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ABSTRACT

We have conducted VI CCD photometry of the open cluster NGC 6819 in order to understand
the effects of dynamical evolution in old open clusters. Our photometry covers 18’ x 18’ on the sky,
centered on the cluster, which seems to cover the whole cluster field. Our photometry reaches down to
V = 20.5, which allows us to analyze the luminosity function and spatial distribution of stars brighter
than My = 8.5. There is a clear evidence for mass segregation in NGC 6819, i.e., the giants and
upper main-sequence stars are concentrated in the inner regions, whereas the lower main-sequence stars
distribute aimost uniformly throughout the cluster. The luminosity function of the main-sequence stars
of NGC 6819 is almost flat. The flat luminosity function indicates that a large number of low mass
stars has escaped from the cluster unless its initial mass function is much different from the Salpeter

~type (®(m) ox m~ 1+ 2 = 1.35).
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I. INTRODUCTION

NGC 6819 is an open cluster, located near the Galac-
tic plane (011950 = 19h39m368, b1950 = +40°04/; =
73.°98,b!1 = 8.°47. The Trumpler class is Iir (Lynga
1987), which means that it is a highly concentrated and
rich cluster with small brightness range. The angular
diameter of NGC 6819 is known to be small, (D = 5';
Lyngd 1987) but the visual inspection of the Digital
Sky Survey (DSS) images shows that the diameter of
NGC 6819 is much larger than 5'.

Earlier photometric studies of NGC 6819 indicated
that it is an old open cluster, similar to M67.(Burkhead
1971; Lindoff 1972; Auner 1974). Recent estimate of
the cluster age by Rosvick & VandenBerg (1998) using
the isochrone fitting to the color-magnitude diagram
(CMD) of NGC 6819 based on BV CCD photometry
shows that the age of NGC 6819 is ~ 2.4 Gyr which is
similar to that of Lindoff (1972) but slightly younger
than that of Kaluzny & Shara (1988) who estimated the
cluster age as 4 Gyr using the morphological age ratio
(MAR) method (Anthony-Twarog & Twarog 1985).

There have been several photometric studies of NGC
6819 since the photoelectric and photographic photom-
etry of Burkhead (1971), including the recent BV CCD
photometry by Rosvick & VandenBerg (1998). How-
ever, most of the previous studies are focused on the
photometric properties of the individual stars (Gillam
1993) or the cluster parameters such as distance, red-
-dening, and age (Canterna et al. 1986; Kaluzny &
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Shara 1988).

The metallicity of NGC 6819 is known to be similar
to the solar metallicity, [Fe/H] ~ 0.0, from moderate
resolution spectroscopy of cluster giants (Friel & Janes
1993; Thogerson, Friel, & Fallon 1993). Recent esti-
mates of the metallicity of NGC 6819 by high resolu-
tion spectroscopy of the red clump stars (Bragaglia et
al. 2001), confirms that NGC 6819 has a near solar
metallicity, [Fe/H] =0.09 £0.03.

Dynamical properties of open clusters are difficult
to be understood due to lack of kinematical data for
most of open clusters. However, it is possible to draw
some information about the dynamical evolution of
open clusters by statistical analysis of the spatial distri-
bution of cluster stars and their luminosity functions,
by employing photometric membership for individual
stars (Ann & Lee 2002). NGC 6819 seems to be one of
the best targets for dynamical studies of open clusters
owing to the age and the richness of the cluster.

Recently, Kalirai et al. (2001) conducted a deep BV
photometry of NGC 6819 using CFH12K CCD from
which they analyzed the luminosity function and mass
function as well as the cluster white dwarfs. Thanks
to the wide field coverage of the CFH12K CCD, they
were able to determine the cluster extent (R ~ 9.5) by
star counts, which is about two times larger than pre-
vious estimates (Lynga 1987). They also showed that
low mass stars predominate in the outer regions of the
cluster, indicating mass segregation due to dynamical
evolution. The present study using the VI CCD pho-
tometry of NGC 6819 confirms the mass segregation
found by Kalirai et al. (2001) and suggests other evi-
dences for the dynamical evolution in NGC 6819. The
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dependence of the degree of mass segregation on the age
of the cluster will be discussed in our forthcoming paper
(Kang & Ann 2002). In §II, we describe the observa-
tions and data reduction, and the resulting CMD and
isochrone fittings are presented in §III. The structural
properties and the luminosity functions are analyzed in
§IV and §V, respectively. The summary and discussion
are given in the final section.

II. OBSERVATION AND DATA REDUCTION

(a) Observations

The photometric observations of NGC 6819 were
carried out by using a SITe CCD Camera attached to
the 1.8m Plasket Telescope of Dominion Astrophysi-
cal Observatory (DAO), on 1997, August 4. We used
standard Johnson- Cousins V' and I filters. The CCD
camera has 1024 x 1024 pixels with a pixel size of 24
pm which corresponds to 0.”55 on the sky. The field
of view of the CCD is 9.2 x 9."2.

We observed a region of about 18’ x 18’, centered on
NGC 6819, which consists of five CCD frames. The in-
dividual frames are observed with sufficient overlapping
regions for the zero point adjustment. We used a pair of
short and long exposure times for each filter to avoid
loss of stars due to saturation.. Landolt (1992) stan-
dard field PG 23314055 and a standard field in NGC
7790 (Christian et al. 1985) were observed during the
night for the transformation to the standard photomet-
ric system. The observational log is given in Table 1.
Fig. 1 shows the final mosaic image of the observed field
where stars are plotted by field circles whose radii are
proportional to their brightness. We see that brighter
stars, i.e., large circles, are more abundant in the inner
regions.

(b) Data Reduction

We have reduced the CCD images using the IRAF
package following the standard procedures, including
the overscan correction, bias subtraction, and flat-

fieldings. We used the twilight sky as the source of

Table 1. Observational data for NGC 6819
Field Filter Exposure(sec) Seeing(arcsec)
Center \Y 10, 900 2.8, 2.6

I 10, 600 2.2, 24
SW v 10, 800 2.8, 2.7

I 10, 600 2.4, 2.5
SE v 10, 800 2.0, 2.3

I 10, 600 2.0, 2.6
NW v 10, 800 2.1, 2.6

I 10, 600 2.7, 2.8
NE \Y% 10, 200 2.5, 2.6

I 10, 200 24, 2.5

the flat fields. The instrumental magnitudes of the
stars in the cluster field are determined by PSF pho-
tometry using JRAF/DAOPHOT but the instrumental
magnitudes of standard stars are derived by the aper-
ture photometry. The aperture correction was applied
to the magnitudes from the PSF photometry using the
aperture determined by the growth curve method.

The instrumental magnitudes were transformed to
the standard system by using the transformation equa-
tions derived from the photometry of the standard
stars,

V = —0.252X + 0.029(V — I) — 2.120
I=1i—0212X +0.062(V — I) ~ 2.446

where the capital letters represent the standard mag-
nitudes and the lower case letters stand for the in-
strumental magnitudes with X as air mass. Fig. 2
shows the residuals of the transformation equations.
The mean residuals are AV = 0.042, AT = 0.037, and
A(V —I) = 0.038, respectively.

For bright stars, we used the magnitudes from the
short exposure images, while we used the long exposure
images for faint stars. The zero point shift was allowed
for different frames using the stars in the overlapped
regions. The weighted mean magnitudes were adopted
for the stars in the overlapped regions in the mosaicked
images.

Fig. 3 shows the comparison of the present photom-
etry with that of Lindoff (1972). Owing to the lack of I
magnitudes in Lindoff (1972)’s photometry, we plotted
only the V-magnitude difference between the present
photometry and that of Lindoff (1972), AV, against
V and V — I of the present photometry. There seems
to be no systematic trend with magnitudes and colors
between the two photometry but there is a zero point
shift of 0.05 mag in V with a mean dispersion of 0.03
mag, in the sense that our photometry is brighter than
that of Lindoff (1972).

III. COLOR-MAGNITUDE DIAGRAM

Fig. 4 shows the V vs V — I CMD of all the stars
identified in the mosaicked image of NGC 6819. The
number of stars plotted in Fig. 1 is 6570. Although
there seems to be a heavy contamination of field stars,
the main-sequence of NGC 6819 is distinct down to
V = 20. The turnoff point of the main-sequence is well
defined and there are a large number of stars in the
giant branch, especially in the clump region. Thus, the
CMD of NGC 6819 exhibits a typical CMD morphology

- of old open clusters.

We estimated the cluster pararmeters by fitting the
Padova isochrones (Bertelli et al. 1994) to the stel-
lar distributions in the V' vs V — I CMD of the cen-
tral region (r < 5.'5) of NGC 6819. Because the re-
cent estimates of the metallicity of the cluster indi-
cate that NGC 6819 has metallicity between [Fe/H]
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Fig. 1.— The V filter mosaic image of NGC 6819. The size of the image is 18’ x 18'. North is up and east is to the left.

~ 0.0 and [Fe/H] =~ 0.09, we fitted the reddening,
distance modulus, and age, simultaneously, by fixing
the metallicity as [Fe/H] = 0.07. Fig. 4 shows the
best fit isochrone, which gives the cluster parameters
as E(B ~V) =0.10+£0.03, (m - M)y = 11.8 £ 0.2,
and log(t) = 9.4+0.1, with [Fe/H]=0.07. In the fitting
process, we assumed E(V —I) = 1.25E(B — V) (Dean
et al. 1978) and the total to selective absorption ra-
tio R as 3.0. Our estimate of distance modulus is in a
good agreement with those of Rosvick & VandenBerg
(1998) but it is 0.3 mag smaller than that of Kalirai et
al. (2001). Because our estimate of E(B — V) is the
same as that of Kalirai et al. (2001) and there seems to
be virtually no difference in the zero points of the two
photometry, it is unclear what makes the difference in
the derived distance modulus.

IV. STRUCTURAL PROPERTIES

We examined the spatial distribution of stars in
the field of NGC 6819 using DSS data along with the
present photometry. We counted stars in running an-
nuli around the center of the cluster using the mo-
saicked image in Fig. 1 and the DSS image of 30’ x 30,
centered on the cluster.

(a) Surface Density Distribution

We determined the cluster center by counting stars
in vertical and horizontal strips across the images. The
width of the strips was selected to be 70 pixels to sup-
press the effect of random fluctuations of the stellar
density. After determining the position of the cluster
center, we determined the surface number density along
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Fig. 2.— The residuals (standard magnitudes minus trans-
formed magnitudes) of the standard transformation for V
and I. There seems to be no non-linear pattern in the trans-
formations. The mean residualsin V', I, and V' —1I are 0.042,
0.037, 0.038, respectively.
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Fig. 3.— Comparison of the present photometry with that
of Lindoff (1972). There is no systematic difference between
the two photometry.
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Fig. 4.— V vs V —I CMD of the stars in the field (~ 18’ x
18’) of NGC 6819. We see the populous clump stars. The
turn-off point is well defined. The solid line represents the
isochrone of log(t) = 9.4 and [Fe/H)=0.07 with a distance
modulus of (m — M) =11.8 and F(B — V) = 0.10.

the radius by counting the number of stars in concentric
annuli whose width is 35 pixels wide. Fig.5 shows the
stellar surface density as a function of the cluster ra-
dius. The surface density from the present CCD image
(top panel) decreases continuously outward, whereas
that from the DSS image (bottom panel) decreases up
to r =~ 9’ and becomes flattened thereafter. This indi-
cates that NGC 6819 extends to r & 9', which is about
two times larger than the cluster size thought previ-
ously. But, the present estimate of the cluster radius is
in a good agreement with the recent estimate by Kali-
rai et al. (2001), R = 9./541./0. The density difference
between the density plots in Fig. 5 is due to the dif-
ferent limiting magnitudes of the two images as well
as the severe saturation of the bright stars in the DSS
image. The limiting magnitude of the CCD image is
V' ~ 20.5 whereas that of the DSS image is V ~ 18.
The surface density distribution of the stars in the
field of NGC 6819 suggests that NGC 6819 consists of
three components; core (r < 1.'6), inner corona (1.'6 <
r < 5.'5) and outer corona (5.5 < r < 8./8). The three
component characteristics of open cluster is reported
by Nilakshi & Sagar (2002) for NGC 2099 although
their nomenclature is slightly different from ours. They
used corona 1 and corona 2 for the inner corona and
outer corona, respectively. The core resembles the core
of the isothermal sphere which is well represented by
the King model (1962). The surface density outside
the high density core decreases slowly up to r & 5.5
and drops abruptly at the edge of the inner corona. It
seems quite natural to think it as the cluster radius
because the stellar density outside this radius is too
low to be detected easily. This is the reason why most
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Fig. 5.— Radial surface density distribution of stars in the
field of NGC 6819. The upper panel is the surface density
from the present photometry and the lower panel is that
from the DSS image.

of previous estimates of the cluster extent show the
values around ~ 5.5 (Burkhead 1971, Lindoff 1972).
The outer corona of an open cluster is difficult to be
identified due to its very low density. As shown in Fig.
5, the stellar density in the outer corona of the cluster
(5.5 < r < 8./8) is marginally higher than that of the
field region.

(b) Spatial Distribution

Fig. 6 shows the spatial distribution of stars which
are located in the photometric regions of the CMD for
the probable cluster member stars. For main-sequence
stars, the lower envelope of the photometric region is
defined by the cluster isochrone whereas the upper en-
velope is defined by the binary sequence by consid-
ering the photometric errors (30). For stars brighter
than V = 14.5, we used the membership probability
defined by the proper motion study (Sanders 1972)
along with the photometric criteria using the cluster
isochrone and photometric errors. We divided the stars
into four magnitude groups; V < 14.5, 14.5 < V < 16,
16 < V < 17.5, and 17.5 < V < 19.0. The stars in
the brightest bin, i.e., most massive stars, which have
proper motion membership probabilities greater than
0 show a high central concentration, while the stars
in the faintest magnitude bin show virtually uniform
distribution. These spatial distributions clearly indi-
cate that there is a high degree of mass segregation in
NGC 6819. This mass segregation is believed to be
due to the dynamical evolution of the cluster because
the age of the cluster is much older than the dynam-
ical relaxation time of ~ 108 yr (Kaliai et al. 2001).
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Fig. 6.— The spatial distribution of probable cluster stars
which satisfy the photometrical memberships defined in the
V vs V — I CMD, complemented by the proper motion
memberships for stars brighter than the turn-off point. (a)
stars brighter than the turnoff point(V < 14.5), (b) 14.5 <
V<16, (c) 16 <V <£17.5 and (d) 17.5 < V < 19.0.

Although there seems to be a heavy contamination of
field stars in the photometric regions defined for the
cluster memberships, the signature of mass segregation
in NGC 6819 seems to be a real feature because field
stars distribute nearly uniformly across the cluster.

Fig. 7 displays the cumulative radial distribution of
probable cluster members. We divide the stars into the
four magnitude groups employed in Fig. 6. The effect
of mass segregation is also evident in the cumulative
distribution, i.e., the half number radius (~ 2.1 pc)
of the upper main-sequence stars (14.5 < V < 16) is
smaller than that (~ 3.6 pc) of the lower main-sequence
stars (17.5 < V < 19.0). The cumulative distribution
for giant stars (plotted by dotted line in Fig. 7) in-
cludes several blue straggler candidate stars which are
thought to be cluster members by their proper motions
(Sanders 1972). The number of blue straggler candi-
date stars with proper motion membership probability
greater than 0 is 14 of which 11 stars have member-
ship probability greater than 0.5. However, the num-
ber of blue straggler candidate stars is reduced to 7 if
we adopt P = 0.7 as the lower limit of the membership
probability for cluster stars.

Since half number radius of a cluster strongly de-
pends on the limiting magnitude of the observations, we
derived the half mass radius r, of NGC 6819 by using
stellar masses determined from the cluster isochrone.
The derived half mass radius of rp, & 2 pc may be a
lower limit because it also depends on the limiting mag-
nitude of the observations. However, the half mass ra-
dius derived from the present photometry that reaches
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Fig. 7.— Cumulative distribution function of probable
cluster members. The stars are divided into four magnitude
groups as those of Fig. 6.

down to My = 8.5 seems to be not much different from
the real one since stars fainter than My =~ 8.5 do not
significantly contribute to the total mass (Ann & Lee
2002). We derived the dynamical relaxation time by
using the equation derived by Spitzer & Hart (1971),

0.06 M1 /27, 3/2
mG1/2log(0.4N)

rh —

where M and m are the total mass of the cluster and
the mean stellar mass, respectively, and N is the num-
ber of cluster stars. The dynamical relaxation time
determined from the present photometry is ~ 10% yr,
which is in a good agreement with that of Kalirai et al.
(2001).

V. LUMINOSITY FUNCTIONS

As is well described by Mateo (1988), luminosity
function of an open cluster derived from a direct count
of the stars in each magnitude bin is affected by many
factors of which the incompleteness of photometry as
well as field star contamination are the most important
ones. Owing to lack of blank field observations, we used
the stars located outside r = 8.’8 to correct field star
contamination. Since the cluster seems to extend to
r =~ 9, the derived luminosity function is thought to
be somewhat underestimated, especially for the faint
main-sequence stars.

To correct the incompleteness of photometry, we
performed a test based on generating artificial stars
on CCD frames which have the same background noise
levels as those of the observed frames. We generated ar-
tificial stars on the CCD frames using the DAOPHOT
utility ADDSTAR and reduce it in the same manner
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Fig. 8.— Completeness factor of photometry. CF is de-
fined by CFy x CF;

as the observed frames. We used about 100 stars for
each magnitude bin. We repeated three trials for V
and I frames to get the completeness factors, CFy and
CFy, respectively, which are defined by the ratios of the
recovered stars to the addcd stars. The final CF was
obtained by multiplying CFy and CFj to correct the
observed luminosity function following Mateo (1988).
Fig. 8 shows the variation of CF with magnitudes. We
plotted the three trial CFs. OQur estimates of CF is
~ 10% smaller than that of Kalirai et al. (2001) due to
adding stars on the star-subtracted CCD frames rather
than the original CCD frames. It is also worthwhile to
note that the true CF of the central region is smaller
than that of the outer region due to crowding effect
(Mateo 1988). According to Sagar & Richtler (1991)
and Sung et al. (1999), the CF of the central region is
about two times lower than that of the outer region for
stars fainter than V ~ 19.

Fig. 9 shows the luminosity function of the prob-
able cluster stars, corrected for the incompleteness of
photometry and the field star contamination. Because
our corrections are not satisfactory especially for faint
stars, the interpretation of the luminosity function in
Fig. 9 should be cautious. However, due to the op-
poiste direction of the correction terms of field star
contamination and incompleteness of photometry, the
general shape of the luminosity function in Fig. 9 is
thought to be not much different from the true one.

The most prominent feature of the luminosity func-

' tion of NGC 6819 is the flat distribution of stars in the

magnitude range of 3 < My < 7, which corresponds
to the magnitude range of the cluster main-sequence,
with a slight decreasing trend toward faint magnitudes
for the stars fainter than My = 5. Similar flat lumi-
nosity function of NGC 6819 was reported by Kalirai
et al. (2001). Actually, their luminosity function is
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Fig. 9.— The global luminosity function of NGC 6819. It
is almost flat between My = 3 and My = 6. The dotted
line represents the luminosity function before the correction
of the incompleteness of photometry. As described in the
text, our estimates of the completeness factor (CF) is ~ 10%
smaller than those of Kalirai et al. (2001)

rather negatively sloped, i.e.,dN/dMy < 0. If we con-
sider that there is a possibility of underestimate of the
faintest stars in the derivation of the luminosity func-
tion in Fig. 9, the luminosity function of NGC 6819
is almost flat at least for the main-sequence down to
My ~ 7. This flat luminosity function is believed to
be caused by the dynamical evolution that results in
mass segregation and evaporation of low mass stars.
High mass stars are likely to sink to the inner regions,
while low mass stars are rambling throughout the clus-
ter. Some of the low mass stars which acquire high
enough velocity from equipartion of energy are escaped
from the cluster. Because mass segregation means re-
distribution of stars in the cluster, the flat luminosity
function is mainly caused by the evaporation of low
mass stars unless its initial mass function has a neg-
ative slope assuming Salpeter type initial mass func-
tion, i.e., ®(m) o m~11%) with & < 0, contrary to the
Salpeter (1955) initial mass function (®(m) oc m~(1+2)
with z = 1.35).

To see mass segregation more clearly, we derived
the local luminosity functions of NGC 6819 by dividing
stars into three regions; core (r < 1./6), inner corona
(1.6 < r < 5.5), and outer corona (5.5 < r < 8.'8),
which were defined by the radial surface density dis-
tribution in Fig. 5. As shown in Fig. 10, the local
luminosity function of the core is much different from
that of the outer corona. The luminosity function of
the core is characterized by the presence of a peak near
My = 2.8 followed by a gradual decrease thereafter,
while the luminosity function of the outer corona shows
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Fig. 10.— The local luminosity functions of NGC 6819.
The luminosity function of the core is characterized by the
predominance of high mass stars, whereas that of the in-
ner corona is characterized by a flat distribution similar to
that of the global luminosity function. The shift between
the peak magnitudes of the core and outer corona clearly
indicates the presence of mass segregation in NGC 6819.

a peak near My ~ 5.5 with a shallow decrease. Thus,
there is a shift in the peak magnitudes of the two lumi-
nosity functions, in the sense that from the bright peak
magnitude in the core to the faint magnitude in the
outer corona. If we consider that CFs of the core re-
gion are about two times smaller than those of the outer
regions for faint stars (V' > 19) (Sagar & Richtler 1991;
Sung et al. 1999), the true luminosity function has a
less steep decline after the peak magnitude. However,
it is unlikely that the shift in the peak magnitudes can
be obliterated by applying correct CF to the luminosity
function of the core region. Thus, the local luminosity
functions show a clear evidence for mass segregation in
NGC 6819.

Since the initial mass function of open clusters is be-
lieved to be not much different from that of Salpeter
(1955), the decrease of the luminosity functions af-
ter peak magnitudes, especially for that of the outer
corona, strongly suggests that a large number of low
mass stars have escaped from the cluster by acquiring
high velocities from encounters with high mass stars.
The luminosity function of the inner corona resem-
bles the global luminosity function which is charac-
terized by the flat distribution in the main-sequence
range. This resemblance is quite natural since the in-
ner corona seems to be a transition region which should
have mixed characteristics.
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VI. SUMMARY AND DISCUSSION

We have conducted a deep VI CCD photometry for
the field of NGC 6819. The observed area of our pho-
tometry is about 18 x 18', centered on the cluster,
which covers almost whole of the cluster. We derived
the cluster parameters, such as distance and age by fit-
ting the Padova isochrones to the observed stellar dis-
tribution in the CMD. Our estimates of the age (~ 2.5
Gyr) and the distance (~ 2.3kpc) are in a good agree-
ment with previous ones (Rosvick & VandenBerg 1998;
Kalirai et al. 2001).

Analysis of the spatial distribution and luminosity
function of probable cluster stars shows that the lumi-
nosity function as well as the stellar spatial distribu-
tion are much affected by dynamical evolution. Since
the age of NGC 6819 is about 10 times larger than its
dynamical relaxation time, the cluster seems to be dy-
namically well relaxed. High mass stars tend to sink
to the inner region while low mass stars are likely to
be found in the outer regions due to equipartition of
energy between stars with different masses.

The global luminosity function of main-sequence of
NGC 6819 is almost flat with a slight decrease to-
ward faint magnitudes. The flat luminosity function
seems to be the result of evaporation of low mass stars.
Mass segregation does affect the spatial distribution of
stars but the global luminosity function is not affected
by mass segregation itself unless member stars are es-
caped from the cluster. Without loss of member stars
due to evaporation process, the global luminosity func-
tion should increase toward faint magnitudes if the ini-
tial mass functions of open clusters are assumed to be
Salpeter type.

The effects of dynamical evolution in NGC 6819 are
more prominent in the local luminosity functions. The
luminosity function of the core region (r < 1.6) has a
distinct peak at My = 2.8, while the luminosity func-
tion of the outer corona (5.5 < r < 8.8) has a less
broad peak at My = 5.5. The intermediate region
(inner corona) has a flat luminosity function which re-
sembles the global luminosity function. The shift of the
peak magnitudes of the luminosity functions is due to
dynamical evolution which results in the concentration
of high mass stars in the inner regions. The gradual de-
crease of the luminosity function of the outer corona af-
ter the maximum at My = 5.5 is thought to be caused
by the evaporation of low mass stars which acquire es-
cape velocity from the encounters with high mass stars
during the relaxation process.

For clusters whose ages are much old than their dy-
namical relaxation times, we expect that the spatial
distribution of the cluster stars at the present epoch is
much different from the initial spatial distribution due
to dynamical evolution through mass segregation and
evaporation of low mass stars. Thus, it is quite de-
sirable to estimate the degree of mass segregation and
rate of evaporation of low mass stars from observations
since they are final results of the dynamical evolution

of open clusters.
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