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Abstract. The spatial dependence of luminosity and mass functions of evolved open clusters is discussed in this work using J
and H 2MASS photometry, which allows a wide spatial coverage and proper background determination. The target objects are
the intermediate-age open cluster NGC 3680 (£ = 286.76° and b = 16.92°), which has been reported as being in an advanced
state of dissolution, and NGC 2180 (£ = 203.85°, b = —7.01°), a possible dynamically evolved open cluster. At the 1 — o level,
NGC 2180 presents a radial distribution of stars that can be represented by a King law. We conclude that, although in an
advanced dynamical state (mass segregated), NGC 3680 does not present strong signs of dissolution, having luminosity and
mass functions very similar to those of the 7,4 = 3.2 Gyr open cluster M 67. On the other hand, NGC 2180 appears to have flat,
eroded luminosity functions throughout its structure, suggesting that in addition to mass segregation, Galactic tidal stripping
has been effective in depleting this object. Accordingly, NGC 2180 may be the missing link between evolved open clusters and
remnants. For NGC 2180 we infer a distance to the Sun d,, = 0.91 + 0.15 kpc, an age 7,e. = 710 Myr and an observed stellar
mass of mqps ~ 47 Mo. For NGC 3680 we derive an age T, = 1.6 Gyr, E(B — V) = 0.0 and d,, = 1.00 + 0.09 kpc, confirming
previous estimates. The observed stellar mass mq,s = 130 M, agrees with previous values. We study both clusters in the context
of dynamical states estimated from diagnostic diagrams involving photometric and structural parameters. Both objects appear

to be dynamically evolved systems. In particular, NGC 2180 is closer to open cluster remnants than NGC 3680.
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1. Introduction

Open clusters are formed along the gas and dust-rich Galactic
plane and contain from tens to a few thousands stars distributed
in an approximately spherical structure of up to a few parsecs in
radius. This loose condition makes them potentially short-lived
stellar systems, since disruptions may occur by the cumulative
effect of passages near interstellar clouds and/or by shocks with
the Galactic disk. Cumulative orbital perturbations may lead
to more internal orbits, enhancing such effects (Bergond et al.
2001). Consequently, most of the open clusters in the Galaxy
evaporate completely in less than 1 Gyr. Indeed, the open clus-
ter catalogue of Lynga (1987) indicated about 70 objects older
than 1 Gyr (~6% of the total number).

The dynamical evolution of an open cluster depends both
on internal and external factors. Internal factors are: (i) after
successive 2-body encounters with more massive stars, less-
massive stars may acquire velocities larger than the cluster’s
escape velocity; and (ii) the normal stellar evolution via mass-
loss. The external factors are: (i) large-scale encounters with
giant molecular clouds (Wielen 1991); and (ii) tidal stripping
by the Galactic gravitational field. A typical open cluster at
the solar radius will cross the Galactic plane 10-20 times
before being disrupted and leaving an open cluster remnant
(de la Fuente Marcos 1998). Bergond et al. (2001) esti-
mate the destruction time-scale for open clusters in the solar

neighbourhood at about 600 Myr. Consequently, it is expected
that only those open clusters which are born with the largest
masses or those located at large Galactic radii will survive
longer than a few Gyr (Friel 1995).

The numerical simulations of de la Fuente Marcos (1996)
have shown that the final cluster remnant composition depends
on the initial mass function, fraction of primordial binaries
and galactocentric distance. The resulting cluster remnants are
rich in binaries and do not appear to contain collapsed ob-
jects. Remnants of poorly populated clusters are expected to
contain early-type stars, while those of more massive clusters
contain late-type stars (de la Fuente Marcos 1996), owing to
different evolutionary time-scales. In the central region of the
more evolved clusters, mass segregation should deplete the low
main-sequence (MS) stars thus creating a core rich in compact
and giant stars (Takahashi & Portegies Zwart 2000).

Mass segregation in a star cluster scales with the relaxation
time, defined as fax = sl%tcross’ where f.0s = R/v is the
crossing time (Binney & Tremaine 1987). For a typical cluster
radius of R ~ 5 pc and velocity dispersionv ~ 1 km S7Y, frelax ~
13 Myr for a cluster with N = 107 stars, and #,cx ~ 90 Myr for
N = 10 stars.

Recently, several studies called attention to the possibil-
ity of detecting open cluster remnants in the Galaxy, e.g.
Bica et al. (2001), Carraro (2002), Pavani et al. (2002, 2003).
A fundamental question to dynamical evolution studies is
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whether any open cluster can be observed right at the disrupt-
ing phase, when the remaining low-mass stars in the cluster’s
halo get dispersed into the background and the corresponding
mass function becomes eroded.

Depletion of low-MS stars in the central parts of a clus-
ter is a sign of advanced dynamical evolution. This has been
detected e.g. in NGC 3680 (Anthony-Twarog et al. 1991)
and M 67 (Bonatto & Bica 2003), in which the presence of
a corona rich in low-mass stars has been confirmed with
2MASS photometry.

The Two Micron All Sky Survey (hereafter 2MASS,
Skrutskie et al. 1997) has proven to be a powerful tool in
the analyses of the structure and stellar content of open clus-
ters (e.g. Bonatto & Bica 2003; Bica et al. 2003). Indeed, the
uniform and essentially complete sky coverage provided by
2MASS allows one to properly take into account background
regions with suitable star count statistics, which is fundamental
in order to correctly identify and characterize the stellar content
of clusters, since their ages and distances can be determined by
fitting isochrones to their colour—-magnitude diagrams (CMDs),
with a precision depending on the depth of the photometry and
field contamination.

In the present study we address the actual dynamical state
of NGC 3680 analysing a large spatial area in the direction of
the cluster, which 2MASS can provide. In particular, we search
for the presence of a low-mass star-rich corona. In addition,
we discuss NGC 2180, an overlooked open cluster. This clus-
ter appears to be in a more advanced dynamical evolutionary
stage than NGC 3680, and thus might be a missing link be-
tween evolved open clusters with a corona and final remnants.

In Sect. 2 we provide available information on NGC 2180
and the intermediate-age open cluster NGC 3680. In Sect. 3 we
obtain the 2MASS photometry and introduce the J X (J — H)
CMDs. In Sect. 4 we discuss the radial density distribution of
stars and derive structural parameters for the clusters. In Sect. 5
we fit isochrones to the near-infrared CMDs and derive cluster
parameters. In Sect. 6 we derive the luminosity and mass func-
tions (hereafter LF and MF) and estimate the stellar masses of
each cluster. In Sect. 7 we compare NGC 2180 and NGC 3680
with well-known dynamically evolved open clusters and open
cluster remnants. In Sect. 8 we present and discuss proper mo-
tions in the direction of both objects. Concluding remarks are
given in Sect. 9.

2. The target objects

2.1. NGC2180: A W. Herschell’s overlooked open
cluster?

NGC 2180 was first observed and described as a cluster by
W. Herschell (Dreyer 1888). It is not included in modern
catalogues of open clusters (Alter et al. 1970; Lynga 1987).
In Dias et al. (2002) and in a revision of the NGC cat-
alogue (Sulentic & Tifft 1973), NGC 2180 is indicated as
non-existing. Houston (1976) included it in a list of pos-
sible clusters. The only information currently available in
the WEBDA open cluster database (Mermilliod 1996 —
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Fig. 1. 20" X 20" (5.3 x 5.3 pc?) XDSS R image of NGC 2180.

http://obswww.unige.ch/webda is the object’s designa-
tion.

The original coordinates of NGC 2180 precessed to J2000
are @ = 06" 09™36° and § = +04°43’. However, in what fol-
lows we revised the central coordinates to @ = 06" 09™ 48° and
0 = +04°48’ 26" based on bright star membership (Sect. 3).
The latter coordinates convert to £ = 203.85° and b = —7.01°.
A Digitized Sky Survey (XDSS) R image of NGC 2180, cen-
tered on the revised coordinates is given in Fig. 1.

Visually, the cluster is sparse and poorly populated, but a
few bright stars are present in the area.

2.2. The dynamically evolved open cluster NGC 3680

The intermediate-age open cluster NGC 3680 has already been
extensively studied. Its slightly supersolar metallicity was de-
termined by Eggen (1969) and through the photoelectric uvby-
Hg photometry of Nissen (1988). CCD uvby photometry of the
central parts of NGC 3680 was published by Anthony-Twarog
et al. (1989), and CCD and photographic BV photometry by
Anthony-Twarog et al. (1991).

Previous age estimates for NGC 3680 varied from e ~
1.0 Gyr (Mazzei & Pigatto 1988) to 7,4 ~ 4.5 Gyr (Anthony-
Twarog et al. 1991). The Stromgren photometry of Bruntt et al.
(1999) resulted in an age of Tage = 1.45 £ 0.15 Gyr, comparable
to the value Ty = 1.6 + 0.5 Gyr derived by Kozhurina-Platais
etal. (1997).

With respect to the dynamical state, Nordstrom et al.
(1996), based on by CCD photometry of 310 stars as well as ra-
dial velocity and proper motion data, concluded that NGC 3680
should be the last remnant of a cluster in an advanced state of
dissolution, almost lost in the foreground field of similar stars.
They estimate the present stellar mass as mq,s ~ 100 Mg, and
an initial total mass of ~1200 M.
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Fig. 2. 20" x 20’ (=5.8 x 5.8 pc?) XDSS R image of NGC 3680.

A Digitized Sky Survey (XDSS) R image of NGC 3680
is given in Fig. 2, in which a concentration of bright stars is
present in the central 8’ x 8. The central coordinates of this
intermediate-age open cluster, estimated from the XDSS im-
age, are @ = 11"25M38% and 6 = —43° 14’ 30"”. These values
agree with the WEBDA coordinates. The new coordinates con-
vert to £ = 286.76° and b = 16.92°.

3. The 2MASS photometry

We investigate the nature and structure of both clus-
ters using J and H photometry obtained from the
2MASS All Sky data release, which is available at
http:/www.ipac.caltech.edu”2mass/releases/allsky/.
2MASS photometric errors typically attain 0.10 mag

at J =~ 162 and H = 15.0, see e.g. Soares & Bica
(2002). Star extractions have been performed using
the VizieR tool at http://vizier.u-strashg.fr/

viz-bin/VizieR?-source=2MASS. For each cluster we
made circular extractions centered on the coordinates given in
Sect. 2. In order to maximize the statistical significance and
representativity of background star counts, we decided to use
an external ring (same area as the cluster) as offset field. This
offset field will be used to represent the stellar background
contribution to the cluster. We used an extraction radius of 40’
for NGC 2180 and 30’ for NGC 3680.

In Fig. 3 we show the J X (J/ — H) CMDs for each clus-
ter (left panels) along with the corresponding (same area)
offset fields (right panels). In order to maximize the clus-
ter/background contrast, the CMDs have been built with stars
extracted within 10" and 15, respectively for NGC 2180 and
NGC 3680. According to the analysis in Sect. 4, these dimen-
sions are smaller than the limiting radius of each cluster.
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Fig. 3. Jx(J — H) CMD:s for the cluster NGC 2180 and corresponding
offset field (top panels), and for NGC 3680 (bottom panels). Colour
filters are shown by the dashed lines.

NGC 2180 may be recognized as a cluster by the presence
of the MS and a group of bright giants. These features are
not present in its comparison field (top-right panel). Since the
6 giant stars are located within the central 10’, we recalculated
the central coordinates of NGC 2180 as the average values for
these stars (Sect. 2).

The MS in the CMD of NGC 3680 is well-defined, particu-
larly near the turnoff, and the presence of giants is also clear.

In all CMDs shown in Fig. 3, the contribution of disk stars
is seen as nearly vertical sequences at (J —H) ~ 0.6 and
(J — H) = 0.35. These contributions, as well as that of faint and
spurious detections, have to be properly taken into account in
order to isolate the cluster members. Indeed, it is interesting to
note that the number of sources in the CMD in the direction of
NGC2180 is 1410, while in the CMD of its comparison field,
this number is 1399. For NGC 3680, the above numbers are
1887 and 1890, respectively for cluster and comparison field.

4. Cluster structure

The overall cluster structure is analysed by means of the star
density radial distribution, defined as the number of stars per
area in the direction of a cluster, which is shown in Fig. 4 for
NGC 2180 (top panel) and NGC 3680 (bottom panel).
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Fig. 4. Radial distribution of surface star density. The average back-
ground levels are shown as shaded rectangles; 1 — o Poisson errors are
also shown. For both clusters, magnitude (J < 15.0) and colour cut-
offs have been applied to the object and offset fields. The dashed lines
show a surface density profile (King law) fit to the radial distribution
of stars; the resulting core radius for each cluster is indicated.

Before counting stars, we applied a cutoff (J < 15.0) to
both clusters and corresponding offset fields to avoid oversam-
pling, i.e. to avoid spatial variations in the number of faint stars
which are numerous, affected by large errors, and may include
spurious detections. Colour filters (dashed lines in Fig. 3) in the
CMDs have also been applied to both clusters and correspond-
ing offset fields, in order to account for the contamination of
the Galaxy. This procedure has been applied in the analysis
of the open cluster M 67 (Bonatto & Bica 2003). As a result
of the filtering process, the number of stars in the direction of
NGC 2180 turns out to be 253, compared to 238 in its offset
field. For NGC 3680, these numbers are 755 and 668, respec-
tively for cluster and comparison field. The radial distributions
have been determined by counting stars inside concentric an-
nuli with a step of 2.0” in radius for NGC 2180 and 2.5’ for
NGC 3680, and dividing the number of stars by the respec-
tive annulus area. The background contribution level, shown in
Fig. 4 as shaded rectangles, corresponds to the average number
of stars present in the external annuli.

The radial density profile of NGC 2180 (top panel) is not
smooth, presenting bumps and dips with respect to the back-
ground level. The relatively small number of stars in this clus-
ter is reflected by the large 1 — o Poisson error bars. Even so,
NGC 2180 appears to have a central concentration of stars for
R < 5 as well as an excess in the corona at 14" < R < 18’.

Considering the profile fluctuations with respect to the back-
ground level, most of the cluster’s stars can be considered to be
contained within a radius of ~10’. However, a corona (Sect. 5)
is detected, and we adopt as limiting radius Ry, =~ 18’. The
limiting radius corresponds to the radius at which the cluster’s
profile merges into the background level (Fig. 4). On the other
hand, the radial density profile of NGC 3680 (bottom panel)
is smooth and presents a well-defined central concentration of
stars, as well as an excess in the corona at 17" < R < 22’. Its
limiting radius lies at Ry, ~ 22’.

Although the spatial shape of the clusters may not be per-
fectly spherical, the King law (1966) is still useful to derive
first order structural parameters. A cluster core radius Rgore
can be calculated by fitting a King surface density profile
o(R) = me to the background-subtracted radial distribu-
tion of stars. The fits have been performed using a non-linear
least-squares fit routine which uses the error bars as weights.
The resulting fits are shown in Fig. 4, as dashed lines. The ra-
dial density profile of NGC 3680 (bottom panel) follows well
King law, with a resulting core radius Reoe = 2.3 = 0.4’. The
large 1 — o Poisson errors and non-uniform density profile of
NGC 2180 produce a significant uncertainty in the resulting
core radius, Reore = 2.6 = 1.0’. Using the cluster distances
derived in Sect. 5 below, the linear core radii turn out to be
Reore = 0.7 £ 0.3 pc and Reore = 0.7 = 0.1 pc, respectively for
NGC 2180 and NGC 3680. Finally, the angular diameters (2 X
Rjim) of 36 + 2 and 44 + 2/, convert to linear limiting diameters
of 9.5 + 1.2 pc and 12.8 + 1.3 pc, respectively for NGC 2180
and NGC 3680.

5. Fundamental parameters

To maximize cluster membership probability, the analyses
in the following two sections will be restricted to stars ex-
tracted within Ry, (Sect. 4). Cluster parameters will be de-
rived using solar metallicity Padova isochrones from Girardi
et al. (2002) computed with the 2MASS J, H and K fil-
ters (available at http://pleiadi.pd.astro.it). The so-
lar metallicity isochrones have been selected to be consis-
tent with the results of Eggen (1969) and Nissen (1988), at
least for NGC 3680. The 2MASS transmission filters produced
isochrones very similar to the Johnson ones, with differences
of at most 0.01 in (J — H) (Bonatto et al. 2004). For redden-
ing and absorption transformations we use Ry = 3.2, and the
relations Ay = 0.276 X Ay and E(J — H) = 0.33 X E(B-V),
according to Dutra et al. (2002) and references therein.

We show in Fig. 5 the isochrone fits to the M; X (J — H)
CMD of NGC 2180 (left panel) and NGC 3680 (right panel).
M values are obtained after applying the distance modulus
derived below for each cluster.

The upper MS of NGC 2180 is relatively depleted of stars,
with a single star near the turnoff at M; =~ 0.0. Thus, the
solar-metallicity fit which best matches the MS features has
been obtained with the 710 Myr isochrone. This solution is
shown as a solid line in Fig. 5. The isochrone fit and re-
lated uncertainties result in a distance modulus (m — M)y =
10.10 = 0.20, E(B — V) = 0.0 and a distance to the Sun d =
1.05 + 0.08 kpc. However, the above isochrone solution fails to
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Fig. 5. Isochrone fits to the M; x (J — H) CMDs of NGC 2180 (left
panel) and NGC 3680 (right panel). For NGC 2180, equally good fits
are obtained with the 710 Myr isochrones with metallicity [Z/Z;] =
0.0 (solid line) and [Z/Z;] = —0.4 (dashed line). For the [Z/Z,] = 0.0
solution, (m — M)y = 10.10 = 0.20, E(B—V) = 0.0 and d, = 1.05 +
0.08 kpc, while the [Z/Z;] = —0.4 solution results in (m — M), =
940 + 0.20, E(B-V) = 0.18 and d, = 0.76 = 0.06 kpc. For
NGC 3680 we derive an age of 1,4 ~ 1.6 Gyr, (m — M)y = 10.00 +
0.20, E(B—V) = 0.00 and ds, = 1.00 £ 0.09 kpc. Representative stel-
lar masses are indicated for both clusters.

reproduce the 6 giants at M; =~ -2 and (J—-H) = 0.5,
which might be accounted for by differences in metallicity.
Accordingly, we present an alternative fit with the subsolar
metallicity ([Z/Zs] = —0.38), 710 Myr isochrone, which results
in a distance modulus (m — M)y = 9.40 = 0.20, E(B-V) =
0.18 and dy = 0.76 + 0.06 kpc. According to this solution
(dashed line), the 6 bright stars would be, in fact, the giant
clump of NGC2180. The giant clump in NGC 2180 is simi-
lar to that of the Hyades cluster (e.g. Perryman et al. 1998).
Both clusters have similar ages. Since the CMD features be-
low the turnoff are equally well reproduced by both isochrones,
the intrinsic metallicity of NGC 2180 is probably in the range
-0.4 < [Z/Z5] < 0.0. In the same way, we adopt as distance to
the Sun the average of the values derived for both isochrones,
ie. do = 091 + 0.15 kpc. With the above distance to the
Sun, the galactocentric distance of NGC 2180 becomes 8.8 +
0.1 kpc. In the subsequent calculations we will adopt the solar
metallicity solution as reference, particularly to derive the LFs
and MFs.
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The presence of a well-defined turnoff and giant stars in
the CMD of NGC3680 constrain the isochrone fits to the
Tage = 1.6 Gyr solution. For this cluster we derive (m — M) =
10.00 + 0.20, E(B—-V) = 0.00 and dy, = 1.00 £ 0.09 kpc.
The galactocentric distance of NGC3680 is 7.8 + 0.1 kpc.
The present age estimate, using 2MASS photometry, is in
close agreement with those derived by Kozhurina-Platais et al.
(1997) and Bruntt et al. (1999).

6. Luminosity and mass functions

In this section we analyze the observed star counts as a func-
tion of magnitude (LF) and mass (MF) as well as their spatial
dependence.

The accurate determination of a cluster’s LF (or MF) suffers
from some problems, in particular (i) the contamination of clus-
ter members by field stars; (ii) the observed incompleteness at
low-luminosity (or low-mass) stars; and (iii) the mass segrega-
tion, which may affect even poorly populated, relatively young
clusters (Scalo 1998). The 2MASS uniform sky coverage al-
lows one to overcome, at least in part, points (i) — since suit-
able offset fields can be selected around the cluster and (iii) —
the entire cluster area can be included in the analyses. Thus,
advanced stages of mass segregation would affect more signif-
icantly the analysis of very old, dynamically evolved clusters
(e.g. M 67, Bonatto & Bica 2003).

In Fig. 6 we show the LFs (¢(M})) in the J filter (shaded
area) for the two clusters, built as the difference of the number
of stars in a given magnitude bin between object (continuous
line) and average offset field (dotted line). The LFs are given
in terms of the absolute magnitude M}, obtained after applying
the distance modulus derived in Sect. 5 for each cluster, and
the bin in magnitude used is AM; = 0.50 mag. We remind that
the LFs in Fig. 6 are built after applying magnitude (J < 15.0)
and colour cutoffs to the objects and their offset fields (Sect. 5).
The LFs for different spatial regions of NGC 2180 are in the
left panels, and those of NGC 3680 are in the right panels.

To search for spatial variations in the stellar content, we
built LFs for different regions in and around the clusters, ac-
cording to the structures present in the radial density profiles
(Fig. 4). Thus, the first LF encompasses the central region of
each cluster (panels d), 0.0’ < R < 5.0’ and 0.0’ < R < 7.5,
respectively for NGC 2180 and NGC 3680; the second one cor-
responds to the outskirts (panels ¢), 5.0 <R < 10.0’ and 7.5" <
R < 15.0°, and the third LF to the corona (panels b). In pan-
els (a) we show the overall LFs (0.0’ < R < Rjn). The back-
ground ¢(M;) has been scaled to match the projected area of
each region. Representative MS spectral types (adapted from
Binney & Merrifield 1998) are shown in the top panels. The
turnoff is indicated in all panels. Giants are contained within
10" in NGC 2180 and 15" in NGC 3680.

The severe depletion of MS stars in NGC2180 can be
clearly seen in the internal background-subtracted LFs (Fig. 6,
left panels ¢ and d) which, in fact, are similar to each other.
The above spatial properties of the LFs probably reflect mass
segregation followed by advanced and significant Galactic
tidal stripping effects (severe depletion of stars in the corona).
Indeed, the overall cluster and offset field LFs (left panel a)
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Fig. 6. Luminosity functions (¢(M;)) in terms of the absolute mag-
nitude M;. Magnitude (J < 15.0) and colour cutoffs have been ap-
plied to the object and offset fields. Continuous line: star counts in
the cluster’s area; dotted line: star counts in the offset field; shaded
area: background-subtracted LF. The turnoff (TO) is indicated in each
panel.

are very similar, indicating that the original stellar content of
NGC 2180 is already nearly dispersed into the background
population. In order to reach such an advanced dynamical state
in a time span of ~700 Myr it is reasonable to assume that the
initial cluster was not massive.

On the other hand, the central LF of NGC 3680 (Fig. 6,
right panel d) is nearly flat from the turnoff (spectral type
~A0) to the turnover (~G 1), confirming the central depletion
of lower-MS stars found by Anthony-Twarog et al. (1997). This
effect may be accounted for by mass segregation alone. Indeed,
the 7.5" < R < 15’ and corona regions (right panels c and b) are
still well populated by low-mass (~G 0) stars, suggesting that
the Galactic tidal stripping has not yet been effective in severely
depleting this cluster. In this sense, NGC 3680 is very similar
to the T,ee =~ 3.2 Gyr, mass-segregated open cluster M 67, as
spatially analysed in Bonatto & Bica (2003).

The overall LFs in Fig. 6 (top panels), restricted to the re-
gion between the turnoff and turnover, have been converted to

-1
MFs according to ¢(m) = ¢(My) |%' . We used the stel-

lar mass-luminosity relations taken from the Padova isochrones
(Sect. 5), 710 Myr for NGC 2180 and 1.6 Gyr for NGC 3680.
Since we are interested in obtaining only an estimate of the
mass in NGC 2180, we used the solar metallicity isochrone to
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Fig.7. Turnoff—turnover mass functions. The MF fit ¢(m) o« m~(1*¥)

for NGC 3680 is shown as a dashed line.

derive the mass-luminosity relation. The resulting MFs, includ-
ing 1 — o error bars, are shown in Fig. 7.

Despite the non-uniform overall MF of NGC 3680, we ap-
plied a fit of ¢(m) o« m~1*X) to the turnoff (x1.8 My, ~A0) —
turnover (1.0 My, ~G 1) region, which resulted in a slope
Xx = 2.06 = 1.08, a steeper MS than a Salpeter’s y = 1.35.
Numerical integration of the MF in the above mass interval,
taking into account the uncertainties, resulted in a MS mass of
myps = 111 + 24 M. We estimate the mass stored in the giants
(Mgianc) by counting the number of stars brighter than the turnoff
present in the overall LFs, and multiplying this number by the
mass at the turnof, resulting in mgjan ~ 19 Mg for NGC 3680.
Thus, the present observed stellar mass in NGC 3680 is mqps =
130 + 24 M.

Assuming that the very low-mass stars have not yet been
stripped away from the cluster, the total mass locked up in stars
can be estimated by directly extrapolating the present MF fit
down to the theoretical stellar low-mass end n1,y, = 0.08 M.
The resulting total stellar mass in NGC 3680 is ~(2.4 + 1.2) X
103 M, which, within errors, is similar to the value found by
Nordstrom et al. (1996). This agreement is interesting, con-
sidering the different methods of taking into account the stel-
lar background. On the other hand, Kroupa et al. (1991) and
Kroupa (2001) presented evidence that the MFs of most globu-
lar and open clusters flatten below ~0.5 M. As a consequence,
the total stellar mass in NGC 3680 would be less than the value
derived above, since most of the stars in a cluster are expected
to be found in the low-mass range. Accordingly, we derive a
more conservative total mass value for NGC 3680 assuming the
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Table 1. Open cluster and remnant parameters.

Cluster ¢ b dac Age Reore Riim Mops
) ) (kpc) (Gyr) (pe) (pc) (Mo)
NGC 2180 203.85 -7.01 9.0¢ 0.7 +0.1¢ 0.7 +0.3¢ 4.7 +0.6° 47 £ 7¢
NGC 3680 286.76 16.92 8.8¢ 1.6 £0.1¢ 0.7 £0.1¢ 6.4 +£0.6" 130 + 24
M67 215.68 31.93 8.6 3.2+0.1° 1.2+0.1° 8.7+0.8" 344 + 40P
NGC 188 122.85 22.39 8.9¢ 7.1£0.1¢ 1.3 +£0.1¢ 9.7 £0.4¢ 380 + 12¢
NGC 1252 274.08 -50.83 7.8¢ 3.0+ 1.0¢ - 0.7 £ 0.1¢ 10 £ 5¢
NGC 7772 102.73 —44.27 8.4¢ 1.5+0.5¢ - 0.9 +0.1¢ 10 £ 5¢
NGC 7036 64.54 -21.44 7.6 35+0.5° - 1.0 +0.1¢ 10 + 5¢
Ruprecht 3 238.77 -14.81 8.47 1.5+0.5/ - 0.2 +0.0¢ 10 + 5¢

491

Notes. Column (4): Galactocentric distance; Data sources are: ¢ this paper, using 2MASS; * Bonatto & Bica (2003); ¢ Bonatto et al. (2004);

4 Pavani et al. (2002); ¢ Carraro (2002); / Pavani et al. (2003); ¢ this paper, using Carraro (2002).

universal IMF of Kroupa (2001), in which y = 0.3 + 0.5 for
0.08 My—0.50 Mg, and y = 1.3 = 0.3 for 0.50 My—-0.80 M.
For 0.80 M—1.80 M we adopt the value derived in this paper,
x = 2.06 £ 1.08. As expected, the resulting total stellar mass
decreases to 546 + 206 M.

Similar to NGC 3680, we derive a giant mass of mgjan ~
16 M, for NGC 2180. However, the considerable variations in
the MF do not allow a statistically significant fit. Consequently,
the present observed stellar mass in NGC 2180 has been esti-
mated by numerically integrating its MF (Fig. 7, top panel) and
adding mgjan, to this value. The resulting observed stellar mass
is mops ~ 47 =7 My. Considering a severe low-mass star de-
pletion (Bergond et al. 2001; de la Fuente Marcos 1996) for
NGC 2180, it would certainly be less massive than NGC 3680,
which is older and at a somewhat smaller Galactocentric dis-
tance (Sect. 7).

Taking into account the mass estimates, the derived ages of
both clusters are more than an order of magnitude larger than
the corresponding t.1.x, Which is consistent with the significant
presence of mass-segregation effects.

7. Comparison with other dynamical states

At this point, it may be useful to see where NGC 2180 and
NGC 3680 fit in the context of (i) well-known dynamically
evolved open clusters; and (ii) poorly populated remnants of
open clusters. In particular, we will pay attention to parameters
intimately associated with dynamical evolution, i.e., age, core
and limiting radii and stellar mass. The remnants are NGC 1252
(Pavani et al. 2002), Ruprecht 3 (Pavani et al. 2003), NGC 7036
and NGC 7772 (Carraro 2002). The old open clusters are M 67
(Bonatto & Bica 2003) and NGC 188 (Bonatto et al. 2004),
both more massive than NGC 2180 and NGC 3680. All these
objects have been analysed by means of 2MASS photome-
try following the same methods as in the case of NGC 2180
and NGC 3680, thus ensuring homogeneity in terms of anal-
ysis and derived parameters. Relevant parameters for the ob-
jects are given in Table 1. The results are shown in Fig. 8. Part
of the parameters for NGC 1252, Ruprecht 3, NGC 7036 and
NGC 7772 have been derived using 2MASS data, following a
similar analysis as that used for NGC 2180 and NGC 3680.
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Fig.8. NGC 2180 and NGC 3680 compared to dynamically evolved
open clusters and known open cluster remnants. For visualization pur-
poses, the ordinate in panel d) corresponds to 5 X Reoe-

As expected, the structural parameters of the intrinsic open
clusters present a strong dependence with time. This is
particularly true for the limiting radius (panel c), which in-
creases linearly with time, probably as a consequence of the
Galactic tidal pull. The observed mass, on the other hand, ini-
tially increases linearly with time and then reaches a satura-
tion threshold (panel a). This threshold is defined by M 67
and NGC 188, both dynamically advanced open clusters, more
massive than NGC 2180 and NGC 3680, with strong effects of
mass segregation. The relations of the core radius to the lim-
iting radius (panel d), and of Ry, to mghs (panel b), present
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a similar pattern, linear increase first followed by a satura-
tion. This behaviour may be accounted for by a combination
of the Galactic tidal pull (increasing Ry, with time) and mass
segregation (initial core formation and growth, followed by
core stabilization (de la Fuente Marcos 1996)). In the far fu-
ture, these massive open clusters will leave behind only a core,
with most of the low-mass stars dispersed into the background
(de 1a Fuente Marcos 1996).

With respect to the structural parameters, the open clus-
ters seem to follow a well-defined sequence (panels a—d). The
remnants, however, follow this sequence only for R}y, X migps
(panel b), since most of their stellar content may have already
been dispersed into the background.

NGC 2180 is consistently closer than NGC 3680 to the loci
occupied by the remnants in panels (a), (b) and (c). Despite
being younger than NGC 3680, the less-massive nature of
NGC 2180 probably accelerated its evolutionary time-scale,
setting it in a more dynamically advanced state than NGC 3680.

Interestingly, the remnants dealt with in this paper have
Galactocentric distances smaller that those of the evolved open
clusters (Col. 4 of Table 1). Again, this suggests the effects of
the Galactic tidal pull (external evolution). However, to draw
objective conclusions with respect to open cluster evolution it
is necessary to take separately into account selection and in-
trinsic evolution effects. To further explore these issues we in-
tend to analyze a larger sample of clusters which span a variety
of photometric, structural and dynamical properties, using the
same methods employed in the present paper.

8. Proper motion in the direction of both objects

Open clusters are known to contain significant fractions of bi-
nary stars, and dynamical evolution tends to enhance this frac-
tion (e.g. Montgomery et al. 1993; von Hippel & Sarajedini
1998). One effect of a significant fraction of binaries in a clus-
ter is to produce large deviations in the cluster’s proper motion
distribution with respect to a single-star component, since the
resulting velocities may be much larger for the binary motions.
In this sense, proper motion determinations should not be taken
at face-value to characterize (or rule out) the physical nature
of a star cluster, particularly for dynamically advanced clus-
ters (which is the case of NGC 3680 and possibly NGC 2180).
Proper motions for both NGC 3680 and NGC 2180 fields have
been obtained from UCAC2!.

In Fig. 9 we show the proper motion (modulus) distri-
bution in the central regions of NGC 3680 and NGC 2180.
The offset-field stars contribution to each object (scaled to
match the projected area of the central region) is shown as
a shaded curve. In NGC 3680 a peak clearly appears in the
distribution which corresponds to the single-star component.
However, besides the single-star component, both the offset
field and cluster present stars with large proper motions, which
can be accounted for by binary motions. A similar effect, al-
though with a smaller number of stars, can be observed in the
central region of NGC2180. From this figure a few binaries
(larger proper motions) can be inferred. Most of the single stars

' The Second US Naval Observatory CCD Astrograph Catalog
(Zacharias et al. 2003).

C. Bonatto et al.: Open cluster evolution

12

] NGC3680 (Central Region)
10 :

N (stars)
[}
T

L

NGC2180 (Central Region)

Background contrib.

PM (mas/yr)

Fig. 9. Proper motion distribution in the central regions of NGC 2180
and NGC 3680 (solid lines) compared to the respective (same area)
background distributions (shaded regions).

may have already been dispersed into the background along
dynamical evolution.

To be comprehensive in the interpretation of proper motion
data in the context of determining the physical nature of an ob-
ject, one must include the proper motion of faint stars as above
together with those for the brighter stars. In this sense, 5 of the
6 bright stars (a clump of giants around (J — H) ~ 0.48 and
J = 8.2) in the CMD of NGC 2180 have similar proper mo-
tions, within uncertainties, as can be seen in Table 2. The de-
viant proper motion of the first star might be accounted for by
binary motion affecting its proper motion (compare to Fig. 9,
bottom panel).

We conclude that, although there is a reduced number of
stars in the field of NGC 2180, the proper motion properties
are consistent with the presence of binaries superimposed on a
normal distribution for single stars.

9. Concluding remarks

As a consequence of the internal dynamical evolution and the
relentless Galactic tidal pull, most open clusters are expected
to evaporate completely in less than 1 Gyr, leaving behind a
remnant with characteristics that depend on the cluster’s initial
conditions. Only the more massive open clusters may survive
to old ages. In this context, the observation of an actually dis-
solving open cluster is very interesting to check existing theo-
ries on dynamical evolution of stellar systems, N-body codes
in particular, as well as to test stellar evolution theories.
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Table 2. Proper motions for the bright stars in NGC 2180.
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@(2000) 5(2000) PM(a)x cos(6) PM(5)  PM(modulus)

(hms) ") (mas/yr) (mas/yr) (mas/yr)
06:09:19.63  +04:45:23.3 -307+12  -54=x12 31.2+112
06:09:37.97  +04:44:15.4 +14+15  -37+14 40+11.4
06:09:39.43  +04:47:18.2 “12+1.1  -05+1.1 13+11.1
06:09:51.40  +04:51:13.5 +2.1+20  -95+2.1 9.7+ 12.0
06:09:53.58  +04:55:34.5 ~15+14  -35+14 38+11.4
06:10:08.03  +04:51:29.0 +35+14  -19x15 40+115

Notes. The proper motion modulus in Col. 5 is given by PM(modulus) = \/PM(a)2 X c0s(0)? + PM(6)>.

In the present work we analysed the physical structure, stel-
lar content and dynamical state of the intermediate-age open
cluster NGC 3680, formerly considered to be in the last stages
of its dynamical evolution. We also examined in detail the
overlooked object NGC 2180. The present analyses make use
mostly of J and H 2MASS All Sky data release photometry.

NGC2180 presents a non-uniform radial distribution of
stars (Sect. 4), with 1 — o Poisson error bars due to the small
number of member stars. Its radial density profile appears
to have a central concentration of stars, as well as a corona
(Fig. 4). From a King law fit we estimate R.ore = 0.7 = 0.3 pc
and a linear limiting diameter of 9.5 + 1.2 pc. Its M; X (J — H)
CMD (Fig. 5) is depleted of stars near the turnoff, and can be
fitted with 710 Myr isochrones of solar and sub-solar metallic-
ity. The [Z/Z,] = 0.0 solution results in (m — M)y = 10.10 =
0.20, E(B-V) = 0.0 and a distance to the Sun d = 1.05 %
0.08 kpc, while the [Z/Z;] = —0.4 solution gives (m — M)y =
9.40 £ 0.20, E(B—V) =0.18 and dy, = 0.76 + 0.06 kpc. Thus,
we adopt as a distance to the Sun dy = 0.91 + 0.15 kpc, which
puts NGC 2180 at a galactocentric distance of 8.8 + 0.1 kpc.
Mass segregation and advanced Galactic tidal stripping on
NGC 2180 may be inferred by the spatial properties of its LFs
(Fig. 6). Low-mass stars seem to be severely depleted from the
MS in each region, from the center to the cluster’s limiting ra-
dius. In addition, the MS of the corona, although depleted as
well, is slightly more populated by low-mass stars than the MS
of more internal regions. We infer the observed stellar mass in
NGC 2180 as ~47 =7 M.

NGC 3680 presents a uniform radial distribution of stars,
with a well-defined core and a corona, with R..e = 0.7 +
0.1 pc and a linear limiting diameter of 12.8 + 1.3 pc (Sect. 4).
Its M; x (J— H) CMD (Fig. 5) presents a nearly complete
MS, including the turnoff and giants. We derive an age of
Tage = 1.6 Gyr, (m— M) = 10.00 + 0.20, E(B-V) = 0.00
and d = 1.00 £ 0.09 kpc, in reasonable agreement with previ-
ous works. The LF of the central region of NGC 3680 (Fig. 6)
is depleted of low-mass stars which, contrary to what is ob-
served in NGC 2180, are still present in the external region and
corona. Thus, Galactic tidal stripping has not yet been effec-
tive in severely depleting NGC 3680 of stars. For NGC 3680,
a MF fit ¢(m) o< m~*0 resulted in a slope y = 2.06 + 1.08,
and in an observed stellar mass (MS and giants) of ~130 +
24 M. Extrapolating the MF fit down to the theoretical low-
mass end myoy = 0.08 My, the total stellar mass in NGC 3680

+

turns out to be ~(2.4 + 1.2) x 10> M, which agrees with pre-
vious estimates, within uncertainties. Assuming a more repre-
sentative IMF (Kroupa 2001), which flattens for masses below
~0.5 Mg, the total stellar mass in NGC 3680 turns out to be
546 + 206 M.

Finally, comparing NGC 2180 and NGC 3680 with clusters
in other dynamical states, as well as open cluster remnants, we
found that the less-massive nature of NGC 2180 puts it closer
to cluster remnants than NGC 3680.

The above arguments suggest that NGC 2180 is in a more
advanced dynamical state than NGC 3680, on its way to be-
coming a fossil cluster. Thus, NGC 2180 may be the missing
link between evolved open clusters and remnants.
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