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Mon. Not. R. Astron. So. 000, 1�20 (2013) Printed 17 July 2014 (MN LATEX style �le v2.2)Properties of Star Clusters - II: Sale Height Evolution ofClustersAnne S.M. Bukner1⋆, Dirk Froebrih1†
1 Centre for Astrophysis and Planetary Siene, University of Kent, Canterbury, CT2 7NH, United KingdomAepted. Reeived. ABSTRACTUntil now it has been impossible to observationally measure how star lustersale height evolves beyond 1Gyr as only small samples have been available. Herewe establish a novel method to determine the sale height of a luster sample usingmodelled distributions and Kolmogorov-Smirnov tests. This allows us to determinethe sale height with a 25% auray for samples of 38 lusters or more. Weapply our method to investigate the temporal evolution of luster sale height,using homogeneously seleted sub-samples of Kharhenko et al. (MWSC), Dias etal. (DAML02), WEBDA, and Froebrih et al. (FSR).We identify a linear relationship between sale height and log(age/yr) of lusters,onsiderably di�erent from �eld stars. The sale height inreases from about 40 p at1Myr to 75 p at 1Gyr, most likely due to internal evolution and external satteringevents. After 1Gyr, there is a marked hange of the behaviour, with the sale heightlinearly inreasing with log(age/yr) to about 550 p at 3.5Gyr. The most likelyinterpretation is that the surviving lusters are only observable beause they havebeen sattered away from the mid-plane in their past. A detailed understanding ofthis observational evidene an only be ahieved with numerial simulations of theevolution of luster samples in the Galati Disk.Furthermore, we �nd a weak trend of an age-independent inrease in sale heightwith galatoentri distane. There are no signi�ant temporal or spatial variationsof the luster distribution zero point. We determine the Sun's vertial displaementfrom the Galati Plane as Z⊙ = 18.5 ± 1.2 p.Key words: open lusters and assoiations: general; galaxies: star lusters: general;Galaxy: evolution; Galaxy: general; Galaxy: struture1 INTRODUCTIONStar lusters at as traers of stellar and Galati evolutionand are the building bloks of the Galaxy. The majorityof stars in the Galaxy are formed in open lusters (Lada& Lada 2003), and as suh it is important to determinefundamental properties of both individual lusters (e.g. age,distane, reddening, metalliity), and large luster samples(e.g. spatial distribution within and aross the GalatiPlane, i.e. the sale height).Open lusters are formed in Giant Moleular Clouds(GMCs) and an remain embedded for up to 10Myrs. As anembedded luster evolves, stellar feedbak (i.e. stellar winds,jets, out�ows, supernovae) in�uenes the gas internal to theluster. The resulting (radiative) pressure drives the gas

⋆ E-mail: asmb2�kent.a.uk
† E-mail: df�star.kent.a.uk

outwards, it eventually disperses and a bound open lustermight emerge. During this phase the mass loss (from gas)will ause the majority of embedded lusters to be disruptedand dissolve into the �eld, with only about 5% emergingand evolving to beome bound open lusters (e.g. Lada &Lada (2003)). One emerged, lusters fae dissolution intothe �eld via dynamial mass segregation, tidal stripping anddisruption from gravitational interations with e.g. GMCs.Estimated disruption time-sales are 10 � 40Myr, orrelatingwith the luster's distane from the Galati Centre (e.g.Goodwin & Bastian (2006)). Few lusters survive to 1Gyrwhih is highlighted by the lak of older lusters observed inthe solar neighbourhood in omparison to younger lusters.To fully understand open luster behaviour on aGalati sale, it is important to begin to build up anobservational piture of the evolution of sale height withluster age. Previous works have shown that older lusters(age above 1Gyr) have a typial sale height of 375 p© 2013 RAS



2 Bukner & Froebrih(Froebrih et al. 2010), signi�antly larger than theiryounger ounterparts. Unfortunately, methods to determinethe sale height are only appliable to larger sample sizesand fail in the ase of small samples of rare old lusters.Thus, it has been di�ult, observationally, to investigatethe evolution of luster sale height in smaller age bins,espeially for the rare old objets.Additional di�ulties lie in the nature of open lusteratalogues (e.g. WEBDA, or DAML02 (Dias et al. 2002)) asfundamental luster parameters are often ompiled from theliterature and are hene not homogeneously determined. Forexample Froebrih et al. (2010) found that FSR1716 has adistane of 7.0 kp and an age of 2Gyr, whereas Bonatto &Bia (2008) determined the luster to have a distane/ageof either 0.8 kp/7Gyr or 2.3 kp/12Gyr, respetively. Notethat the di�erenes in this ase mainly arise from usingdi�erent metalliities when estimating the parameters andinterpreting features along the isohrone di�erently, or thewhole luster as a globular or open luster. However, itserves as an example that homogeneously derived lusterlists, where any unertainties in the determined values aresystemati, are essential for a omprehensive analysis oflarge luster samples.In this series of papers we aim to homogeneously andstatistially investigate the fundamental properties and largesale distribution of open lusters in the Galaxy. In Bukner& Froebrih (2013) (Paper I, hereafter) we establisheda foreground star ounting tehnique as a distanemeasurement and presented an automati alibration andoptimisation method for use on large samples of lusterswith Near-Infrared (NIR) photometri data only. Weombined this method with olour exess alulations todetermine distanes and extintions of objets in the FSRluster sample from Froebrih et al. (2007) and investigatedthe H-band extintion per kp distane in the Galati Diskas a funtion of Galati longitude. In total, we determineddistane estimates to 771, and extintions values for 775,open luster andidates from the FSR list.In this paper we investigate the relationship betweensale height and luster age. We will use our novel approahto alulate luster sale heights, whih an be applied tosmall sample sizes. We begin by building upon the workof Froebrih et al. (2010), who determined the ages of the'old' (>100Myr) FSR luster andidates, by homogeneously�tting isohrones to derive the ages of our FSR sub-sampleand further re�ne their determined distane and extintionvalues. We follow this with a omprehensive analysis ofthe sale height of lusters in the homogeneous MWSCatalogue by Kharhenko et al. (2013), the DAML02 listby Dias et al. (2002) and the WEBDA database.This paper is strutured as follows. In Se. 3 we presentour luster sample and subsequent age analysis. Setion 4.2introdues our novel sale height approah. The results ofour sale height and age analyses are disussed in Se. 5.Our onlusions are presented in Se. 6.2 CLUSTER SAMPLESIn the latter part of this paper we aim to investigatethe temporal and spatial sale height evolution of samplesof lusters in detail. Ideally we require a variety of

samples/atalogues to identify potential seletion e�ets inthem. Most importantly, however, we require a large numberof lusters with a signi�ant age spread and an extendeddistribution in the Galati Plane to investigate positionalvariations of the sale height. There are four obvious hoiesof luster samples (CS), eah with its own advantages anddisadvantages:(i) CS1: The MWSC atalogue by Kharhenko et al.(2013). This atalogue was initially ompiled from theliterature (inluding many of the lusters in our other CSs)and ontains 3006 real lusters with an additional fewhundred that are �agged as either not real or dupliateentries. Using their data-proessing pipeline, the authorshomogeneously re−/determined distane, reddening, radiiand age values for eah objet with isohrone �ts anddata from the PPMXL and 2MASS atalogues (see sourepaper for further details). Thus, any unertainties in theluster parameters are therefore systemati and not ausedby inonsistenies in the sample. To date this is themost omprehensive, homogeneously derived star lusteratalogue available in the literature, whih oupled withits extensive spread of luster ages, makes it an invaluableresoure.From the atalogue we selet only the real objets andexlude all the globular lusters, assoiations and movinggroups, as we are only interested in real bound openlusters. For the purpose of our analysis moving groups,although part of open luster evolution, are onsidered nolonger su�iently bound to be inluded. Objets �agged as'Remnants' or 'Nebulous' are retained as they are typiallyassoiated with very old and very young open lusters,respetively.We determine the ompleteness limit of the seletedlusters by plotting the distribution of the surfae density oflusters (P
XY

) against the distane (dXY ) of the lustersfrom the Sun projeted onto the Galati plane. Note theauthors of the MWSC atalogue �nd a de�it of old openlusters (log(age/yr) > 9.2) in the atalogue within 1 kp ofSun. The exat ause for this is unknown, but it is reasonableto assume that this is due to the natural evolution of lustersinto a less-bound state, thus beoming too large on the skyat short distanes to be detetable. Taking the old lusterde�it into aount, CS1 is omplete (or has at least aonstant ompleteness) at a distane range of 0.8 � 1.8 kpfrom the Sun for |b| 6 90◦, with an average surfae densityof 115 lusters / kp2 (see top left panel of Fig. 1). Thus weonly selet MWSC lusters in this distane range to avoidany bias in the sale height determination later on. This �nalseletion leaves 960 lusters in the CS 1 sample.A reent study (Shmeja et al. 2014, MNRAS, aepted)based on 2MASS photometry has identi�ed a further 139,preferentially old, open lusters in the solar neighbourhoodat |b| > 20◦. Inluding them into the CS 1 sample with thesame seletions applied to MWSC, would inrease the CS 1sample size by 79 objets. We refrain from doing this, sinethese new objets are exlusively at large distanes from theGalati Plane, and would hene introdue a bias into thesample.(ii) CS2: The urrent version of the DAML021 database
1 http://www.astro.iag.usp.br/odb/© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 3by Dias et al. (2002). This online database is ompiledfrom the literature and is regularly updated as new databeomes available. It ontained 2174 objets at the timeof writing. It is the largest open luster database, withthe exeption of the MWSC atalogue (of whih it formedthe basis of). However, unlike the MWSC atalogue, theluster parameters (distane, reddening, age, et.) have notbeen redetermined and remain as derived by the respetiveauthors of the literature. As suh, the DAML02 databaseis inhomogeneous in nature. However the extent of thisinhomogeneity is unknown as the authors of the parametershave analysed lusters on an individual basis i.e. extensivelyand not as a olletive where misinterpretation of dataan be made due to the systemati nature of the methodsused to derive the parameters. For example, the lusterStephenson 2 is a young massive luster (4 × 104M⊙) with26 red supergiants at a distane of 5.8+1.9
−0.8kpc and anage of 12 � 17Myr (Davies et al. 2007), but is listed ashaving a distane of 1.1 kp with an age of 1Myr inMWSC . If the status of Stephenson 2 as being a youngmassive luster is unknown (as was the ase with MWSC intheir blind-data-proessing pipeline), its olour-magnitudediagram an be misinterpreted. Thus, for a omprehensivesale height evolution analysis it is of bene�t to onsiderboth luster atalogues in order to ompare the results andto evaluate if there are systemati di�erenes.We selet all lusters from the DAML02 database whihhave distane, reddening and age value. Dupliate entries areidenti�ed as entries whih had a ounterpart within 3.5′ andremoved aordingly. The seleted lusters are determined tobe omplete, or have a homogeneous ompleteness, for up toa 1 kp radius from the Sun for |b| 6 90◦ (see top-right panelin Fig. 1). The surfae density of 110 lusters / kp2 withinthe 1 kp radius is omparable to the MWSC atalogue,i.e. CS 1. The seletions leave 389 open lusters in the CS 2sample.(iii) CS3: The WEBDA2 database based on Mermilliod(1995). This online interative database of open lustersontains 1755 objets to date. WEBDA is ompiled from theliterature, however it generally only inludes high auraymeasurements, ompared to the more omplete DAML02database, thus making it a prudent hoie to inlude in ouranalysis in addition to both the DAML02 and MWSC data.As for the �rst two luster samples, we make a seletionof objets whih have distane, reddening and age values.The seleted lusters are determined to be omplete, havea homogeneous ompleteness, up to a 1 kp radius from theSun for |b| 6 90◦ (see bottom left panel in Fig. 1), witha surfae density of 98 lusters / kp2. This is slightly lessthan the values for CS 1 and 2, but still omparable. Theseletions leaves 358 open lusters in the CS 3 sample.(iv) CS4: The FSR List by Froebrih et al. (2007). Theauthors of this atalogue used 2MASS star density maps ofthe Milky Way aross all Galati longitudes and within aGalati latitude range of |b| 6 20◦ to identify 1788 objets,inluding 87 globular lusters and 1021 previously unknownopen luster andidates.In Paper I we presented and alibrated automatedmethods to determine the distanes and extintions to these

2 http://www.univie.a.at/webda/

star lusters using NIR photometry only and foreground starounts. Unertainties of better than 40% where ahievedfor the luster distanes , using a alibration sample withan intrinsi satter of 30%. We applied the method tothe entire FSR list to determine distanes and extintionsfor a sub-sample of 775 open luster andidates withenough members, of whih 397 were new luster andidates.Globular lusters were exluded as they are prone toadditional intrinsi e�ets that a�et photometri quality(e.g. entral overrowding) whih ould not be ompensatedfor in our alibration proedure (for full details see Bukner& Froebrih (2013)).We aim to determine the ages of this FSR sub-sampleusing our data-proessing pipeline (see Set. 3.2.2).Clusters for whih we were able to aurately determineall 3 parameter values (age, distane, reddening), arethen seleted and determined to have a homogeneousompleteness at distanes between 1.5 � 2.1 kp from the Sunfor |b| 6 20◦, with a surfae density of 15 lusters / kp2 (seebottom right panel of Fig. 1). The seletions leave only 95open lusters in the CS 4 sample.The above determined luster surfae density shows thatthis FSR atalogue sub-sample is only omplete at the
∼ 13% level. However, it extends the luster sample towardsslightly larger distanes, and ontains a larger frationof older lusters, ompared to the other samples. This isevident in Fig. 2 where we present the age distributionsof all four luster samples. There the CSs 1, 2, 3 showthe normal trend that is expeted for samples seleted ashaving a homogeneous ompleteness limit, i.e. a steeplydereasing number of lusters with age. For CS 4, however,the histogram is more or less �at between 0.5 and 2.0Gyr.Furthermore, Fig. 2 also shows that the MWSC sample isthe only sample large enough to ontain a sizable numberof lusters older than 1 � 2Gyr, or a large enough sample topotentially measure the age dependene of the sale heightof these objets.3 ISOCHRONE FITTINGFor all of the above mentioned luster samples, exeptthe FSR lusters, there are ages available. To perform ouranalysis we hene need to determine ages for all the FSRobjets. In the following setion we detail our approah to �tisohrones with partiular emphasis on performing these �tsin an unbiased and homogeneous way and to obtain aurateages.For eah FSR objet the most likely lustermembers are identi�ed using the established photometrideontamination tehnique detailed in Paper I (Set. 3.1).We then �t solar metalliity Geneva (Lejeune &Shaerer 2001) or pre-main sequene (Siess et al. 2000)isohrones (where appropriate) to the near infrared 2MASSolour-magnitude data of the highest probability lustermembers (Set. 3.2). As starting point we utilise ourhomogeneously determined distane and extintion valuesfrom Paper I. All lusters are then �t three times blindly(without knowledge whih luster is �t) and in a randomorder. The three values for age, distane and reddening areaveraged to obtain the �nal luster parameters.© 2013 RAS, MNRAS 000, 1�20
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Figure 1. Surfae density distribution of lusters as a funtion of distane in the samples investigated in our work (top-left: CS 1 �Kharhenko; top-right: CS 2 � Dias; bottom-left: CS 3 � WEBDA; bottom-right: CS 4 � FSR). In eah panel the vertial dashed line(s)indiate the region where we onsider the sample to have a homogeneous ompleteness and the horizontal dashed line indiates thesurfae density in this region. .3.1 Cluster Membership ProbabilitiesTo �t isohrones to NIR olour magnitude diagrams oflusters situated along the rowded Galati Plane, thephotometry needs to be deontaminated from foregroundand bakground objets. Otherwise luster features suhas the main sequene and red giant branh are di�ultto identify. We have detailed our approah to determinemembership probabilities for individual stars in eah lusterin Paper I. In the following we just provide a short overviewof our method.The photometri deontamination proedure wasoriginally outlined in Bonatto & Bia (2007) and is based onearlier works by e.g. Bonatto et al. (2004). Froebrih et al.(2010) have slightly adapted the original method to identifyluster members and we have applied the same proedure inPaper I and for the work presented here.JHK photometry from the 2MASS (Skrutskie et al.2006) point soure atalogue is utilised for all stars in aluster with a photometry quality �ag of Q�ag='AAA'. Theradius of the irular luster area (Acl) around the lusterentre is hosen as one or two times the luster ore radius.

The ontrol area (Acon) is a ring with an inner radius of�ve ore radii and an outer radius of 0.5◦. We de�ne theColour-Colour-Magnitude distane, rccm, between the star,
i, and every other star j 6= i in the luster area as:

rccm =

r

1

2
(Ji − Jj)

2 + (JKi − JKj)
2 + (JHi − JHj)

2,(1)where JK = J − K and JH = J − H are the 2MASSNIR olours. We then determine rN
ccm as the distane to the

N th nearest neighbour to star i within the luster area in thisColour-Colour-Magnitude spae. As detailed in Paper I, theexat hoie of the value for N will not in�uene the results,i.e. the identi�ation of the most likely luster members.Thus, in aordane to our proedure in Paper I we set N =
25. We then ount the number of stars (Ncon

ccm) in the ontrol�eld that are loser to star i in the Colour-Colour-Magnitudespae than rN
ccm. Normalising this number by the respetivearea allows us to determine the membership-likelihood indexor luster membership probability (P i

cl) of star i via:© 2013 RAS, MNRAS 000, 1�20
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Figure 2. Age distribution of the homogeneously seleted luster sub-samples used in our work (top-left: CS 1 � Kharhenko; top-right:CS 2 � Dias; bottom-left: CS 3 � WEBDA; bottom-right: CS 4 � FSR)..
P i

cl = 1.0 −
Ncon

ccm

N

Acl

Acon

. (2)Should statistial �utuations lead to negative P i
clvalues, then the membership probabilities for this partiularstar are set to zero. Note that we are only interested in themost likely luster members, whose P i

cl values will not bein�uened by this.3.2 Isohrone �ttingUsing the above determined luster membershipprobabilities for stars in eah luster region, we utiliseNIR olour-magnitude and olour-olour diagrams to �tisohrones to the data (see Fig. 3 for an example). Sine wehave no data available on the metalliities of the lusters, wehomogeneously assume solar metal ontent. This ould benot appropriate for partiular lusters, whose [Fe/H℄ mightrange from -0.4 to +0.2, but statistially this assumptionis justi�ed. Furthermore, the median metalliity of all ourlusters that have a WEBDA ounterpart is Z = 0.02 (i.e.solar). We also note that our statistial errors of the luster

parameters aused by the manual isohrone �ts are typiallyof the order of, or larger than, the systemati unertaintiesaused by using a slightly erroneous metalliity. Furthmore,the age binsize used in our analysis in Set. 5.2.1 is also ofthe same size or larger than potential age variations due tovariations in the metalliity. Hene, the lusters in eah binprovide a statistially valid representation of the age.As model isohrones we utilise the Geneva Isohrones(Lejeune & Shaerer 2001) for intermediate age and oldlusters. In some ases the lusters are obviously very young,i.e. ontain Pre-Main Sequene (PMS) stars. For theseobjets we utilise the solar metalliity PMS isohrones fromSiess et al. (2000) whih over the stellar mass range of(0.1M⊙ < M < 7.0M⊙).3.2.1 Unbiased isohrone �tsOur aim is to determine the luster properties (age, distane,reddening) and unertainties for all FSR lusters in ahomogeneous way. In order to ahieve this we set up amanual pipeline whih will be desribed in the following.We only selet FSR luster andidates for whih we havebeen able to automatially measure distane and reddening© 2013 RAS, MNRAS 000, 1�20



6 Bukner & Froebrih

Figure 3. Isohrone �ts for all stars within two luster ore radii for FSR 0233. Symbols represent the determined luster membershipprobabilities:P i
cl

> 80% red squares; 60% < P i
cl

< 80% green stars; 40% < P i
cl

< 60% blue diamonds; 20% < P i
cl

< 40% purpletriangles; P i
cl

< 20% blak plus signs. The left panel, shows the isohrone �t in the J − K/K olour magnitude spae, the right panelshows the isohrone �t in the H − K/J − H olour olour spae. The overplotted isohrone (blak solid line) has the parameters of
log(age/yr) = 9, distane of d = 1.6 kp and H-band extintion AH = 1.3mag.in Paper I. These are 771 of the FSR objets. The remaininglusters and luster andidates will have an insu�ientnumber of high probability luster members, and hene anyattempt to �t an isohrone to these objets will most likelybe impossible or result in very large unertainties.In the literature there are many examples of asingle luster having multiple determined age, distaneand reddening values. One suh example is FSR1716(as disussed in the introdution) for whih Froebrihet al. (2010) determined a distane of 7.0 kp and
log(age/yr)=9.3, whereas Bonatto & Bia (2008)determined the luster to be either 0.8 kp/7Gyr or2.3 kp/12Gyr. A similar ase disussed in Set. 2 isStephenson 2 (or RSGC2). This is a young embedded,red supergiant rih luster at a distane of about 6 kp(e.g. Davies et al. (2007); Froebrih & Sholz (2013)),while Kharhenko et al. (2013) lists a distane of only1.13 kp. Suh inonsistenies an arise from di�erentinterpretations of whih stars are potentially giants in theluster. To aount for these possibilities we deided to �tan isohrone to eah luster three times using a blind �t(the FSR number or previous �t results are unknown) anda randomised order.Thus, one of us performed 2313 manual isohrone �ts.In every ase neither the FSR number nor the results fromprevious �ts are known. We start eah �t with plottingthe NIR olour-magnitude and olour-olour diagrams (asshown in Fig. 3) where stars are oded based on theirdetermined luster membership probability. Overlayed onthese plots are several Geneva isohrones of di�erent ages(log(age/yr)=7, 8, 9, 10) using the distanes and extintionvalues for this luster from Paper I.The �tter then ategorises the luster in one of threetypes: i) unable to �t any kind of isohrone; no feature(s)resembling a star luster is visible in the diagrams, henethe luster is either not real or the objet represents anoverdensity that is too low to reliably identify the positionof the most likely luster members in the olour-magnitudediagrams; ii) luster age identi�ed as young; these objets

are then �t by a pre-main sequene isohrone; iii) a learintermediate age or old open luster sequene is visible; forthese objets the losest �t of the four isohrones is hosenand overlayed with a number of isohrones with steps in
log(age/yr) = 0.05. The then losest �t is used as a startingpoint to freely vary all three isohrone parameters (age,distane, reddening) until a satisfatory �t is obtained. Asimilar proedure is performed for the pre-main sequenelusters.
3.2.2 Cluster haraterisation and parametersOne the entire sample of luster andidates has been�tted by the above desribed method, i.e. there are threeindependent �ts and lassi�ations for eah andidate,the results for eah luster are ombined and objets arelassi�ed into the three ategories disussed above.i) A luster andidate is onsidered not a luster or atoo low signi�ant overdensity if it has been plaed at leasttwie into this ategory, or if it has been plaed in eah ofthe three ategories one.ii) An objet is onsidered a PMS luster if it has beenplaed at least twie into this ategory.iii) An objet is onsidered an open luster if it has beenplaed at least twie into this ategory.For the latter two ategories we determine the lusterparameters (distane, age, extintion) as averages fromthe respetive isohrone �ts (either three or two). Theresulting values are listed in the Appendix in Table A1. Theunertainties listed in Table A1 are then the mean absolutestatistial variations of the individual parameter values foreah luster as obtained by the �tter. Note that they do notinlude any systemati unertainties aused by using solarmetalliity isohrones. © 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 74 SCALE HEIGHT DETERMINATION4.1 Cluster distribution funtionsIn order to analyse the distribution of star lustersperpendiular to the Galati Plane, one an assume thatthe spae density N(Z) of lusters as a funtion of theheight Z above/below the plane follows a ertain analytialfuntion. This ould be for example an exponentialdistribution of the form
N(Z) = N0 · exp

„

−
|Z − Z0|

h0

«

, (3)or
N(Z) = N0 · sech2

„

|Z − Z0|

2 · h0

«

, (4)whih is to be expeted for a self-gravitating disk. Inboth equations N0 gives the entral spae density of lustersat Z = Z0, where Z0 is the vertial entre (zero point) ofthe distribution and h0 is the sale height. Both distributionsare very similar within a few sale heights, and are in fatidential at |Z − Z0| = h0.We plan to investigate the evolution of the sale height
h0 as a funtion of luster age and also the distane ofthe lusters from the Galati Centre. The luster sampleswe an utilise usually only inlude objets at most afew sale heights from the mid-plane. It is hene not ofrelevane whih parametrisation we utilise and we hose theexponential distribution for the purpose of this paper.Furthermore, our sample sizes to determine the freeparameters of this distribution (N0, Z0, h0) are going to besmall. Hene, any algorithm to determine these parametersneeds to be robust for small samples and also allow us toestimate realisti unertainties for eah of the parametersin order to reliably infer trends or to identify di�erenesin e.g. h0 whih are statistially signi�ant. Note that asimple exponential �t to a histogram for the Z distributionof lusters is not su�ient for this purpose, as it will breakdown easily even for sample sizes of the order of 100 lusters(see e.g. Bonatto et al. (2006), Piskunov et al. (2006)).4.2 Parameter determinationIn order to ensure reliable values for the parameters(N0, Z0, h0) and aurate unertainties even for small lustersamples (N < 100), we ompare the distribution of Z-valuesof our sample with model distributions via a two sampleKolmogorow-Smirnov (KS) test (Peaok 1983). The modeldistributions are obtained for di�erent sale heights and Z0values. The parameters of our luster sample are taken asthe values of the model distribution whih shows the highestprobability to be drawn from same parent distribution.Model Distribution SizeThe 2-sample KS-test uses a Cumulative DistributionFuntion (CDF) for the two samples of Z values to estimatethe probability PKS that both are drawn from the sameparent distribution. Our model sample of lusters will haveto have at least the same range of Z-values as the observed

sample whose parameters we are trying to determine. Withthe known Zmin and Zmax values of the observed sample, inpriniple we an determine an analytial expression for theCDF of the model by integrating Eq. 3 along Z. However,we deided to obtain this CDF by generating a sample of
NM Z-values randomly distributed aording to Eq. 3.The size of NM should be as small as possible to limitthe omputing time, but as large as required to removeany unertainties due to the random nature of the sample.We hene determined PKS values of an observed lustersample against model luster samples with NM Z-values.The size NM of the model luster sample was varied from300 to 50.000 objets. For eah NM -value we repeated thesetests multiple times with di�erent random realisations of thedistribution of Z-values. The size NM of the model samplewas judged to be su�ient when for 9 out of 10 randomrealisations the PKS were idential. This ourred for modelsizes of about NM = 30, 000. Note that we have repeatedthese tests for multiple ombinations of h0 and Z0 valuesin the model, with no hanges to the results. Hene, all ourmodel luster samples ontain 30,000 lusters.Model Parameter RangesAs mentioned above, all our model distributions willontain Z-values for 30,000 objets within the minimumand maximum Z-value of the observed distributionwhose parameters we are trying to determine. We wantto determine the parameters (h0, Z0) of the observeddistribution without any prior assumptions. Thus, wegenerated model distributions where the parameters h0 and
Z0 did span the entire possible parameter spae. In otherwords we varied h0 between 20 p and 1000 p, while Z0had values between -160 p and +100 p. In both ases 5 pinrements where hosen for both parameters. This resultedin 197 x 53=10,441 di�erent model distributions for eah ofthe observed luster samples.Best Fit ParametersWe now perform a 2-sample KS-test of the observed sampleagainst all the 10,441 model distributions to determinethe probabilities PKS that the two samples are drawnfrom the same parent distribution. In Fig. 4 we show thedistribution of PKS-values for one example of an observedluster distribution (all seleted lusters from CS 1 in the4th Galati Quadrant) over the entire modelled h0�Z0parameter spae, i.e. the �gure shows PKS(h0, Z0). Asone an see, for vast regions of the parameter spae, the
PKS-values are almost zero. Only for a limited area the thevalues are non-zero.In order to �nd the best �tting parameters for theobserved distribution we do not hose the set of parametersthat leads to the highest probabilities PKS . Instead we �ta 2-dimensional Gaussian distribution to the PKS(h0, Z0)values, where the entre and width are free parameters. Theentral oordinates of this Gaussian are then taken as thebest �t parameters for the observed distribution.© 2013 RAS, MNRAS 000, 1�20
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Figure 5. Left: Plot of sale height relative error against sample size. Blak rosses represent the mean values for the modelleddistributions. The solid line represents our �tted power law, and the dot-dash lines a 25% error on the sale height, whih is ahieved fora sample size of 38 lusters or above. Right: Plot of vertial zero point absolute error against sample size. Blue triangles and red squaresrepresent the mean values obtained for the modelled distribution. The blue solid line and red dashed line represent the respetive linear�ts to sample sizes below and above 100 lusters. The dot-dash lines identi�es an error of 10 p for Z0 whih is ahieved for a samplesize of 32 lusters or larger.

Figure 4. Plot of the PKS values for an observed lusterdistribution for the entire modelled h0 vs Z0 parameter spae.Crosses indiate the positions for whih we performed a KS-test.The olours/ontours indiate the probabilities that the modelledand observed distributions are drawn from the same parentsample. Most of the PKS values are almost zero (white, lowestontours), and the highest non-zero values (red, highest ontours)are only found in a small area of the parameter spae. The sampleontains all lusters from the MWSC atalogue (CS 1) within ourhosen distane range in the 4th Galati quadrant. There are 313lusters in this sample and we �nd a best �t for the sale heightof 68.1 p and the vertial zero point of -9.9 p.4.3 Parameter UnertaintiesOur above desribed approah generates two best-�tparameters for eah observed luster distribution. Sinewe plan to investigate potential hanges with age orGalatoentri distane of the sale height of our observedluster distributions, we require to know the unertaintiesof our method in order to judge if any trends in the dataare signi�ant. In other words we need to estimate how

large the unertainties ∆h0 and ∆Z0 are and if/how theseunertainties depend on the value of the parameters and thesize of the luster sample.In order to estimate these unertainties we simulated
Z-distributions for small luster samples with various h0and Z0 values and proessed them with our above desribedproedure to determine their sale height and vertialzero point. Sine we know the input parameters for eahsimulated distribution, we an evaluate the unertainty forboth parameters by repeating the proess with 50 di�erentrandom realisations of the simulated Z-distributions. Theunertainties ∆h0 and ∆Z0 are estimated as the rms ofthe individual measurements h0,i and Z0,i ompared to theinput values.To test any dependenies of the unertainties on theparameter values of h0 and Z0 we did two tests: i) we kept
Z0 = -30 p and varied h0 between 100 p and 350 p, whihovers the potential range of sale heights for most of ourobserved samples; ii) we �xed the sale height to h0 =200 pand varied the vertial zero point of the distribution from-40 p to +40 p. In both ases no signi�ant or systematidependene of the unertainties on the parameter values isfound.More importantly, we also need to test how theunertainties depend on the sample size ND. We henerepeated all the above tests for simulated luster sampleswith ND =15, 30, 50, 75, 100, 200, 300 and 600 lusters. We�nd that the sample size ND has a systemati and signi�antin�uene on the unertainties of both parameters h0 and Z0.In partiular we �nd that the relative unertainty of the saleheight sales with the sample size ND approximately as apower law. Also the absolute unertainty of the vertial zeropoint of the distribution sales as an approximate powerlawwith the sample size, but only for small samples. Above asample size of about 100 lusters, the absolute unertaintyof Z0 remains onstant. This is shown in Fig. 5.From our powerlaw �ts we an hene alulate the© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 9unertainties from our method solely from the knowledgeof the sample size ND using the following equations:
∆h0

h0

= 1.12 · (ND)−0.41 (5)
∆Z0 =



419 p · (ND)−1.07 if ND < 115
2.6 p if ND > 115

(6)In other words, the relative unertainty of the saleheight sales roughly with the inverse of the square root ofthe sample size, while the absolute unertainty of the zeropoint sales as the inverse of the sample size. We believethat the onstant unertainty of the zero point Z0 above asample size of about 100 lusters is aused by our step size of5 p in the model distributions. For suh large samples theunertainty beomes smaller than half of our step size, whihthen beomes the limiting fator ompared to the samplesize. Should higher auraies for Z0 be required, the stepsize an be dereased. We refrain from this in this paper,sine we judge 2.6 p as unertainty for Z0 for large samplessu�ient.5 RESULTS AND DISCUSSION5.1 FSR luster haraterisation and parametersOur data-proessing pipeline was applied to the sub-sampleof 775 FSR List lusters whih had a distane and extintionvalues determined in Paper I. Here we suessfully determinethe ages of 298 lusters. All their parameters and respetiveunertainties are listed in the Appendix in Table A1. Hene,only about 40% of the investigated FSR lusters passed ourstringent riteria for a suessful isohrone �t. Of those, 216are �agged as previously 'known', and 82 as 'new' in theFSR atalogue. Note, that 'new' stands for lusters that arenew disoveries in (Froebrih et al. 2007). Thus, we on�rmhere that these 82 previously unknown objets are in fatreal lusters and determine their parameters.The low perentage of these 'new' lusters in the entiresample an be interpreted in two ways: (i) A large fration ofthese lusters are overdensities but not in fat real lusters,i.e. no isohrone ould be �tted; (ii) It is signi�antly moredi�ult to �t isohrones to these lusters sine they are lesssigni�ant overdensities.Froebrih et al. (2007) showed that about half of theentire FSR list of 'new' objets might in fat be not reallusters but overdensities, whih was on�rmed throughspatial analysis by Bia et al. (2008) and Camargo et al.(2010). However, as disussed in Paper I, the ontaminationof the luster sub-sample of 775 objets used here is lessthan 25%, thus at least 75% of the lusters are potentiallyreal. During the isohrone �ts for the lusters in our FSRsub-sample, it was noted that a large proportion of lustershad a poorly de�ned main sequene; in many ases only thetop was visible within the 2MASS magnitude limit and thusan isohrone �t was not possible under the onstraints ofour data-proessing pipeline. On ompletion of the pipeline,we found that a large proportion of the known objetshad a lear and well de�ned main sequene and/or redgiants, whereas the unknown objets had fewer members

(hene they remained undeteted) whose main sequeneswere not as well de�ned, and in many ases fell below themagnitude limit of 2MASS. We would argue, therefore, thatthe low number of on�rmed new lusters in our sample is are�etion of the di�ulty involved in �tting isohrones to thenew objets, rather than the majority being over-densities.We make a omparison of the distane and H-bandreddening values determined in Paper I using our novelphotometri method (DPI , API
H ), and those from ourdata-proessing pipeline desribed in Set 3.2.2 of this paper(DP2, AP2

H ). The two distane values depend linearly on oneanother, with DP1 ≈ 25% larger than DP2, with a satterof 65% and Pearson orrelation oe�ient of 0.89. Theprimary soure of the large satter are lusters onentratedat small distanes, i.e. DP2
6 3kpc. The satter dereaseswith inreasing DP2. This an be explained sine ourphotometri distane measurement method in Paper I worksby measuring the density of stars foreground to a lusterwhih is more aurate for larger, more extinted objets.The two reddening values also depend linearly onone another, agreeing within 5% with a satter of 9%and Pearson orrelation oe�ient of 0.95. Unlike DP1,the determination AP1

H depends only on the ability toaurately determine a lusters median olour, and heneis independent of individual luster reddening values.Furthermore, we have ompared our ages to the ages inMWSC, for the lusters whih are in both lists. There area few obvious outliers, where ages di�er by a fator of 10or more. However, after removing those, both ages show aorrelation oe�ient of 0.73, with a rms satter of 0.19for log(age/yr). The latter an be interpreted as a morerealisti unertainty of the ages determined for the FSRlusters, ompared to the pure statistial estimates quotedin Table A1.As already stated in Set. 2, the resulting FSR subsample after the age determination is only very small. Ifwe further require a homogeneous ompleteness for the saleheight analysis, the sample size beomes even smaller. Henewe have not inluded the FSR-subsample in the sale heightanalysis performed in the remainder of the paper. However,as is evident in the radial distribution (lower right panel ofFig. 1) and the age distribution (lower tight panel of Fig. 2)sample is dominated by rather old, and distant lusters.They are hene in itself an important addition to the existinglarge luster samples, potentially enlarging their urrentradius of ompleteness.5.2 Cluster Sale Height and Zero PointOur novel method is designed to determine a lustersample's sale height h0 and zero point Z0, whilstsigni�antly reduing the restraint on sample size. Theapproah to utilise modelled distributions in onjuntionwith KS-tests allows us to determine h0 with a better than25% auray for a sample of 38 lusters or larger. Forthe same sample size we an determine Z0 within 8.5 p.In the following we hene investigate sub-samples of CS 1,2, 3 with roughly this size, in order to establish if thereare systemati and/or signi�ant evolutionary or positionaltrends in the luster distribution within the plane of theGalaxy. We investigate eah of the three luster samples to© 2013 RAS, MNRAS 000, 1�20
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Figure 6. Evolution of the luster sale height h0 with age for the3 investigated samples. Blak triangles indiate CS 1 (MWSC),blue squares indiate CS2 (DAML02) and red diamonds CS 3(WEBDA). The horizontal 'age' error bars indiate the typialrms of log(age/yr) from the median age in eah bin. The dashedline is the approximate sale height � age relation for �eld stars(see text for details).�nd out if there are di�erenes between them that might beaused by potential biases in the samples.5.2.1 h0 Evolution with AgeWe investigate how sale height hanges with luster age. InFig 6 we show the sale height values we derived using ourmethod over a range of age bins. The age ranges for eah binand the number of lusters in them for every CS are listedin Table 1. There is a general trend of inreasing sale heightwith luster age. Most notably there is an apparent markedinrease in the gradient at log(age/yr) = 9 or a luster ageof about 1Gyr. We perform a linear �t of the sale heightagainst log(age/yr) and �nd that the observational trend inFig. 6 an be haraterised by:
h0 ∝



11.0 p · log(age/yr) if age 6 1Gyr
880 p · log(age/yr) if age > 1Gyr (7)where h0 is the sale height and log(age/yr) is the lusterage. Note that at an age of 10Myr, the time when gasexpulsion has typially �nished, the sale height of thelusters is about 50 p. Please note that the above givenvalues for the hanges of sale height with luster age areindependent of the atual hoie of the borders for our agebins. The only sample where the marked hange in behaviourat 1Gyr is not evident is CS 3 � WEBDA. The reason isthat in our homogeneously seleted sub-sample there aresimply not enough old lusters to trae h0. In partiular theoldest age bin spans a fator of 14 in age (see Table 1), butis dominated by lusters of an age of 1Gyr. CS 1 and CS 2show essentially the same behaviour for older objets (seeFig. 6), even if there is just one 'old' age bin for CS 2.Previous e�orts to determine the h0 of older lustersas a funtion of age have had limited suess. Restritionson sample size aused by the small size of the older lustersample and the spread of their distributions with inreasing

Table 1. Age bins (minimum and maximum ages) and respetivenumber of lusters in them for the lusters samples, used inthe investigation of sale height with luster age. We also listthe determined sale height and zero point with their respetiveunertainties.CS Agemin Agemax Ncl Z0 ∆Z0 h0 ∆h0[log(age/yr)℄ [p℄ [p℄MWSC 6.000 6.850 40 -2 8 36 9MWSC 6.850 7.200 40 9 8 62 15MWSC 7.200 7.420 40 6 8 56 14MWSC 7.420 7.550 40 -20 8 47 12MWSC 7.550 7.755 40 -10 8 65 16MWSC 7.760 7.950 40 -6 8 76 19MWSC 7.950 8.060 40 -20 8 72 18MWSC 8.060 8.150 40 -3 8 59 15MWSC 8.150 8.255 40 -1 8 60 15MWSC 8.255 8.350 40 -9 8 58 14MWSC 8.350 8.445 40 -13 8 63 16MWSC 8.445 8.505 40 -22 8 74 18MWSC 8.505 8.580 40 -9 8 73 18MWSC 8.585 8.632 40 -24 8 85 21MWSC 8.635 8.690 40 -29 8 79 20MWSC 8.695 8.735 40 -8 8 68 17MWSC 8.735 8.800 40 -25 8 79 20MWSC 8.800 8.865 40 -12 8 67 16MWSC 8.870 8.930 40 -9 8 87 21MWSC 8.935 9.005 40 -23 8 98 24MWSC 9.005 9.100 40 -39 8 146 36MWSC 9.100 9.200 40 8 8 263 65MWSC 9.200 9.400 40 -109 8 352 87MWSC 9.400 9.700 40 -56 8 549 135DAML02 6.00 7.02 29 -35 11 58 16DAML02 7.03 7.50 40 -41 8 82 20DAML02 7.50 7.83 40 -25 8 50 12DAML02 7.84 8.09 40 -13 8 53 13DAML02 8.09 8.30 40 -16 8 61 15DAML02 8.30 8.45 40 -13 8 63 16DAML02 8.45 8.60 40 11 8 59 15DAML02 8.60 8.78 40 -23 8 86 21DAML02 8.78 9.01 40 -13 8 78 19DAML02 9.03 9.90 40 -20 8 340 84WEBDA 6.00 7.17 38 -51 9 82 21WEBDA 7.20 7.66 40 -25 8 60 15WEBDA 7.68 8.00 40 -23 8 58 14WEBDA 8.00 8.23 40 -4 8 64 16WEBDA 8.23 8.42 40 -26 8 55 14WEBDA 8.42 8.54 40 5 8 56 14WEBDA 8.55 8.69 40 -21 8 91 22WEBDA 8.69 8.95 40 -34 8 76 19WEBDA 8.96 10.12 40 -9 8 76 19age, has until now prevented a detailed analysis of evolutionof the sale height of old lusters. Attempts to plae a valueon the sale height have yielded a value of h0 = 375pc forlusters older than 1Gyr (e.g. Froebrih et al. (2010)). FromEq. 7 and Fig. 6, this value orresponds to an age of about2.2Gyr i.e. in the middle of the 'old' luster age bin. Henethis literature value is an average sale height for lustersolder than 1Gyr. Figure 6 also demonstrates the superiorityof the MWSC list in ombination with our novel approahto determine the sale height, as the larger sample size ofCS 1 allows us to learly trae the sale height evolution for© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 11objets older than 1Gyr in several bins and to show thatthere is a systemati signi�ant observational trend in theluster sale height with age for objets up to 5Gyr.To the best of our knowledge there are urrently nonumerial investigations of the sale height of stellar lustersas a funtion of age in the Galati Plane. This is mostlikely due to the omplexity of the problem whih requiresfollowing the evolution of individual stars in lusters ofvarying mass to aount for the luster dissolution overtime, as well as the luster as a whole in the gravitationalpotential of the Galati Disk. However, we an try toompare the sale heights of objets of di�erent ages withthe here determined evolution of h0 for lusters to infer thebasi physial reasons for the evolution, and in partiularthe marked hange in behaviour after about 1Gyr.The dust in the Galati Plane has a sale height ofabout 125 p (Drimmel et al. 2003; Marshall et al. 2006)in the viinity of the Sun. At an age of 1Myr, Fig. 6 andEq. 7 show that young star lusters have a sale height of40 p. This is right in the middle of the range of sale heightsestimated for massive OB-stars (30 � 50 p; (Reed 2000; Eliaset al. 2006)). Sine the formation of these massive starsis inextriably linked to lustered star formation, this isexpeted. Thus, the formation of massive stars and lustersis only possible within the densest part of the ISM (withinone third of the dust sale height), and no signi�ant frationof loally observable lusters (without OB-stars) forms inlower density environments, further away from the diskmidplane.The number of lusters delines over time (see Fig. 2)whih is well known and understood from numerialmodels (e.g. Gieles et al. (2008); Gieles (2009); Lamers& Gieles (2006); Lamers et al. (2005)). Causes ofdisruption timesales depend on both internal and externalproesses suh as e.g. stellar evolution, tidal stripping andrelaxation, shoking by spiral arms and enounters withgiant moleular louds. A onsensus in the literature hasnot yet been reahed on the role that luster mass playsin disruption (for a disussion see e.g. Bastian (2011)).The dominant disruption proess at a few 100Myr isstellar evolution through member loss. In ombination withexternal proesses, lusters may gain enough energy fromthe ejetion of low mass members to ause the observedmoderate hanges in sale height during that phase. We�nd a 10 p inrease in h0 per dex in luster age from theformation to 1Gyr, but the orrelation oe�ient is only 0.5,and as low as 0.1 when only onsidering the �rst 300Myr ofevolution. Thus for the �rst few 100Myr the data suggest noevolution in h0, but the sale height at an age of about 1Gyrreahes about 75 p. This is omparable or smaller than thesale height of other young objets in the disk (e.g. 130 pfor bipolar PNs (Corradi & Shwarz 1995); 55 � 120 p foryoung WDs (Wegg & Phinney 2012))After the surviving lusters reah an age of about1Gyr, or a sale height of 75 p, there is an apparentsudden inrease in h0 orresponding to a hange in theevolutionary behaviour. The inrease in sale height is about880 p/dex in age. It has been shown that, assuming massdependent disruption, lusters with a mass of less than
104M⊙ and within 1 kp of the Sun are disrupted after 1Gyr(Boutloukos & Lamers 2003). Hene, we expet the lustersub-samples after 1Gyr to be dominated by initially massive

Figure 7. Cluster sale height as a funtion of galatoentridistane. The symbols indiate di�erent age ranges. Diamondsindiate lusters younger than 80Myr, triangles indiate lusterswith ages between 80Myr and 200Myr and squares indiatelusters with ages between 200Myr and 1Gyr. Furthermore, thedi�erent CSs are indiated by di�erent olours and symbol sizes;large blak, medium blue, small red for CS 1, 2, 3, respetively.lusters. Thus, if lusters have survived for this duration,they must have been sattered into an orbit whih plaesthem preferentially far away from the Galati mid-plane.This enables them to spend muh less time in the denserparts of the Galati Disk, dereasing their probability fordisruption via external proess (spiral arms, enounters withGMCs) and inreasing their hanes of prolonged survival.In other words, the inrease in sale height also impliesthat the population of old lusters is dominated by objetsthat have undergone at least one violent interation eventin their past that has moved them into an orbit inlinedto the Galati Plane. This observational evidene shouldhene be able to put tighter onstraints onto omprehensivenumerial models of luster evolution and disruption in theontext of the entire Galati Disk.Note that the behaviour of the sale height for lusters ismarkedly di�erent to estimates for �eld stars. To illustratethis we have overplotted the priniple trend observed formain sequene �eld stars of varying ages in Fig. 6. Thisqualitative trend has been obtained by utilising olourdependent veloity dispersions for main sequene starspresented in Dehnen & Binney (1998). As one an see inFig. 6, the heating of the stellar ompontent of the diskours gradually, while for the luster omponent thereis a disontinuity around 1Gyr. This demonstrates thedi�erene of the underlying physial mehanisms for theinrease in sale height. While the stellar omponent isheated via N-body interations, the tidal �eld and GMCs,the lusters have a muh stronger rate of disappearing fromthe observational sample with inreasing age, and are onlymoved to large sale heights (and thus able to survive) viainterations with massive objets suh as GMCs.5.2.2 h0 Dependene on Galati PositionWe investigate if the luster sale height hanges withGalatoentri radius, RGC . To eliminate the apparent age© 2013 RAS, MNRAS 000, 1�20



12 Bukner & FroebrihTable 2. Age and galatoentri distane ranges used inthe investigation of the dependene of sale height on thegalatoentri distane. We list the luster sample, age range,
RGC range as well as the determined sale height and zero pointwith their respetive unertainties. Age bin 1 orresponds to agesless than 80Myr, age bin 2 orresponds to ages between 80Myrand 200Myr and age bin 3 orresponds to ages between 200Myrand 1Gyr. Older lusters are not inluded due to the pauity ofthese objets.CS Age bin RGC Ncl h0 ∆h0 Z0 ∆Z0[kp℄ [p℄ [p℄MWSC 1 6.9± 0.6 90 34 6 -13 3.4MWSC 1 7.9± 0.7 82 53 10 13 3.8MWSC 1 9.1± 0.7 60 71 15 -9 5.2MWSC 2 6.9± 0.6 60 52 11 -4 5.2MWSC 2 7.9± 0.7 57 57 12 -4 5.5MWSC 2 9.1± 0.7 33 119 32 2 9.9MWSC 3 6.9± 0.6 121 53 8 -8 2.6MWSC 3 7.9± 0.7 134 76 11 -17 2.6MWSC 3 9.1± 0.7 151 83 12 -23 2.6DAML02 1 7.4± 0.4 23 37 12 -37 15DAML02 1 8.0± 0.3 66 52 11 -13 4.7DAML02 1 8.6± 0.3 33 106 28 -49 9.9DAML02 2 7.4± 0.4 21 80 26 -4 16DAML02 2 8.0± 0.3 32 69 19 -21 10DAML02 2 8.5± 0.3 15 64 24 -26 23DAML02 3 7.4± 0.4 45 66 16 -14 7.1DAML02 3 8.0± 0.3 68 52 10 -4 4.6DAML02 3 8.5± 0.3 38 115 29 -17 8.5WEBDA 1 7.4± 0.4 23 39 12 -41 15WEBDA 1 8.0± 0.3 59 54 11 -21 5.3WEBDA 1 8.5± 0.3 24 120 37 -72 14WEBDA 2 7.4± 0.4 21 80 26 -5 16WEBDA 2 8.0± 0.3 28 69 20 -13 12WEBDA 2 8.5± 0.3 16 82 30 -36 22WEBDA 3 7.4± 0.4 44 68 16 -14 7.3WEBDA 3 8.0± 0.3 64 57 12 -17 4.9WEBDA 3 8.5± 0.3 42 96 23 -10 7.7e�ets disussed in Set. 5.2.1, we determine h0 for 4 agebins. These are: bin 1 � age less than 80Myr; bin 2 � agebetween 80Myr and 200Myr; bin 3 � age between 200Myrand 1Gyr; bin 4 � age above 1Gyr. Eah of these age binsis separated into 3 ranges for the RGC values per lustersample. See Table 2 for details of eah bin. Note that thistable does not ontain the details for the oldest age bin 4,as the pauity of old lusters did not allow to split theminto several RGC bins and still being able to determine saleheight and zero point with su�ient auray to draw anymeaningful onlusions. In Fig. 7 we show that there is apositive trend between h0 and RGC for lusters younger than1Gyr, whih an be expressed as:

h0[pc] ∝ 0.02 · RGC [pc] (8)where h0 is sale height and Rgc is the medianGalatoentri distane of a luster sample. There isonsiderable satter, but the Pearson Correlation Coe�ientfor the data points, determined inluding the unertainties,ranges from 0.75 to 0.85 for the age bins 1 � 3. It has a valueof 0.80 for the ombined sample of all three age bins shown

in Fig. 7. The trend of inreasing sale height with Rgc isvirtually idential for the age bins 2 and 3, and only slightlystronger for the youngest lusters in bin 1. Note that at thesolar distane to the Galati Centre (assumed to be 8 kp)the lusters have a sale height of about 65 p.For some of the above not onsidered RGC bins of theold lusters (age above 1Gyr), we where able to determinethe sale height. The values for h0 are dominated by theyounger lusters in the age bin, and all sale heights arebetween 200 p and 400 p. However, no orrelation of thesale height with RGC is evident for these older lusters.This is expeted from our �ndings in the last setion, whihindiated that the old objets are dominated by lusterssattered away from the plane in the past.As for the age evolution of the sale height, thereare to the best of our knowledge no numerial simulationsto investigate this. Hene, our data should proof vitalto onstrain potential large sale numerial simulations ofluster evolution in the Galati Disk. However, we antry to understand this weak observed trend to infer itsause. Sine we have eliminated the e�et of luster age,by onsidering the di�erent age bins, and have found thatthere is almost no evolution of h0 for the �rst few 100Myr,any trend in the sale height of the luster sample hasto be imprinted on it during the formation. Indeed thereseems to be a moderate �aring of the moleular (starforming) material in the disk (e.g. Sanders et al. (1984);Wouterloot et al. (1990)). More massive lusters (whihinlude OB-stars) should also form loser to the mid-plane.These are the objets whih are more likely to survive fora given time. Thus, potentially the observed e�et ould beaused by the fat that at smaller RGC values there are moremassive lusters formed, originally loser to the mid-plane,than further out at larger RGC . Hene the sale height isdominated by originally higher mass lusters towards low
RGC and by less massive lusters at higher RGC . However,only detailed numerial simulations of luster populationsin the Milky Way in ombination with aurate lustermass estimates, both outside the sope of this work, aninvestigate this properly. Note that this weak trend ould inpart also be explained by a systemati metalliity gradientin the Galati Disk.5.2.3 Vertial Displaement Z0We also investigate how Z0 hanges with luster age and
RGC . We �nd that there is no dependeny of Z0 with anyof the parameters for our samples. This is an expetedresult as the spatial distribution of lusters should follow thesymmetrial distribution funtion for vertial displaementabove/below the Galati plane (Eq. 3, 4), suh that lusterinterations and disruptions are also symmetrial. Thus, as
h0 inreases with luster age, Z0 will remain onstant andonly depend on the position of the Sun with respet o theplane.We have used this to average all the Z0 values in oursamples to obtain the mean vertial displaement of theSun with respet to the Galati Plane based on the loaldistribution of stellar lusters. We �nd a mean value of
Z0 = −18.5 ± 1.2pc, and thus Z⊙ = 18.5 ± 1.2pc (whih isin agreement with aepted literature values based on otherobjets, see e.g. Reed (2006), Humphreys & Larsen (1995)).© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 136 CONCLUSIONSWe aim to study the temporal and spatial evolution of thesale height of star lusters in the Galati Plane.In a �rst step we suessfully determined ages of 298lusters from the FSR list by (Froebrih et al. 2007) by�tting isohrones. We used our automatially determineddistanes and reddening values from Bukner & Froebrih(2013) as starting points. Our FSR sub-sample is dominatedby old objets (age > 500Myr) with distanes between1.5 kp and 2 kp. The distanes and extintion valuesobtained by the isohrone �tting and our purely automatimethod based on NIR photometry (Bukner & Froebrih2013) show a good orrelation with Pearson CorrelationCoe�ients of 0.89 and 0.95, respetively.We have developed a novel method to determinethe sale height and vertial zero point of lusterdistributions using models and Kolmogorow-Smirnov tests.This signi�antly lessens the restraint on the sample sizeand allows us to measure sale heights with 25% aurayfor luster samples as small as 38 objets. At the same timewe are able to infer the sample zero point within 8.5 p. Forlarger samples these errors an be signi�antly redued.To investigate the temporal evolution of luster saleheight we investigated homogeneously seleted sub-samplesof star lusters from four large star luster atalogues(MWSC (Kharhenko et al. 2013), DAML02 (Dias et al.2002), WEBDA, FSR (Froebrih et al. 2007)). The seletedsub-sample of the FSR list is too small to be inludedin our subsequent analysis. We �nd that most of ourresults are independent of the luster atalogue, despitetheir very di�erent riteria for luster inlusion andparameter estimation. As expeted, the MWSC ataloguein ombination with our novel sale height determinationmethod, provides the best 'time resolution' for ourinvestigation.We �nd that star lusters are formed (age 1Myr) with asale height of 40 p. This is the same as what has been foundfor OB-stars (Reed 2000; Elias et al. 2006), demonstratingthe link of massive and lustered star formation. For thenext 1Gyr the sale height of the surviving lusters onlymarginally inreases by about 10 p per dex in age untilit reahes about 75 p. The data are in agreement with noevolution of h0 for the �rst few 100Myr.Fom 1Gyr onwards the sale height of the survivingluster population inreases signi�antly faster with about880 p per dex in age. The reason for this is most likelythat the old luster sample is dominated by objets whihhave been sattered by one or more interations with GiantMoleular Clouds into orbits away from the Galati Plane.Clusters that do not undergo suh a violent event will staylose to the plane, and not survive to ages of several Gyr.This is markedly di�erent to the behaviour of the stellaromponent in the Galati Disk.We further �nd a weak age-independent trend of lustersale height with distane from the Galati Centre. Thismight be aused by the mass dependene of the formationof stellar lusters in the disk or a metalliity gradient. Nosigni�ant temporal or spatial variations of the zero pointof the luster distribution have been found. Based on theluster distribution we estimate that the Sun has a position
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Star Cluster Sale Height 15APPENDIX A: FSR CLUSTER PROPERTY TABLETable A1: Summary table of the FSR luster properties determined withour isohrone-�tting pipeline (the full table will be published onlineonly). The table lists the FSR ID number, the luster type (knownopen luster or new luster andidate), luster lass (PMS or OC),the distane in kiloparse determined using our photometri method inPaper I (DP1), our pipeline (DP2) and unertainty (∆DP2); the H-bandextintion values alulated from H − K exess using our photometrimethod in Paper I (AP1
H ), our pipeline (AP2

H ) and unertainty (∆AP2
H );the age in log(age/yr) and unertainty (∆ log(age/yr)). Note that

∆AP2
H and ∆log(age/yr) are only the statistial variations of the threeisohrone �ts and do not aount for systematial unertainties due tothe use of solar metalliity isohrones.FSR Type Class l b DP1 DP2 ∆DP2 AP1

H AP2
H ∆AP2

H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄0032 Known OC 9.28 -2.53 2.8 1.70 0.00 0.21 0.22 0.00 9.10 0.000045 Known OC 12.87 -1.32 2.2 2.60 0.00 0.20 0.32 0.00 8.50 0.000071 Known OC 23.89 -2.91 1.9 2.00 0.21 0.21 0.29 0.02 7.60 0.170074 Known OC 25.36 -4.31 3.5 5.30 0.00 0.18 0.02 0.00 9.50 0.000082 Known OC 27.31 -2.77 1.1 1.60 0.07 0.09 0.14 0.03 8.60 0.090089 New OC 29.49 -0.98 4.5 6.50 0.07 1.53 1.50 0.00 8.50 0.030101 New OC 35.15 1.75 3.2 1.60 0.00 1.07 1.05 0.00 9.20 0.000109 Known OC 37.17 2.62 1.7 1.50 0.03 0.52 0.59 0.01 9.00 0.000111 Known OC 38.66 -1.64 2.0 1.80 0.00 0.19 0.30 0.00 8.80 0.000113 Known OC 39.10 -1.68 1.6 2.10 0.07 0.29 0.39 0.04 8.60 0.180115 Known OC 40.35 -0.70 2.4 2.20 0.00 0.80 1.10 0.00 7.10 0.000122 Known OC 45.70 -0.12 2.1 2.30 0.30 0.64 0.74 0.02 8.60 0.120124 New OC 46.48 2.65 3.7 1.10 0.00 0.48 0.45 0.00 9.30 0.000127 Known OC 48.89 -0.94 2.6 2.90 0.18 0.60 0.64 0.01 8.20 0.020133 New OC 51.12 -1.17 4.2 2.40 0.18 0.87 0.99 0.03 8.70 0.090138 Known OC 53.22 3.34 2.5 3.10 0.07 0.36 0.41 0.01 9.10 0.090144 Known OC 56.34 -4.69 1.9 1.70 0.20 0.02 0.05 0.03 7.80 0.100154 New OC 60.00 -1.08 3.2 3.90 0.00 0.54 0.55 0.00 8.60 0.130157 New OC 62.02 -0.70 2.2 1.10 0.00 0.58 0.65 0.00 6.80 0.000167 New OC 65.16 -2.41 2.4 1.60 0.15 0.42 0.43 0.03 8.70 0.120168 Known OC 65.53 -3.97 1.4 1.00 0.05 0.09 0.09 0.00 8.60 0.030169 Known PMS 65.69 1.18 2.5 2.40 0.00 0.08 0.36 0.00 7.60 0.000177 Known OC 67.64 0.85 3.1 2.80 0.00 0.15 0.30 0.00 9.20 0.000186 Known OC 69.97 10.91 2.0 4.10 0.00 0.25 0.12 0.00 9.50 0.000187 Known OC 70.31 1.76 4.5 5.20 0.00 0.34 0.29 0.00 8.70 0.000188 New OC 70.65 1.74 8.3 10.50 1.00 0.69 0.62 0.02 8.60 0.050190 New OC 70.73 0.96 10.2 11.60 0.00 1.31 1.26 0.00 8.80 0.000191 New OC 70.99 2.58 3.8 2.40 0.37 0.56 0.59 0.04 8.50 0.180195 New PMS 72.07 -0.99 4.1 1.90 0.00 0.99 1.15 0.00 7.60 0.000197 New OC 72.16 0.30 3.7 1.80 0.00 0.62 0.70 0.00 8.90 0.000202 Known OC 73.99 8.49 1.5 1.80 0.10 0.02 0.07 0.00 9.20 0.050205 Known OC 75.24 -0.67 6.9 7.60 0.00 1.45 1.40 0.00 8.50 0.000207 Known PMS 75.38 1.30 2.0 1.40 0.00 0.03 0.30 0.00 7.00 0.000208 Known OC 75.70 0.99 3.2 3.40 0.20 0.42 0.56 0.02 8.20 0.120214 New OC 77.71 4.18 5.8 6.50 0.00 0.29 0.23 0.01 8.90 0.050216 Known OC 78.01 -3.36 1.7 1.40 0.06 0.10 0.16 0.02 8.90 0.080218 Known OC 78.10 2.79 2.7 1.00 0.00 0.37 0.38 0.00 7.40 0.000231 Known OC 79.57 6.83 1.3 1.30 0.06 -0.00 0.05 0.02 8.80 0.030233 Known OC 79.87 -0.93 3.4 1.60 0.10 1.23 1.30 0.00 9.00 0.050257 New OC 83.13 4.84 2.8 2.30 0.00 0.26 0.24 0.00 9.50 0.000267 Known OC 85.68 -1.52 2.0 2.10 0.00 0.36 0.38 0.03 8.80 0.100268 Known OC 85.90 -4.14 3.6 3.10 0.40 0.43 0.37 0.01 9.10 0.150275 New OC 87.20 0.97 5.1 2.40 0.00 0.52 0.40 0.00 9.30 0.000276 New OC 87.32 5.75 7.4 7.10 0.00 0.62 0.75 0.00 8.60 0.00Continued on next page© 2013 RAS, MNRAS 000, 1�20



16 Bukner & Froebrih Table A1 � ontinued from previous pageFSR Type Class l b DP1 DP2 ∆DP2 AP1
H AP2

H ∆AP2
H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄0280 Known OC 88.24 0.26 4.5 4.10 0.00 0.43 0.49 0.00 9.00 0.000282 New OC 88.75 1.05 2.6 2.70 0.00 0.45 0.56 0.02 8.80 0.090285 Known OC 89.62 -0.39 2.4 2.50 0.00 0.22 0.31 0.02 8.50 0.060286 Known OC 89.98 -2.73 1.8 1.80 0.06 0.09 0.18 0.01 8.90 0.060293 New OC 91.03 -2.75 2.3 1.40 0.00 0.06 0.15 0.00 8.30 0.000294 New OC 91.27 2.34 2.7 1.60 0.24 0.48 0.49 0.06 7.60 0.320301 Known PMS 93.04 1.80 4.0 2.00 0.00 0.71 1.00 0.00 7.50 0.000309 Known OC 94.42 0.19 1.7 1.60 0.09 0.18 0.30 0.02 8.20 0.060320 New OC 96.38 1.24 2.3 1.40 0.15 0.15 0.16 0.03 7.40 0.200327 Known OC 97.34 0.45 3.1 1.90 0.00 0.43 0.42 0.00 7.90 0.000336 New OC 99.09 0.96 2.5 2.30 0.12 0.37 0.52 0.02 7.30 0.380342 New OC 99.76 -2.21 2.5 2.50 0.23 0.22 0.18 0.02 8.90 0.030343 Known OC 99.96 -2.69 2.1 2.30 0.10 0.04 0.07 0.01 8.80 0.060348 Known OC 101.37 -1.86 2.0 2.10 0.00 -0.01 0.01 0.01 9.00 0.030349 Known OC 101.41 -0.60 3.2 3.20 0.00 0.20 0.19 0.02 8.80 0.030352 Known OC 102.69 0.80 2.7 1.80 0.15 0.06 0.35 0.03 7.60 0.190358 New OC 103.35 2.21 9.9 10.60 0.12 1.08 1.00 0.03 8.70 0.020363 Known OC 104.05 0.92 2.9 2.90 0.00 0.23 0.18 0.00 9.10 0.000373 Known OC 105.35 9.50 2.2 2.20 0.00 0.15 0.13 0.01 9.50 0.000375 Known OC 105.47 1.20 2.6 2.60 0.00 0.40 0.70 0.00 7.60 0.000381 New OC 106.64 -0.39 2.3 2.20 0.00 0.16 0.16 0.03 8.80 0.060382 Known OC 106.64 0.36 2.8 2.40 0.25 0.34 0.32 0.03 8.60 0.100384 New OC 106.75 -2.95 2.1 1.20 0.00 0.03 0.05 0.00 7.60 0.000385 New OC 106.96 0.12 3.0 1.90 0.00 0.40 0.35 0.00 9.00 0.000388 New OC 107.32 5.13 4.9 5.00 0.23 0.89 0.85 0.01 8.90 0.030392 Known OC 107.79 -1.02 2.6 2.10 0.20 0.19 0.21 0.01 8.70 0.030395 Known OC 108.49 -2.79 3.0 2.50 0.21 0.20 0.26 0.01 7.70 0.130396 Known OC 108.51 -0.38 3.0 2.50 0.09 0.40 0.58 0.01 7.80 0.030400 Known OC 109.13 1.12 4.1 2.00 0.00 0.65 1.00 0.00 7.30 0.000411 Known OC 110.58 0.14 2.9 2.10 0.00 0.31 0.26 0.00 9.00 0.000412 Known OC 110.70 0.48 6.8 6.60 0.00 0.84 0.78 0.01 8.90 0.000415 Known OC 110.92 0.07 2.0 1.80 0.10 0.18 0.43 0.00 7.40 0.050423 New OC 111.48 5.19 3.2 3.10 0.12 0.42 0.43 0.03 9.20 0.030430 New OC 112.71 3.22 2.3 1.50 0.00 0.30 0.25 0.00 8.70 0.000433 Known OC 112.86 0.17 2.3 1.80 0.00 0.09 0.25 0.00 8.10 0.000434 Known OC 112.86 -2.86 2.2 2.10 0.00 0.23 0.25 0.00 8.40 0.030444 New OC 114.51 2.63 2.4 2.20 0.00 0.35 0.40 0.01 8.80 0.070457 Known OC 116.13 -0.14 1.9 1.60 0.12 0.04 0.09 0.02 8.40 0.090458 Known OC 116.44 -0.78 2.2 1.80 0.06 0.07 0.14 0.01 8.00 0.080461 Known OC 116.60 -1.01 2.7 2.60 0.12 0.16 0.16 0.04 8.40 0.230467 Known OC 117.15 6.49 3.2 3.10 0.00 0.40 0.39 0.02 9.40 0.100468 Known OC 117.22 5.86 1.8 0.80 0.00 0.23 0.32 0.00 9.00 0.000475 Known OC 117.99 -1.30 2.7 2.70 0.17 0.20 0.23 0.02 9.10 0.000480 New OC 118.59 -1.09 6.0 5.60 0.00 0.65 0.56 0.01 8.80 0.030490 Known OC 119.78 1.70 3.6 1.50 0.00 0.38 0.40 0.01 9.10 0.000491 Known OC 119.80 -1.38 2.0 2.00 0.10 0.12 0.11 0.03 8.80 0.070493 Known OC 119.93 -0.09 2.6 2.20 0.15 0.05 0.06 0.02 8.30 0.090494 New OC 120.07 1.03 3.2 2.90 0.00 0.21 0.25 0.02 9.40 0.070496 New OC 120.26 1.29 3.4 1.30 0.20 0.36 0.35 0.00 9.10 0.050502 Known OC 120.88 0.51 2.2 2.10 0.00 -0.00 0.17 0.00 8.00 0.000512 Known OC 122.09 1.33 2.6 2.20 0.12 0.11 0.21 0.03 8.80 0.060519 New OC 123.05 1.78 3.2 3.30 0.00 0.27 0.30 0.00 8.30 0.000523 New OC 123.59 5.60 2.2 2.10 0.00 0.22 0.22 0.03 9.20 0.140525 Known OC 124.01 1.07 2.3 2.00 0.06 0.14 0.23 0.02 7.90 0.100528 Known OC 124.69 -0.60 2.7 2.40 0.12 0.38 0.57 0.01 7.50 0.150529 Known OC 124.95 -1.21 2.4 1.10 0.07 0.08 0.16 0.01 8.50 0.060536 New OC 126.13 0.37 3.0 2.20 0.27 0.45 0.52 0.04 8.50 0.130540 Known OC 126.64 -4.38 1.6 1.60 0.13 -0.01 0.02 0.01 8.20 0.03Continued on next page© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 17Table A1 � ontinued from previous pageFSR Type Class l b DP1 DP2 ∆DP2 AP1
H AP2

H ∆AP2
H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄0542 New OC 126.83 0.38 4.7 4.40 0.00 0.52 0.55 0.01 9.10 0.090543 Known OC 127.20 0.76 2.7 2.40 0.00 0.24 0.24 0.03 8.90 0.120548 Known OC 127.75 2.09 3.5 3.20 0.03 0.29 0.32 0.00 9.00 0.000550 Known OC 128.03 -1.80 1.8 1.70 0.00 -0.02 0.01 0.01 8.10 0.190552 Known OC 128.22 -1.11 2.4 2.00 0.00 0.08 0.17 0.00 7.80 0.000554 Known PMS 128.56 1.74 2.8 2.00 0.00 0.03 0.28 0.00 8.00 0.000556 Known OC 129.08 -0.35 1.8 1.60 0.00 0.10 0.23 0.02 8.30 0.090557 Known OC 129.38 -1.53 2.5 2.00 0.15 0.11 0.18 0.01 8.40 0.080559 Known OC 129.51 -0.96 2.1 2.40 0.27 0.15 0.32 0.02 7.20 0.150563 Known OC 130.05 -0.16 4.6 5.10 0.45 0.50 0.41 0.02 8.90 0.060567 Known PMS 130.13 0.38 3.2 2.20 0.00 0.24 0.35 0.00 7.70 0.000574 Known OC 132.42 -6.14 2.5 1.20 0.06 0.10 0.13 0.00 8.50 0.000585 Known OC 134.21 1.07 4.2 3.60 0.18 0.57 0.55 0.04 8.80 0.190592 Known OC 135.34 -0.37 2.8 1.10 0.00 0.27 0.22 0.00 6.70 0.000594 Known OC 135.44 -0.49 2.8 2.20 0.17 0.25 0.36 0.02 9.00 0.030598 Known PMS 135.85 0.27 1.9 2.20 0.00 0.36 0.60 0.00 7.30 0.000599 Known OC 136.05 -1.15 2.3 1.90 0.12 0.21 0.24 0.06 8.70 0.260603 Known OC 136.31 -2.63 1.9 1.50 0.12 0.10 0.18 0.03 8.10 0.240615 Known PMS 137.82 -1.75 2.6 1.90 0.00 0.29 0.40 0.00 7.70 0.000619 Known OC 138.10 -4.75 2.5 1.40 0.00 0.11 0.10 0.00 9.20 0.000623 New OC 138.62 8.90 2.4 1.80 0.00 0.32 0.26 0.00 9.10 0.000624 Known OC 139.42 0.18 5.9 5.60 0.10 0.71 0.60 0.00 9.10 0.030636 Known PMS 143.34 -0.13 1.8 0.80 0.00 0.25 0.35 0.00 7.70 0.000639 Known OC 143.78 -4.27 2.4 2.10 0.07 0.26 0.35 0.01 8.80 0.000641 Known OC 143.94 3.60 2.5 1.60 0.05 0.23 0.35 0.01 8.40 0.050644 Known OC 145.11 -3.99 2.5 2.00 0.09 0.24 0.21 0.02 8.30 0.030645 Known OC 145.92 -2.99 3.2 1.60 0.00 0.38 0.33 0.00 7.60 0.000648 Known OC 146.67 -8.92 1.9 2.50 0.00 0.03 0.08 0.00 8.90 0.000651 Known OC 147.08 -0.50 3.9 3.50 0.00 0.68 0.75 0.00 9.20 0.000652 Known OC 147.52 5.66 3.3 3.20 0.35 0.31 0.25 0.00 9.10 0.060658 Known OC 149.81 -1.01 3.6 3.20 0.00 0.57 0.71 0.04 8.10 0.050659 Known OC 149.85 0.19 2.7 1.40 0.00 0.23 0.28 0.03 8.60 0.100677 Known OC 154.84 2.49 3.0 2.10 0.20 0.31 0.39 0.01 9.10 0.030679 Known OC 155.01 -15.32 1.8 0.60 0.00 0.18 0.20 0.00 8.60 0.000694 Known OC 158.59 -1.57 2.7 2.60 0.13 0.23 0.29 0.03 8.80 0.070705 New OC 160.71 4.86 4.8 4.60 0.35 0.31 0.20 0.02 8.90 0.100710 Known OC 161.65 -2.01 4.0 3.10 0.05 0.44 0.45 0.01 9.00 0.000713 Known OC 162.02 -2.39 3.1 2.70 0.00 0.27 0.30 0.00 9.10 0.000718 Known PMS 162.27 1.62 2.9 2.70 0.00 0.23 0.55 0.00 7.30 0.000726 Known OC 162.81 0.66 5.4 5.00 0.00 0.37 0.30 0.00 8.80 0.000727 New OC 162.91 4.31 2.9 1.70 0.19 0.16 0.21 0.02 8.80 0.090728 New OC 162.92 -6.88 2.3 1.30 0.00 0.25 0.20 0.00 9.00 0.000731 Known OC 163.58 5.05 5.1 4.20 0.00 0.36 0.30 0.00 9.30 0.000755 Known OC 168.44 1.22 3.3 2.80 0.18 0.13 0.20 0.01 8.50 0.030769 Known OC 171.90 0.45 5.8 4.40 0.00 0.48 0.42 0.00 9.10 0.000774 Known OC 172.64 0.33 2.5 1.50 0.03 0.11 0.22 0.01 8.70 0.030790 New OC 173.75 -5.87 3.4 3.20 0.00 0.26 0.18 0.00 9.20 0.000792 Known OC 174.10 -8.85 2.4 1.90 0.10 0.14 0.18 0.02 8.60 0.060793 New OC 174.44 -1.86 4.3 4.00 0.00 0.39 0.34 0.00 8.80 0.000794 Known PMS 174.54 1.08 2.0 1.20 0.00 0.06 0.20 0.00 7.30 0.000802 New OC 176.17 6.02 2.6 2.00 0.00 0.17 0.24 0.00 8.70 0.000814 New OC 177.06 -0.41 3.1 1.60 0.20 0.35 0.45 0.03 8.00 0.150822 Known OC 179.11 -10.46 1.8 0.80 0.03 0.10 0.18 0.02 8.60 0.120825 New OC 179.32 1.26 3.0 2.90 0.00 0.14 0.21 0.00 8.80 0.000828 New OC 179.92 1.75 5.7 5.00 0.00 0.44 0.28 0.00 8.90 0.000829 Known OC 179.96 -0.29 2.8 2.10 0.00 0.27 0.21 0.00 9.20 0.000847 Known OC 182.74 0.48 4.1 4.00 0.00 0.48 0.54 0.01 9.00 0.030854 Known OC 184.77 -13.51 1.7 1.70 0.00 0.06 0.06 0.03 9.30 0.12Continued on next page© 2013 RAS, MNRAS 000, 1�20



18 Bukner & Froebrih Table A1 � ontinued from previous pageFSR Type Class l b DP1 DP2 ∆DP2 AP1
H AP2

H ∆AP2
H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄0866 New OC 186.33 13.84 2.1 1.30 0.00 0.01 0.05 0.00 9.10 0.000867 Known OC 186.37 1.26 2.5 1.60 0.07 0.11 0.13 0.03 8.40 0.160870 Known PMS 186.61 0.15 2.6 1.60 0.00 0.19 0.40 0.00 7.30 0.000872 Known OC 186.64 1.80 4.4 3.10 0.00 0.25 0.19 0.00 9.40 0.000881 New OC 188.06 -2.22 4.6 4.20 0.00 0.40 0.35 0.00 8.90 0.000883 New OC 188.11 0.15 2.7 2.50 0.00 0.18 0.26 0.03 8.60 0.100904 New PMS 191.03 -0.78 3.1 2.00 0.00 0.34 0.43 0.00 7.30 0.000942 New OC 195.58 -3.59 2.9 2.80 0.05 0.29 0.36 0.03 8.90 0.100959 Known OC 197.21 8.92 2.0 4.10 0.00 -0.02 0.03 0.00 8.80 0.000961 Known OC 197.24 -2.34 3.0 2.90 0.00 0.13 0.17 0.01 8.80 0.030971 Known OC 198.04 -5.80 3.1 3.00 0.00 0.25 0.19 0.00 9.40 0.000972 Known OC 198.11 19.65 1.7 1.50 0.00 -0.01 0.02 0.00 9.40 0.000973 Known OC 199.03 -10.38 2.3 1.70 0.00 0.17 0.15 0.00 8.50 0.000982 Known OC 201.79 2.11 2.6 2.50 0.00 0.18 0.22 0.01 9.00 0.050987 New OC 202.42 -5.12 3.2 2.00 0.17 0.21 0.31 0.02 8.10 0.180995 Known OC 203.38 11.82 1.8 1.80 0.07 -0.02 0.03 0.01 9.00 0.071002 Known OC 204.37 -1.69 2.9 2.60 0.24 0.13 0.16 0.02 9.00 0.121037 Known OC 207.91 0.30 2.7 1.70 0.03 0.08 0.10 0.01 8.60 0.031042 Known OC 208.57 -1.78 2.5 1.20 0.10 0.24 0.26 0.02 8.20 0.121055 Known OC 210.57 -2.10 3.2 3.10 0.00 0.24 0.26 0.01 9.00 0.031059 Known OC 210.81 -0.24 2.5 1.60 0.09 0.03 0.09 0.03 8.40 0.191063 New OC 211.25 -3.86 2.9 1.80 0.00 0.15 0.18 0.00 9.10 0.001070 Known OC 212.16 -3.43 5.5 5.30 0.00 0.39 0.30 0.02 9.00 0.091089 Known OC 213.46 3.30 2.5 2.60 0.18 -0.07 0.00 0.00 9.00 0.031101 Known OC 214.54 -0.85 3.1 2.00 0.00 0.07 0.06 0.00 9.30 0.001104 Known OC 215.31 -2.27 2.8 2.00 0.17 0.11 0.12 0.02 8.60 0.091127 Known OC 217.76 -0.69 2.6 1.80 0.17 0.10 0.12 0.02 8.70 0.001148 Known OC 219.85 -2.23 2.7 2.40 0.13 0.08 0.20 0.01 8.20 0.121165 Known OC 222.04 -5.31 3.1 3.00 0.00 0.18 0.14 0.01 9.10 0.031173 New OC 223.29 -0.48 3.3 2.10 0.30 0.17 0.16 0.04 8.70 0.051174 Known OC 223.54 10.09 2.9 2.80 0.00 0.15 0.10 0.00 10.00 0.031189 Known PMS 224.67 0.40 2.0 1.20 0.00 -0.01 0.10 0.00 8.00 0.001206 Known OC 226.59 -2.30 2.8 2.70 0.00 0.12 0.30 0.01 7.70 0.101214 Known OC 227.49 -0.56 5.7 4.10 0.00 0.47 0.36 0.00 9.40 0.001215 Known OC 227.87 5.38 2.0 2.00 0.00 -0.06 0.00 0.00 9.10 0.031222 Known OC 228.95 4.51 2.2 1.60 0.05 -0.01 0.01 0.01 9.20 0.001230 Known OC 230.58 9.95 1.7 2.50 0.00 0.00 0.02 0.00 9.20 0.001231 Known OC 230.80 1.01 4.9 1.70 0.00 0.39 0.28 0.00 9.50 0.001240 Known OC 231.80 -0.59 3.0 2.50 0.45 0.19 0.29 0.05 8.40 0.201246 Known OC 232.35 -7.30 2.1 2.10 0.03 0.10 0.17 0.01 8.80 0.001267 New OC 235.48 1.80 2.4 1.90 0.20 -0.01 0.05 0.01 8.90 0.001271 Known OC 235.99 5.38 2.5 1.70 0.12 0.12 0.10 0.02 8.80 0.031272 Known OC 236.06 -4.62 3.2 1.60 0.00 0.04 0.06 0.00 9.20 0.001274 Known OC 236.28 0.07 2.2 2.20 0.00 -0.00 0.09 0.02 8.30 0.121284 New OC 237.94 -5.08 2.8 2.20 0.20 0.11 0.18 0.03 8.40 0.201288 Known OC 238.22 -3.34 2.9 1.40 0.12 0.02 0.08 0.01 8.10 0.101291 Known OC 238.40 -6.78 2.1 1.00 0.00 -0.01 0.05 0.00 9.00 0.001299 Known OC 239.93 -4.94 3.3 1.70 0.15 0.24 0.34 0.00 8.30 0.061305 New OC 241.57 -2.51 2.9 2.10 0.03 0.02 0.17 0.01 8.50 0.071323 Known OC 245.67 -4.31 4.2 4.20 0.00 0.18 0.13 0.00 9.00 0.001325 Known OC 245.91 -1.74 5.2 2.90 0.00 0.49 0.40 0.00 9.20 0.001328 Known OC 246.45 -4.46 2.2 2.20 0.00 0.04 0.04 0.01 8.30 0.001330 Known OC 246.72 -0.77 2.2 1.60 0.06 0.12 0.20 0.01 8.60 0.031333 Known OC 246.79 3.37 2.4 2.20 0.00 0.09 0.08 0.00 9.10 0.001337 Known OC 247.71 -2.52 2.9 1.50 0.00 0.27 0.33 0.00 9.10 0.001338 Known OC 247.81 1.31 2.4 2.50 0.07 0.08 0.09 0.04 8.80 0.071340 Known OC 247.95 -4.15 3.1 1.90 0.09 0.27 0.32 0.01 8.60 0.031347 New OC 248.97 -4.12 3.0 1.40 0.00 0.28 0.23 0.00 9.00 0.00Continued on next page© 2013 RAS, MNRAS 000, 1�20



Star Cluster Sale Height 19Table A1 � ontinued from previous pageFSR Type Class l b DP1 DP2 ∆DP2 AP1
H AP2

H ∆AP2
H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄1354 Known OC 249.83 2.97 2.2 1.60 0.03 -0.02 0.05 0.01 8.60 0.031358 Known OC 250.44 1.60 2.1 2.10 0.00 -0.05 0.01 0.00 8.60 0.001361 New OC 251.56 -5.00 2.8 1.80 0.15 0.18 0.23 0.00 9.00 0.051362 Known OC 251.60 6.65 1.9 1.70 0.00 0.01 0.05 0.00 9.00 0.001373 Known OC 254.57 6.08 1.3 2.80 0.09 -0.01 0.02 0.01 8.90 0.031375 Known OC 255.61 3.98 2.3 2.30 0.00 0.15 0.09 0.00 9.10 0.001384 Known OC 257.27 4.27 2.0 2.10 0.13 0.15 0.16 0.01 9.20 0.031386 Known OC 257.99 -1.00 5.5 5.70 0.00 0.78 0.69 0.03 8.90 0.071387 New OC 258.12 -1.33 4.6 4.70 0.00 0.69 0.63 0.00 8.80 0.001388 Known OC 258.50 2.30 3.0 3.20 0.13 0.29 0.23 0.01 9.20 0.061392 Known OC 258.87 -3.33 6.3 2.90 0.00 0.72 0.57 0.00 9.20 0.001393 Known OC 259.06 2.00 3.5 3.80 0.00 0.38 0.27 0.00 8.90 0.001399 New OC 259.95 2.06 2.1 2.60 0.00 0.33 0.33 0.00 9.30 0.001404 Known OC 261.53 3.76 2.6 2.70 0.00 0.26 0.22 0.01 9.20 0.001415 New OC 263.74 -1.81 9.1 9.30 0.00 0.84 0.78 0.01 9.10 0.071420 Known OC 264.09 -5.51 2.4 3.10 0.00 0.14 0.15 0.00 9.10 0.001424 New PMS 264.19 0.18 2.8 1.10 0.00 0.48 0.47 0.00 7.30 0.001430 New OC 264.65 0.08 7.0 7.10 0.00 1.32 1.30 0.01 8.50 0.001433 Known PMS 264.81 -2.91 3.0 1.30 0.00 0.10 0.20 0.00 7.50 0.001436 New PMS 264.91 -2.87 3.4 2.00 0.00 0.18 0.30 0.00 7.00 0.001444 Known OC 265.80 -5.01 3.4 2.40 0.00 0.17 0.12 0.00 9.00 0.001450 New OC 266.94 -0.37 5.8 5.90 0.00 1.00 0.95 0.00 8.80 0.001452 New OC 267.60 -2.09 3.0 2.10 0.20 0.21 0.27 0.03 8.50 0.151458 Known OC 268.65 3.21 2.1 1.50 0.00 0.16 0.19 0.00 9.20 0.001460 New OC 269.13 -0.19 3.7 3.50 0.15 0.83 0.94 0.01 9.00 0.001472 Known OC 270.76 3.22 2.4 2.50 0.00 0.37 0.37 0.00 8.90 0.001480 Known OC 272.50 2.87 2.1 2.00 0.00 0.13 0.15 0.00 9.30 0.001482 Known OC 273.13 -0.77 2.3 2.20 0.07 0.20 0.27 0.01 8.10 0.071487 Known OC 273.82 -15.89 1.2 0.40 0.00 0.01 0.06 0.01 7.90 0.061502 Known OC 277.11 -0.81 2.3 1.50 0.00 0.09 0.12 0.00 9.00 0.001508 New OC 278.51 -0.61 2.9 2.70 0.09 0.27 0.41 0.02 7.90 0.091515 Known OC 279.48 0.15 2.6 2.80 0.07 0.12 0.14 0.01 9.20 0.001520 New OC 280.21 0.07 2.4 1.70 0.00 0.16 0.13 0.00 9.40 0.001521 New OC 280.44 -1.62 5.8 5.90 0.00 0.53 0.47 0.00 9.20 0.001522 New OC 280.71 0.12 2.4 1.80 0.00 0.26 0.25 0.00 8.80 0.001526 Known OC 282.06 -2.40 2.5 2.10 0.32 0.09 0.04 0.00 9.00 0.031530 New OC 282.34 -1.07 6.5 6.60 0.00 1.00 1.30 0.00 6.80 0.001533 Known OC 283.01 0.44 2.1 2.10 0.10 0.18 0.16 0.03 8.50 0.151534 Known OC 283.14 -1.46 2.7 2.30 0.26 0.10 0.25 0.02 8.30 0.041537 Known OC 283.85 -3.69 2.7 2.70 0.00 0.01 0.02 0.01 9.00 0.001540 Known OC 284.62 0.04 1.9 1.70 0.15 -0.00 0.10 0.01 8.20 0.081544 Known OC 285.34 -8.82 1.4 1.30 0.06 -0.01 0.03 0.02 8.70 0.061545 Known OC 285.87 0.08 1.4 1.50 0.07 -0.12 0.01 0.01 7.50 0.071551 Known PMS 287.40 -0.34 1.8 1.30 0.00 0.02 0.30 0.00 7.30 0.001558 Known OC 288.69 0.43 2.2 2.10 0.06 0.20 0.19 0.01 8.00 0.071559 Known OC 289.16 0.31 5.6 3.30 0.00 0.54 0.40 0.00 9.40 0.001562 Known OC 289.52 -0.40 2.3 2.20 0.10 0.20 0.25 0.00 8.60 0.001564 Known OC 289.90 -5.57 2.1 1.70 0.03 0.03 0.12 0.03 8.60 0.131565 Known OC 290.19 2.88 1.9 2.00 0.00 -0.02 0.00 0.00 9.70 0.031575 Known OC 291.21 -0.16 2.0 1.80 0.19 0.04 0.09 0.02 7.90 0.091576 Known PMS 291.64 -0.51 3.5 1.00 0.00 0.66 0.90 0.00 7.70 0.001582 New OC 292.38 -1.82 2.0 1.80 0.15 0.15 0.26 0.03 7.90 0.201586 New OC 292.84 -1.20 4.4 4.10 0.25 0.61 0.64 0.02 8.90 0.101587 Known OC 292.92 -2.41 1.5 2.00 0.25 0.08 0.19 0.03 8.30 0.101588 Known OC 293.21 0.58 3.8 4.00 0.20 0.25 0.17 0.01 8.90 0.071589 Known OC 294.11 -0.03 1.1 1.60 0.17 -0.10 0.04 0.03 7.70 0.201590 Known OC 294.38 6.18 1.8 1.70 0.03 -0.05 0.04 0.01 9.20 0.021591 New OC 294.52 -1.09 5.6 5.80 0.10 0.86 0.85 0.00 8.70 0.00Continued on next page© 2013 RAS, MNRAS 000, 1�20



20 Bukner & Froebrih Table A1 � ontinued from previous pageFSR Type Class l b DP1 DP2 ∆DP2 AP1
H AP2

H ∆AP2
H Age ∆AgeID [deg℄ [deg℄ [kp℄ [kp℄ [kp℄ [mag℄ [mag℄ [mag℄ [log(age/yr)℄ [log(age/yr)℄1596 Known OC 295.79 -0.21 3.2 2.20 0.00 0.46 0.47 0.00 8.90 0.001600 Known OC 297.52 -1.76 3.8 3.30 0.07 0.48 0.40 0.01 9.00 0.071603 New OC 298.22 -0.51 2.2 2.40 0.25 0.25 0.21 0.01 9.20 0.061611 Known OC 299.32 4.56 1.8 1.90 0.07 0.11 0.13 0.02 9.30 0.071614 Known OC 299.76 0.86 1.9 1.60 0.30 -0.05 0.14 0.01 8.30 0.101615 Known OC 300.11 -0.67 3.5 3.50 0.00 0.58 0.60 0.02 9.20 0.031624 Known OC 301.50 2.20 2.9 3.40 0.00 0.27 0.18 0.00 9.00 0.001627 Known OC 301.71 -5.53 3.5 1.50 0.00 0.32 0.26 0.00 9.70 0.001633 Known OC 303.22 2.47 1.4 1.40 0.00 -0.00 0.10 0.01 7.50 0.031637 Known OC 303.63 -2.08 2.4 2.30 0.03 0.31 0.30 0.02 8.90 0.071644 New OC 305.51 -4.32 2.2 1.70 0.05 0.19 0.19 0.03 8.50 0.251655 Known OC 307.74 1.56 2.0 1.60 0.15 0.12 0.14 0.01 8.40 0.071670 Known OC 310.84 0.16 5.1 2.50 0.00 1.11 1.19 0.00 8.50 0.001679 Known OC 314.72 -0.30 4.2 3.40 0.40 0.53 0.60 0.05 8.80 0.051686 New OC 316.00 -0.29 5.0 1.70 0.00 0.97 0.97 0.00 9.30 0.001704 Known OC 325.80 -2.97 2.7 2.00 0.18 0.22 0.21 0.01 9.10 0.061706 Known OC 326.01 -1.93 1.5 1.30 0.00 0.08 0.07 0.02 8.90 0.071716 New OC 329.79 -1.59 6.4 5.40 0.00 0.89 0.79 0.03 9.10 0.071723 New OC 333.03 5.85 1.1 1.10 0.03 -0.02 0.00 0.00 8.80 0.031726 Known OC 334.55 1.09 3.0 2.30 0.00 0.37 0.38 0.00 9.10 0.031730 Known OC 335.47 -6.24 1.4 0.90 0.00 0.05 0.08 0.00 10.00 0.001738 Known OC 340.11 -7.88 1.4 1.00 0.06 0.12 0.15 0.00 9.00 0.03
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