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ABSTRACT

We have conducted UBVI CCD photometry of an intermediate-age open cluster NGC 559 to in-
vestigate the effect of dynamical evolution on the stellar distributions in NGC 559. Our photometry
allows better estimates of distance and age of the cluster owing to much deeper photometry (V < 21)
than previous ones. It is found that the luminosity function and mass function as well as the spatial
stellar distributions are affected by the dynamical evolution. Mass segregation leads to the central
concentration of the high mass stars, which results in the flattened mass function inside the half mass

radius.
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1. INTRODUCTION

Dynamical evolution of old and intermediate-age
open clusters has been a main subject of open clus-
ter study in recent years (de La Fuente 1997; Nord-
stroem, Andersen & Andersen 1997; Raboud & Mer-
milliod 1998a, b). The present day luminosity func-
tion (LF) and mass function (MF) as well as the stellar
density distribution are much different from the initial
ones. Stellar evolution plays a key role in the evolution
of the stellar content of open clusters and the effect of
dynamical evolution on the LF and MF is thought to
be significant. High mass stars are likely to be found in
the central part of the cluster due to mass segregation,
while low mass stars are likely to move outward and
some of them escape from the cluster eventually. Be-
cause the membership of cluster stars is critical for the
investigation of the dynamical properties of clusters,
most of the previous studies are focused on the nearby
clusters whose member stars are easily discernible from
field stars (Pels, Oort, & Pels-Kluyver 1975; Raboud &
Mermilliod 1998a, b) or on the rich clusters whose dy-
namical properties can be analyzed statistically (Sung
et al. 1999; Lee, Kang & Ann 1999; Kang 2000). How-
ever, more than half of the known open clusters are
known to have a small number of member stars which
are difficult to be isolated from the field stars (e.g., Ann
et al. 1999, 2002).

NGC 559 is located in the direction of (I = 127.°2,b =
0.°75). As indicated by its Trumpler class of I1m, it is
a centrally concentrated cluster with a medium num-
ber of member stars. The distance and reddening of the
cluster have been determined by photoelectric (Lindoff
1969; Jennens & Helfer 1975) and photographic (Gru-
bissich 1975) photometries but there are a large dis-
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crepancies in the derived parameters, especially for the
distance. Lindoff (1969) determined a distance modu-
lus of (m — M) = 10.6, while Jennens & Helfer (1975)
derived (m — M)y = 14.0. The distance estimate of
Grubissich (1975) is similar to that of Lindoff (1969)
but his RGU photometry was calibrated from the Lind-
off (1969)’s photometry. There is also some discrepancy
in the age estimates of NGC 559. Lindoff (1969) consid-
ered that NGC 559 has an age of ~ 10° yr but Jennens
& Helfer (1975) thought that it is a relatively young
cluster of ~ 108 yr. However, we expect that NGC
559 is a dynamically relaxed cluster since it’s age in-
ferred from the CMD morphology seems to be much
larger than the supposed dynamical relaxation time of
the cluster.

The purpose of the present study is to investigate
the dynamical properties of NGC 559, by conducting a
deep UBVI CCD photometry, along with accurate es-
timates of the cluster physical parameters. In Section
II, we describe the observations and data reductions,
and the cluster parameters are derived in Section IIIL.
We describe the photometric memberships in Section
IV and the dynamical properties are analyzed in Sec-
tion V. The summary and discussion are given in the
last section.

II. OBSERVATIONS AND DATA REDUC-
TION

(a) Observations

The observations in UBV I pass bands were carried
out for a field of NGC 3559 on two nights of October
1998, with Photometrics 512 x 512 CCD which was at-
tached to the cassegrain focus of the 6lcm telescope
at the Sobaeksan Astronomical Observatory (SOAQ).
Additional observations of NGC 559 were made in VI
pass bands with SITe 2048 x 2048 CCD attached to
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Fig. 1.— Greyscale maps of the V-band CCD image of
NGC 559. The center of the cluster is indicated by a white
dot. The inner circle represents the half mass radius and the
outer circle represents the cluster boundary beyond which
stars are considered to be field stars. North is up and East
is to the left.

the 1.8m telescope of Bohyunsan Astronomical Obser-
vatory (BOAO) on a night of February 1999. The pixel
size of the 512 x 512 CCD and the 2048 x 2048 CCD
are 0.5 and 0.”34, respectively.

We observed a region of 11./5 x 11.'5, centered on
NGC 559, which is mosaicked by 3 x 3 Photometrics
CCD frames. For field star corrections, we observed
additional four regions which are ~ 40" apart from the
cluster center and located in the south-east, north-east,
south-west, and north-west of the cluster. The BOAO
observations covered 11.'8 x 11.'8 region centered on
the cluster. The seeing of SOAO images is about 1"
and that of BOAO images is about 2. Fig. 1 shows
the BOAO V-band image of NGC 559. Bias and dark
frames were obtained several times during the nights
and the flat-field exposures were made on the twilight
sky. For the calibration purposes, several standard
stars in SA98 and SA110 regions (Landolt 1992) as well
as NGC 7790 (Sandage 1955; Christian et al. 1985)
were observed in V' and I bands in the October run.
The journal of the observations is given in Table 1.

Table 1. Observational log of NGC 559

Filter Texp(SOAO)  Tex, (BOAO)
U 300s x 20
B 300s x 9
V 120s x 3 300s, 25s
1 60s x 3 70s, 7s

(b) Reduction

The basic CCD reduction was carried out using the
CCDRED package within IRAF. This procedure in-
volved the subtraction of the mean bias frame with
overscan correction, trimming of the data section, and
flat-fielding. We do not correct the dark current be-
cause it is negligible in both of the observing runs. We
applied PSF photometry to obtain instrumental magni-
tudes using IRAF/DAOPHOT. The transformation of
the instrumental magnitudes of SOAO observations to
the standard system were made by the following equa-
tions,

U=u-—7878+0.196(U — B)

B =b-6.006+0.120(B - V)
V =v—4808—0.003(V — I) — 0.341X
I =1i-5203+0.023(V —I) — 0.189X

where the capital letters stand for the magnitudes in
the standard system, the lower case letters for the in-
strumental magnitudes, and X for the airmass. The
coefficients in the transformation equations of V' and
I bands were derived from the standard star observa-
tions at SOAO while those of B and U bands were de-
rived from the photoelectric photometries of Jennens &
Helfer (1975), Lindoff (1969) and Cardon (1982). Fig.
2 shows the residuals of the calibration of the present
photometry, showing that the standard deviations of
the calibration are ~ 0.03 mag in B, V, and I and
~ 0.08 mag in U, respectively

The transformation of the instrumental magnitudes
of BOAO observations were made by the following
equations derived from the magnitudes of the local
standard stars from the SOAQ observations,

V =v-2518-0.017(V - I)
I=i-2282+0.036(V —I)

where the capital letters stand for the magnitudes in
the standard system and the lower case letters for the
instrumental magnitudes.

ITII. PHYSICAL PARAMETERS

The distance, reddening, age and metallicity of NGC
559 have been determined from the previous photoelec-
tric and photographic photometries (Lindoff 1969; Jen-
nens & Helfer 1975; Grubissich 1975). But the previous
estimates of the physical parameters are supposed to be
less accurate because their photometries were confined
to stars brighter than V'~ 15. Thus, we have deter-
mined the distance, reddening, age and metallicity of
NGC 559 using the present photometry of SOAO ob-
servations. »

The reddening toward NGC 559 was determined by
fitting the fiducial ZAMS (Schmidt-Kaler 1982) to the
stellar distributions in the U — B vs B — V diagram,
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Fig. 2.— Residuals (standard magnitudes minus trans-

formed magnitudes) of the standard transformation for
U,B,V and I.

while the distance, age and metallicity of the cluster
were determined simultaneously by isochrone fittings
to the stellar distributions in the V vs V — I CMD.
We used the Padova isochrones (Bertelli et al. 1994)
and assumed E(U - B)/E(B - V) = 0.72 (Johnson &
Morgan 1953), E(V —I) = 1.25E(B — V) (Dean, War-
ren, & Cousins 1978) and a total to selective extinction
ratio of Ry=3.0. In general, metallicity is virtually a
free parameter in isochrone fittings. However, in case
of NGC 559, it is not a completely free parameter in
isochrone fittings because it can be constrained by the
locations of the giant stars in the CMD.

Our reddening estimate of E(B — V) = 0.81 4+ 0.05
is somewhat larger than the previous estimates of
E(B - V) = 0.54 (Lyngal987) and E(B — V) = 0.62
(Jennens & Helfer 1975). The reason for the large
discrepancies is mainly due to the exclusion of three
bright stars near B — V = 0.5 in the present ZAMS
fitting, while they were included in the previous esti-
mates. However, due to the large photometric errors
of the present photometry in U, it is difficult to derive
accurate E(B — V) from the present photometry.

Fig. 3 shows the resulting best fit isochrone which
gives the cluster parameters as (m — M) = 11.8+£0.2,
log(t{yr]) = 8.6 £ 0.1 and [Fe/H] = -0.32 dex with
E(B - V) =0.81+0.05. We list the present estimates
of the physical parameters with those of the previous
studies in Table 2. As shown in Table 2, the present
estimates of the age of NGC 559 is in a good agreement
with those of previous studies but the present estimate
of the reddening and metallicity are somewhat larger
than the previous ones.
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Fig. 3.— Color-color diagram and CMDs of NGC 559.
The solid line in the color-color diagram represents the
ZAMS, and the lines in the CMDs represent the Padova the-
oretical isochrones with log(t[yr]) = 8.6 and [Fe/H] = —-0.32
dex, shifted according to the reddening (E(B — V) = 0.81)
and distance ((m — M)o = 11.8) of NGC 559.

IvVv. PHOTOMETRIC MEMBERSHIP

The membership of cluster stars is crucial to an-
alyze the dynamical properties of open clusters. Con-
ventional method of membership determination of open
clusters is to use the kinematical properties of cluster
stars. However, most of the proper motion studies do
not reach the lower main-sequencer stars and the obser-
vations of radial velocities have been confined to bright
stars until recently. For NGC 559, the proper motion
study of de Graeve (1979) are confined to stars brighter
than V ~ 16. Thus, we employ a photometric mem-
bership to analyze the dynamical properties of NGC
559.

Fig. 4 shows the V vs V — I CMD of NGC 559
constructed from the BOAO observations. We do not
use SOAQ observations in the analysis of the dynami-
cal properties because the limiting magnitude of SOAO
observations is ~ 2 mag brighter than that of BOAO
observations. As shown in Fig. 4, we selected two re-
gions in the CMD to define the photometric regions for

Table 2. Physical parameters of NGC 559

(m— M), loglage) [Fe/H] E(B-V)

References

11.84+0.2 86+0.1 -0.32 0.81+0.05 1
10.3 8.7 —-0.76 0.54 2
14.0 7.7 —1.00 - 0.62 3
12.3 9.1 4,5

1 This studt, 2 Lynga(1987), 3 Jennens & Helfer (1975), 4 Grubissich (1975), 5
Lindoff (1968)
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Fig. 4.— Photometric membership criteria for main se-
quence stars and giant stars. The lower and upper bound-
aries of the cluster main sequence are set by the cluster
isochrone and the binary sequence, respectively, with the
photometric errors of (0.15 ~ 0.3) mag. The three blue
straggler candidates are plotted by open circles.

the cluster stars. For main sequence stars, by consid-
ering the photometric errors of (0.15 ~ 0.3) mag, we
set the fitted isochrone as the lower envelope and the
equal-mass binary sequence, which lies 0.75mag above
the ZAMS, as the upper envelope, respectively. But,
we select a photometric box for the giant stars by con-
sidering the isochrone morphology in the giant branch
region. If a star is found in one of the two regions in
the CMD, we consider it as a probable cluster mem-
ber. However, some of these stars are not real cluster
members because field stars can be located in the pho-
tometric regions defined for the cluster members.

For stars in the cluster regions, the photometric
membership probability of a star with a visual mag-
nitude V' can be defined by the ratio of the number of
cluster member stars to the total number of stars in
the magnitude range of V — AV <V <V + AV,

N,
p—=_°¢ 1
N, (1)

where NV, is the total number of stars in a magnitude bin
and N, is the number of cluster stars in the same bin,
respectively. To determine the number of cluster stars,
it is necessary to know the number of field stars which
are located in the photometric regions of the cluster
stars. Because there was no separate observation of
field region at the BOAO, we obtained the field star
CMD from the stars outside the radius of 5.45 from
the BOAO CCD images. The number of field stars in
the photometric region was scaled to the same area as
that of the cluster region.
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Fig. 5.— Radial surface number density distribution

of stars with photometric membership probability greater
than 0.5. The solid line represents the distribution of stars
with m > 1.4 My and the dotted line indicates the stars
with m < 1.4 Mg, respectively. The distribution of all the
stars with membership probability greater than 0.5 is des-
ignated by the dashed line.

The open circles in Fig. 4 represent three blue strag-
gler candidates that have high membership probabili-
ties by proper motion study (de Gravae 1979). In the
decreasing order of the brightness, their membership
probabilities are 0.88, 0.84 and 0.92, respectively.

V. DYNAMICAL PROPERTIES

(a) Number Density Distribution

Fig. 5 shows the distribution of surface number den-
sity of stars that have photometric membership prob-
ability greater than 0.5. The surface density in Fig.
5 is a running mean average of surface density with a
smoothing radius of 150 pixels. We divide the stars in
two groups according to their masses derived from the
cluster isochrone: m > 1.4 Mg, m < 1.4 M. There
seems to be no big difference between the two groups
in the outer part of the cluster and we can see that
the cluster ends near r ~ 4.'5. However, there is an
appreciable difference between the two groups in the
central part of the cluster. The surface density of high
mass stars is about two times higher than that of the
low mass stars inside 7 < 1'. This is an evidence of dy-
namical evolution in NGC 559. High mass stars moved
to the inner part of the cluster while low mass stars
moved to the outer part due to mass segregation.

(b) Half Mass Radius

The angular diameter of a cluster is a poorly de-
fined quantity which seems to have no direct relation-
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Fig. 6.— Half mass radius as a function of limiting magni-
tudes of photometry. The dotted lines represent the limiting
magnitudes derived from the large photometric errors.

ship to its dynamical properties. A more meaningful

quantity, which is related to the dynamical properties.

of a cluster, is the half mass radius rp, defined by the
radius within which the half of cluster mass is con-
tained. By using stellar masses determined from the
cluster isochrone and the photometric probabilities, we
derived rj, from the equation,

S mi(r)Pi(r)dr 1
OOTC S mi(r)Pi(r) 2 @

where m; and P; are mass and photometric membership
probability of a star, respectively, and r. is the cluster
radius. We adopted 7. as 4.'5 from the stellar density
distribution in Fig. 5. The resulting r, of NGC 559
is 3.4 and it is plotted as the small circle in Fig. 1.
However, the true value of rp, is larger than the derived
value of 3./4 because, for a dynamically relaxed cluster,
ry, depends on the limiting magnitudes of the observed
images. Fig. 6 shows the variation of r, as a function
of radius. The gradual increase of r, with increasing
limiting magnitudes is caused by the mass segregation
which leads to the concentration of massive stars in
the central part of the cluster. Thus, it is evident that
NGC 559 is dynamically well relaxed.

(¢) Luminosity and Mass Function

The LF and MF of open clusters are known to vary
with time due to dynamical evolution as well as stellar
evolution. The high mass stars disappear due to stellar
evolution while the low mass stars evaporate from the
cluster due to dynamical evolution. Fig. 7 shows the
LFs and MFs of NGC 559. The bottom panels rep-
resent the LF and MF of the entire field and the top
and middle panels represent the LFs and MFs of the
inner region (r < rp) and the outer region (r > 1),
respectively.

As shown in the bottom left panel of Fig. 7, the
LF of NGC 559 shows the typical characteristics of
intermediate-age open clusters with a gap at MV ~
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Fig. 7.— Luminosity functions and mass functions of NGC
559. They are corrected for field star contaminations.

3.5. Similar gaps, which are known as Bohm-Vitense
gap, have been reported in several open clusters includ-
ing Coma, Praesepe, and Hyades. They are interpreted
as a result of the onset of surface convection zones in
the stars with B — V = 0.35 (Bohm-Vitense, & Can-
terna 1974). Recent analysis of existing photometry
of well surveyed 9 open clusters shows that 6 of 9 open
clusters show the Bohm-Vitense gap near B—V = (.35
(Rachford & Canterna 2000).

As shown in the top and middle panels of Fig. 7,
there is a significant difference between the LFs and
MFs of the inner and outer regions of NGC 559. There
are more high mass stars in the inner region than the
outer region, while there seems to be no pronounced
difference in the low mass part of the LFs and MFs.
Thus, the large difference in the slope of the MFs is
mainly caused by the concentration of high mass stars
in the central part of the cluster due to mass segrega-
tion. The slopes of the MFs of the inner region and the
outer region are —1.81 and -3.17, respectively.

VI. SUMMARY AND DISCUSSION

We have derived the physical parameters of the open
cluster NGC 559 by conducting a deep UBVI CCD
photometry and isochrone fittings using Padova stellar
evolution models (Bertelli et al. 1994). The distance of
the cluster is found to be ~ 2.3 kpc which is about three
times smaller than that of Jennens & Helfer (1975) but
slightly larger than that of Lindoff (1969). The age and
metallicity of the cluster are estimated to be t ~ 4 x 108
yr and [Fe/H] = -0.32, respectively.

The dynamical properties of NGC 559 were inves-
tigated by analyzing the stellar density distributions
and luminosity and mass functions. The stellar num-
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ber density distributions shows that high mass stars
(m > 1.4Mg) are more centrally concentrated than
the low mass ones (m < 1.4 Mg). Because NGC 559 is
old enough to be dynamically relaxed, the central con-
centration of high mass stars can be interpreted by the
effect of mass segregation due to dynamical evolutions.
The effect of mass segregation in NGC 559 is also indi-
cated by the dependence of half mass radius r, on the
limiting magnitudes of the observations. The half mass
radius becomes smaller as the limiting magnitude gets
brighter.

The effect of dynamical evolution is also imprinted in
the LF's and MFs of NGC 559. There are more number
of high mass stars in the inner region (r < rp,) than in
the outer region (r > rp). Thus, derivation of initial
mass functions from the MFs of open clusters should be
cautious when the ages of the clusters are significantly
older than the dynamical relaxation times.

This work was supported in part by grant No..
R01-1999-00023 from the Korea Science & Engineer-
ing Foundation.
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