ) Y 153V 18m1(b Ynb )2

� [12V 23 Y 90V 23m1 � 38V 70(b Ynb )] log(m1 Y c3) �
wherec3 U 0V 45 Y 3V 98(b Y�b ) � 5V 08(b Ynb )2.

The fit of thesephotometricmetallicities to the spectro-
scopicvaluesis shown in Fig. 8 (dots); the dispersionaround
therelationis 0.10dex. For thestarsin common,thenew cali-
brationandthatby Schuster& Nissen(1989) againagreevery
well (meandi N erence0.02 dex, dispersiononly 0.04). More
detailon thenew calibrationis givenby Holmberg (2004).

Fig. 9. Distribution of metallicities for the whole sample(full his-
togram).For comparison,the dottedcurve shows a Gaussiandistri-
bution with meanof ` 0� 14 anddispersionof 0.19dex, covering the
sameareaasthehistogram.

Thedistribution of thephotometricmetallicitiesderivedas
describedabove is shown in Fig. 9. A Gaussiancurve (with a
meanof Y 0V 14 anda dispersionof 0.19dex) hasbeenplotted
to highlight thetail of metal-poorstarsin therealdistribution.
Thismetallicitydistributionfor F- andG-typedwarfsis almost
identicalto theonefoundfor K-typegiantsbyGirardi& Salaris
(2001),with a meanof Y 0V 12andadispersionof 0.18dex.

4.4. Distances and absolute magnitudes

Most of our programmestarsarenearbyandhave trigonomet-
ric parallaxesof excellentqualityfrom Hipparcos(seeSect.3.4
andFig. 5). We have thereforechosento first determinedis-
tancesfor our starsbasedon the Hipparcosparallaxes,either
directly or indirectly. The distancesareusedto computetan-
gential spacemotion componentsfrom the proper motions,
andabsolutemagnitudesusedin thedeterminationof agesand
masses.

Whenthe Hipparcosparallaxis eitherunavailableor less
accurate,a photometricparallaxis used.We have adoptedthe
distancecalibrationsfor F andG dwarfs by Crawford (1975)
and Olsen (1984); if both are valid for the samestar, the
F star calibration is preferred(Note that this calibration re-
quiresa P value).We have checkedthe photometricdistances
againstthe subsetof Hipparcosparallaxeswith relative errors
below 3% (Fig. 10). Thetrigonometricand(distanceindepen-
dent)photometricparallaxesagreevery well, with no signifi-
cantcolour-dependentbias:thephotometricdistanceshave an
uncertaintyof only 13%.

Accordingly, theHipparcosdistanceis adoptedif theparal-
lax is accurateto 13%or better;otherwiseweadoptthephoto-



B. Nordstr̈omet al.: TheGeneva-Copenhagensurvey of theSolarneighbourhood 9

Fig. 10. Photometricvs. Hipparcosdistancesfor the singlemain se-
quencestarswith parallaxerrorsbelow 3%. Top: F dwarfs; bottom:
G dwarfs.

metricdistance.However, thephotometricdistancecalibrations
are not valid for binaries,giants,and many kinds of pecu-
liar stars.Such stars reveal themselves by large discrepan-
cies betweenthe trigonometricand photometricdistancees-
timates.The (few) starswith photometricdistancesdeviating
morethan3p from theHipparcosdistancesareflaggedin the
catalogueassuspectedbinariesor giants,andno photometric
distanceis givenif theHipparcosparallaxis tooinaccurateasa
distanceindicatoron its own (235stars).Similarly, nodistance
is given for starswhich lack the necessaryphotometry(typi-
cally the P index) andR or reliableHipparcosparallaxesor fall
outsidethe photometriccalibrations(1214stars).Thesestars

Fig. 11. MV (top) and] MV (bottom) vs. logTe� for oursample,which
by designconsistsof F andG dwarf stars.

are all quite distantand of marginal relevanceto the overall
sample.

From the adopteddistancesand the observed V magni-
tudeswe have computedtheabsolutemagnitudesgivenin the
catalogue,correctingfor interstellarextinction when known.
Moreover, a X MV index hasbeencalculatedasthe magnitude
di N erencebetweenthe star and the theoreticalZAMS at the
samecolour andmetallicity, as an indicator of the degreeof
evolution of eachstar. Figure11 shows thedistribution of MV

andX MV valuesfor thesample.
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4.5. Ages

Individualstellaragesarecrucialin orderto placetheobserved
chemicalandkinematicalpropertiesof the starsin an evolu-
tionarycontext. Becauseof their importance,we have devoted
a greatdealof eN ort to finding themostreliableway to deter-
mineagesfor thestarsin our sampleandassessingtheir indi-
vidual andsystematicerrors.

We start by noting that observable diagnosticsof stellar
agesare basically: (i) chromosphericactivity, and (ii) evo-
lution away from the ZAMS in the HR diagram.Both have
strengthsandlimitations, asdiscussedrecentlyby Lachaume
et al. (1999) andFeltzinget al. (2001).

Chromosphericagedeterminationsrely on the declineof
stellar activity with time (seeSoderblomet al. 1991 for an
overview). Thestrengthof this techniqueis that it canbeused
for bothF, G, andK-type dwarfs, includingvery youngstars.
A drawbackis that the chromosphericactivity indicators(e.g.
X-ray andCa II emission)decayinto invisibility at aboutthe
ageof theSun,sothemethodcannotbeusedfor theolderstars
which areof main interestfor Galacticevolution. A moreba-
sic problemis the time variability of stellar activity, similar
to the activity cycles and more dramaticphenomenaof the
Sun,suchas the Maunderminimum. Further, stellar activity
is causedmainly by rotation, which decreaseswith age but
can be influencedby, e.g. tidal interactionin binary systems
(Kawaler 1989).A chromosphericagecanthereforebe com-
pletelywrongfor reasonsthatcannotbeclarifiedwithoutaddi-
tional (substantial)observationaldata.

Isochroneagesaredeterminedby placing the starsin the
theoreticalHR diagram(Fig. 11), usingtheobservedTeS , MT ,
and [FeR H] and readingoN the age (and mass)of the stars
by interpolationbetweentheoreticallycomputedisochrones.
Edvardssonetal. (1993) exemplify thistechniquein thepresent
context. Giventhepresenceof observationalerrors,isochrone
agescan only be determinedfor starsthat have evolved sig-
nificantly away from theZAMS, whereall theisochronescon-
verge. This precludesthe determinationof reliable isochrone
agesfor unevolved(i.e. relatively young)stars,andalsofor G
andK dwarfswhich evolve alongtheZAMS for thefirst long
periodof their life.

Many of our starsare considerablyolder than the Sun.
Moreover, chromosphericactivity indicatorsexist only for a
small fractionof them.Accordingly, we have chosento derive
isochroneagesfor our stars,recognisingthat meaningfulre-
sultswill not bepossiblefor all ourstars.

4.5.1. Selection of stellar models

Selectingan appropriateset of theoreticalevolution models
and verifying its correspondencewith the observed stars is
the first crucial stepin any determinationof isochroneages.
The youngeststarsin our samplearemassive enoughthat the
stellarmodelsmust incorporateconvective coreovershooting
whereappropriate.Severalsuchmodelsexist andare,in fact,
very similar in the theoreticalplane,but employ ratherdi N er-
ent transformationsto the standardcolour systems(see,e.g.,
the detailedcomparisonin Nordstr̈om et al. 1997a). We have

preferred,therefore,to computeeN ective temperaturesandlu-
minositiesfor theprogrammestarsandcomparewith themod-
elsdirectly in thelogTeS�Y MT plane.

In preparation,we have comparedthe latestmodelsfrom
both the Geneva (Mowlavi et al. 1998; Lejeune& Schaerer
2001) andPadova groups(Girardi et al. 2000; Salasnichet al.
2000). The two sets of models yield essentiallythe same
ages(to within 10%), but have significantanddi N erentlimi-
tationsfor our purposes:The Geneva modelsextend to very
large ages,but are computedfor a relatively coarsegrid of
massesd 0V 8 M� , which precludesa properdeterminationof
massesandagesfor our coolestdwarf starsandleadsto some
numericalproblemsin the detailedisochroneinterpolations.
ThePadova modelsextendto starswell below the lower mass
limit of oursample,but theisochronesareterminatedatanage
of 17.8Gyr, complicatingthepropercomputationof meanages
andageerrorsfor theoldeststarsin oursample.Agesmuchin
excessof 17.8Gyr exceedall recentestimatesof theageof the
Universe,however, soon balance,we have chosenthePadova
modelsfor thefinal agedetermination.

4.5.2. Choice of model compositions

The next issueconcernsthe choiceof chemicalcomposition
for themodels.It haslong beenknown (e.g.Edvardssonet al.
1993; Reddyetal.2003) thatdiskstarswith [Fe} H] r 0 exhibit
anaverageenhancementof the � -elementswhichrisesapprox-
imatelylinearlyto [ � } Fe] � � 0V 25at[Fe} H] UZY 1 andremains
constantat thator perhapsa slightly higherlevel in evenmore
metal-poorstars.The total heavy-elementcontentof metal-
deficientdisk starsis thus somewhat higher than the heavy-
elementcontentof theSunscaledby theobserved[FeR H].

Moreover, recentwork (e.g.Fuhrmann1998; Bensbyet al.
2003) hasfound that thick-disk starsappearsomewhat more
� -enhancedthanthin-diskstarsin therangeY 1 r [Fe} H] r 0,
which spansthe vastmajority of our sample.Thereis, how-
ever, no consensuson a precisecriterion to distinguishbe-
tweenstarsof the thin and thick disks, in particularwhether
thick-disk starsare all extremely old andR or all moderately
metal-poor. This makes it impractical to identify the Q 5%
thick-diskstarsandestimateseparate� -enhancementsfor thin-
and thick-disk stars.Moreover, while Padova isochronesare
available for the Solar mixture of heavy elementsas well as
with anenhanced� -elementcontentfor somevaluesof [FeR H],
theassumed� -enhancement([ � } Fe] � � 0V 35) is considerably
greaterthanappropriatefor mostof our stars.

Fortunately, a simpler procedureappearssuO cient. As
demonstratedmostrecentlyby VandenBerg (2000), isochrones
computedwith solar-scaledand � -enhancedcompositionsare
almost indistinguishable,provided the total heavy-element
contentZ remainsconstant.For themetal-poorstars,we there-
fore selectscaled-SolarcompositionPadova isochroneswith a
somewhat higher [FeR H] than the directly observed value,as
describedbelow.

Specifically, we assumean � -enhancementthat is zero
for [Fe} H] d 0, rises linearly with decreasing[FeR H]
to � 0.25dex at [Fe} H] UZY 1V 0 and � 0.4dex at [Fe} H] UZY 1V 6,
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Fig. 12. Comparisonbetweentheobserved stars(known binariesex-
cluded) and Padova isochronesfor 0, 2, 4, 6, 8, 10, and 15 Gyr
at [Fe� H] ^ 0� 00 � 0� 02, ` 0� 50 � 0� 05, ` 0� 90 � 0� 20,and ` 1� 50 � 0� 25,
afterallowing for the � -enhancementandtemperaturecorrectionsdis-
cussedin thetext.

then remains flat at � 0.4 dex at all lower metallicities.
Following VandenBerg (2000), we then increase the ob-
served[FeR H] by 75%of thecorrespondingvalueof [ ��R Fe] as
thebestestimateof thetotalheavy-elementcontentof eachstar.
WenotethatVandenBerg (2000) foundhisprocedureto beless
satisfactoryfor themostmetal-richcompositions,but thosere-
sults were derived for a constant[ � } Fe] U � 0V 3 dex, even
for [Fe} H] � 0. The above approximationshould remain
fully satisfactoryin theslightly metal-poorregimewith thefar
smaller� -enhancementsadoptedhere.

4.5.3. Adjusting the temperature scales

Having describedourprocedurefor choosingmodelsof appro-
priateheavy-elementcontentfor starsof di N erentmetallicity,
we askwhetherthesemodelsprovide a satisfactoryfit to the
observed stars.This is especiallyimportant for the eN ective
temperatures,which are notoriouslydi O cult to predict in an
absolutesensefrom stellarmodelsaswell asfrom observation
(see,e.g.Lebreton2001). A temperaturemismatchbetweenthe
modelsandobserved starswill enterdirectly into the derived
ages.

Becauseour sampleis expectedto includevery old stars,
thecomparisonmustbemadeontheunevolvedmainsequence,
i.e. for MT"� � 5V 5.Goodagreementis foundfor Solarandvery
metal-poorcompositions,but for intermediatevaluesof [FeR H]
themodelsaretoohotby small,but significantamounts,asalso
foundby Lebreton(2001). Ignoringthis oN setwould drive the
low-massstarsto spuriouslyhigh ages,giventhetight spacing
of theisochronesin thismassrange.

Accordingly, we have applied temperaturecorrectionsto
the modelsthat amountto a X logTeS of Y 0V 015 at [Fe} H] U
Y 1V 5, rising linearly to X logTeS�U�Y 0V 022 at [Fe} H] U Y 1V 0
and droppinglinearly againto zero at [Fe} H] U�Y 0V 3. With
thesecorrections,weobtaintheisochronefits to thelowermain
sequenceshown in Fig. 12,which weconsidersatisfactory.

4.5.4. Statistical biases in age determinations

Theclassicalway to determinean isochroneageis to plot the
observedstarsandcomputedisochronestogetherin the theo-
reticalHR diagram,eitherthe logTeS Y MV diagram(Fig. 11,
top) or the logTeS vs. X MV variety (Fig. 11, bottom)usedby
Edvardssonetal. (1993; seetheirFigs.10Y 11).Errorsarethen
derivedby varying eachof the independentvariableslogTeS ,
MV, and[FeR H] by theirestimatedobservationalerrorsandnot-
ing thechangesin theresultingage.

However, ageis a highly non-linearfunctionof positionin
theHR diagram;thedistribution of theobservedparametersis
highlynon-uniformaswell; andtheobservationalerrorsarenot
alwaysnegligible comparedto therangesoverwhich thesedis-
tributionsandthederivedagesvaryconsiderably. An ageprob-
ability distribution function computedwithout regardto these
eN ectswill thereforebebiased;moreover, in thesimple,“clas-
sical” approachit is also incompletelysampled.Biasedages
andmisleadingerrorestimatesarethelikely result.

StatisticalbiaseseN ecting the determinationof isochrone
agesincludethefollowing:

1. Stellarevolution acceleratesstronglywhenstarsleave the
mainsequence;therefore,thedensityof starsin theHR dia-
gramwill bemuchhigherin themain-sequenceregionthan
away from it. This, in turn, causesmore starsto be scat-
teredby observationalerrorsfrom the mainsequenceinto
thesubgiantregion thanthereverse,andleadsto a biasin
favour of high ages.Note that this eN ect is in factexacer-
batedif starswith poorly determinedagesareeliminated,
sinceunevolved starsnecessarilyhave poorly-determined
ages.

2. Standardinitial massfunctions(IMF) rise towardslower
stellar masses;a given isochronewill thereforenot have
equalnumbersof starsin equalmasssteps,but thedensity
of starswill rise towardsthe ZAMS. Ignoring this eN ect
will alsoleadto a positiveagebias.

3. Standarddisk metallicity distributions(seeSect.6.1) con-
tain many moremetal-richthanmetal-poorstars;observa-
tionalerrorswill thereforeagainscattermorestarsfrom the
metal-richpeakof thedistribution into the metal-poortail
than in the oppositedirection.This will causethe corre-
spondingagesto be derived from isochronesthat are too
metal-poor, i.e. too hot, andagaina positive agebias re-
sults (the converseargumentappliesto the tail of “super
metal-rich”stars).

4. Apart from such“intrinsic” eN ectsin the data,the distri-
bution of starsin theHR diagramwill benon-uniformbe-
cause,e.g. of a non-uniformagedistribution of the stars
themselves,or asa resultof the criteriausedto definethe
sample.Notably, thedistribution in theHR diagramof our
full magnitude-limitedsamplewill be quitedi N erentfrom
thatof thevolume-limitedsubsample,dueto the inclusion
of luminous,evolvedstarsfrom muchlargerdistances.

4.5.5. Age determination for the sample stars

Thetechniqueswehavedevelopedto allow for thesebiasesare
superficiallysimilar to thosediscussedrecentlyby Lachaume
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et al. (1999) andReddyet al. (2003) asregardsthe treatment
of theevolutionbiasreferredto above.Thereare,however, im-
portantdi N erences,in thatwetreatall threeparameterslogTeS ,
MV, and[FeR H] equally, includeseveral additionalsourcesof
bias,andconsiderthewholechainof astrophysicallinks from
data to age.Our methodis outlined below and describedin
greaterdetailby Jørgensen& Lindegren(2004).

Briefly, for every point in a densegrid of interpolated
Padova isochroneswe computethe probability P that the star
could in reality be located there (and thus have the cor-
respondingage), given its nominal position in the three-
dimensionalHR “cube” definedby logTeS , MV, and [FeR H].
To do so, we assumethat the associatedobservationalerrors
havea Gaussiandistribution:

P U exp Y ( ¡ TeS )2 } 2p 2
Te¢ s exp Y ( ¡ MT )2 } 2p 2

M £
s exp Y ( ¡ [Fe} H])2 } 2p 2

[Feu H] V
Here, ¡ TeS etc. are the di N erencesbetweenthe observed pa-
rametersof the actual star and the isochronepoints consid-
ered.We assumeconstanterrors (p ) of 0.01 dex in logTeS
and 0.1 dex in [FeR H] throughout;for MV we use the indi-
vidual errorestimateif anHipparcosparallaxbetterthan13%
exists; otherwise,the standardphotometricvalueof 0.28mag
in (m Y M) is adopted.

Integratingoverall pointsgivesthegloballikelihooddistri-
bution for thepossibleagesof thestar, conditionedto account
for observationalbiasesas describedbelow. We call this the
“G-function” andnormaliseit to unity at maximum.Themost
probableagefor the star is then determinedas the value for
which theG-functionhasits maximum(seeFig. 13).

The determinationof the maximumvalue itself is a non-
trivial task.Becauseof numericalnoisedueto the finite sam-
pling of the isochrones,a simplemaximumof the raw func-
tion resultsin spurioushigh-frequency featuresin the derived
agedistributions which go undetectedin small samples,but
have dramaticeN ectsin densely-populateddiagramssuchas
Figs.27and30.Themedianof, say, theupper50%of thefunc-
tion yieldsa morestableestimate,but if thecorrespondingage
rangeincludesoneof the limits (0 or 17.8Gyr), the estimate
will be biasedaway from the limit, leadingto spuriouslylow
agesfor theoldeststars(cf. Fig. 14).A Gaussianfit asusedby
Reddyet al. (2003) is alsomorestable,but is a poorapproxi-
mationin the frequentcaseswhentheG-functionis distinctly
non-Gaussian(Fig. 14).

After extensive testswith simulatedandrealdata,smooth-
ing the G-function slightly with a kernel dependingon the
width of the unsmoothedfunction was found to be the opti-
mumprocedure.Themaximumof thesmoothedfunctionthen
yieldsa stableageestimatewithout significantbias.Figure13
illustratesthe procedurein the well-behaved caseof star lo-
catedin a region of theHR diagramwherethe isochronesare
well separated,and the maximumof the G-function yields a
well-definedage.

Finally, the maximum value of the probability function
foundfor any pointontheisochronesis ameasureof thedegree
to whichthestaris coveredby themodels.A smallvaluesigni-

Fig. 13. Top: threeslicesof thethree-dimensionalHR “cube” showing
theobservedpoint (centralpanel)andthreecutsthroughthe1-¤ error
ellipsoid.Theprobabilitydistributionfunction(G-function,bottom) is
computedfrom all pointsontheisochrones,not just thoseonor inside
theerrorellipsoid.

fiespeculiarstarsor largeobservationalerrorswhich preclude
any realisticagedetermination.

In computingthe G-functions,we have accountedfor the
biasesdescribedin Sect.4.5.4asfollows:

1. Speedof evolution. The isochronesare more widely sep-
aratedin phasesof rapid evolution, so suchphasesauto-
matically receive lower weight in theintegrations.We em-
phasizethat not only pointswithin a 1-p (or 3-p , Reddy
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Fig. 14. Right: examplesof starslocatedin regionsof theHR diagram
wherereliableagescannotbedetermined,and(left) thecorresponding
G-functions.Thestarsplottedasplus,asterisk,triangle,anddiamond
symbolsin the HR diagramcorrespondto the solid, dotted,dashed,
anddot-dashedcurves,respectively. Isochronesarefor 0, 2, 4, 6, 8,
and10Gyr.

et al. 2003) errorellipseareincluded,but all pointson the
isochronesin all threedimensions.

2. Stellar massfunction. The varying densityof starson an
isochronetowardsthe main sequenceis accountedfor by
weightingeachpoint accordingto the IMF (Kroupaet al.
1993). It canbe arguedthat the slopeof the actualdistri-
bution in themagnitude-limitedsamplewill be lower than
thatof theIMF dueto thepreferentialinclusionof brighter,
higher-massstars,but the e¥ ect is hardto quantify andin
any casesmall,astherangein massescoveredby thesam-
ple is small.

3. Metallicity bias.Theexcessof apparentlymetal-poorstars
causedby observationalscatterfrom thelargepeakof stars
of near-Solar metallicity is straightforward in concept.
Allowing rigorously for it in practiceis anothermatter:
a fully Bayesianapproachrequiresanestimateof theapri-
ori distribution which is a priori unknown and,moreover,
rather di ¥ erent for the complete,magnitude-limitedcat-
alogueand for the volume-limitedsamplewhich will no
doubtbe preferredin many applications(compareFigs.9
and 26); other subsampleswould no doubt be di ¥ erent
again.It appearsunreasonablethat the cataloguedageof
a given starshoulddependon the subsampleof starsdis-
cussedtogetherwith it.
Moreover, the first-orderastrophysicale¥ ectsconsidered
earlierin theprocedurealreadyseemto allow for theseef-
fects.First, if significant,themetallicitybiasshouldappear
asanexcessof positiveresidualsat low [Fe¦ H] whenphoto-
metricmetallicitiesarecomparedwith spectroscopicdeter-
minations;this is not seenin our data(nor by Edvardsson
et al. 1993). Second,our revised metallicity calibration
(seeFig. 8), by design,yields the correctmeanspectro-
scopic[Fe¦ H] for a givenmeanphotometricmetallicity.
Finally, andprobablymostimportantlyin view of thesen-
sitivity of thederivedagesto small temperatureshifts, the
samplesof starsusedto “normalise” thetemperaturescale

of the modelsto that of the observed stars(Fig. 12) will
alreadybe a¥ ectedby any residualmetallicity bias. Our
temperatureshifts will thereforeallow for it to first order.
In fact, it could be arguedthat thesecorrectionsmay, if
anything, be too large becausethe starsweredrawn from
thefull, magnitude-limitedsamplewhich preferentiallyin-
cludesyoung,metal-richstars.
In summarywe believe that, for generaluse,little if any
metallicity bias of significanceremainsin the agesgiven
in thecatalogue.If particularlypreciseagesareneededfor
certaintypesof stars,well-definedsubsamplesshouldbe
extractedandall stepsin the analysisreviewed and¦ or re-
peated,including the temperatureandmetallicity calibra-
tions, [ §¨¦ Fe] ratio(s),modelcompositionsandbolometric
corrections,and the a priori distributions of the relevant
parameters.

4. Agebiasetc.A stronglypeakedagedistribution(e.g.dueto
a starburst)couldgive biasesanalogousto thosediscussed
above. No such peak is expected,and its e¥ ects would
againdependon the(sub)sampleconsidered.We havealso
not imposedany upperlimit onthederivedages:while true
agesgreaterthan © 13 Gyr are implausible,observational
error will causesomedeterminationsto exceedthis limit,
and imposinga cuto¥ will bias the meanageof the old-
eststars.

In cases(1) ª (2) we correct for the a priori information in
a fully Bayesianmanner. Including also a priori metallicity
and age distributions in the age determinationat this stage
wouldbuild ourprejudicesconcerningtheenrichmentandstar-
formationhistoryof thedisk into ourageestimatesfor individ-
ual stars.We have thereforenot madesuchcorrectionsto the
ageslistedin thecatalogue(equivalentto assumingflat apriori
distributions.)

Using the above procedures,G-functionshave beencom-
puted for all stars in our samplewith the necessaryinput
data,including binary starsetc. An electronictable of these
functions, which illustrate the determinacy of eachage de-
termination at a glance, will be made available to inter-
estedreadersby requestto the correspondingauthor(B.R.J.;«­¬¯®�°C±­²(³¨®*´(µC°*¶¸·8¹�º»·A´(²

).
Bayesianprobabilitytheoryo¥ ersanindependent,alterna-

tive methodto computeunbiasedageestimatesundersimilar
conditions,provided that the a priori distributionsof the rele-
vantparameterscanbeestimatedwith su¼ cientaccuracy. An
end-to-endBayesianapproachof this typeis describedandap-
plied to the dataof Edvardssonet al. (1993) by Pont& Eyer
(2004).

4.5.6. Estimating errors for the ages

Realisticerror estimatesarecrucial in any applicationsof the
ages.From a well-behaved G-functionsuchas that shown in
Fig. 13 we derive (separate)1-½ lower and upper age lim-
its asthe pointswherethe G-functionreachesa valueof 0.6.
Extensive Monte Carlo simulationsusing artificial starswith
typicalobservationalerrorshaveconfirmedthatindeed68%of
therecoveredagesthenfall within ¾ 1½ of thecorrectage.
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Fig. 15. Thedistribution of upper(dottedline) andlower (solid line)
1-¤ relative errorsfor theagesin thecatalogue.

Whenboth the upperandlower 1-p agelimits fall within
therangeof theisochrones,0 Y 17.8Gyr, thecataloguelistsboth
themostlikelyageof thestaraswell asits upperandlowerlim-
its. In the following, we refer to suchcasesas“well-defined”
ages(notethat this termby itself doesnot imply a smallerror,
only that theerror estimateis reliable!).For moredemanding
applications,thesampleshouldnodoubtberestrictedto single
starsandperhapsalsoto starswith ageerrorsbelow aspecified
limit; all informationneededto dosois readilyavailablein the
catalogue.

If theG-functionpeakswithin thevalid agerangebut one
of the limits is outsideit, that limit is not given in the table,
indicating that the ageis uncertainand its error also poorly
defined.For starsnearor beyondthelimits of theisochroneset
(very youngor very old starswith large observationalerrors,
duplicity or other spectralpeculiarities),the G-function may
peakat or even outsidethe agelimits of the isochrones(see
Fig. 14). In suchcases,no valueis givenfor theage,only the
estimatedupperor lower limits.

Finally, for the lowest-massstarswhich have not evolved
perceptibly, the G-function will show no well-definedmaxi-
mum (seeFig. 14). If the G-function is too flat to reachthe
1-p confidencelevel (0.6) anywherein the range0Y 17.8Gyr,
or if themaximumprobabilityvalueenteringthecomputation
of theG-functionindicatesthat thestarfalls significantlyout-
sidetheisochroneset,no ageis givenat all.

The distribution of the relative age errors is shown
in Fig. 15,while Fig. 16 showsthemeanrelativeageerrorasa
functionof agefor thestarswith “well-defined”ages.Notethat
theconditionthatbothlowerandupperagelimits shouldbede-
terminedremovesold starsfrom theupperright in Fig. 16.The
impressionof increasingprecisionwith agethatresultswhena
numericalcutoN is mistakenfor aphysicalupperagelimit (e.g.
Fig. 4 of Feltzinget al. 2001) is, of course,anillusion.

Fig. 16. Relative ageerror(meanof lower andupperbounds)vs. age
for the11445starswith “well-defined”ages.

We have comparedour error estimateswith thosederived
in the classicalmanner, i.e. by varying eachinput parameter
by ¿ 1p andaddingthe ageerrorsin quadrature.We find that
the latter are often underestimatedby almosta factor 2. We
attribute this to threecauses:(i) varying only one parameter
at a time significantlyunderestimatesthe true rangeof values
over which the agevariationsmustbe explored;(ii) the tech-
niqueeN ectively samplesatotalof only six pointsonthethree-
dimensionalprobabilityfunctionwhichweintegratein detailto
computethe G-function;and(iii) the standardway to adder-
rorsassumesimplicitly thattheG-functionis Gaussian,which
is manifestlynot the rule (cf. Fig. 14). Someof theerroresti-
mationtechniquesfor isochroneagesin earlierliteraturehave
in reality estimatedfitting errorsratherthantrueuncertainties,
andtheerrorshave likely beensignificantlyunderestimatedin
severalcases.

In the total sampleof 16682stars,thesecriteriayield age
estimatesfor 13636stars(82%),of which 11445stars(84%)
have “well-defined” agesby theabove definition.9428(82%)
of thesewell-definedageshave estimatederrorsbelow 50%,
5472(47%) even below 25%. Eliminating known binariesof
all types leaves us with 9158 presumablysingle stars(83%
of all 11060 suchstarsin the sample)with derived ageval-
ues,7566 (83%) of which have agesthat qualify as “well-
defined”.Of thesein turn, 6144singlestars(81%) have ages
betterthan50%and3528(46%)betterthan25%,respectively.

Figure 17 shows the distributionsof derived agesfor the
complete(magnitude-limited)samplefor increasinglystrict
limits ontheaccuracy of theages,andalsocomparesthedistri-
butionsof themagnitude-limitedandvolume-limitedsamples.
We stressthat,dueto thebiasesin theselectionandagecom-
putationproceduresalreadydiscussed,noneof thesediagrams
hasasimpleinterpretationin termsof thestarformationhistory
of theSolarneighbourhood.
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Fig. 17. Top: agedistributionsfor singlestarsin the full sample.The
curves show (top to bottom): (i) all ages(solid); (ii) “well-defined”
ages(dots);(iii) ageswith errors À 50%(short-dashed);and(iv) ages
with errors À 25%(long-dashed).Bottom: “Well-defined”agesin the
full, magnitude-limitedsample(solid) andin thevolume-limitedsub-
samplefor d À 40 pc (dots).Note that increasingthedemandon ac-
curacy progressively removesmostof theoldeststars.

4.5.7. Checking the results

We have subjectedour age derivation proceduresto a wide
range of numerical and other checks.In analogy with the
Monte Carlo simulationsusedto verify the error estimatesas
describedabove,we have createdartificial samplesof starsof
specifiedagesandarangeof massesfrom theisochrones,com-
puteduvbyP indicesand MV valuesusing the reversetrans-
formationsof thoseappliedto the observed data,and added
realisticrandomerrorsto thesimulatedobservations.Thesear-

tificial starshave thenbeensubjectedto our agedetermination
procedurein exactly the samemanneras the observed stars.
We find that,within the limits of the computederrors,we re-
covertheinputageswithoutsignificantsystematicerror(but of
coursewith alossof starsin thepartsof theHR diagramwhere
agescannotbedetermined).

Anotherreality checkis to determineagesfor starsin open
clusterswith gooduvbyphotometryandknown reddening(in-
cluding,but not limited to suchfavourablecasesasNGC3680;
Nordstr̈om et al. 1997a) as if they were single stars.Again,
goodagreementis foundwith theresultsof detailedisochrone
fits to theentireclustersequence,but of coursetheunevolved
lower main-sequencestarsyield largeerror bars.Similar con-
sistency checkshavebeenmadein binarystarswith gooddata
for theindividualcomponents.Furtherdiscussionof thesetests
is givenby Jørgensen& Lindegren(2004).

A particular concernwas to ensurethat our procedure
doesnot introducemetallicity-dependentsystematicerrorsthat
coulddistort the resultingage-metallicityrelations(AMR). In
order to do so, we have createdartificial AMRs of specified
shape,with a distribution of metallicitiesat eachagecorre-
spondingto theobservationalscatter, andwith auniformdistri-
butionof stellarmassesfrom theZAMS valueto themaximum
reachedfor the assignedageand metallicity. For the experi-
ment,we assumedboth an AMR with [FeR H] increasinglin-
early with time andanother(completelyunphysical)AMR in
which[FeR H] decreasedlinearlywith time.Simulatedobserva-
tions andrealisticerrorswerecomputedandagesandmetal-
licities rederivedfrom theartificial data.As before,many stars
werelost for which reliableagescouldnot bedetermined,but
thosewith small calculatederrorsdelineatedthe input AMR
without any systematicerror – a result which inspiresconfi-
dencein our method.Detailson thesesimulationsaregivenin
Holmberg (2004).

A furtherexternalcheckwasmadeby comparingwith the
agesby Edvardssonet al. (1993). Of their 182starswith ages,
our procedureyieldsestimatesof any quality for 179starsand
“well-defined” ages(seeabove) for 160stars.Figure18 com-
paresthetwo setsof agesfor thelattersample;alinearfit yields
therelation

logAgeEdv93 U (0V 11 ¿ 0V 03) � (0V 89 ¿ 0V 04) s logAgeourV
I.e., our agesare on averageslightly smaller than thoseof
Edvardssonet al. (1993) for youngerstars(where their MV

derived from X c1 is biasedtowards brighter values),while
our agesagreewell for the oldest stars.The scatteraround
the 45[ line is 0.12 dex; the fit only reducesit to 0.11 dex.
Edvardssonetal. (1993) estimatedthattheir ageshaderrorsof
about ¿ 0V 1 dex. Ourestimatedmeanrelativeerrorfor thesame
sampleis also0.10dex, somewhatlargerfor theyoungestand
smallerfor the oldeststars,but the sampleexcludesthe very
oldeststarsfor which an upperagelimit cannotbe properly
determined.

The agreementbetweenour agesand those derived by
Edvardssonet al. (1993) is quite gratifying: one would have
expecteda largerdispersionin Fig. 18 if theerrorsin the two
agedeterminationswerecompletelyuncorrelated,which sug-
geststhat the errors are primarily observational rather than
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Fig. 18. Ages from Edvardssonet al. (1993) vs. our resultsfor the
160starsin commonwith “well-defined” ages.

systematic.We recall that even thoughthe samephotometric
datahave beenused,the stellar models(including opacities
andconvectiondescriptions),temperatureandmetallicity cal-
ibrations,absolutemagnitudedeterminations(Hipparcospar-
allaxesvs. X MV derived from the X c1 index), treatmentof the
� -enhancementin metal-poorstars,andthe methodfor com-
puting the ageshave all changedin the intervening decade.
Findingarelationsuchasthatseenin Fig. 18strengthensone’s
confidencein thewholeprocedure.

We have also comparedour resultswith agescomputed
with theBayesianmethodof Pont& Eyer(2004). Apart from
a scaledi N erenceof Q 25%,dueto a di N erentmetallicity scale
and their choiceof the medianrather than maximumof the
probabilitydistributionasthepreferredage,thereis nosignifi-
cantdi N erencebetween,e.g.,age-metallicityrelationsderived
with thetwo setsof ages.

For completeness,we finally comparedour new agedeter-
minations(with errorsr 25%)with thechromosphericagesde-
rivedby Rocha-Pintoet al. (2000) for the85 starsin common
in the range1 Y 20 Gyr. The plot is quite similar to Fig. 8 of
Feltzinget al. (2001), with no traceof any correlationbetween
thetwo setsof ages.

In conclusion,while noting the uncertainties,we consider
our agescaleto be the bestpresentlyavailablefor the whole
sample.However, if the ageof a particularsubgroupof stars,
e.g.thick-diskstars,is neededto thehighestprecision,thenthe
detailedelementalcompositionof a carefully definedsample
of suchstarsshouldbedeterminedandmodelsof theprecisely
thesamecompositionbecomputedto derive their ages.

It mustbeemphasisedthatourreliability testspertainto the
agesderivedfor individual stars. For any realisticdistribution
of trueagesfor a completesampleof stars, onemusttake into
accountthatmany of theleast-evolvedstars,especiallytheold
low-massstars,will haveno derivedagein thecatalogue,sim-

Fig. 19. Thedistribution of derivedmassesfor singlestarsin the full
(solid line) andvolume-limitedsamplefor d À 40 pc (dottedline).

ply becausethe observationscannotmeasuretheir evolution.
We caution,therefore,that the trueagedistribution of the full
samplecannotbe deriveddirectly from the catalogue;careful
simulationof thebiasesoperatingon theselectionof thestars
andtheir agedeterminationwill beneededto obtainmeaning-
ful resultsin investigationsof this type.

Finally, we recall thatmany starsin our samplearebinary
or multiple systems,for which thederivedages(andmetallic-
ities) will be unreliable.In general,thereis insuO cient infor-
mationavailableto recover the datafor the individual binary
componentsfrom thecombinedphotometry, but thegreatma-
jority of thevisualandspectroscopicbinariesin thesampleare
known andidentifiedin thecatalogue(seeSect.5.1),andcan
thusbeexcludedin studieswhereabsolutestatisticalcomplete-
nessis not important.

4.6. Masses

Massestimatesareneededasthe main clue to the evolution-
ary historyof thestarsin thesample.Becauseeachpoint on a
modelisochronecorrespondsto a specificmassvalueaswell
asanage,we cancomputeanM-function describingtheprob-
ability distribution of modelmassesfor anobservedstarfrom
the Padova models,exactly analogousto the G-functionsfor
theages(seeSect.4.5.5).

The M-functions are much better behaved than the
G-functionsandgenerallyyield goodmassesalsofor starsto
which no meaningfulagecanbeassigned.Individual errores-
timatesarealsogivenfor all massesin thecatalogue;they aver-
ageabout0.05M� . Figure19 shows thedistributionof thede-
rivedmassesin boththemagnitude-limitedandvolume-limited
samples.Thelow-masslimit at 0.65M� reflectstheredcolour
cutoN of our sample.
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4.7. Space velocities

Spacevelocity components(U� V� W) have beencomputedfor
all thestarsfrom their distances,propermotions,andmeanra-
dial velocities.(U� V� W) aredefinedin a right-handedGalactic
systemwith U pointing towardsthe Galacticcentre,V in the
directionof rotation,andW towardsthe north Galacticpole.
No correctionfor theSolarmotionhasbeenmadein thetabu-
latedvelocities.Our radial velocitiesareof superioraccuracy
(Fig. 3) and the averageerror of the Tycho-2propermotions
correspondsto only 0.7 kmsm 1 in the tangentialvelocities,so
the dominantsourceof error in the spacemotionsis the dis-
tance.Accountingfor all thesesources,we find the average
error of our spacemotionsto be 1.5 kmsm 1 in eachcompo-
nent(U, V, andW).

Figure20 displays(U, V, andW) for all starsin thesample
with ameasuredradialvelocity. TheU Y W andV Y W diagrams
show a smoothdistribution, theHyadesbeingtheonly clearly
discerniblestructure(cf. Fig. 1 andSect.2.2).TheU Y V dia-
gram,on theotherhand,shows abundantstructurein addition
to theHyades,with four curvedor tilted bandsof starsaligned
alongapproximatelyconstantV-velocities.Note that the pre-
ponderanceof starsfrom the two nearestspiral arms in our
local sampleleadsto thewell-definedlimits of thesestructures
seenboth in the U Y V diagramand in the V Y W diagram
(at V UZY 30and � 20 kmsm 1).

Thesestructures,discussede.g.by Dehnen(1998), Skuljan
etal. (1999), havevelocitiesresemblingclassicmoving groups
or stellar streamsand have been named (top to bottom):
the Sirius-UMa,ComaBerenices(or local), Hyades-Pleiades,
andÁ Herculisbranches.Thelocationof the Á Herculisbranch
in the U,V planeraisesthe interestingprospectthat kinemat-
ically selectedsamplesof local thick-disk stars(e.g. Bensby
et al. 2003) might containanadmixtureof somewhatyounger,
moremetal-richthin-diskstars.

Becausethesestructuresdo not consistof coeval stars(see
Fig. 30), they arenot simply the remnantsof broken-upsys-
temssuchasclassicmoving groups,but couldbeproducedby
transientspiralarmstructures(DeSimoneetal. 2004) or result
from kinematicfocusingby non-axisymmetricstructuresof the
Galaxysuchasthebar(e.g.Fux 2001andreferencestherein).
Our datawill allow morerefinedsearchesfor detaileddynam-
ical substructureresulting,e.g.,from pastmergerevents(e.g.,
Chiba& Beers2000; Helmi etal. 2003) or from thedynamical
eN ectof thebar.

4.8. Galactic orbits

From the present positions and space motion vectors of
thestars,we canintegratetheir orbitsbackin time for several
Galacticrevolutionsandestimatetheir averageorbital param-
eters.CorrelatingsuchGalacticorbitswith thechemicalchar-
acteristicsandagesof well-definedgroupsof starsmay yield
insight of greatinterestinto their origin; seee.g.Edvardsson
et al. (1993) andmany laterpapers.

Beforeusingtheobservedspacemotionsfor this task,they
mustbe transformedto the local standardof rest.For this, we
haveadoptedaSolarmotionof (10.0,5.2,7.2)km sm 1 (Dehnen

Fig. 20. U ` V, U ` W, andV ` W diagramsfor all starsin thesample.
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Fig. 21. Key parametersof theGalacticorbitsfor thewholesample.

& Binney 1998). For theorbit integrationswe usedthepoten-
tial of Flynn et al. (1996), adoptinga solarGalactocentricdis-
tanceof 8 kpc. Thekey propertiesof this modelare:Circular
rotation speed220 km sm 1, disk surfacedensity52 M� pcm 2,
anddisk volumedensity0.10 M� pcm 3, in agreementwith re-
centobservationalvalues(Reidet al. 1999; Backer & Sramek
1999; Flynn & Fuchs1994; Holmberg & Flynn 2000).

In thecataloguewe give thepresentradialandverticalpo-
sitions(Rgal andz) of eachstaraswell asthecomputedmean
peri-andapogalacticorbitaldistancesRmin andRmax, theorbital
eccentricitye, and the maximumdistancefrom the Galactic
plane, zmax. Figure 21 summarisesthe distribution of these
parameters.

The detailedshapeof especiallythe Rmin distribution is
stronglydependenton the exactvalueof the SolarV-velocity
applied,andthe peakscanbe relatedto the enhanceddensity
of starsin the streamsseenin Fig. 20. Sirius-UMacausesthe
peakat Q 8 kpc in the Rmin distribution, Hyades-Pleiadesthe
oneat Q 7 kpc,andthesmallbumpat Q 5.5kpccanbetracedto
the Á Herculisstream.Testshaveshown thatanincreaseof the
SolarV-velocity by a few kmsm 1 changesthe double-peaked
structureinto a smoothincrease,dueto thechangedorbit dis-
tribution acrossthecircularvelocity.

5. Statistical proper ties of the sample

Few if any completeandunbiasedsamplesof starswith com-
plete,homogeneousastrophysicaldataexist in Galacticastron-
omy. Indeed,the conclusionsof an observational study may
well dependmoreon theway thestarsareselectedthanon the
actualdataobtained.Thus,for any applicationof thedatapre-
sentedhereit is crucial to be aware of the mannerin which
thestarshavebeenselectedandobserved,andhow their astro-
physicalparametershavebeenderived.

A chief concernat the start of the project was to avoid
any kinematicbias in the selectionof stars.Therefore,stars

for the photometricsurveys wereoriginally selectedbasedon
theHD visualmagnitudes.Theseareknown to have apprecia-
ble errors,so somestarsbrighter thanthe limits describedin
Sect.2.1 will certainlyhave beenmissed,while many of the
newly measuredmagnitudeswerefainterthanthoselimits. The
widerangeof HD spectraltypesincludedin thesurveysshould
ensurethatfew if any metal-poorstarsweremissedfrom thefi-
nal (muchsmaller)sampleof F andG dwarfsdefinedfrom the
measureduvbyP indices.Thecool limit is somewhatlessrigor-
ouslydefined,asold metal-richdwarf starsmight bemistaken
for giantsbecauseof their strongCN bands,possiblyeven in
theMK spectralclassesusedto extendtheredlimit of thesam-
ple to K2 V southof X UZY 26[ .

As a practicalfactor, many of the radial-velocity observa-
tionsweremadefrom preliminaryversionsof thephotometric
catalogues,sothefinal selectioncriteriadid notnecessarilyco-
incidepreciselywith thewaytheobservationsweremade.Stars
thathadalreadybeenobservedcouldbe excludedin the final
sampleif needed,but new starscouldnotnecessarilybeadded.
This is the casefor a fraction of the unevolved F stars;they
hadbeenomittedinitially becauseno reliableagescanbede-
terminedfor them,andnot all wereincludedin theHipparcos
Input Cataloguewhich was later usedto completethe data.
Also, severalhundredstarsyieldedno radial-velocitydetermi-
nationbecauseof fast rotation,bright hot companions,or for
otherreasons.

Inevitably, when many tensof thousandsof observations
are performedmanually on hundredsof nights, occasional
misidentificationsand other errors occur. The thousandsof
doublestarsof all possiblevarietiesprovide rich opportuni-
ties for ambiguityandinconsistency in the attribution of indi-
vidual observations.GreateN ort hasbeendevotedto detecting
andeliminatingerrorsof all conceivablekinds,but notall cases
canberesolvedandrejectedobservationscouldnot alwaysbe
repeated.

Finally, we cautionagainthat theastrophysicalparameters
for any starin thecatalogueflaggedasabinaryarelikely to be
inaccurateandpotentiallymisleading.

5.1. Binary stars

Binary starsare abundantamongstfield stars,especiallyin
sampleslimited byapparentmagnitudebecausebinarystarsare
on averagebrighter thansinglestars.If unrecognised,the bi-
narystarswill appearasa substantial,but unknown fractionof
thesamplefor which thederivedages,metallicities,distances,
andspacemotionswill all bewrong.Therefore,while corrected
valuescannotalwaysbederived,identifying suchcasesis im-
portant,andmucheN ort hasbeenspentto thatend.

Our samplecontainsnumerousdoublestarswith separa-
tions rangingall the way from invisible to fully resolved in
both photometricand radial-velocity observations.Similarly,
brightnessratiosrangefrom unity to severalmagnitudes,with
associatedobservationaldi O culties.As faraspossible,all such
caseshave beenrecordedat the telescope(seecommentsin
the photometrypapers),andstarswith visual companionsare
flaggedin the catalogueand the available informationgiven.



B. Nordstr̈omet al.: TheGeneva-Copenhagensurvey of theSolarneighbourhood 19

As notedabove,many radial-velocity observationsof suchvi-
sualcompanionshavebeenmade;thesewill bemadeavailable
separatelyat thewebsiteof ObservatoiredeGeǹeve.

The accuracy of our new radial velocitiesvarieswith the
rotationalline broadening,but the largemajority areof excel-
lentquality(cf. Fig. 3).Ouraverageof morethanfour observa-
tionsperstarshouldallow goodbinarydetectionstatistics,al-
thoughtheactualnumbervariesconsiderablyfrom starto star
andmany starshaveonly two observations.Accordingly, some
long-periodandR or low-amplitudebinary starswill likely re-
mainin thesample,but a largefractionof thesystemswith pe-
riods below 1000daysshouldhave beenrevealedby our data
(seebelow). Many double-linedsystemsalsomanifestedthem-
selvesby a doublecross-correlationpeakalreadyat the tele-
scope.All availablespectroscopicinformationon duplicity for
thestarsin oursampleis alsogivenin thecatalogue.

The complete sample of 16682 stars con-
tains3537(21%)visualdoublestarsand3223(19%)spectro-
scopicbinariesof all kinds.Thetotalnumberof binarystarsof
any typeis 5622(34%),assomevisualbinarycomponentsare
alsospectroscopicbinaries.This fraction correspondswell to
the total frequency (32%) of binary systemsof all typeswith
periodslessthan105 daysfound for G dwarfsby Duquennoy
& Mayor (1991), aftercarefulcorrectionfor detectionincom-
pleteness.Our samplethus comprises11060 stars that are
not known to be double;of these,7817have measuredradial
velocitiesconsistentwith their beingtruesinglestars.

A priori, we would expecta larger fraction of binary sys-
tems in our magnitude-limitedsamplethan in the volume-
limited sampleof Duquennoy & Mayor (1991) becausebi-
nariesare, on average,brighter than single stars.However,
restricting the statistics to the volume-limited subsample
within 40 pc, we still find a total binary fractionof 32%,sug-
gestingthat the greatmajority of binariesin the samplehave
indeedbeendetected.

Finally, we warn that themassratiosfor 510double-lined
binariesderivedfrom our (generallysparse)radial-velocityob-
servationsandlisted in Table2 shouldnot be usedto derived
massratio distributionsor any other statisticalpropertiesfor
binary starsin general.This sampleis heavily biasedtowards
binarystarswith near-equalcomponentsandperiodsof a few
days,which show significantline separationwithout excessive
rotation(i.e. largerthan Q 30kmsm 1).

5.2. Magnitude completeness

Thedistributionof thephotoelectricV magnitudesfor all stars
in thesampleaswell asfor thosewith completeastrophysical
dataareshown in Fig. 22. Fromthis diagram,the magnitude-
completenessof the samplecan be estimatedby comparing
with the distribution expectedfor a uniform volume density
of stars.The full samplebegins to departfrom completeness
nearV U 7V 6.

The original surveys weredesignedwith variablemagni-
tude limits in order to betterapproximatea volume-complete
sample.Themagnitudelimit thusdependsoncolour, asshown
in Fig. 23. Note that a substantialfraction of the earliest

Fig. 22. Distributionof observedV magnitudesfor thefull sample(full
line), and for the starswith measuredradial velocities(dottedline).
Thedashedcurve shows theexpectedrelationfor a uniform, volume
completesample.

F dwarfs(0V 200 r b Ynb r 0V 300)lack radial-velocitydatadue
to fastrotation,while thecoolerstarsareessentiallycomplete
in this regard.

The magnitudecompletenessasa function of colour may
becharacterizedby two numbers:Vlim, themagnitudeatwhich
incompletenesssetsin, andVcut, themagnitudebeyondwhich
a negligible fraction of the starsweremeasured.Estimatesof
thesecompletenesslimits aregivenin thetablebelow.

Vlim Vcut

0V 205 W b Y�b r 0V 300 7.7 8.9

0V 300 W b Y�b r 0V 344 7.8 8.9

0V 344 W b Y�b r 0V 420 7.8 9.3

0V 420 W b Y�b r 0V 540 8.2 9.9

We note again that the coolestdwarfs are includedonly
for X r Y 26[ . These1277starsareflaggedin Table1, so the
samplecanbe cleanlydivided into onesubsamplethat is ho-
mogeneousover thesky to aconstantcolourlimit, andanother
that is similarly homogenousto a reddercolour limit, but cov-
ersonly thesouthernmost28%of thesky.

5.3. Volume completeness

The degreeof volumecompletenessof the samplecanbe es-
timated from the computeddistancesof the stars.The pro-
grammestarshave a wide rangeof absolutemagnitudes,but
are drawn from the apparent-magnitudelimited photometric
surveys, so the distanceto which the sampleis volumecom-
plete will vary considerablythroughthe sample,primarily –
but by nomeansexclusively – with theb Y�b colourindex.
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Fig. 23. Distribution of V magnitudesby interval of b `jg colour.
Markingsasin Fig. 22.

Fig. 24. Distancedistributionsby interval in b `xg colour (full line).
Thedashedcurvesshow theexpectedrelationfor a uniform, volume
completesample.In thelastpanel,thelowerhistogramshows thedis-
tributionof starssouthof ]|^Â` 26a .

Figure 24 shows the distribution in distanceof the four
colour intervals definedin Fig. 23. As expected,the earliest
and intrinsically brightestF starsare completeto the largest
distance,Q 70pc(but notethatmany of thesehavenomeasured
radialvelocities).TheG5 dwarfsaswell asthelater-typestars
southof X UfY 26[ appearto be completeto Q 40 pc, as in-
tended.We recall that1449starshave no distancelistedin the
cataloguebecauseof inadequatedata(seeSect.4.4).

In theend,thevolumewithin thelimiting distanceof 40pc
contains only 1685 stars with complete data, out of the

16682starsin the full sample(or the over 30000starsin the
original uvbysurveys!). However, asdistancesareknown for
nearlyall thestars,theabsolute-magnitudebiasis quantifiable
andcanbeallowedfor in computingtherelativefrequenciesof
thedi N erenttypesof star.

5.4. Completeness of masses

Stellar massvariesmuch more slowly over the HR diagram
thanage.Accordingly, theM-functionsusedto derive masses
and their errors for our stars(Sect.4.6) are much betterbe-
haved than the correspondingG-functionsfor the ages,and
useful massestimatescan be derived also for starsto which
no meaningfulagecanbeassigned.Accordingly, masseshave
beenderivedfor all 14381starswith determinationsof logTeS ,
MV, and[FeR H] andlocatedinsidetheregionin theHRdiagram
coveredby thetheoreticalisochrones(seeFig. 19).

5.5. Completeness of ages

In Sect.4.5.6 we discussedhow we have determinederrors
for the agesderived for the individual stars.The degree of
completenessof the agedatadepends,then,on how large er-
rors one is willing to accept.For the total sample,publish-
ableagesasdefinedin Sect.4.5.6areavailablefor 13636stars
or 82%of thefull sample(9158or 83%of thesinglestars),of
which 11445(and7566singlestars– 69%of thetotal in both
cases)have“well-defined”agesby thedefinitionin Sect.4.5.6.
If therelative error limits aresetto 50%or 25%,thenumbers
are9428and5472(57%and33%), respectively, for all stars,
and6144and3528(or 56%and32%)for thesinglestars.

Thefractionof starsfor which reliableagescanbederived
variesstronglyover the HR diagram.For the evolved F stars
the situationis relatively favourable.For starson or nearthe
ZAMS, only anupperlimit to theagecan,in eN ect,bedeter-
mined.And for the still-unevolved low-massstarsno usable
agescanbedeterminedatall; in oursample,essentiallynostar
below 0.90 M� or fainterthanMV U 4V 5 yields a meaningful
age.

TheseeN ectsareevident in Fig. 25, which shows thecor-
relationbetweenthe agesandmassesderived for the starsin
the sample.ThreeeN ectsareobvious from the figure: (i) the
upperenvelopeof massesfor a givenage,setby theevolution
of thestarsontothegiantbranch(but blurredby metallicityef-
fects);(ii) thelackof starsyoungerthan Q 1 Gyr, adirectresult
of our blue colourcut-oN at b YjbÃU 0V 205;and(iii) the lack,
at eachage,of the low-mass,unevolvedstarsfor which well-
definedagescannotbedetermined.Thefew scatteredstarsbe-
low the main relationareprobablyundetectedgiantsor other
peculiarstars.

6. Discussion

Thedatabasepresentedhereprovidesabasisfor athoroughre-
evaluationof someof theglobalpropertiesof theSolarneigh-
bourhoodandtheGalacticdisk.Severalof theseanalyseswill
requiredetailedsimulationsof thepredictionsof variouscom-
petingmodels,subjectingthe simulatedstellarpopulationsto
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Fig. 25. Age vs. massfor starswith well-definedages.The appar-
ent correlationof age and massis an artifact causedby the over-
representationof evolved starsandthe fact that reliableagescannot
bedeterminedfor unevolvedstars.

thesameselectioncriteriaasusedto establishoursamples,and
comparingtheresultswith therealdataset.

Suchsimulationswill be the subjectof future papers,but
arebeyond the scopeof the presentdiscussion.Here,we will
simply review a few of the “classic” diagnosticrelationsfor
the Galactic disk, i.e, the metallicity distribution for long-
livedstars,theage-metallicityrelationfor theSolarneighbour-
hood,the radial metallicity gradient,andthe age-velocity and
metallicity-velocity relations.

In eachcase,two featuresareessential:(i) thelackof kine-
matic selectionbias in our sample;and (ii ) the new radial-
velocity datawhich allow to identify starsthathave not taken
part in the evolution of the local disk, but just happento pass
throughit at this time; removecontaminationby unrecognised
binarystars;completethevelocity informationfor thesample,
and estimatescale-heightcorrections.At the sametime, the
very strongabsolute-magnitudebias in our sampleand limi-
tationof thecooleststarsto thecapsouthof Y 26[ declination
mustbekeptfirmly in mindandcorrectedfor asappropriate.

As a preliminary, we warn that the true uncertaintyof the
agesof especiallythe oldeststarsmustbe kept in mind when
interpretingthe following diagrams(note in this connection
thatthefinal refinementsin ouragecomputationmethodshave
resultedin significantchangesin the agesof the oldeststars
sinceourpreliminarydiscussionin Holmberg et al. 2003).

As shown in Fig. 17,restrictingthesampleto starswith in-
creasinglybetter-determinedagespreferentiallyeliminatesthe
oldeststarsandmakesit increasinglydi O cult to determinethe
maximumageof starsin the disk. Conclusionsbasedon sin-
gle points in, e.g. Figs. 27 or 30, will be risky at best.E.g.,
we notethat the statementby Sandageet al. (2003), that “the
ageof the field starsin the solar neighbourhoodis found to

be 7V 9 ¿ 0V 7 Gyr”, is basedon a few starsassumed(but not
known) to besuper-metal-richandignorestheexistenceof bi-
nary starson the main sequence.At the sametime, the au-
thorsrecognisethattheopenclusterNGC6792,with [Fe} H] U
� 0V 3 Y 0V 4, is about10Gyr old, awarningagainstquickconclu-
sionsdrawn from a singlediagram.

6.1. Metallicity distribution (the “G dwarf problem”)

Relative to the predictionsof a closed-boxmodel with con-
stant initial mass function (see e.g. Pagel 1997), the ob-
servedmetallicitydistributionfunctionfor unevolvedlow-mass
dwarfs shows a significantlack of low-massmetal-poorstars
(van den Bergh 1962; Schmidt 1963). These should have
beenformedalongwith thehigh-massstarsthatproducedthe
heavy-elementcontentof laterstellargenerations,but havenot
beenfoundin thepredictednumbersin previoussurveys (“the
G-dwarf problem”). While closed-boxmodelsarenow obso-
lete, the metallicity distribution of long-lived starsremainsa
fundamentalconstraintonany of its successors.

TheG-dwarf problemcouldin principlehave two di N erent
explanations:(i) the“missing” metal-poordwarfsdoin factex-
ist, but havenotbeenfoundby previoussearches;apopulation
of slow-moving metal-poorstarscould exist which would be
missedin proper-motionsurveys, but be includedin our sam-
ple.Or (ii) theGalacticdiskdid notevolveaccordingto simple
closed-boxmodels.

The G-dwarf problem was rediscussedexhaustively by
Jørgensen(2000), basedonanearlyversionof thepresentdata
set.We refertheinterestedreaderto thatpaperfor thefull dis-
cussion,sinceno materialchangeshave beenmadeto the un-
derlyingdatasincethatstudy.

Herewe just recallthesalientconclusion,i.e. thatthesolu-
tion to the G-dwarf problemis not a previously undiscovered
metal-poorpopulation.On the contrary, when drawn from a
volume-completeandkinematicallyunbiasedsample,thetrue
fraction of metal-poordwarfs is in fact only about half as
large aspreviously believed, and the agreementwith closed-
box modelseven worsethan before.Betterphysicalmodels,
notbetterdata,arenow themosturgentrequirement.Figure26
showsthemetallicitydistribution for thevolumecompletepart
of oursurvey.

6.2. Age-metallicity relations

Since the pioneeringstudiesof Mayor (1974) and Twarog
(1980), therelationshipbetweenaverageageandmetallicity in
the solarneighbourhoodhasbeena subjectof continuingde-
bate,summarisedin therecentstudyby Feltzinget al. (2001).
The debateconcernsboth the overall shapeof the meanrela-
tion, whetherthereis scatterin therelationoverandabovethat
dueto observationalerrors,andif so,whatmight bethecause
of thisscatter.

The accuratespectroscopicmetallicities of Edvardsson
etal. (1993) establishedbeyondreasonabledoubtthatrealscat-
ter exists in the relation, far above that causedby observa-
tional errors.Little if any variation of meanmetallicity with
agewasfound,exceptfor theveryoldeststars( � 10Gyr) where
a downturnwasobserved in agreementwith previousstudies.
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Fig. 26. Distribution of metallicitiesfor thevolumecompletesample
of singlestars(full histogram).Forcomparisonthedottedcurveshows
the reconstructeddistribution for G dwarfs from Jørgensen(2000),
which is correctedfor scaleheighte
 ectsandmeasurementerrors.

However, as pointed out by Edvardssonet al. (1993) them-
selves, the restrictionof their sampleto F-type dwarfs auto-
matically excludedany old, metal-richstarsif suchexisted,a
fact thathasbeenoverlookedin several laterdiscussions.The
very recentsimilar analysisby Reddyet al. (2003) of a larger
numberof elementsin 181 F andG dwarfs reachedsubstan-
tially thesameconclusionsasEdvardssonet al. (1993).

The selectioncriteria underlyingthe presentsamplewere
specificallydesignedto include the old, metal-richstarsthat
would have beenmissedby Edvardssonet al. (1993) even if
they existed.At the sametime, it was realisedthat theseare
just the starsfor which the derived ageswill be the mostun-
certain,asdemonstratedimplicitly by Feltzinget al. (2001). In
this context we notethatReddyet al. (2003) find againa more
clear-cut rise of meanmetallicity with agethanthe two stud-
ies just mentioned,primarily becausethe Reddyet al. sample
containsfew old, metalrich stars.It is unclearwhetherthis is
causedby theirselectionprocedure,andit is thereforeof inter-
estto re-examinetheage-metallicitydiagramconstructedfrom
the starswith well-definedagesin the unbiasedsamplepre-
sentedhere(seeFigs.27 and28).

Themostobviousfeaturesof Fig. 27 remaindirect results
of our selectioncriteria: The absenceof starsnearthe lower
left edgeof thediagramis causedbyourbluecolourcutoN . The
predominanceof young,metal-richstarsis dueto their intrinsic
brightnessandthecorrespondinglylargevolumethey sample;
the few young,apparentlysuper-metal-richstarsareprobably
at leastin partdistantgiantstarsfor which theinterstellarred-
deninghasbeenoverestimated(seebelow andBurstein2003).

Apart from thesefeatures,little variationin meanmetallic-
ity is seen,exceptpossiblyfor the very oldeststarswhich in
generalhave kinematicscharacteristicof the thick disk. Even

Fig. 27. Age – metallicity diagramfor 7566singlestarswith “well-
defined”agesin the magnitude-limitedsample.Note that individual
ageerrorsmaystill exceed50%(cf. Fig. 16).

someof thesehave solar-like metallicities,however, and we
notethatBensbyetal. (2003) recentlyderivedametallicitydis-
tributionfor thethick diskthatextendsto starswith [Fe} H] d 0
andSun-like[ ��R Fe]abundanceratios;thosestarsare,however,
alsorelatively young,sotheir thick-diskpedigreemayremain
opento question.The “ Á Herculisbranch”of disk starsin the
U Y V diagram(Dehnen1998; Skuljanet al. 1999) couldbea
sourceof suchstars.

WheninterpretingFig. 27 (andFig. 30), thesubstantialer-
rorsof even the“well-defined” agesshouldalwaysbekept in
mind; the presenceof starsappearingto be asold as14 Gyr
is easily explained by observational errors.Uncertaintiesin
the temperaturescalesof the observed starsand theoretical
isochrones(Sect.4.5.3)remainapotentialsourceof systematic
error, andnumericaldetailsof theagecomputationmayintro-
ducespuriousfeaturesin diagramssuchas Figs. 27 and 30,
which canappeardramaticwithout the elaborateprecautions
describedin Sect.4.5.5,but mayremainin moresubtleform.

In order to avoid the strong absolute-magnitudebias in
Fig.27,weplot in Fig. 28thesamedatafor thevolume-limited
subsamplewithin 40 pc.Despitethedrasticreductionin num-
ber of stars,the lack of young metal-poorstarsproducedby
our blue colour cutoN remainswell visible andis responsible
for theupturnof themeanrelationfor theyoungestages.The
disappearanceof the young“super-metal-rich” starssupports
their interpretationasanartifactof thede-reddeningprocedure
for distantgiantstars.Thelack of any overall metallicity vari-
ation in the thin disk is even more pronouncedthan before.
Finally, the scatterin [FeR H] at all agesagaingreatlyexceeds
theobservationalerrorof Q 0.1dex. Limiting thesampleto the
best-determinedagesleadsto thesameconclusions.

Thispictureof theage-metallicitydistributionfor field stars
agreeswell with the most recentstudiesof openclustersby
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Fig. 28. Age – metallicity diagramsfor single starsin the volume-
limited subsamplewithin 40pc; largedotsshow meanagesandmetal-
licities in 10 binswith equalnumbersof stars.Top: the462starswith
“well-defined” ages(no limit on actualerrors).Bottom: the142stars
with agesbetterthan25%;averageerrorbars(14%) in four agebins
areshown.

Friel et al. (2002) andChenet al. (2003). Thesestudiesshow
thesameconstantmeanmetallicity andlargescatteratall ages
for the clustersasour studydoesfor the field stars.The dis-
cussionby Sandageet al. (2003) alsofocuseson theexistence
of old, metal-rich subgiantsin their sample(the 10-Gyr-old
metal-richclusterNGC 6791beinganotherexample)– as in
fact pointedout alreadyby Strömgren(1963). Clearly, more
realisticmodelsof thetruecomplexities of starformationand
chemicalenrichmentof theinterstellarmediumarerequired.

Werecallthatwehavetakenspecialpainsto verify thatour
agecomputationtechniquewill not distort the overall trends
in the resulting age-metallicity diagrams(cf. Sect. 4.5.7).

Fig. 29. Radialmetallicitygradientfor singlestarsin threeageranges.
Rm is themeanradiusof thestellarorbits.

Individual agesshown in Figs. 27 and 28 (top) may still be
uncertainby 50% or more,however (cf. Fig. 15), which must
betakeninto accountin any discussionof thesediagrams.

“Cleaner”subsamplesof starscanbeselectedfrom thecat-
alogue(e.g.Fig. 28, bottom),but introducefurther strongse-
lectioneÄ ects;cf. thetopandbottompanelsof Figs.28and30.
Evaluatingthetrueinterplayof cosmicscatterin thechemical
evolution of the disk with observationalerrorsanduncertain-
ties in the agedeterminationswill requiredetailednumerical
simulations,which must include modelsof the statisticalbi-
asesdiscussedaboveandby Pont& Eyer(2004). Suchdetailed
analysesarebeyondthescopeof thepresentpaper.

6.3. Radial metallicity gradients in the disk

In additionto the evolution of metallicity with age,our sam-
ple canbe usedto studythe radial metallicity gradientin the
Galaxy. From the Rmin andRmax of the stellarorbit, the mean
orbital radiusRm canbecalculated.Figure29 shows theradial
metallicity gradientfor threegroupsof starsof di Ä erentages.
Theslopesof thefittedlinesare Å 0Æ 076Ç 0Æ 014, Å 0Æ 099Ç 0Æ 011,
and È 0Æ 028 Ç 0Æ 036dexÉ kpc.

Thiscanbecomparedto otherstudiesusingFGdwarfsand
giantsby Mayor (1976), Cepheidsby Andrievsky etal. (2002),
planetarynebulae by Maciel et al. (2003), and openclusters
by Friel et al. (2002) andChenet al. (2003). In generalthey
find the radial gradientto evolve over time from valuesbe-
tweenÅ 0Æ 02and Å 0Æ 06for theyoungeststarsto betweenÅ 0Æ 08
and Å 0Æ 12 for theolderstars.This is compatiblewith our two
youngeragegroupswhich show a mild steepeningwith age
of the radial gradient.The oldeststarsin our sample,on the
other hand,show no radial gradientat all. This is an indica-
tion that thesestarsdo not follow thegeneralevolution of the
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youngerstarsin thedisk, but areof a di Ê erentorigin, perhaps
from thethick disk.

The radial metallicity gradient of Ë"Ì 0Í 09 dexÎ kpc seen
for starsyoungerthan 10 Gyr can be usedin an attemptto
correct the age-metallicitydistribution for the eÊ ects of ra-
dial migration in the disk (cf. Wielen et al. 1996). This cor-
rection hasno discernibleeÊ ect on the distribution, and the
dispersionaroundthe meanfor the volume-limitedsampleis
unchanged:computingthemeanandstandarddeviation of the
metallicities in the agerange2Ì 12 Gyr in Fig. 28 (top), we
find Ï [FeÐ H] ÑÓÒÔÌ 0Í 16, ÕÖÒ 0Í 20 dex with no correction,
Ï [FeÐ H] Ñ×ÒØÌ 0Í 19, ÕÙÒ 0Í 20 dex afterapplyingthecorrection
for theradialmetallicity gradient.

Starsmigratinginto the samplefrom orbits centeredelse-
wherein the disk obviously accountfor only a minutepartof
thescatterin theage-metallicitydiagram,andbothdispersions
areclearlymuchlarger thancanbeexplainedby errorsin the
metallicities,asalsoconcludedby Edvardssonetal. (1993) and
Reddyetal. (2003) from detailedspectroscopy. Ourremovalof
binariesfrom thesampleandcarefulstudyof theageuncertain-
ties also guaranteethat poorly-determinedagesdo not aÊ ect
this conclusion(andthemaintrendsof Figs.28 areinsensitive
to evensubstantialhorizontalredistributionof thepointsin the
range2 Ì 12Gyr).

6.4. Age-velocity relations

The observed spacevelocity componentsU, V, W for all sin-
glestarsin thesampleareshown asfunctionsof agein Fig. 30,
with weakaswell asstronglimits on theaccuracy of theages.
The populationof bright, early F-typestarsis prominent,but
otherwisethediagramsreflecttheslow increaseof therandom
velocitieswith agewhich is attributedto heatingof thediskby
massive objectssuchasspiralarmsor giantmolecularclouds.
The rateof changeandmaximumvelocity dispersionreached
in the thin disk areof key importancefor the interpretationin
termsof thelocaldynamicsof thedisk itself.

In order to quantify theserelationsand also searchfor a
kinematicsignatureof the thick disk, we have computedthe
velocitydispersionsof thesinglestarswith thebest-determined
ages.Figure 31 shows the resultingrelationsand the power
lawsfittedto them,excludingtheyoungestandoldestbins.The
resultingexponentsare0.31,0.34,0.47,and0.34for U, V, W,
and the total velocity dispersion,respectively, with an uncer-
tainty of 0.05, in closeagreementwith Holmberg (2001) and
Binney et al. (2000). Asidefrom thelow exponentfor thetotal
velocity dispersion,theevolution of thevelocitiesover time is
characterisedby a small increasein the ratio of Õ V ÐÚÕ U anda
larger increasein the ratio Õ W ÐÚÕ U . The consistency of these
recentstudies,which all useisochroneagesbut otherwisedif-
ferentsamplesandmethods,is in sharpcontrasttostudiesusing
agesderivedfrom chromosphericemission,which give values
of either0Í 26 Û 0Í 01or 0Í 59 Û 0Í 04(Hänninen& Flynn2002).

Figure30showsnodistinctjump in thevelocitydispersion
for theoldeststarsasderivedby Quillen& Garnett(2001) from
thedataby Edvardssonetal. (1993). Ourresult,derivedfrom a

Fig. 30. U, V andW velocitiesasfunctionsof agefor all singlestars
with completedata.Top panels: all 7237 starswith “well-defined”
agesand all velocity data;bottompanels: the 2852 starswith ages
betterthan25%.

sampleÜ 75 timeslargerandwith far morerefinedprocedures
for theagedetermination,shouldclearlybemorereliable.

According to the classicOort relation, Ý V Þ Ý U shouldbe
constantandequalto 0.5 for a flat rotationcurve (we find a
valueof Ü 0ß 63). Mühlbauer& Dehnen(2003) however, show
that when the true velocity dispersionandnon-axisymmetric
disturbancesof the disk are taken into account,large varia-
tions can occur. The smallerexponentsfor the in-disk heat-
ing (Ý U à Ý V) comparedto the out-of-the-diskheating (Ý W)
givesfurtherconstraintsto befulfilled by modelstrying to ex-
plain theobservedkinematicheatingof thedisk. At leastfour
mechanismshave beenproposedto explain the heating:fast
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Fig. 31. Velocity dispersionsfor single stars with relative age er-
rors á 25% as functionsof age(Fig. 30, bottom).From top to bot-
tom, the total, U, V, andW velocity dispersionareplottedin 10 bins
with equalnumberof stars.Thelinesshow fittedpower laws;seetext
for full details.Theyoungestandoldestagebinshave beenexcluded
from the fits to avoid biasesdue to unrelaxed young structuresand
thick diskstars,respectively.

perturbersfrom thehalo,suchas106 Mâ blackholes;slow per-
turbersin thedisk, suchasgiantmolecularclouds;largescale
perturbationsof the disk causedby spiral arms(De Simone
et al. 2004) or the bar (e.g. Fux 2001); and finally heating
causedby infalling satellitegalaxies.

Massiveblackholesareimprobablecandidatesdueto other
observational constraints,apart from the fact that their heat-
ing index of 0.5 is too high. Infalling satellitesshouldresult
in a singledramaticheatingof the disk, suchas the creation
of the thick disk. Stablespiral arm patternsincreasethe ran-
dom motionsof starswithin the planebut not perpendicular
to it, and also becomeineã cient heaterswhen the epicyclic
radiusof a stargetslarger than the lengthscaleof the spiral
pattern.Molecularcloudsheatstarsin all threedirections,but
in isolationthey areineã cientheaterswith a total exponentof
only 0.21anda verticalexponentof 0.26in thesimulationsof
Hänninen& Flynn (2002). Clearly, furthersimulationsinclud-
ing realisticdescriptionsof all heatingcomponentsareneeded,
and indeedthe recentwork on the eä ectsof stochastic,tran-
sientspiralwave structuresby De Simoneet al. (2004) is able
to produceexponentsin theobservedrange.

Wielen et al. (1996) discussedthe di ä usion of stellar
Galacticorbits as a possibleexplanationof the scatterfrom
an otherwisesingle-valuedage-metallicityrelation,combined
with a radialmetallicitygradientin thedisk.Fromour redeter-
minationof the age-velocity relationsbasedon a muchlarger
sampleandbetterdatathanavailableto them,we find a true
dispersionof velocitiesandorbitswhich is insuã cientto sup-
port that interpretation(seealsoNordstr̈om et al. 1999). One
might suspectthevelocity datausedby Wielenet al. (1996) to

be contaminatedby thick-disk or halo stars,or by undetected
binaryorbitalmotion.

Finally, we note that the continuedheating of the disk
throughoutits lifetime shown in Fig. 31is inconsistentwith the
resultsof Quillen & Garnett(2001) who found the heatingof
thethin diskto saturateafter å 2 Gyr, with anabruptincreasein
velocity dispersionwhenthe thick disk appearedat å 10 Gyr.
Presumably, this is dueto their muchsmallersampleof stars
(from Edvardssonet al. 1993) andconsequentlylargerstatisti-
cal errorsthanours,aswell aspossibletemperatureor colour
shiftsof theevolution modelsusedto determineagesfor cool
dwarfs(seediscussionin Sect.4.5.1).

Figure31 doesshow a modestincreasein velocity disper-
sionfor theoldestagebin, suggestiveof theappearanceof the
thick disk. The key new result is, however, that the disk heat-
ing doesnotsaturateatanearlystage.Continuedheatingof the
diskwouldappearto makeit moredi ã cult to traceold moving
groupsandother fossilsof pastmerger eventsin the present
Galacticdisk (seeFreeman& Bland-Hawthorn2002).

6.5. Metallicity-velocity relations

Given the lack of correlation betweenage and metallicity
demonstratedin theSect.6.2,plotsof spacemotionsvs.metal-
licity arenot merelytrivial transformationsof theage-velocity
relationsin Sect.6.4,but convey independentinformation.

Figure 32 shows thesediagrams,which display the ex-
pectedsimilarity with bothFigs.20and30but revealnew, sig-
nificantfeatures.The[Feæ H] ç V and[Feæ H] ç U diagramsare
especiallyinteresting,asthey show that the structuresseenin
Fig. 20coverawiderangein [Feè H] aswell asin age(Fig. 30).
This is quite unlike the behaviour expectedfor starsin clas-
sical moving groups,which are presumedto have beenborn
together, but resemblesthe kinematicstructuresproducedby
an inhomogeneousGalacticpotential,e.g.by stochasticspiral
waves(DeSimoneetal. 2004) or thebar(e.g.Fux 2001).

In particular, the groupof starsnearV éÙç 50 kmsê 1 and
U é ç 50 kmsê 1 andwith [Feè H] betweenåëç 0ì 7 and å4í 0ì 2
suggestthe existenceof a population of kinematically fo-
cusedstarswith a rangeof thin-disk metallicitiesin addition
to the bona fide thick-disk stars.This possibility is of inter-
est in studiesof the detailedcharacteristicsof kinematically
definedsamplesof thick-disk andthin-disk stars(seeBensby
etal. 2003for a recentexample).

7. Conc lusions and outlook

The resultspresentedherearethe culminationof many years
of eä ort by many people.Indeed,this is in essencetheproject
for which not only the Strömgrenuvby photometricsystem
(Strömgren 1963), but also the CORAVEL radial-velocity
scanners(Mayor 1985) weredeveloped(andanimportantpart
of the sciencecasefor the Hipparcossatellite).We trust that
thematerialpresentedherewill remainusefulto workersin the
field for yearsto come.

The propertiesof the dataset and the resultsof our first
analysisof it aredescribedin detail above; thesedescriptions
will not berepeatedhere.Instead,it is interestingto reflecton
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Fig. 32. U, V, andW asfunctionsof metallicity for all singlestarsin
thesample.

the changeof scenein Galacticresearchthat hastaken place
in the threedecadessincethe inceptionof this project(cf. the
recentreview by Freeman& Bland-Hawthorn2002, “The New
Galaxy”).

At the time, the fundamentaldiagnosticsof the evolution
of the Galacticdisk were the relationsdiscussedin Sect.6,

andderiving isochroneageswasconsideredafairly straightfor-
ward matter. What wasneededwasa muchlarger andbetter-
defineddatabaseandan improvementin accuracy to remove
what wasconsideredto be merely(?)observationalscatterin
therelations.

Having completedthe observational eÊ ort and the first
analysisof the data,we find ourselveswith muchbettertech-
niquesfor determiningisochroneages,but alsoa rathermore
conservativeview of their accuracy thanbefore.Ironically, the
similar improvementsin observationalaccuracy (Edvardsson
et al. 1993beingthestandardexample)haveonly underscored
thedisagreementof themeanrelationswith thepredictionsof
simpleGalacticevolution modelsand the significanceof the
scatteraroundtherelationsin termsof therealmechanismsof
theevolutionof thedisk.

Our age-metallicitydiagrams(Figs. 27Ì 28) shouldlay to
restthediscussionwhetherclosed-boxmodelsor single-valued
predictionsareadequaterepresentationsof theevolutionof the
Galacticdisk. Modelsthatallow for thecoexistenceof metal-
poorandmetal-richstarsthroughoutmostof thelife of thethin
disk will be neededfor further progress.Similarly, our new
age-velocity relationswill placemuchstrongerconstraintson
modelsof the dynamicalheatingof disk stars;few if any of
the traditionalcandidatemechanismsseemable to matchthe
data.Thenew resultswill alsobe of importancefor assessing
the survival ratesof starclustersandmerger remnantsin the
disk andperhapsallow to detectthe dynamicaleÊ ectsof the
bar of the Milk y Way (Fux 2001). Finally, a reanalysisof the
“G-dwarf problem” from a much larger andmore rigorously
selecteddatabasepointsto asimilarconclusion:TheGalaxyis
afarmorecomplicatedandinterestingsubjectthaneverbefore.
Thepresentwork shouldlay thefoundationfor learningmore
aboutit.

Looking aheada decadefrom now, the ESA cornerstone
missionGAIA (Perrymanet al. 2001) will provide the next
quantum leap in our knowledge of the Galaxy. Obtaining
the complementaryphotometryand radial velocities needed
to fully exploit the astrometricdatafrom Hipparcoswas left
to suchindependentground-basedeÊ orts as the presentpro-
gramme(seealso Udry et al. 1997). In contrast,GAIA will
obtaintheseobservationswith thesamesatellitepayloadasthe
astrometricdata,althoughwith muchlargerradial-velocity er-
rorsthanachievedhere(cf. Fig.3).Thepresentmaterialshould
remainusefuluntil theresultsfrom GAIA appear, not only for
studyingour Galaxy, but alsoin theeÊ ortsto optimisetheob-
servingand datareductionstrategies for GAIA and for such
precursorprogrammesastheRAVE survey (Steinmetz2003).
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Appendix A: Description of the columns in the
catalogue (Table 1; in electr onic form onl y)

Left-hand pages (Fields 1-26)

(1) HIP: Number in the Hipparcoscatalogue(ESA 1997),
whenavailable.

(2) Name: Other designation(HD, BD, CD or CP number,
in order of preference).A secondnumberfollowing a slash
indicatesthat a double star with separateHD numbershas
beenobservedtogether.

(3) Comp : If the star is a memberof a multiple system,the
component(s)includedin thephotometryareidentifiedhere.

(4) fb : This flag identifiesconfirmedandsuspectedbinaries.
Theinformationcancomefrom oneor severalsourcessuchas
photometry, radialvelocityor astrometry.

(5) fs : This flag identifiesstarsin the additionalsampleof
cool dwarfssouthof declinationÌ 26î (seesect.2.2and5.2).

(6-7) RA & Dec : Equatorialcoordinatesof the star (J2000
equinoxandepoch),from theTycho-2catalogue.

(8-9) l ï b : Galacticcoordinatesof thestar.

(10) V : JohnsonV magnitude from the published uvby
photometry.

(11) b Ìnð : Theb Ì�ð colourin theStrömgrenuvbysystem.

(12) ñ : TheHò index in theStrömgrensystem.

(13) E(b-y) : Colour excess,from the calibrationsof Olsen
(1988).

(14) logTeó : Logarithmof theeÊ ective temperature,from the
uvbyindicesandthecalibrationby Alonsoet al. (1996).

(15) [FeÎ H] : Metallicity of the star as determinedfrom the
uvbyñ indices and the calibrations by Schuster& Nissen
(1989), Edvardssonet al. (1993) or thenew calibrationdefined
in Sect.4.3.

(16) d : Distanceof thestar, in parsecs(pc).Sect.4.4 explains
why somestarshaveno entryin thiscolumn.

(17) MV : Absolutemagnitude,from the apparentmagnitude,
distance,andcolourexcess.

(18) ô MV : Themagnitudedi Ê erencebetweenthestarandthe
ZAMS.

(19) fr : Sourcefor the distance(seetext). H Ò Hipparcos
parallax;F,G Ò F or G-starphotometricdistance.

(20) fõ : Suspectedgiant flag. An asterisk(*) indicatesa
disagreementbetweenthe photometricdeterminationand the
Hipparcosparallaxat the3Õ level, suggestingthatthestaris a
giantnot detectedfrom thephotometry.

(21-23) age, Õ loö
aõ e, Õ hiõ h

aõ e : The age determinedfor the star,

if any, with upper and lower 1Õ confidencelimits, all in
Gigayears.

(24-26) massÕ loö
mass Õ hiõ h

mass : The massdeterminedfor the star,
with upperandlower1Õ confidencelimits, all in Solarmasses.

Right-hand pages (Fields 27-51)

(27) Name: Repeatedfrom field 2.

(28) Vr : Meanradialvelocity of thestar. For double-linedbi-
naries,thecomputedsystemicvelocity is givenif so indicated
by theflag fd in field 34.

(29) mÍ eÍ : Meanerrorof themeanradialvelocity. Seetext for
details.

(30) Õ Vr : Standarddeviation of the individual radial-velocity
measurementsif N ÷ 1.

(31) N : The numberof individual radial-velocity measure-
ments.

(32) ø T : Time-span,in days,from the first to the last radial-
velocityobservation.

(33) P(ù 2) : Probabilitythat the observedscatterof the radial
velocitiesis dueto randomobservationalerrorsonly.

(34) fd : This flag indicatesthat the star is a spectroscopic
binarywith asystemicradialvelocitygivenin field 28.

(35) fú : Sourceof theradialvelocity: C Ò Coravel; A Ò CfA;
L Ò literature.

(36) û sini : Rotationalvelocityof thestar, in km sü 1.

(37-39) ý�þ8ÿÂý���Õ�� : Proper motion in right ascensionand
declination and standarderror of the combinedmotion, in
milliarcsecÎ year. Mostly from theTycho-2catalogue.

(40-41) �ÓÕ�� : Hipparcosparallaxand its standarderror, in
milliarcsec.

(42-44) U V W : Heliocentricspacevelocity componentsfor
thestar(U positive towardstheGalacticcentre),in km sü 1.

(45-46) Rgal, z : Galacticpositionof thestar, in kpc.

(47-50) Rmin Rmax e zmax : Perigalacticand apogalacticdis-
tance,eccentricity, and maximumdistancefrom the galactic
planeof thecomputedgalacticorbit, in kpc.

(51) fn : Generalnote(seebelow).
a:Doublestarwith ø m � 5 mag
b: Doublestarwith ø m � 5 magfrom Hipparcos
c: Variablestar
d: Simbadnote
e:SeeOlsen(1983)
f: SeeOlsen(1979)
g: SeeOlsen(1980)
h: SeeOlsen(1993)
i: SeeOlsen(1994a)
j: SeeOlsen(1994b)
k: SeeAbt et al. (1979)
l: SeeAbt (1984)
m: SeeAbt (1986)
n: SeeGray& Garrison(1989)
o: SeeGray(1989)
p: SeeHenryet al. (1996)
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Table A.1. Sampleleft-handpageof thecatalogue(Fields1-25for thefirst 100stars).
HIP Name Compfb fs RA J2000 DecJ2000 l b V b-y � E(b-y) lo 	 Te [Fe
 H] d M �
� M � fr f � age � lo �

a� e � hi � h
a� e mass � lo �

mass � hi � h
mass

h m s o ��� � o o mag mag mag pc mag mag Gy Gy Gy M � M � M �
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1920 21 22 23 24 25 26

437 HD 15 * 00 0517.8 � 482837 115 -14 8.304 0.592 G *
431 HD 16 00 0512.4 � 361813 113 -26 8.092 0.311 3.810 0.10
420 HD 23 00 0507.4 -52 0906 319 -64 7.552 0.366 2.626 0.015 3.770 -0.19 42 4.44 0.49 H 7.6 3.6 10.9 0.99 0.94 1.06
425 HD 24 * 00 0509.7 -62 5042 312 -53 8.146 0.377 2.607 0.013 3.763 -0.31 70 3.91 1.29 H 9.3 7.8 11.0 1.01 0.97 1.04

HD 25 00 0522.3 � 494611 115 -12 7.590 0.256 2.675 -0.005 3.828 -0.38 87 2.89 0.91 F 2.0 1.6 2.4 1.31 1.24 1.39
447 HD 26 * 00 0522.2 � 084716 104 -52 8.238 0.645 2.546 G *
461 HD 39 AB * 00 0529.0 � 340620 112 -28 7.852 0.337 2.628 0.014 3.784 -0.55 91 3.06 1.85 H 4.7 4.0 5.6 1.14 1.09 1.20

HD 59 00 0533.5 � 463946 115 -15 8.595 0.363 2.613 0.007 3.772 -0.24 87 3.90 1.03 F 7.4 5.3 9.8 1.02 0.97 1.09
462 HD 63 * 00 0531.1 -09 3702 89 -69 7.132 0.298 2.663 0.008 3.806 -0.20 51 3.62 0.50 H 2.9 1.7 3.8 1.21 1.15 1.26
459 HD 67 * 00 0528.4 -61 1333 313 -55 8.822 0.424 3.743 -0.14 54 5.17 0.33 H 0.87 0.83 0.96
475 HD 70 00 0541.6 � 581847 117 -4 8.221 0.395 2.582 0.010 3.752 -0.49 48 4.83 0.74 H 14.9 7.4 0.84 0.81 0.90
482 HD 85 AB * 00 0544.4 � 175025 108 -44 7.754 0.275 2.661 -0.014 3.820 -0.08 87 3.06 0.64 F 1.9 1.3 2.3 1.35 1.28 1.43
493 HD 101 00 0554.7 � 181406 108 -43 7.456 0.373 2.598 0.001 3.765 -0.32 38 4.55 0.61 H 9.4 5.4 14.2 0.94 0.87 1.00
490 HD 105 00 0552.5 -41 4511 333 -73 7.509 0.373 2.627 0.019 3.766 -0.21 40 4.49 0.55 H 8.6 4.8 12.6 0.97 0.92 1.03

HD 117 ABC * 00 0557.0 -30 1941 12 -80 9.047 0.385 2.644 0.077 3.800 -0.26 98 3.76 0.55 F 3.3 2.0 4.7 1.14 1.07 1.21
518 HD 123 AB * 00 0615.8 � 582612 117 -4 5.978 0.421 3.746 0.04 20 4.44 0.85 H 12.8 8.5 15.1 0.98 0.92 1.02
510 HD 126 * 00 0608.0 � 094253 105 -52 7.803 0.312 2.647 0.002 3.798 -0.21 90 3.03 1.28 H 2.7 2.3 3.1 1.31 1.23 1.38
522 HD 142 AB * 00 0619.1 -49 0430 322 -66 5.710 0.330 2.640 0.006 3.791 -0.09 26 3.67 0.68 H 3.6 2.8 4.3 1.20 1.12 1.25
530 HD 153 00 0626.0 � 424509 114 -19 8.357 0.388 2.601 0.010 3.763 -0.16 123 2.90 2.16 H 3.8 3.1 4.9 1.30 1.18 1.36
529 HD 156 00 0624.9 -18 0217 72 -76 7.311 0.248 2.699 0.007 3.844 0.23 131 1.72 1.27 F 1.1 0.9 1.3 1.87 1.75 2.01
519 HD 160 AB * 00 0616.8 -64 1425 311 -52 7.801 0.291 2.689 0.036 3.840 0.25 160 1.63 1.41 F 1.1 0.8 1.3 1.92 1.79 2.04
544 HD 166 A 00 0636.7 � 290117 111 -33 6.093 0.460 2.576 3.727 -0.07 14 5.41 0.36 H 16.6 3.0 0.85 0.83 0.91
547 HD 189 00 0639.5 -24 3715 44 -80 8.560 0.347 2.633 0.018 3.783 -0.25 129 3.01 1.67 F 4.3 2.8 5.4 1.17 1.12 1.29
556 HD 200 00 0646.9 -04 2100 96 -65 8.222 0.357 2.605 0.000 3.774 -0.45 110 3.02 2.04 H 4.9 3.7 6.2 1.14 1.06 1.22
560 HD 203 00 0650.0 -23 0627 52 -79 6.190 0.256 2.689 0.003 3.830 -0.15 39 3.23 0.32 H 1.5 0.5 2.2 1.34 1.29 1.40
597 HD 219 00 0713.7 � 731237 120 11 7.875 0.257 3.835 -0.17

HD 220 00 0704.7 � 671627 119 5 8.686 0.320 2.639 0.027 3.806 -0.58 133 2.95 1.49 F 2.8 2.3 4.5 1.18 1.11 1.29
578 HD 222 00 0702.0 � 225040 110 -39 8.290 0.241 2.692 -0.007 3.840 -0.08 119 2.91 0.39 H 1.3 0.6 1.7 1.43 1.37 1.50
584 HD 233 * 00 0707.6 -15 5100 78 -75 8.680 0.331 2.638 0.018 3.787 -0.44 86 4.01 0.74 F 5.2 2.5 7.6 1.04 0.97 1.10
603 HD 251 * 00 0718.3 � 074212 104 -54 7.637 0.309 2.636 -0.004 3.802 -0.32 108 2.47 1.84 F 2.2 1.9 2.6 1.42 1.32 1.51
606 HD 268 00 0722.5 -25 2123 41 -80 7.064 0.306 2.643 0.003 3.800 -0.37 49 3.63 0.77 H 3.5 2.7 4.3 1.15 1.08 1.20
596 HD 276 00 0713.4 -76 4351 306 -40 7.556 0.271 2.677 0.006 3.821 -0.29 84 2.93 0.93 H 2.2 1.9 2.5 1.35 1.30 1.40
612 HD 285 00 0728.1 -56 0041 315 -60 7.489 0.297 2.649 0.002 3.809 -0.29 133 1.86 2.27 H 1.6 1.4 1.8 1.61 1.53 1.71
630 HD 291 00 0740.4 � 390205 114 -23 8.019 0.297 2.660 0.009 3.808 -0.24 104 2.93 1.18 H 2.4 2.1 2.8 1.33 1.26 1.40
634 HD 292 AB * 00 0743.1 � 371107 113 -25 7.436 0.317 3.800 -0.12 139 1.72 2.46 H 1.5 1.3 1.8 1.70 1.57 1.81
641 HD 299 00 0752.0 � 553437 117 -7 7.831 0.388 3.762 -0.04 46 4.52 0.46 H 8.1 3.6 11.8 0.99 0.94 1.06
624 HD 307 00 0737.4 -45 0710 326 -70 8.198 0.379 2.609 0.015 3.768 -0.17 122 2.77 2.19 H 3.6 2.8 4.5 1.32 1.25 1.39

HD 308 * 00 0737.8 -51 5717 318 -64 9.402 0.438 3.737 -0.24 78 4.94 0.76 G 11.7 0.86 0.83 0.91
618 HD 309 AB * 00 0734.7 -60 3830 312 -56 8.379 0.382 2.621 0.030 3.781 -0.04 87 3.55 0.99 F 3.6 2.7 5.9 1.15 1.09 1.25
656 HD 330 00 0804.6 � 534746 116 -9 8.151 0.384 2.597 0.005 3.762 -0.39 102 3.11 2.18 H 5.1 3.9 6.5 1.12 1.05 1.24
650 HD 333 00 0800.7 � 295015 112 -32 7.538 0.261 2.697 0.022 3.849 0.13 189 1.06 1.93 F 0.8 0.7 0.9 2.09 1.97 2.26
649 HD 334 00 0800.2 -07 3240 93 -68 7.848 0.317 2.638 0.004 3.797 -0.27 93 2.99 1.39 H 2.7 2.3 4.2 1.30 1.18 1.38
669 HD 361 00 0816.3 -14 4928 82 -74 7.045 0.388 2.598 0.004 3.758 -0.20 28 4.84 0.38 H 9.2 0.7 16.1 0.92 0.85 1.01
697 HD 372 * 00 0835.3 � 531514 116 -9 7.752 0.281 3.817 -0.24 114 2.47 1.44 H 1.9 1.7 2.2 1.46 1.38 1.55
691 HD 373 00 0830.1 � 522011 116 -10 7.782 0.241 2.688 -0.004 3.835 -0.40 69 3.57 0.11 H 1.8 1.24 1.19 1.29
689 HD 375 00 0828.4 � 345604 113 -27 7.409 0.377 3.771 0.05 79 2.93 1.77 H 2.7 2.4 4.0 1.44 1.33 1.49
682 HD 377 00 0825.7 � 063700 104 -55 7.581 0.391 2.603 0.001 3.760 -0.02 40 4.58 0.43 H 8.2 3.4 12.2 0.99 0.93 1.06

HD 382 00 0825.4 -21 2431 61 -79 8.346 0.512 3.702 -0.42 27 6.19 0.31 G 0.75 0.72 0.79
688 HD 392 00 0827.6 -24 0537 48 -80 7.599 0.321 2.643 0.008 3.799 -0.12 132 2.00 2.20 H 1.7 1.4 2.0 1.61 1.52 1.71
699 HD 400 00 0840.9 � 363737 113 -25 6.190 0.332 2.615 -0.011 3.787 -0.35 33 3.60 1.08 H 6.1 3.4 7.1 1.09 1.04 1.15
723 HD 404 A 00 0857.2 � 662723 119 4 8.622 0.516 3.708 0.31 32 6.10 -0.14 H 0.88 0.83 0.90

HD 410 * 00 0835.1 -66 2501 310 -50 9.425 0.426 3.745 0.06 90 4.65 0.64 G 11.2 6.3 15.6 0.95 0.89 1.02
706 HD 427 00 0846.1 -34 4739 350 -78 7.882 0.299 2.636 -0.016 3.808 -0.12 111 2.66 1.34 F 2.1 1.8 2.5 1.42 1.34 1.51
746 HD 432 A 00 0910.6 � 590859 118 -3 2.270 0.216 2.709 -0.005 3.862 0.18 17 1.16 1.60 H 0.7 0.6 0.8 2.09 2.07 2.24
722 HD 435 00 0856.5 � 124815 107 -49 8.477 0.353 2.637 0.017 3.779 -0.11 78 4.03 0.62 H 5.2 2.9 7.7 1.08 1.02 1.15
709 HD 439 00 0848.4 -47 0338 323 -68 7.817 0.304 2.670 0.020 3.820 0.13 116 2.40 1.11 H 1.5 1.2 1.7 1.60 1.52 1.70
740 HD 447 00 0904.3 � 195528 110 -42 7.114 0.301 2.645 -0.006 3.810 -0.08 115 1.81 2.11 H 1.4 1.2 1.6 1.74 1.65 1.82
726 HD 457 00 0859.6 -39 4413 335 -75 7.725 0.391 2.617 0.018 3.765 0.11 55 4.03 0.76 H 6.6 3.6 8.7 1.12 1.06 1.19
747 HD 460 A * 00 0910.2 � 444318 115 -18 8.782 0.306 2.640 0.001 3.800 -0.44 129 3.23 1.23 F 3.1 2.5 5.0 1.16 1.09 1.24
732 HD 466 00 0902.6 -35 0530 349 -78 7.779 0.268 2.686 0.012 3.827 -0.05 154 1.84 1.68 H 1.3 1.1 1.5 1.71 1.60 1.82
730 HD 469 AB * 00 0902.3 -54 0006 316 -62 6.332 0.460 143 0.56 H
754 HD 471 A * 00 0915.7 � 251655 111 -37 7.789 0.421 2.590 3.745 -0.16 45 4.51 0.96 H 14.4 10.6 0.90 0.86 0.96
759 HD 483 * 00 0919.4 � 173202 109 -44 7.065 0.404 2.601 0.009 3.756 0.04 52 3.49 1.57 H 5.6 5.0 6.4 1.18 1.14 1.22
768 HD 489 AB * 00 0928.1 � 190656 109 -43 7.953 0.421 2.591 3.747 0.01 72 3.65 1.64 H 7.3 5.7 9.0 1.11 1.04 1.18
761 HD 493 AB * 00 0921.0 -27 5916 25 -81 5.420 0.273 2.668 -0.003 3.826 -0.05 68 1.24 2.30 H 1.0 0.9 1.1 1.97 1.87 2.03
762 HD 494 * * 00 0923.3 -41 0240 332 -74 9.118 0.492 3.715 0.08 84 4.50 1.42 H 17.3 13.2 0.93 0.90 1.00
795 HD 531 AB * 00 0951.2 � 082711 106 -53 8.650 0.439 2.583 3.737 -0.04 53 5.03 0.51 G 15.6 4.6 0.89 0.85 0.95
786 HD 536 AB * 00 0941.5 -37 1853 341 -77 8.355 0.287 2.669 0.008 3.814 -0.17 123 2.91 1.00 F 2.2 1.8 2.6 1.34 1.26 1.43
794 HD 546 AB * * 00 0950.0 -33 4720 354 -79 8.832 0.498 3.709 -0.11 58 5.00 1.16 H
791 HD 547 00 0948.5 -40 5334 332 -74 8.578 0.408 2.590 0.013 3.750 -0.34 72 4.29 1.22 H 13.8 11.0 16.7 0.91 0.85 0.96
801 HD 564 00 0952.8 -50 1604 319 -66 8.323 0.381 2.584 -0.005 3.761 -0.33 53 4.69 0.57 H 10.6 4.5 16.0 0.91 0.84 0.99

HD 570 AB * 00 1024.7 � 583125 118 -4 8.217 0.207 3.868 0.26
815 HD 578 00 1002.5 -63 1748 311 -53 8.134 0.290 2.661 0.001 3.812 -0.19 104 3.05 0.92 H 2.4 1.9 2.8 1.33 1.26 1.39
848 HD 583 * 00 1024.0 � 582922 118 -4 7.738 0.297 3.807 -0.32 96 2.82 1.38 H 2.4 2.1 2.7 1.35 1.28 1.41
851 HD 604 00 1026.3 -14 2708 84 -74 8.353 0.331 2.610 -0.029 3.790 -0.24 131 2.77 1.75 F 2.7 2.2 4.1 1.34 1.19 1.45
819 HD 610 00 1004.4 -79 0006 305 -38 7.878 0.294 2.663 0.006 3.810 -0.17 90 3.10 0.90 H 2.4 2.0 2.8 1.33 1.27 1.38
856 HD 615 00 1029.5 � 151354 109 -46 8.245 0.306 2.650 -0.004 3.804 -0.02 78 3.80 0.19 H 1.9 3.4 1.22 1.16 1.28
867 HD 631 00 1039.1 � 124912 108 -49 8.475 0.366 2.611 0.003 3.771 -0.18 64 4.44 0.46 H 7.1 2.6 10.6 1.00 0.95 1.07
870 HD 633 00 1040.7 � 020319 103 -59 7.514 0.313 2.643 -0.004 3.799 -0.08 55 3.81 0.35 H 2.9 0.8 4.2 1.19 1.14 1.25
880 HD 639 * 00 1046.8 � 372826 114 -25 7.764 0.272 3.824 -0.16 114 2.49 1.19 H 1.8 1.5 2.0 1.49 1.42 1.57
889 HD 652 A 00 1056.0 � 480637 116 -14 8.429 0.354 2.621 0.004 3.777 -0.16 61 4.52 0.22 H 4.0 8.8 1.03 0.96 1.09
872 HD 659 * 00 1042.4 -54 2401 315 -62 8.548 0.456 3.728 -0.25 G *
865 HD 661
 2 * 00 1038.5 -73 1327 307 -44 6.657 0.233 2.719 0.014 3.849 0.20 66 2.55 0.38 H 0.9 0.6 1.3 1.67 1.60 1.72
910 HD 693 00 1115.8 -15 2804 82 -75 4.910 0.326 2.617 -0.008 3.789 -0.49 19 3.53 1.22 H 5.7 4.8 6.9 1.07 1.03 1.14

HD 694 00 1118.0 -21 1458 64 -79 8.339 0.341 2.644 0.018 3.786 -0.12 84 3.72 0.78 F 3.7 2.7 5.9 1.13 1.06 1.20
920 HD 700 00 1124.4 � 234905 111 -38 8.239 0.362 2.621 0.011 3.771 -0.25 54 4.59 0.37 H 7.3 0.3 11.6 0.97 0.91 1.05
914 HD 705 * * 00 1118.0 -32 4801 357 -80 8.601 0.430 3.738 -0.25 66 4.50 1.19 H 17.5 14.2 0.88 0.86 0.92
931 HD 717 AB * 00 1135.2 -03 0440 100 -64 7.580 0.345 2.638 0.018 3.783 -0.21 66 3.48 1.17 F 5.2 3.1 6.7 1.12 1.06 1.20
937 HD 732 00 1136.4 -23 3756 52 -80 7.945 0.355 2.639 0.022 3.796 0.20 107 2.70 1.28 F 2.2 1.8 2.7 1.49 1.40 1.59
924 HD 734 A * 00 1130.8 -49 3745 319 -66 9.143 0.448 3.728 -0.33 48 5.74 0.20 H 0.81 0.77 0.86
924 HD 734 B * * 00 1130.2 -49 3741 319 -66 10.987 0.655 48 7.59 H
952 HD 737 * 00 1145.7 � 273036 112 -35 8.449 0.303 2.642 -0.004 3.804 -0.25 92 3.64 0.57 H 3.1 2.0 4.1 1.17 1.10 1.24
947 HD 738 * 00 1140.8 -09 4210 93 -70 8.530 0.324 2.645 0.014 3.794 -0.24 129 2.98 1.44 F 2.8 2.3 4.4 1.27 1.13 1.38
950 HD 739 00 1144.0 -35 0759 347 -78 5.250 0.290 2.653 -0.010 3.811 -0.13 22 3.55 0.39 H 2.4 1.0 3.2 1.25 1.21 1.30
929 HD 741 * 00 1133.0 -58 5435 312 -57 8.355 0.398 3.755 -0.26 59 4.51 0.83 H 13.2 8.8 0.91 0.85 0.97
956 HD 744 AB * 00 1150.1 � 282524 112 -34 7.510 0.322 2.622 -0.008 3.791 -0.45 78 3.05 1.62 H 4.4 2.9 5.3 1.16 1.10 1.25
944 HD 749 * 00 1138.0 -49 3921 319 -66 7.903 0.672 G *
934 HD 750 * 00 1135.7 -57 2821 313 -59 9.013 0.492 3.707 -0.35 36 6.21 0.15 H 0.76 0.73 0.81
971 HD 755 * 00 1201.4 � 283623 113 -33 7.194 0.253 2.690 0.006 3.836 -0.08 92 2.38 0.99 H 1.4 1.2 1.7 1.56 1.50 1.63
964 HD 768 00 1154.7 -22 4903 56 -80 7.934 0.238 2.696 -0.004 3.840 -0.15 92 3.12 0.24 H 1.2 1.8 1.37 1.32 1.44
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Table A.1. Sampleright-handpageof thecatalogue(Fields26-50for thefirst 100stars).
Name Vr m.e � Vr N � T P(� 2) fd f ��� sini ����� �"!#�"$ %&�(' U V W Rgal z Rmin Rmax e zmax fn

km) s km) s km) s d km) s mas) yr mas mas km) s km) s km) s kpc kpc kpc kpc kpc
27 28 29 30 31 32 33 3435 36 37 3839 40 41 42 43 44 45 46 47 48 49 50 51
HD 15 -22.6 2.4 3.4 2 381 0.000 C 2 -4 -10 2 3.2 1.0 a
HD 16 -10.7 1.7 1.4 2 1848 0.556 C 28 -7 2 2.5 0.9
HD 23 34.3 0.2 0.3 3 1767 0.309 C 4 -111-131 2 23.9 0.9 40 -22 -16 7.986 -0.037 6.39 8.88 0.16 0.15
HD 24 -26.9 0.2 19.0 5 1806 0.000 * C 9 64 20 2 14.2 0.8 -31 7 15 7.972 -0.057 7.74 9.09 0.08 0.38 a
HD 25 -2.2 1.5 L -30 -68 2 19 1 -24 8.036 -0.019 7.54 9.03 0.09 0.28
HD 26 -215.1 0.2 1.6 103 5879 0.000 C 5 261 -59 2 1.7 1.3 a
HD 39 -26.8 0.8 1.4 3 661 0.006 C 14 -18 26 2 11.0 0.9 11 -15 24 8.030 -0.042 7.24 8.37 0.07 0.55 a
HD 59 -34.2 0.3 0.2 2 94 0.626 C 4 159 40 2 -48 -57 13 8.035 -0.023 5.10 8.31 0.24 0.33
HD 63 0.2 2.1 3.0 2 1507 0.000 C 24 88 -72 1 19.8 0.9 -10 -24 -10 8.000 -0.047 6.91 8.00 0.07 0.06 a
HD 67 6.3 0.3 0.1 2 1085 0.986 C 4 84 -78 2 18.6 0.9 -10 -28 2 7.979 -0.044 6.65 7.98 0.09 0.14
HD 70 -28.4 0.2 0.4 3 727 0.287 C 3 65-166 2 21.0 1.1 7 -31 -37 8.022 -0.003 6.49 8.13 0.11 0.52
HD 85 -12.0 2.4 1 0 C 60 -18 2 5.9 1.7 -16 -24 -1 8.019 -0.060 6.91 8.03 0.08 0.10 a
HD 101 -45.6 0.1 0.2 7 2452 0.924 C 2 -149-151 1 26.2 0.8 46 -34 17 8.009 -0.026 5.86 8.84 0.20 0.41 b
HD 105 1.6 0.3 0.5 4 3363 0.176 C 15 98 -76 1 24.9 0.9 -10 -21 -2 7.989 -0.038 7.02 7.99 0.06 0.09 d
HD 117 15.0 0.3 0.2 3 361 0.842 C 11 -6 -10 3 7 -2 -14 7.983 -0.096 7.68 8.54 0.05 0.15 a
HD 123 -8.0 5.0 1.3 10 2676 0.000 * C 5 271 30 2 49.3 1.0 -20 -19 -1 8.009 -0.001 7.13 8.07 0.06 0.09 a
HD 126 11.9 1.7 2.4 2 829 0.276 C 20 -13 2 11.1 1.0 -7 0 -14 8.014 -0.071 8.00 8.34 0.02 0.13 b
HD 142 5.3 0.3 0.1 2 1528 0.800 C 11 575 -37 1 39.0 0.6 -58 -37 -15 7.992 -0.023 5.82 8.58 0.19 0.12
HD 153 -31.8 0.3 0.2 2 133 0.645 C 5 78 -1 2 8.1 0.9 -27 -48 2 8.048 -0.041 5.61 8.12 0.18 0.14
HD 156 13.6 2.4 L 16 1 2 6.7 0.9 -8 -1 -15 7.990 -0.127 7.98 8.30 0.02 0.17
HD 160 17.2 1.8 L 28 23 2 5.4 1.7 -16 -4 -28 7.936 -0.126 7.82 8.16 0.02 0.35 a
HD 166 -6.9 0.1 0.3 21 5410 0.162 C 4 380-178 1 73.0 0.8 -15 -22 -10 8.004 -0.007 7.01 8.02 0.07 0.04 c
HD 189 7.6 0.3 0.1 2 244 0.846 C 9 -25 -68 2 5.6 1.1 34 -28 -8 7.983 -0.127 6.21 8.61 0.16 0.13
HD 200 -0.2 0.2 0.2 2 360 0.635 C 5 59 -88 1 9.1 1.1 -4 -50 -23 8.005 -0.099 5.56 8.01 0.18 0.27
HD 203 6.5 3.5 L 97 -47 1 25.6 0.8 -11 -15 -10 7.995 -0.038 7.40 8.00 0.04 0.06 d
HD 219 -20.0 3.7 L 43 -11 2 4.2 0.7
HD 220 -32 14 2 8.064 0.011
HD 222 13 -16 1 8.4 0.9 8.031 -0.075 c
HD 233 -12.2 0.4 0.5 2 360 0.178 C 11 70 -23 2 7.9 2.3 -21 -24 5 7.995 -0.083 6.83 8.05 0.08 0.20 b
HD 251 17.2 1.1 1.9 3 365 0.364 C 45 -5 -6 2 5.9 1.7 1 9 -15 8.016 -0.087 7.95 9.05 0.07 0.16 b
HD 268 8.4 0.2 0.1 2 361 0.797 C 9 213-133 2 20.6 0.9 -27 -48 -18 7.994 -0.048 5.58 8.06 0.18 0.17
HD 276 23.0 0.3 0.5 2 381 0.216 C 7 78 -5 2 11.9 0.6 -16 -30 -19 7.962 -0.054 6.55 7.98 0.10 0.18
HD 285 -0.9 0.5 0.6 2 358 0.151 C 13 74 24 2 7.5 0.8 -46 -9 -14 7.953 -0.116 7.05 8.78 0.11 0.16
HD 291 -17.6 0.3 0.1 2 363 0.946 C 6 -68 -58 1 9.6 0.9 45 -7 -13 8.039 -0.041 6.82 9.48 0.16 0.11
HD 292 0.7 0.3 0.2 2 363 0.664 C 10 11 -16 2 7.2 0.9 -3 -6 -11 8.050 -0.058 7.86 8.21 0.02 0.08 b
HD 299 1.4 0.2 0.2 3 1765 0.820 C 8 201 8 2 21.8 0.8 -39 -19 -6 8.021 -0.005 6.87 8.44 0.10 0.02 c
HD 307 14.6 0.2 0.2 4 1477 0.580 C 4 29 -98 2 8.2 1.0 12 -59 0 7.965 -0.115 5.03 8.06 0.23 0.16
HD 308 -33.4 0.3 0.1 2 360 0.870 C 1 114 38 2 -53 1 18 7.974 -0.070 7.24 9.41 0.13 0.47 d
HD 309 56.2 0.7 1.0 2 1215 0.007 C 7 34 -53 2 8.9 1.5 16 -46 -38 7.967 -0.072 5.67 8.13 0.18 0.56 a
HD 330 -42.5 0.3 0.6 3 714 0.076 C 4 73 -63 2 9.8 1.0 -5 -56 -29 8.045 -0.015 5.32 8.05 0.20 0.34
HD 333 1 6 2 3.8 0.9 8.059 -0.100
HD 334 -25.4 0.3 0.5 2 607 0.260 C 10 -29 29 2 10.7 1.0 6 6 30 8.002 -0.087 7.85 9.06 0.07 0.73
HD 361 7.7 0.2 0.4 6 3621 0.154 C 3 -14 -10 2 36.2 1.0 2 2 -7 7.999 -0.027 7.86 8.62 0.05 0.03
HD 372 -18.1 3.2 4.5 2 132 0.001 C 35 85 -3 1 8.8 0.9 -31 -37 -6 8.050 -0.018 6.12 8.19 0.14 0.02 a
HD 373 -6.2 0.6 0.8 3 1147 0.543 A 35 80 24 2 14.4 1.0 -22 -17 5 8.030 -0.012 7.24 8.13 0.06 0.17 g
HD 375 -5.7 0.2 0.1 2 363 0.815 C 5 114 10 2 12.7 0.9 -36 -23 -1 8.027 -0.036 6.74 8.34 0.11 0.10 b
HD 377 1.3 0.3 0.3 2 1437 0.475 C 13 85 -3 2 25.1 1.0 -14 -7 -4 8.006 -0.033 7.84 8.06 0.01 0.06 c
HD 382 1.2 0.2 0.2 2 1305 0.452 C 2 137 35 2 -17 -4 -4 7.997 -0.026 7.86 8.22 0.02 0.06
HD 392 -3.0 2.0 L 46 8 2 7.6 0.9 -28 -9 -2 7.984 -0.130 7.44 8.33 0.06 0.16
HD 400 -15.2 0.1 0.3 20 4858 0.831 C 6 -115-124 2 30.3 0.7 28 -10 -8 8.012 -0.014 7.03 8.84 0.11 0.02
HD 404 -60.8 0.4 1 0 C 2 178 2 1 31.3 2.1 6 -66 -8 8.015 0.002 4.79 8.06 0.25 0.02 c
HD 410 -36.2 0.3 0.4 2 362 0.283 C 3 149 79 2 -80 13 -3 7.963 -0.069 6.96 10.81 0.22 0.12
HD 427 -20.9 0.6 1.0 3 1161 0.310 C 27 6 7 2 5.0 0.9 -8 2 20 7.977 -0.109 7.97 8.52 0.03 0.48
HD 432 12.6 1.6 L 523-180 1 59.9 0.6 -39 -8 -22 8.008 -0.001 7.28 8.69 0.09 0.22 c
HD 435 8.7 0.3 0.2 2 1904 0.531 C 7 38 -38 2 12.9 1.0 -8 -10 -18 8.015 -0.058 7.74 8.03 0.02 0.16
HD 439 5.9 2.6 3.6 2 923 0.044 C 55 100 -45 1 8.6 0.9 -37 -48 -7 7.966 -0.108 5.52 8.13 0.19 0.11
HD 447 11.3 1.1 0.2 2 437 0.910 C 50 11 21 1 8.7 0.8 -13 11 0 8.029 -0.077 8.02 9.14 0.06 0.14
HD 457 -19.4 0.2 0.1 3 1477 0.856 C 3 112 -16 2 18.2 0.9 -28 -16 15 7.987 -0.053 7.20 8.21 0.07 0.36
HD 460 -13.9 0.6 1.2 4 439 0.016 C 6 53 -33 1 4.8 2.0 -17 -31 -20 8.052 -0.039 6.54 8.07 0.10 0.20
HD 466 -16.3 0.9 0.9 4 1116 0.758 A 60 37 -12 2 6.5 0.8 -23 -20 13 7.968 -0.150 7.05 8.06 0.07 0.36
HD 469 -1.1 0.2 0.2 2 1050 0.585 C 3 47 13 1 7.0 0.7 -31 -7 -8 7.952 -0.126 7.43 8.43 0.06 0.13 a
HD 471 5.0 10.9 15.5 2 793 0.000 C 1 173-149 1 22.1 2.3 -21 -29 -34 8.013 -0.027 6.66 8.06 0.10 0.45 a
HD 483 -31.4 0.1 20.4 36 753 0.000 * C 4 3-131 1 19.3 0.8 21 -40 -1 8.012 -0.036 5.89 8.26 0.17 0.10 a
HD 489 -31.0 0.2 0.2 3 739 0.554 C 4 269 29 1 13.8 1.3 -77 -59 13 8.018 -0.049 4.80 8.81 0.30 0.35 a
HD 493 7.7 1.6 L 78 -16 6 14.6 1.3 -18 -16 -12 7.990 -0.068 7.30 8.05 0.05 0.09 a
HD 494 6.0 5.0 67.2 2 803 0.000 * C 0 137-137 2 11.9 1.3 -23 -74 -2 7.979 -0.081 4.43 8.01 0.29 0.11 a
HD 531 13.9 0.4 1 0 C 9 54 -10 3 14.2 4.2 -13 0 -15 8.009 -0.042 7.99 8.37 0.02 0.12 a
HD 536 -1.4 0.9 0.8 2 370 0.533 C 30 -53 -24 2 6.9 1.4 33 2 8 7.973 -0.120 7.24 9.42 0.13 0.28 a
HD 546 11.3 0.2 0.1 2 795 0.737 C 6 -62-150 2 17.1 1.9 36 -29 -5 7.989 -0.057 6.18 8.65 0.17 0.07 a
HD 547 14.3 0.2 0.3 3 1476 0.340 C 3 138-118 1 13.9 1.1 -20 -59 -13 7.982 -0.069 5.10 8.00 0.22 0.11
HD 564 11.1 0.2 0.3 5 3659 0.448 C 3 -96 -19 2 18.8 1.0 26 4 -4 7.983 -0.048 7.41 9.32 0.11 0.07
HD 570 -5 -9 2 a
HD 578 -2.9 0.4 0.1 2 769 0.906 C 14 -47 -39 2 9.6 0.8 25 -2 17 7.959 -0.083 7.28 9.01 0.11 0.43
HD 583 -20.1 1.4 1.9 2 132 0.001 C 13 -99 -10 2 10.4 0.8 49 3 4 8.044 -0.007 7.01 10.07 0.18 0.19 a
HD 604 3.5 0.5 0.6 2 607 0.201 C 10 69 -52 2 6.2 1.0 -21 -46 -18 7.996 -0.126 5.72 8.03 0.17 0.20
HD 610 11.2 0.4 0.6 2 312 0.188 C 14 13 -4 2 11.1 0.7 0 -11 -7 7.959 -0.055 7.49 8.09 0.04 0.06
HD 615 -4.6 0.4 0.1 3 1790 0.953 C 16 -70 -63 1 12.9 1.1 34 -5 -8 8.017 -0.056 7.09 9.20 0.13 0.06
HD 631 32.3 0.2 0.3 4 1162 0.618 C 6 38 -17 1 15.6 1.2 -14 12 -29 8.013 -0.048 8.00 9.19 0.07 0.38
HD 633 17.0 0.3 0.1 2 734 0.955 C 6 -13 17 1 18.2 0.9 -1 13 -12 8.006 -0.047 7.97 9.29 0.08 0.09
HD 639 -11.8 1.8 3.1 3 368 0.000 C 13 50 16 2 8.8 0.8 -22 -20 8 8.042 -0.047 7.10 8.13 0.07 0.24 a
HD 652 1.2 0.6 0.8 2 618 0.050 C 6 169 0 2 16.5 0.9 -43 -22 -8 8.026 -0.015 6.70 8.49 0.12 0.02
HD 659 -1.8 0.6 1.3 5 3659 0.000 C 3 8 18 2 4.4 1.1 a
HD 661) 2 -14.0 5.0 1 0 * C 10 123 20 2 15.1 0.7 -41 -6 -1 7.971 -0.046 7.26 8.75 0.09 0.11 a
HD 693 14.9 0.1 0.3 228 6678 0.961 C 5 -82-271 1 52.9 0.8 19 -13 -19 7.999 -0.018 7.10 8.53 0.09 0.17
HD 694 -6 -42 2 7.993 -0.082
HD 700 4.1 0.3 0.1 2 346 0.894 C 4 -34 32 1 18.6 0.9 3 11 5 8.015 -0.033 7.93 9.22 0.08 0.20
HD 705 14.0 5.0 45.5 2 1714 0.000 * C 5 -116 -8 2 15.1 1.1 35 15 -8 7.988 -0.065 7.43 10.15 0.15 0.08 a
HD 717 -19.8 0.3 0.4 2 1132 0.217 C 7 150 -12 2 9.9 1.5 -37 -33 9 8.005 -0.059 6.24 8.24 0.14 0.26 a
HD 732 -2.1 0.3 0.2 2 791 0.604 C 14 55 1 2 7.6 1.1 -25 -13 -2 7.989 -0.105 7.35 8.18 0.05 0.13
HD 734 4.9 0.5 0.8 2 362 0.050 C 5 -38 -38 2 20.9 2.2 12 -4 0 7.985 -0.044 7.50 8.58 0.07 0.11
HD 734 6.7 0.5 1 0 C 4 -38 -38 2 20.9 2.2 13 -5 -2 7.985 -0.044 7.48 8.58 0.07 0.09
HD 737 -6.8 1.6 2.3 2 1420 0.000 C 10 5 -27 2 10.9 1.1 5 -12 -6 8.029 -0.052 7.45 8.24 0.05 0.05 a
HD 738 -6.8 0.4 0.2 2 1006 0.626 C 16 101 -11 2 6.9 1.6 -50 -37 -5 8.002 -0.121 5.93 8.44 0.18 0.13 b
HD 739 -21.1 0.3 1 0 C 5 169 115 1 45.8 0.7 -25 3 16 7.996 -0.021 7.83 8.77 0.06 0.40 d
HD 741 -4.8 0.2 0.4 4 2273 0.354 C 1 273 -5 3 17.0 0.8 -67 -35 -7 7.979 -0.050 5.78 8.82 0.21 0.05
HD 744 0.6 0.3 0.4 2 357 0.416 C 7 -96 36 2 12.8 1.4 26 23 16 8.025 -0.043 7.71 10.50 0.15 0.44 a
HD 749 21.6 1.6 2.8 3 2520 0.000 C 1 28 -58 1 7.1 1.1 a
HD 750 26.1 0.3 0.4 2 360 0.233 C 4 136 -68 2 27.5 1.1 -7 -30 -21 7.987 -0.031 6.56 7.99 0.10 0.20
HD 755 -38.8 2.7 5.4 4 1089 0.000 A 70 -14 -92 2 10.9 0.9 33 -44 -10 8.029 -0.051 5.60 8.46 0.20 0.07 a
HD 768 46 -39 2 10.9 1.0 7.991 -0.090
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