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ABSTRACT
We report astrophysical properties of 12 Milky Way open clusters located beyond a 2
kpc circle around the Sun by using deep optical photometry. We estimated their age
and metallicities on the basis of a maximum likelihood approach using astrometric
members determined from Gaia DR2 data. The studied clusters turned out to be
of intermediate-age (0.8 - 4.0 Gyr), with metallicities spanning the range [Fe/H] ∼
-0.5 - +0.1 dex, and distributed within the general observed trend of the Milky Way
disc radial and perpendicular metallicity gradients. As far as we are aware, these
are the first metal abundance estimates derived for these clusters so far. From the
constructed stellar density radial profiles and cluster mass functions we obtained a
variety of structural and internal dynamics evolution parameters. They show that
while the innermost cluster regions would seem to be mainly shaped according to the
respective internal dynamics evolutionary stages, the outermost ones would seem to be
slightly more sensitive to the Milky Way tidal field. The nearly coeval studied clusters
are experiencing different levels of two-body relaxation following star evaporation;
those at more advanced stages being more compact objects. Likewise, we found that
the more important the Milky way tides, the larger the Jacobi volume occupied by the
clusters, irrespective of their actual sizes and internal dynamics evolutionary stages.

Key words: (Galaxy:) open clusters and associations: general – (Galaxy:) open
clusters and associations: individual – technique: photometric.

1 INTRODUCTION

The study of Galactic open clusters has long helped improve
our understanding of the Milky Way disc formation and evo-
lution. For instance, from their positions, ages and metallic-
ities, the radial metallicty gradient as well as that perpen-
dicular to the Galactic plane have been derived, which in
turn have been used to constrain Milky Way formation the-
oretical models (Magrini et al. 2009; Sahijpal & Kaur 2018).
Different photometric and spectroscopic surveys have been
exploited in order to derive improved cluster parameters and
first estimates of the astrophysical properties of unstudied
ones (e.g. Cantat-Gaudin et al. 2018; Carrera et al. 2019).
Although there has been an interesting progress in con-
structing open clusters’ parameter catalogues (Dias et al.
2002; Kharchenko et al. 2013), the remaining work is still
huge, because of the growing number of identified new open

? E-mail: andres.piatti@unc.edu.ar

clusters (Cantat-Gaudin et al. 2018; Castro-Ginard et al.
2018; Ferreira et al. 2019).

With the aim of contributing to a comprehensive knowl-
edge of the open cluster system, we searched the Na-
tional Optical Astronomy Observatory (NOAO) Science
Data Management Archives1 looking for Washington pho-
tometric system images centred on mostly unstudied open
cluster fields. We chose the Washington photometric system
because of our experience in estimating star cluster funda-
mental parameters and its ability in estimating cluster met-
allcities (see, e.g. Piatti et al. 2004, 2017, and references
therein). From the search, we found that the Cerro Tololo
Interamerican Observatory (CTIO) programme no. 2008A-
0001 (PI: Clariá) was aimed at observing nearly 80 mostly
unstudied open clusters. We have started to analyse them
in Angelo et al. (2018) and Angelo et al. (2019a). Here, we

1 http://www.noao.edu/sdm/archives.php.
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2 Piatti, Angelo & Dias

focus on all the remaining clusters with ages ∼ 1 Gyr, be-
cause their structural properties tell us about the wide range
of internal dynamical evolutionary stages they can span.

In Section 2 we present the unpublished publicly avail-
able Washington data sets used in this work, alongside a
brief description of the procedure followed to obtained the
standardised photometry, and hence, the resulting clusters’
features. Section 3 deals with the analysis of their astrophys-
ical properties in the context of the Milky Way chemical evo-
lution framework, and of their structural parameters. The
latter are discussed to the light of the disruption processes
due to stellar evolution and tidal forces. Finally, Section 4
summarises the main conclusions of this work.

2 CLUSTER PARAMETER ESTIMATES

The collected C Washington and R Kron-Cousins images
were obtained at the CTIO 0.9m telescope with the Tek2K
CCD imager attached (scale = 0.4 arcsec pixel−1, FOV
= 13.6×13.6 arcmin2). We downloaded calibrations frames
(bias, dome- and sky-flats), standard star field and pro-
gramme images (see Table 1), which were processed fol-
lowing the standard pipeline with quadred tasks in the
iraf2 package. PSF photometry was obtained through the
starfinder code (Diolaiti et al. 2000) by modelling the PSF
from high signal-to-noise and relatively isolated stars and by
keeping only magnitudes of stars with the correlation coef-
ficients between the measured profile and the modelled PSF
greater than 0.7. Astrometric coordinates for all the stars
were obtained by transforming the CCD ones into those
given by Gaia DR2 (Gaia Collaboration et al. 2016,
2018), while their magnitudes in the standard CT1 Wash-
ington system were obtained from transforming the instru-
mental c, r magnitudes using the transformation equations
derived in Angelo et al. (2018).

2.1 Selection of cluster members

In order to disentangle probable cluster members from field
stars in the present Washington data set, we applied the
method developed by Angelo et al. (2019b), which runs on
the basis of Gaia DR2 proper motions (µα, µδ) and paral-
laxes ($). The method compares in the 3D parameter space
(µα, µδ, $) the distributions of stars located within the
cluster tidal radius and beyond that. Such a comparison is
carried out in three steps, namely: a uniform grid of cells
is built with sizes ∼ 10×∆(µα), 10×∆(µδ) and 1×∆($),
where ∆(µα), ∆(µδ) and ∆($) are the mean uncertainties
for the whole sample of cluster and control field stars. Then,
the 3D Gaussian distributions of stars located inside and
outside the cluster tidal radius for each defined cell are com-
pared, looking for local stellar overdensities that are statis-
tically distinguishable from the distribution of field stars,
and flagged those stars located inside the tidal radius with 1
(probable member) or 0 (non-member). Finally, the individ-
ual membership likelihood for stars flagged 1 are estimated

2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc., under contract with the National

Science Foundation.

from the comparison of the number of them in a particular
cell with respect to the weighted average number of them
throughout all the cells.

We repeated these steps for cells one third smaller and
bigger than those initially used, so that for each star we
assigned 27 different membership likelihood, whose median
was adopted as the final membership probability (P ). In the
subsequent analysis we considered probable clusters mem-
bers those with P ≥ 0.7. Figs. 1 and 2 show, respectively, the
vector-point diagrams and the $ versus T1 plane for all the
stars measured in the field of the selected clusters coloured
according to the resulting membership probabilities (colour-
coded bar placed at the top of the figures). Large and small
symbols represent probable members and non-members, re-
spectively. Particularly small grey symbols are field stars
located beyond the cluster tidal radii.

2.2 Cluster fundamental properties

Mean ages (log(t /yr)), metallicities ([Fe/H]), true distances
moduli ((m−M)o) and reddenings (E(B−V )) for the clus-
ter sample were estimated using stars with P ≥ 0.7. In some
cases, we added some few stars without Gaia DR2 data
to which we assigned photometric membership probabilities
higher than 0.7 on the basis of the procedure developed by
Maia et al. (2010). Basically, their method compares the dis-
tributions of stars in the T1 versus C−T1 colour-magnitude
diagram (CMD) located inside and outside the cluster tidal
radius. Such distributions are built using a grid of cells uni-
formly distributed in the CMD, and the comparison iterated
for grids with cells of different sizes and then averaged all
the individual photometric memberships.

Since the four cluster properties are not fully indepen-
dent one to each other, we employed the Automated Stellar
Cluster Analysis suit of functions (ASteCA, Perren et al.
2015) – devised for running for Washington photometry –
to build thousands of synthetic cluster CMDs which were
matched to the observed ones in order to find the best solu-
tions for the cluster astrophysical parameters (see, e.g. Piatti
2017; Piatti & Cole 2017). These synthetic CMDs are gener-
ated using the theoretical isochrones of Bressan et al. (2012),
an initial mass function according to Chabrier (2001), a 50
per cent of binaries (von Hippel 2005) with secondary masses
drawn from a uniform distribution between the mass of the
primary star and a fraction of 0.7 of it, and the appropriate
magnitude completeness and photometric errors. We used a
grid of E(B − V ), (m −M)o, log(t /yr) and [Fe/H] values
with steps of ∆(E(B − V )) = 0.01 mag, ∆((m −M)o) =
0.1 mag, ∆(log(t /yr)) = 0.01, and ∆(Z) = 0.002 ([Fe/H] =
log(Z/Z�) with Z� = 0.0152, Bressan et al. (2012)), respec-
tively. Particularly, a first guess for the distance moduli were
obtained from (m−M)o = 5× log(100/$), where $ are the
mean cluster parallaxes derived from astrometric member-
ship.

Fig. 3 shows the T1 versus C − T1 CMDs for all the
measured stars in the fields of the studied clusters. We
have highlighted those with P ≥ 0.7 and superimposed the
isochrones corresponding the best-matched synthetic cluster
CMDs, while Table 2 lists the resulting cluster astrophysical
properties.
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Figure 1. Vector-point diagrams for stars measured in the studied cluster fields. Large and small symbols represents probable members
and non-members, respectively. In particular, small grey symbols correspond to field stars located beyond the tidal radius. Top colour-

coded bar depicts the membership probabilities.
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Figure 2. Parallaxes ($) versus T1 magnitudes diagram for stars measured in the studied cluster fields. Symbols and colours are as
in Fig. 1. Top colour-coded bar depicts the membership probabilities.
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Figure 3. T1 versus C − T1 diagrams for stars measured in the studied cluster fields. Large filled and open circles represent probable
members and non-members, respectively. In particular, small grey symbols correspond to field stars located beyond the tidal radius.

Top colour-coded bar depicts the membership probabilities. Black filled and open squares are stars without Gaia DR2 data and with
photometric membership probabilities higher and lower than 0.7, respectively, obtained from the procedures developed by Maia et al.
(2010). The isochrones for the best-matched synthetic cluster CMDs and those shifted by -0.75 mag in T1 to show loci of unresolved

binaries with equal mass components are superimposed with solid and dotted lines, respectively.
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Figure 3. continued.
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Table 1. Observations log of the studied open clusters.

Cluster RA DEC ` b Filter Exposure FWHM

(h:m:s) (◦:′:′′) (◦) (◦) (s) (′′)

ESO 96-SC04 13:15:16.0 -65:55:16 305.36 -03.16 C 2×30, 2×300 1.1,1.1,1.1,1.1

R 2×5,2×30 1.0,1.0,1.0,1.0
ESO 137-SC23 16:24:30.5 -61:43:59 325.50 -08.59 C 2×30,45,300,450 1.0,1.0,1.0,1.1,1.1

R 5,7,30,45 1.0,1.0,1.0,1.0

ESO 334-SC02 17:36:56.9 -42:14:06 347.75 -05.51 C 2×30,2×300 1.2,1.2,1.2,1.2
R 3×5,2×30 1.1,1.1,1.1,1.1,1.0

ESO 371-SC25 08:53:00.0 -35:28:01 258.00 +05.86 C 15,20,2×350 1.1,1.1,1.1,1.1

R 15,30,60,2×120 1.0,1.0,1.1,1.0,1.0
ESO 429-SC13 07:41:03.0 -30:44:06 245.63 -03.94 C 15,3×30,90 1.1,1.2,1.2,1.2,1.2

R 2×10,60 1.2,1.2,1.2

NGC 4230 12:17:20.4 -55:07:12 298.02 +07.42 C 30,45 1.3,1.3
R 5,7 1.2,1.2

NGC 4337 12:24:00.0 -58:07:01 299.30 +04.56 C 2×30, 2×300 1.1,1.1,1.1,1.1
R 2×5,2×30 1.0,1.0,1.1,1.1

NGC 6525 18:02:00.0 +11:01:24 037.36 +15.91 C 10,15,2×300 1.2,1.2,1.2,1.2

R 2×5,2×30 1.1,1.1,1.1,1.1
Ruprecht 37 07:49:51.6 -17:13:30 234.92 +04.54 C 2×40,300,450 1.0,1.0,1.1,1.1

R 10,3×30,90 1.0,1.0,1.0,1.0,1.1

Ruprecht 74 09:21:00.0 -37:07:01 263.03 +08.96 C 30,60,2×600 1.3,1.3,1.3,1.3
R 10,15,2×120 1.2,1.2,1.2,1.2

Ruprecht 104 12:25:01.2 -60:26:42 299.67 +02.25 C 60,90,900 1.2,1.2,1.3

R 2×30,180 1.2,1.2,1.2
Ruprecht 163 11:04:53.3 -67:56:35 293.16 -07.11 C 90,180,900 1.1,1.1,1.2

R 40,60,2×180 1.1,1.1,1.1,1.1

Table 2. Astrophysical parameters of the studied open clusters. Structural parameters, namely, core (rc), half-ligt (rh), tidal
(rt) and Jacobi (rJ) radii are also listed.

Cluster E(B − V ) (m−M)o log(t /yr) [Fe/H] rc rh rt rJ Mcls trh
(mag) (mag) (dex) (pc) (pc) (pc) (pc) (M�) (Myr)

ESO 96-SC04 0.63±0.10 13.2±0.5 8.90±0.20 0.05±0.15 0.8±0.3 0.9±0.1 1.9±0.3 4.0±0.5 73±11 3.0±0.7

ESO 137-SC23 0.40±0.10 12.1±0.3 9.45±0.15 -0.13±0.23 0.5±0.1 0.8±0.1 1.9±0.7 3.7±0.3 71±8 3.5±0.8

ESO 334-SC02 0.65±0.05 11.9±0.2 8.95±0.10 0.10±0.13 0.9±0.2 1.4±0.2 3.6±1.3 4.6±0.4 161±15 6.2±1.7
ESO 371-SC25 0.55±0.10 13.4±0.3 9.20±0.10 -0.21±0.18 1.2±0.2 1.7±0.2 3.6±0.9 5.8±0.4 58±9 8.0±1.9

ESO 429-SC13 0.48±0.05 13.0±0.3 8.95±0.15 -0.13±0.15 1.8±0.5 2.5±0.4 4.9±1.7 7.3±0.4 109±13 13.8±3.6
NGC 4230 0.45±0.15 12.7±0.5 9.05±0.20 -0.06±0.19 1.3±0.3 1.6±0.2 3.1±0.7 4.4±0.4 74±10 7.2±1.7

NGC 4337 0.62±0.05 11.9±0.3 8.95±0.10 -0.46±0.33 1.6±0.2 2.5±0.2 5.8±1.0 8.4±0.6 503±28 20.1±3.2

NGC 6525 0.45±0.10 12.6±0.4 9.10±0.15 -0.32±0.24 0.4±0.2 0.7±0.2 2.4±1.1 3.1±0.3 44±7 2.2±1.1
Ruprecht 37 0.16±0.05 12.5±0.2 9.65±0.10 -0.32±0.24 1.2±0.2 1.3±0.1 2.1±0.2 6.3±0.4 75±8 7.7±1.5

Ruprecht 74 0.38±0.10 12.4±0.4 9.00±0.20 0.00±0.22 0.5±0.1 0.8±0.1 1.7±0.4 4.4±0.3 38±7 2.2±0.4

Ruprecht 104 0.63±0.10 12.3±0.4 8.90±0.10 0.00±0.17 2.3±0.6 3.1±0.5 5.2±1.2 6.2±0.5 214±18 20.6±5.3
Ruprecht 163 0.28±0.15 12.4±0.4 9.40±0.15 -0.13±0.23 0.3±0.1 0.6±0.1 1.8±0.6 3.8±0.3 42±7 1.9±0.4

2.3 Cluster structural parameters and masses

We used all the measured stars in the selected cluster fields
to construct cluster stellar density radial profiles by counting
the number of stars within concentric rings centred on the
clusters’ centres. We considered annuli of the same width,
from 0.50 up to 1.50 arcmin, in steps of 0.25 arcmin. From
the five constructed radial profiles per cluster we computed
the average stellar density and dispersion as a function of
the distance from the cluster centre and built the mean clus-
ter radial profiles shown with open circles and error bars in
Fig. 4. As can be seen, the background level of each clus-
ter has been properly traced, so that we adopted the mean
value of them to be subtracted to the observed radial profiles
and obtain the background subtracted ones (filled circles).

The cluster radii, defined as the distance from the cluster
centre where the combined cluster plus background stellar
density profile is no longer readily distinguished from a con-
stant background value within 1σ of its fluctuation, are also
depicted with vertical lines.

King (1962)’s (eq.(1)) and Plummer (1911)’s (eq.(2))
models were fitted to the background subtracted radial pro-
files in order to derive the cluster core (rc), half-light (rh)
and tidal (rt) radii, respectively. rh is related to the Plum-
mer radius a by the relation rh ∼ 1.3a. We used a grid of
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8 Piatti, Angelo & Dias

(rc,a,rt) values to fit the radial profiles by χ2 minimisation.
Fig. 4 illustrates the resulting best-fitted curves.

σ(r) ∝

(
1√

1 + (r/rc)2
− 1√

1 + (rt/rc)2

)2

, (1)

σ(r) ∝ 1

(1 + (r/a)2)2
. (2)

We also derived the cluster Jacobi radii (rJ) – the
distance from the cluster centre beyond which the
Milky Way gravitational field dominates the stellar
dynamics – using the expression:

rJ =

(
Mcls

3MMW

)1/3

×RGC (3)

where Mcls is the cluster mass and MMW is the Milky Way
mass comprised within a radius equal to the Galactocen-
tric cluster distance (RGC). The latter is obtained from the
cluster Galactic coordinates (l,b) (see Table 1) and the clus-
ter heliocentric distance d = 10×10(m−M)o/5 (see Table 2).
As for the Milky Way mass, we used MMW ∼ 1.0×1011M�
(Carraro & Chiosi 1994; Bonatto et al. 2005; Taylor et al.
2016). In order to obtain the cluster masses, we employed
the individual masses of probable members (P ≥ 0.7) from
interpolation from the corresponding theoretical isochrones
(Bressan et al. 2012), properly shifted according to the clus-
ters distance modulus and reddening, to build the cluster
mass functions, i.e., φ(m) = dN/dm. For each mass bin,
φ(m) was weighted by the star membership probabilities,
corrected by photometric completeness (see Fig. 2 of Angelo
et al. 2018) and assumed Poisson statistics for uncertainty
determination. Mcls were then estimated from summing the
masses along the different mass bins of the observed φ(m)
with uncertainties coming from propagation of errors.

Finally, we estimated the half-light relaxation times
from (Spitzer & Hart 1971) :

th =
8.9× 105M

1/2
cls r

3/2
h

m̄log10(0.4Mcls/m̄)
(4)

where m̄ is the average mass of the cluster stars obtained
from the cluster mass distribution functions. The resulting
different radii (rc, rh, rt, rJ), cluster photometric masses
and relaxation times are listed with their uncertainties in
Table 2.

3 ANALYSIS AND DISCUSSION

We first compared the resulting cluster parameters with
those included in the Kharchenko et al. (2013, hereafter K13)
open cluster catalogue, which were derived from the 2MASS
database (Skrutskie et al. 2006). Note that they cleaned clus-
ter CMDs from the contamination of field stars on the basis
of the PPMXL astrometric catalogue (Roeser et al. 2010),
thus dealing with the brighter parts of the cluster CMDs
(Kharchenko et al. 2012). The results obtained by K13 are
based on photometric data less deep than the present Wash-
ington photometric data sets and on assumed solar values
for the cluster metallicities of those not published in Dias

et al. (2002, version 3.5, January 2016, hereafter DAML02).
Fig. 5 illustrates the results of the comparison, where we
plotted the values for 11 clusters in common (ESO 96-SC04
is the only one not included in K13). As can be seen, there
is not a tight agreement, particularly for the clusters’ tidal
radii.

K13 did not fit the stellar density cluster radial profiles
as we did in Sect. 2.3, because that method did not work for
the majority of their cluster sample; the main reason being
that they reached a relatively bright magnitude limit, so
that the low number of members led to uncertainties in the
radial profiles. Instead, K13 fitted cumulative radial profiles,
with a particular care in choosing the integration limits and
background levels, because of the relative high proportion
of field stars along the cluster line-of-sight (Piskunov et al.
2007). Similarly to Fig. 5 (bottom-right panel), they found
that clusters in common with Froebrich et al. (2007) show
systematically larger core and tidal radii.

DAML02 compiled a catalogue of open cluster parame-
ters taken from the literature, which we also compared with
the present ones. All the 12 studied clusters are included in
DAML02. Fig. 6 illustrates the results.The interstellar red-
denings, heliocentric distances and ages compare with our
values similarly as those from K13 did (see Fig. 5). How-
ever, the tidal radii – here we used ( DAML02’s diameter)/2
– are in a better agreement, thus bringing some additional
evidence about the contraints in the K13’s tidal radii men-
tioned above. In the subsequent analysis, we will use the
resulting parameters derived in this work. We notice that
the studied clusters are relatively small objects as compared
to the observed range of sizes of Milky Way open clusters
(DAML02).

Fig. 7 depicts different relationships between cluster pa-
rameters with the aim of bringing the reader an overview of
the selected cluster sample. The top-left panel shows that the
studied clusters are located beyond the bulk of catalogued
open clusters. They are not the farthest open clusters de-
tailed studied until know, but populate a region where stud-
ied open clusters are remarkably less in number than those
distributed within ∼ 2 kpc from the Sun, so that the present
cluster sample objectively contributes to our knowledge to
the open cluster system.

Despite their relatively large heliocentric distances, the
studied clusters have interstellar reddenings similar to those
located much closer to the Sun (top-right panel of Fig. 7),
possibly because they are placed above the Milky way plane
(|Z| > 0.1 kpc, bottom-left panel of Fig. 7). The latter is also
a feature of intermediate-age open clusters that have been
formed out of the thick disc’s gas, so that due to their orbital
motions they can be found at relatively large heights out of
the plane (Joshi 2018). Interestingly, the clusters’ metallici-
ties span a relative wide range in the age-metallicity relation-
ship (bottom-right panel), in very good agreement with the
observed Milky Way disc metallicty gradient (Reddy et al.
2016; Magrini et al. 2017). Note that we have used ages
and [Fe/H] values from the DAML02’s catalogue as a ref-
erence. From their present heights, their intermediate-ages
and expected orbital motions, they could have passed across
the Milky Way plane several times, and thus have experi-
enced tidal shocks, interaction with giant molecular clouds,
etc, that could have contributed somehow in shaping their
present internal structures.
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Figure 4. Observed and background subtracted stellar density radial profiles for the studied open clusters drawn with open and filled
circles, respectively. Error bars are also drawn. The mean background levels are indicated with horizontal lines, while the cluster radii

with their uncertainties are depicted with vertical solid and dashed lines, respectively. The fitted King (1962)’s and Plummer (1911)’s
curves are superimposed with blue and red lines, respectively.
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Figure 5. Comparison of astrophysical parameters derived by K13 and in this work. Whenever available, error bars are also drawn. The

solid line represents the identity relationship.

It is widely accepted that star clusters lose mass through
two main processes, namely: stellar evolution and disrup-
tion caused by the interaction with the host galaxy (Lamers
et al. 2005). The former is more important during the first
hundred Myrs, while the latter dominates afterwards, when
the mass loss due to stellar evolution starts to decrease very
slowly (Shukirgaliyev et al. 2018). Because of the Milky Way
potential gravitational field varies with the distance from its
centre, it is expected that mass loss by tidal effects follows
a similar trend. Hence, the amount of mass lost in very dis-
tance star clusters should be smaller than those moving in
the Milky Way bulge.

Fig. 7 (top-left panel) hints at two groups of open clus-
ters among the studied sample, i.e, those located closer or
farther than ∼ 8 kpc from the Milky Way centre. In Fig. 8
(top-left panel) we have drawn the ratio of the half-light
radius to Jacobi radius as a function of the Galactocentric
distance. As can be seen, there is no trend suggesting that
the rh/rJ ratios of the clusters in our sample located in-
side or outside the solar circle (RGC� = 8.3 kpc de Grijs
& Bono (2017)), which very close to the corotation
radius (8.51±0.64 kpc Dias et al. 2019), have been
differentially affected by the Milky Way tidal field. From
this outcome, we interpret that any difference in the cluster
rh/rJ ratios has been mainly due to the internal dynamics

evolution. Indeed, the top-right panel of Fig. 8 clearly shows
that the rh/rJ ratio correlates with the times the clusters
have lived their median relaxation times, in the sense that
the more dynamically evolved a cluster, the smaller its rh/rJ
ratio. This means that clusters in more advanced dynam-
ics evolutionary stages have their integrated light (∼ mass)
more centrally concentrated. Note that these clusters are of
nearly similar intermediate-age, so that the different evolu-
tionary stages would not seem to come from an age differ-
ence but rather from distinct cluster masses. As shown in
the bottom-right panel of Fig. 8, more massive clusters have
larger rh/rJ ratios, and hence they are also less dynamically
evolved (see top-right panel of Fig. 8). They have also half-
light radii larger than those more dynamically evolved (see
bottom-left panel of Fig. 8).

According to Lamers & Gieles (2006), low mass clus-
ters in the solar neighbourhood are easily destroyed by tidal
shocks due to e.g. giant molecular clouds and spiral arms.
They found that a cluster located closer than 600 pc from
the Sun with an initial mass of 104M� is disrupted in ∼ 1.7
Gyr, while ∼ 0.4 Gyr are needed to destroy a cluster with a
initial mass of 103M�. We cannot directly apply these num-
bers to the present cluster sample, since they are distributed
outside the solar neighbourhood, but these numbers suggest
us that the studied clusters could have had initial masses

MNRAS 000, 1–16 (2019)
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Figure 6. Comparison of astrophysical parameters derived by DAML02 and in this work. Whenever available, error bars are also drawn.
The solid line represents the identity relationship. Open red circles indicate clusters for which DAML02 adopted the parameter values
given by K13.

larger than 103M�. Therefore, the small observed masses
lead us to conclude that these clusters have lost most of
their initial masses. Recently, Reina-Campos et al. (2019)
found in the E-MOSAICS simulations of present-day Milky
Way mass galaxies (Pfeffer et al. 2018) that low-mass clus-
ters lose more mass than those more massive, in very good
agreement with our findings.

The mechanisms from which the studied clusters could
have lost mass are possibly two-body relaxation following
star evaporation. These processes make that the initially dy-

namically warmer inner regions of a cluster transfer energy
to the cooler outer regions, so that low-mass stars reach the
outer cluster regions, while the cluster core contracts (Porte-
gies Zwart et al. 2010). Those low-mass stars that travel
over the Jacobi radius become gravitationally unbounded
and disperse into the background (Bonatto et al. 2004).
Consequently, clusters that have lost more low-mass stars
are relatively more compact (smaller rh values), and have
experienced more advanced internal dynamics evolutionary
stages.
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12 Piatti, Angelo & Dias

Figure 7. Relationships between different clusters’ parameters. Large blue and small grey circles represent the studied and K13’s open

clusters, respectively, except in the bottom-right panel, where grey squares are clusters in the DAML02.

Piatti & Mackey (2018) showed that the dependence of
the gravitational potential with the distance from the centre
of the host galaxy could imprint differential tidal effects in
the outermost structure of the star clusters, while the in-
nermost one were mostly insensitive to such changes. We
investigated this issue in Fig. 9, where instead of using half-
light radii, we employed tidal ones (rt). The studied clusters
exhibit a very light correlation with the Galactocentric dis-
tance (see top-left panel), in the sense that the larger the
RGC values the smaller the rt/rJ ratios. This result could
suggest that the Milky Way gravitational field has been act-

ing differentially on the outermost cluster regions, making
that the expansion due to internal dynamics reached a larger
percentage of the Jacobi volume.

This combined behaviour of dynamics evolution and
tidal effects is also seen in the top-right panel of Fig. 9, where
the rt/rJ ratio shows a more scattered relationship in terms
log(age/th) than that shown from the rh/rJ ratio (top-right
panel of Fig. 8). Note that the relationship for clusters lo-
cated inside the solar circle (dark blue symbols in top-right
panel of Fig. 9) show larger dispersion compared with those
of clusters placed outside the solar circle, possibly because
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the Milky Way gravitational field is stronger. Likewise, clus-
ters of similar dimensions (rt) located at RGC smaller or
larger than RGC� have occupied larger or smaller percent-
ages of their Jacobi volumes, respectively. This trend might
also be attributed to the differential tidal effects. Nonethe-
less, tidal radii are mainly driven by internal dynamics evo-
lution (see bottom-right panel of Fig. 9).

4 CONCLUSIONS

We have exploited unpublished Washington photometric
system images of intermediate-age open clusters with the
aim of characterising their internal dynamics evolutionary
stages. With that purpose, we selected a sample of 12 open
clusters without available deep optical photometry, from
which we derived their astrophysical properties.

The probable cluster members were firstly identified
from a proven likelihood procedure that makes use of
Gaia DR2 positions, parallaxes and proper motions. These
bonafide samples of cluster stars were then used to find the
best-solution estimates for the distance modulus, the red-
dening, the age and the metallicity of the open cluster sam-
ple. Because of the well-known degeneracy of these parame-
ters in the cluster CMD, we applied a method that generated
thousands of synthetic CMDs, taking into account binary
effects and covering high resolution ranges in colour excess,
distance, age and metal content. From all of them, we em-
ployed maximum likelihood statistics and adopted as clus-
ter’s parameters those coming from the theoretical isochrone
used to generate the best-matched synthetic CMD.

The studied open clusters are placed at heliocentric dis-
tances of ∼ 2.4 - 5 kpc and split in two groups, one between
the Crux-Scutum and Carina-Sagittarius spiral arms and
another between the Carina and the Perseus arms, respec-
tively. Because of their relative large heights above the Milky
Way plane (0.1 < |Z| (kpc) < 1.0, <|Z|> ≈ 0.4 kpc), they
are affected by relatively moderate or low interstellar red-
denings (0.1 < E(B − V ) (mag) < 0.7, <E(B − V )> ≈ 0.4
mag). Their age range spans from ∼ 0.8 up to 4.0 Gyr with
an average of 1.3 Gyr, and they cover the metallicity range
[Fe/H] ≈ -0.5 - +0.1 dex (<[Fe/H]> ≈ -0.1 dex). As far as
we are aware, these are the first metal abundance estimates
derived for these clusters so far. The resulting astrophysical
properties place the 12 studied objects within the observed
trend of the Milky Way radial and perpendicular metallicity
gradients.

From the constructed stellar density radial profiles, cor-
rected from field star contamination, we derived core, half-
light and tidal radii by minimisation of χ2 while fitting King
(1962)’s and Plummer (1911)’s profiles. We also obtained
their Jacobi radii and half-mass relaxation times using the
above derived parameters and clusters’ masses calculated
from mass functions built with stars with membership prob-
abilities higher than 0.7.

As far as the innermost regions of the clusters are con-
sidered, as traced by the rh/rJ ratio, we found that their
spread of Galactocentric distances (∼ RGC� ± 2 kpc) and
hence of the different strength of the Milky Way gravi-
tational field, would not seem to have had a direct ef-
fect in the rh/rJ ratios. Conversely, they would rather ap-
pear to depend on the stage of internal dynamics evolution

(log(age/th)), in the sense that the more advanced their in-
ternal dynamics evolution the smaller the rh/rJ ratios. Like-
wise, the less advanced their internal dynamics evolution,
the larger both their observed masses and half-light radii.
These findings reveal that the more the advanced the inter-
nal dynamics, the more compact and less massive the clus-
ters, a behaviour that place this cluster sample within those
clusters experiencing different levels of two-body relaxation
following star evaporation.

The outermost cluster regions, monitored by the rt/rJ
ratio with the Galactocentric distance, show a slightly differ-
ent behaviour. Although the internal dynamical clocks play
an important role, the outer cluster regions would seem also
to have been shaped by the Milky Way tidal field. Some evi-
dence of such an effect is shown in the subtle dependence of
the rt/rJ ratio with the Galactocentric distance, in a more
scatted correlation of the rt/rJ ratios with log(age/th) than
that observed for the rh/rt ones and in a different percentage
of expansion within the Jacobi volume for clusters located
inside or outside the corotation radius, respectively. In
general, we found that the farther a cluster from the Milky
Way centre, the smaller the volume occupied within the re-
spective Jacobi one, irrespective of their actual sizes (rt) and
internal dynamics evolutionary stages.
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Figure 8. Relationships between different structural-dynamics cluster parameters. Dark-blue and light-blue symbols refer to clusters
located inside or outside the solar circle, respectively.
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Figure 9. Relationships between different structural-dynamics cluster parameters. Symbols are as in Fig. 8.
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