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Abstract In order to obtain clean members of the open cluster NGC &8&%Qroper
motions and radial velocities of 1691 stars are used to naetsh three-dimensional
(3D) velocity space. Based on the DBSCAN clustering alganit 537 3D cluster
members are obtained. From the 537 3D cluster members, ¢énagevradial velocity
and absolute proper motion of the cluster Bre= +2.30 +0.04 km s~! and PMga,
PMpe.) = (—=2.5 + 0.5, —4.3 & 0.5) mas yr !, respectively. The proper motions, ra-
dial velocities, spatial positions and color-magnitudsgdam of the 537 3D members
indicate that our membership determination is effectiveioftg the 537 3D cluster
members, 15 red clump giants can be easily identified by egleasam used as reli-
able standard candles for the distance estimate of theecltidie distance modulus
of the cluster is determined to He: — M), = 11.86 4+ 0.05 mag €355 + 54 pc),
which is quite consistent with published values. The uradety of our distance mod-
ulus is dominated by the intrinsic dispersion in the lumities of red clump giants
(~ 0.04 mag).

Key words: open clusters and associations: individual (NGC 6819) —tadprung-
Russell and C-M diagrams — stars: kinematics and dynamictars:slistances

1 INTRODUCTION

Open clusters (OCs) have long been regarded as powerfalftwadtudies of stellar evolution and the
Galactic disk (Friel 1995; Chen et al. 2003; Bonatto et ab80Membership determination is the
first important step for studies of OCs, which can directfjuience the estimation of cluster astro-
physical parameters. Various methods have been proposetefobership determination based on
kinematic data, photometric data, positions and their doatlons (Vasilevskis et al. 1958; Sanders
1971; Missana & Missana 1990; Cabrera-Cano & Alfaro 199@&d& He 1990; Javakhishvili et al.
2006; Wu et al. 2006; Gao 2014). It is widely accepted that enship determinations based on
the analysis of kinematic data (proper motions or radiabeiéies) are more reliable, because the
mathematical models about stellar kinematics can belgtastablished and membership probabil-
ities can be easily obtained (Cabrera-Cano & Alfaro 1990 S$tellar kinematic method applied
to clusters (kinematic method), also known as the VasilievSknders method, has been frequently
used for the membership determination of OCs. However, ithenkatic method strongly depends
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on theoretical models of a stellar distribution, which aot always true (Cabrera-Cano & Alfaro
1990; Javakhishvili et al. 2006). Several methods have pegposed to conquer some of the prob-
lems arising from the kinematic method (Cabrera-Cano & wlfa990; Javakhishvili et al. 2006;
Wu et al. 2006; Gao 2014).

In our previous work, the DBSCAN clustering algorithm wagsdio segregate the members of
OC NGC 188, where memberships are determined based only d&ingatics (Gao 2014). The
DBSCAN clustering algorithm has the advantage of identiyarbitrarily shaped cluster structure
and filtering noise well in high-dimensional space (Estel.€t996), which can be used to effectively
segregate cluster members in 3D velocity space (propetomaind radial velocity) without any
mathematical assumption about the stellar distributice(@014). With the rapid increase in highly-
precise kinematic data, this method will continue to becamoee widely applied in this field.

In this paper, we attempt to obtain highly-accurate estonatof cluster members of OC
NGC 6819 based on the DBSCAN clustering algorithm and higigcise 3D kinematic data
(proper motion and radial velocity). A certain number of cddmp giants can be easily identified
by eye from the color-magnitude diagram (CMD) of this clugragaglia et al. 2001; Anthony-
Twarog et al. 2013, 2014; Lee-Brown et al. 2015). Red clungmtgi have been implemented as
standard candles used for distance determination (Casitell al. 1992; Paczyhski & Stanek 1998;
Stanek & Garnavich 1998; Udalski 2000; Alves 2000; Zhao .€2@D1; Pietrzyfski et al. 2003; van
Helshoecht & Groenewegen 2007; Groenewegen 2008; Gao & ZiE2) and we will utilize these
red clump giants to determine the distance to this cluster.

The data and method used in this work are described in SeztiSection 3 presents the de-
termination of the cluster distance. In Section 4, we compar methods and results with those of
other authors, and discuss differences between them.

2 DATA AND METHOD
2.1 Data

NGC 6819 ( = 74.0°, b = +8.5°) is a richly populated OC~2.5 Gyr), the fundamental astrophys-
ical parameters of which (e.g., age, distance, reddenidgwaetallicity) have been investigated by
many authors (Bragaglia et al. 2001; Lee-Brown et al. 20Ids\vitk & Vandenberg 1998; Kalirai
et al. 2001; Kang & Ann 2002; Basu et al. 2011; Balona et al.32(0hng et al. 2013; Sandquist
et al. 2013; Jeffries et al. 2013; Anthony-Twarog et al. 2044 et al. 2014; Bedin et al. 2015). For
the purpose of constructing 3D velocity space, we obtainmnapa of 1691 stars with proper mo-
tions and radial velocities by cross-matching the two cafsicompiled by Platais et al. (2013) and
Milliman et al. (2014). In order to eliminate any possibl@uence of binary stars from our results,
the 1691 sample stars only include single stars confirmedibiyridn et al. (2014). The accuracy of
proper motions for well-measured stars ranges fra2 mas yr ! within 10 arcmin of the cluster
center to~ 1.1 mas yr! outside this radius (Platais et al. 2013). The accuracydifiraelocities
of most sample stars is better than 1 ki ¢Milliman et al. 2014). Highly-precise kinematic data
mean high resolution in 3D velocity space, which is advaedaig for membership determination of
NGC 6819.

2.2 Method

The two input parameters of the DBSCAN clustering algoritma set to Eps, MinPts) = (1, 30)
after testing several times, which implies that if a poins hmore than 30 points in itEps
neighborhood, including itself, it is a ‘core’ point (Estetral. 1996). It is worth emphasizing that
gravitationally bound OCs can reasonably be regarded dsraggations of ‘cold’ stars immersed in
the background of the ‘hot’ Galactic disk. This is becausetyfpical velocity dispersion of Galactic
OCs is on the order of 1 km$ or less but that of field-disk population stars is generaltyren
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Fig.1 Distribution of the 537 3D membersefl dots) and field starskjack dots) in 3D velocity
space.
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Fig.2 Proper motion VPD of the 537 3D membersd dots) and field starskjack dots).

than 10-20 times greater (Girard et al. 1989). In general, ‘corehp®contain a significantly larger

number of points in their Eps-neighborhood than other tgi@®ints, so all ‘core’ points segregated
by the DBSCAN algorithm can reasonably be considered asaptelzluster members (Gao 2014).
Here, it should be noted that the coverage of the 1691 radiatities is much larger than that of
the corresponding 1691 proper motions (Figs. 1-3), so didtaelocities are multiplied by a factor

of 0.2 for the purpose of better clustering results (Gao 20Rihally, 537 core points are obtained,
all of which can be regarded as probable cluster membersré-igshows the 3D distribution of the
537 3D members and field stars in the 3D velocity space.
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Fig. 3 Radial velocity histogram of the 1691 sample staop panel). Radial velocity histogram of
the 537 3D members obtained from the DBSCAN clustering &lgor(bottom panel).
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Fig.4 CMD of the 1691 sample starkeft panel). CMD of the 537 3D membersight panel). The
source ofy’ andr’ photometric data is Platais et al. (2013).

As can be seen in Figure 2, the 537 3D members show a more cosfyzgee than that of the
field stars in the proper motion vector point diagram (VPDJuFe 3 shows that the 537 3D members
share similar radial velocities. Figure 4 demonstratesttieaCMD of the 537 3D members exhibits
a well-defined main sequence and a red giant branch. Seveeadtoagglers can be easily identified
in the CMD, which are located above and blueward of the tdpaint.
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Fig.5 Spatial distribution of the 537 3D cluster membersd(dots) and field starskjack
dots).

Figure 5 shows the spatial distribution of the 537 3D clustembers and field stars, in which
cluster members are significantly more concentrated toweraluster center compared with field
stars. Among the 537 3D members, 514 star8§%) have high membership probabilitiesq.5)
based on radial velocity (Milliman et al. 2014), while 49%rst (~92%) have high membership
probabilities £0.5) based on proper motion (Platais et al. 2013).

Figure 6 shows that quite a few likely field stars cannot bly gliminated by simply using radial
velocities (Milliman et al. 2014) or proper motions (Platat al. 2013), but clean 3D members can
be obtained by using the DBSCAN clustering algorithm and Big#atics. We can conclude that all
of the 537 3D members derived from the DBSCAN clustering @llym are likely cluster members.

To further confirm the effectiveness of our membership aeieation, we use the 537 3D mem-
bers to calculate the weighted average radial velocity sntbirresponding uncertainty based on the
following equations:

v - 2 @
[ = Ve)? x wi) ]

A T s S @

w; = 1/(ov;)?, 3)

whereV; andoV; are the weighted average radial velocity and the corredpgnmuhcertainty respec-
tively, v; is the radial velocity of thé-th 3D cluster membety; is the weight of the-th 3D cluster
member,ov; is the observational error of theth 3D member, andV is the total number of 3D
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Fig.6 The black circles indicate the radial-velocity memberghipbabilities Pry) and proper
motion membership probabilitie®$y) of the 1691 sample stars. The red dots indicate the radial-
velocity membership probabilities and proper motion mersiig probabilities of our 537 3D mem-
bers.

cluster members. Finally, the average radial velocity teained to bd/, = +2.304+0.04km s,
which is quite consistent with the values derived by Millimet al. (2014) and Hole et al. (2009). The
average proper motion of the cluster@si(l =0.02, —0.12+0.02) mas yr . It should be noted that
four stars without observational proper motion error (01@ yr ') were removed when the average
proper motion was calculated. The total number of clustenbers used for average proper motion
determination is 533. After subtracting the average prapaion .6 4 0.5, 4.2 +0.5) mas yr * of
ten external galaxies as described by Platais et al. (28i8)gbsolute proper motion of the cluster
is (PMga, PMpe) = (—2.5+£0.5, —4.340.5) mas yr !, and this value is quite consistent with the
value derived by Platais et al. (2013). So, we can safelytsattihe 537 3D members obtained based
on the DBSCAN clustering algorithm represent a rather panede of members of this cluster.

In Table 1, we list equatorial position (RA, Dec), radial vgty and observational error (RV,
eRV), proper motion (pmRA, pmDEC) and observational erepniRA, epmDEC), magnitude’]
and color ¢’ — ') for the 537 3D members. This table is presented in its agtirethe electronic
version of this articlelfttp://mww.raa-journal.org/docs/Supp/2208Tabl el.txt) and a portion is shown
here for guidance regarding the form and content.

3 NEAR-INFRARED DISTANCE

The determination of accurate distances plays a key roldauidysg any OC. The distance of
NGC 6819 has been thoroughly-investigated by many autiRursyick & Vandenberg 1998, Kalirai
et al. 2001; Kang & Ann 2002; Basu et al. 2011; Balona et al.32(0hng et al. 2013; Sandquist
et al. 2013; Jeffries et al. 2013; Anthony-Twarog et al. 2084 et al. 2014; Bedin et al. 2015).
Among our 537 3D members, several red clump giants can bl édsntified by eye from their
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Table1l Fundamental Parameters Describing the 537 3D Members

RA Dec RV eRV pmRA epmRA pmDEC epmDEC ¢’ g'—r’

©) ©) (kms™1) (kms 1) (masyr!) (masyr!) (masyr!) (masyr!) (mag) (mag)
295.28529 +40.39158 1.49 0.58 -0.12 0.24 -0.37 0.60 16.299560
295.58304 +40.36206 2.96 0.40 0.73 1.70 0.70 0.22 16.202290.5
295.60858 +40.16289 1.19 0.26 -0.21 0.83 1.48 0.67 16.819230.
295.30329 +40.20664 2.91 0.10 0.00 0.22 0.40 0.12 13.628170.9
295.42725 +39.83200 3.26 0.75 -1.24 0.70 -1.10 0.70 16.608250

Table2 Fundamental Parameters Describing the 15 Red Clump Giants

ID RA Dec J eJ Ky eKs
®) ®) (mag) (mag) (mag) (mag)

01 295.37308 +40.20583 10.922 0.021 10.207 0.013
02 295.33950 +40.23258 10.939 0.020 10.250 0.018
03 295.37258 +40.23889 10.990 0.021 10.263 0.011
04 295.30646 +40.20572 10.969 0.023 10.268 0.018
05 295.37146 +40.21781 10.973 0.020 10.305 0.018
06 295.30329 +40.20664 10.991 0.024 10.311 0.022
07 295.28579 +40.22497 10.990 0.021 10.312 0.018
08 295.34262 +40.27894 11.024 0.020 10.312 0.017
09 295.39350 +40.14614 11.005 0.021 10.323 0.011
10 295.30604 +40.19894 10.992 0.020 10.323 0.018
11 295.27183 +40.23450 11.026 0.020 10.337 0.018
12 295.28858 +40.24544 11.005 0.020 10.341 0.018
13 295.20917 +40.21972 11.009 0.020 10.346 0.018
14 295.31517 +40.16961 11.062 0.020 10.358 0.018
15 295.30100 +40.19275 11.079 0.026 10.358 0.023

positions in the CMD (see Fig. 4). The absolute magnitudesatlump giants have been demon-
strated to be weakly correlated with their chemical abundarand ages, which makes red clump
giants reliable standard candles used in distance detationn(Castellani et al. 1992; Paczyhski &
Stanek 1998; Stanek & Garnavich 1998; Udalski 2000; Alve302@hao et al. 2001; Pietrzyhski
et al. 2003; van Helshoecht & Groenewegen 2007; Groenew2fe1 Gao & Chen 2012). 2MASS
photometric data (Skrutskie et al. 2006) are very suitabteségregating red clump giants (Lopez-
Corredoira et al. 2014). Moreover, the near-infrared alisahagnitudes of red clump giants only
vary a little with their chemical abundances and ages (AR@BO; Pietrzyhski et al. 2003; van
Helshoecht & Groenewegen 2007; Groenewegen 2008), arfdth@nd absolute magnitudes of red
clump giants have been thoroughly-investigated (Alve€208n Helshoecht & Groenewegen 2007;
Groenewegen 2008). Among our 537 3D cluster members, 486tstge high-quality 2MASS pho-
tometric data, and 15 red clump giants can be easily ideaiifiehe 2MASS CMD (see Fig. 7). The
fundamental parameters describing the 15 red clump giaatésted in Table 2.

The averagé{s-band magnitude of the 15 red clump giants can be determiiad the follow-
ing equations:

Z(Ksi X ’U}i)

K, = = 20

(4)
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the 15 red clump giantd<s-band magnitude distribution of 496 3D cluster membeigh( panel).

_ 2 (K —mKy)? e
O'mKS = W 5 (5)

w; = 1/(€Ksi)2, (6)

wheremK andomK are the averagé;-band 2MASS magnitude and the corresponding un-
certainty respectivelyi(; is the K -band magnitude of-th red clump gianteK; is the observa-
tional error of thei-th red clump giantN is the total number of red clump giants, aad is the
weight of thei-th red clump giant. Finally, the averadé;-band magnitude is determined to be
mKs = 10.299 £+ 0.044 mag. The distance modulus and the corresponding distarite afuster
can be determined based on the following equations:

(m— M)y = mK, — MK, — AK,, (7)
AK, = 3.1 x E(B— V) x (AK,/AV), 8)
D = 1052 +1, 9)

where(m— M), is the distance modulus of the cluster; is the averag&’;-band magnitude of the
15 red clump giantsy/ K is the absolute Ks-band magnitude of the 15 red clump gidis,is K-
band interstellar extinctiory (B — V) is interstellar reddeningdV is V-band interstellar extinction,
andD is distance (unit: pc). By adopting K = 10.299 + 0.044 mag,M K = —1.61 + 0.03 mag
(Alves 2000),E(B — V) = 0.14 mag (Bragaglia et al. 2001) andlK,/AV = 0.12 (Dutra et al.
2002), the near-infrared distance modulus— M), = 11.86 & 0.05 mag (D = 2355 + 54 pc) is
obtained and the relative error of the distance %53%.
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Table 3 Listing of the Distance Moduli of NGC 6819

(m—M)o E(B-YV) Method Reference

(mag) (mag)

11.76 0.28 main sequence stars Auner 1974

11.858" 0.16 isochrone Rosvick & Vandenberg 1998
11.99+0.18 0.10 isochrone Kalirai et al. 2001

11.8 0.10 isochrone Kang & Ann 2002
11.85+0.05 0.15 asteroseismology Basu et al. 2011
11.88+0.08 0.15 asteroseismology Balona et al. 2013
11.94+0.04 0.15 isochrone Balona et al. 2013
11.744+0.06" 0.15 red giants Balona et al. 2013
11.93+0.10 0.14 isochrone Yang et al. 2013
12.02+:0.09 0.12 binary star Sandquist et al. 2013
12.06+0.05 0.12 dwarf stars Jeffries et al. 2013

12.07 0.14 isochrone Anthony-Twarog et al. 2013
11.9G+0.12* 0.16 isochrone Anthony-Twarog et al. 2014
12.00+0.06 0.13 isochrone Wu et al. 2014

11.83+0.14 0.14 asteroseismology Wu et al. 2014
11.88+0.14 0.14 asteroseismology Wu et al. 2014
11.88+0.11 0.17 isochrone Bedin et al. 2015
11.86+0.05 0.14 red clump giants this work

Notes: Superscript indicates that this value is determined from the formula:
(m—M)o=(m—M)y —3.1x E(B-V).

The intrinsic dispersion of th&; magnitudesg, K, for the 15 red clump giants can be esti-
mated using the following formula

S(Ka - mK)? Y ek2]Y?

KS - ’
o0 (N —1) N

(10)

whereK; is the K -band magnitude of theth red clump giantyn K is the averagé(;-band mag-
nitude of the 15 red clump giantsk; is the observational error of thieth red clump giant, and/ is

the total number of red clump giants. The intrinsic dispersiy K (~ 0.04 mag) indicates that the
uncertainty of our distance modulus is dominated by thénisitt dispersion in thél; magnitudes of

the red clump giants. This is not surprising since the avepdgtometric error of th&; magnitudes

for the 15 red clump giants is 0.017 mag (see Table 2). Our distance modulus based on the 15 red
clump giants is quite consistent with most of the valuesvéerbased on other methods and data
(see Table 3).

Previous works have shown that NGC 6819 suffers from difféaéreddening (Platais et al.
2013; Anthony-Twarog et al. 2014). The maximum of the déferal reddening across the cluster
reachesAE(B — V) = 0.06 mag (Platais et al. 2013; Anthony-Twarog et al. 2014), whitiy
affect the distance determination by isochrone fitting @rat al. 2013; Bonatto et al. 2006; An
et al. 2007) or asteroseismology (Wu et al. 2014). Yang gf8l13) pointed out that a change in
E(B - V) of £0.04 mag may yield an error in the distance modulug6f05 mag, and a change in
the chemical abundance &f).1 dex may result in a change in the distance modulus@b8 mag
when using isochrone fitting. Wu et al. (2014) indicate thahange of 0.01 mag ift(B — V)
may lead to an uncertainty of at least 0.04 mag in distanceutnedvhen using asteroseismology.
As we mentioned earlier, because tReg-band extinction is much smaller than that of the optical
band AKs/AV = 0.12), our distance modulus is almost not affected by the diffeatreddening
across the cluster. Th€;-band absolute magnitudes of red clump giants are weakigleded with
their chemical abundances and ages. So, our distance nsadalinost independent of the chemical
abundance and age of the cluster.
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4 CONCLUSIONSAND DISCUSSION

In this paper, we employed the DBSCAN clustering algorithmd highly-precise 3D kinematic data
of 1691 single stars to obtain 537 3D cluster members of OC N&I®. The average proper motion
and radial velocity of the cluster are not significantly eint from those of surrounding field stars
(Figs 1-3), which makes it hard to obtain clean cluster mamfsem surrounding field stars with
the traditional kinematic method (Cabrera-Cano & Alfar®@@9Gao & Chen 2010). Our 537 3D
members are most probably cluster members according toghaper motions, radial velocities,
spatial distribution and morphology of the CMD. Moreoveir smmethod can obtain reliable cluster
members in appropriate high-dimensional space withoutaathematical models. Unlike the tra-
ditional kinematic method (Zhao & He 1990), the DBSCAN cérstig algorithm does not rely on
strict mathematical models, so it cannot provide analygemership probabilities for cluster mem-
bers. Therefore, it is hard to quantitatively describe@ff®f the accuracy associated with the radial
velocities and proper motions. Fortunately, most of thell&®mple stars have sulfficiently accurate
radial velocities and proper motions.

Using the 15 red clump giants selected from the 537 3D clustmbers, we determined the
distance modulus based on near-infrared data of the cl@tevalue is quite consistent with most
of the published values obtained using other methods ardBasu et al. 2011; Balona et al. 2013;
Yang et al. 2013; Wu et al. 2014; Bedin et al. 2015). The majiwaatage of our method is that
red clump giants have almost the same near-infrared luntynasd the luminosity is almost not
affected by their differential reddening, chemical aburnass or ages. The effects of the differential
reddening, chemical abundance and age of the cluster waweeid when the distance modulus was
determined, but the derived value seems to be reliable.
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