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ABSTRACT

We turn our attention to Haffner9, a Milky Way open cluster whose previous fun-
damental parameter estimates are far from being in agreement. In order to provide
with accurate estimates we present high-quality Washington C7T; and Johnson BV
photometry of the cluster field. We put particular care in statistically clean the colour-
magnitude diagrams (CMDs) from field star contamination, which was found a com-
mon source in previous works for the discordant fundamental parameter estimates.
The resulting cluster CMD fiducial features were confirmed from a proper motion
membership analysis. Haffner 9 is a moderately young object (age ~ 350 Myr), placed
in the Perseus arm -at a heliocentric distance of ~ 3.2 kpc-, with a lower limit for
its present mass of ~ 160 Mg and of nearly metal solar content. The combination of
the cluster structural and fundamental parameters suggest that it is in an advanced
stage of internal dynamical evolution, possibly in the phase typical of those with mass
segregation in their core regions. However, the cluster still keeps its mass function
close to that of the Salpeter’s law.

Key words: techniques: photometric — Galaxy: open clusters and associations: gen-
eral.

1 INTRODUCTION a difficult task. Small cells do not usually carry out a satis-
factory job in CMD regions with a scarce number of fields
stars, while big cells fail in populous CMD regions. Thus,
relatively bright field red giants with small photometric er-
rors could not be subtracted and, consequently, the cluster
CMD could show spurious red giant features. A compromise
between minimizing the residuals left after the subtractions

of field stars from the cluster CMDs and maximizing the

Different statistical procedures have been proposed with an
acceptable success, in order to avoid as much as possible the
field contamination in cluster colour-magnitude diagrams
(CMDs) analysis (e.g. Bonatto & Bica 2007; Pavani & Bica
2007; Maia et al. 2010) The developed statistical methods
basically involve: (i) dividing the full range of magnitude

and colour of a given CMD into a grid whose cells have axes
along the magnitude and colour directions, (ii) computing
the expected number-density of field stars in each cell based
on the number of comparison field stars with magnitude and
colour compatible with those of the cell, and (iii) subtract-
ing randomly the expected number of field stars from each
cell. Although the methods reapply the cleaning procedure
using different cell sizes in the CMDs, they are fixed each
time, i.e., they do not vary across the CMDs.

From our experience in cleaning the field star contam-
ination in the cluster CMDs, we have identified some situ-
ations which still need our attention. It frequently happens
that some parts of the CMDs are more populated than oth-
ers, so that fixing the size of the cells in the CMDs becomes
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cleaning of field stars is always desiderable.

In this paper, we present a comprehensive multi-band
photometric analysis of Haffner 9 from BV I and Washington
C'Th photometry. The cluster has been previously studied
from 2MASS and BVI photometry. However, a relatively
lower photometric accuracy and shallower limited magni-
tude, in combination with a not much pinpointed treatment
of field decontamination led those studies to discordant re-
sults. In Section 2 we describe the collection and reduction
of the available photometric data and their thorough treat-
ment in order to build a extensive and reliable data set. The
cluster structural and fundamental parameters are derived
from star counts and colour-magnitude and colour-colour di-
agrams, respectively, as described in Section 3. The analysis
of the results of the different astrophysical parameters ob-
tained is carried out in Section 4, where implications about
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the stage of its dynamical evolution are suggested. Finally,
Section 5 summarizes the main conclusion of this work.

2 DATA COLLECTION AND REDUCTION

We used CCD images' obtained on the nights of December
18" and 19*", 2004 with a 2048 x 2048 pixel Tektronix CCD
attached to the 0.9 m telescope (scale 0.396 arcsec/pixel) at
Cerro Tololo Inter-American Observatory (CTIO, Chile). Its
field of view is 13.6x13.6 arcmin®. We used the Washington
C' (Canterna 1976) and Kron-Cousins R filters. The latter
has a significantly higher throughput as compared with the
standard Washington T3 filter so that R magnitudes can
be accurately transformed to yield 77 magnitudes Geisler
(1996). We used a series of bias, dome and sky flat-field
exposures per filter to calibrate the CCD instrumental sig-
nature. We also utilised images for the Small Magellanic
Cloud (SMC) cluster Lindsay 106, which was previously ob-
served at La Silla (ESO, Chile) with the C' and T filters
(Piatti et al. 2007). Lindsay 106 was used here only as con-
trol cluster, i.e., to verify the quality of the present CTIO
photometry. Table 1 shows the log of the observations with
filters, exposure times, airmasses and seeing estimates. A
large number (typically 20) of standard stars from the list
of Geisler (1996) was also observed on each night. They cover
wide colour and airmass ranges, so that we could calibrate
properly the program stars observed on these nights.

The stellar photometry was performed using the star
finding and point spread function (PSF) fitting routines
in the DAOPHOT/ALLSTAR suite of programs (Stetson
et al. 1990). Radially varying aperture corrections were ap-
plied to take out the effects of PSF variations across the
field of view, although a quadratically varying PSF was em-
ployed. The resultant instrumental magnitudes were stan-
dardized using the equations:

¢ =(3.679 +0.021) + T3 + (C — T1) + (0.294 + 0.014) x X¢
—(0.085 £ 0.005) x (C — T1),
(1)

r = (3.206 +0.021) + 71 4 (0.115 £ 0.014) x Xg

(2)
—(0.014 + 0.004) x (C — Ty),

where X represents the effective airmass. Capital and low-
ercase letters stand for standard and instrumental magni-
tudes, respectively. The coefficients were derived through
the IRAF? routine FITPARAM. The root mean square
(rms) deviations of the fitted values from the fits to the
standards were 0.021 for ¢ and 0.014 for r, which indicates
that the nights were photometric. We combined all the inde-
pendent measurements using the stand-alone DAOMATCH

1 The images are made available to the public through
http://www.noao.edu/sdm/archives.php, SMARTS Consortium,
DDT, PI: Claria.

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
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Figure 1. Observed CMD for all the stars measured in the field
of haffner 9. Errorbars at the left-hand margin represent the pho-
tometric uncertainties given by DAOPHOT.

and DAOMASTER programmes, kindly provided by Pe-
ter Stetson. The final information gathered for each cluster
consists of a running number per star, the x and y coor-
dinates, the measured 77 magnitudes, C' — T colours, and
the observational errors o(71) and o(C — T1). In the case of
Haffner 9, for which we combined respectively four different
photometric tables, we also included the number of measures
performed in 77 and C' — T;. Table 2 gives this information,
where only a portion of it is shown for guidance regarding
its form and content. The whole content of Table 2, as well
as that for Lindsay 106 (Table 3), is available in the online
version of the journal.

The calculated internal accuracy of the photometry has
been computed according to the criteria given by Stetson
et al. (1990) and includes random noise, errors in the mod-
elling and centering of the stellar profile. These internal stan-
dard errors provided by DAOPHOT for the 71 magnitude
and C' —T1 colour have been represented by errorbars at the
left-hand margin of the observed CMD in Fig. 1. Fig. 2 shows
how the differences between our 77 magnitudes and C' — T}
colours and those obtained by Piatti et al. (2007) vary as a
function of Th. Offsets of ATh = T1,,, - T1ypiewone = -0-055
+ 0.092 and A(C — T1) = (C — Tl)pub - (C — Tl)thiswork =
0.050 + 0.112 have been computed from 425 stars measured
in common.

2.1 BVI photometric data sets

Carraro et al. (2013, hereafter C13) have carried out a photo-
metric BV I campaign focused on the study of open clusters
preferentially located towards the Third Galactic Quadrant.
They used the YAKCAM camera attached to the CTIO 1-m
telescope, operated by the SMARTS consortium during an
observation run in 2005 November-December. In the afore-
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Table 1. Observations log of the open cluster Haffner 9 and the control field Lindsay 106.

Cluster® R.A. Dec. l b date filter exposure airmass seeing
(hms) (°'7) ) ) (sec) (‘)
Lindsay 106, ESO29-SC44 13038 -760316 299.82 -40.84 Dec. 19 C 2400 1.47 1.4
R 900 1.45 1.3
Haffner 9 72442 -170010 231.80 -0.59 Dec. 18 C 300 1.05 1.3
C 300 1.05 1.3
R 10 1.06 1.1
R 10 1.06 1.1
R 30 1.07 1.2
R 30 1.07 1.2
@ Cluster identifications are from Lindsay (1958, L) and Lauberts (1982, ESO).
Table 2. C'T} data of stars in the field of Haffner 9.
Star x Y T o(T1) np, C-T1 o(C—-T1) nc-m
(pixel) (pixel) (mag) (mag) (mag) (mag)
102 1613.207 182.751  14.554 0.015 4 1.228 0.059 4
103 608.814 186.716  16.886 0.019 4 1.739 0.045 4
104 1012.074 193.898 15.197 0.014 4 1.350 0.029 4
ir ] of 1.44 e-/ADU, implying a readout noise of 7 e- per quad-
r ] rant (four amplifiers). Their available photometry add sig-
¥05 b nificant value to our study, because of the larger FOV and
: r 1 the fainter magnitude limit reached using a different tele-
= 0 . e, . ] scope/photometric system setup. We refer the reader to the
TOOD e v e el 7] work by C13 for details concerning the data processing, the
3 [ : ’ ] measurement of photometric magnitudes and the standard-
510,5 L ] ization of their photometry to the BV I system.
[ ] We compared Carraro et al. (2013)’s photometry with
L that obtained by Hasegawa et al. (2008, hereafter HO8) and
S concluded that the former needs to be corrected by :
B 1 Vista = Veis — 0.9 (3)
B |- 4
3 ol = ! .
. | ] Baa = (B—V)ci13*0.74 + 0.4 (4)
;‘\305 - -
&) r ]
Tt ] Ia = —(V = Icis * 0.87 + Vearr x 0.05 + 0.45 (5)
L | | \ ]
! 16 18 20 29 in order to match the latter. As for the HO8 photometry, we
T

Figure 2. Comparison of CTj photometry between that of Piatti
et al. (2007) and this work for the control cluster Lindsay 106.

mentioned work they did not include Haffner9, although
they made their BVT photometry publicly available®.

The camera used to obtain those data was equipped
with an STA 4064 x4064 CCD with 15-pm pixels, yielding a
scale of 0.289" /pixel and a field-of-view (FOV) of 20’ x20’.
The CCD was operated without binning, at a nominal gain

3 VizieR On-line Data Catalog: J/MNRAS/428/502
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used the ridgelines in their CMDs -thought to be the mean
locus of the fiducial cluster sequence-, since the data are not
available from the authors.

We finally merged our Washington C7; and the cor-
rected available BV I data sets into only one master table,
which we use in our subsequent an analysis.

3 ANALYSIS OF THE PHOTOMETRIC DATA

The pipeline followed in the analysis of the present photo-
metric data sets involved: i) define the cluster central coordi-
nates and trace its stellar density radial profile; ii) derive the
cluster structural parameters; iii) decontaminate the cluster
CMD from field stars and; iv) estimate the cluster funda-
mental parameters.
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3.1 Cluster extension

In order to obtain the stellar density radial profile of
Haffner 9, we started by estimating its geometrical centre.
We did that by fitting Gaussian distributions to the star
counts in the z and y directions. The number of stars pro-
jected along the x and y directions were counted within
intervals of 20, 40, 60, 80, 100 pixel wide, and the Gaus-
sian fits repeated each time. The fits of the Gaussians were
performed using the NGAUSSFIT routine in the STSDAS/IRAF
package. We adopted a single Gaussian and fixed the con-
stant to the corresponding background levels (i.e. stellar field
density assumed to be uniform) and the linear terms to zero.
The centre of the Gaussian, its amplitude, and its FW HM
acted as variables. Finally, we averaged the five different
Gaussian centres with a typical standard deviation of 4+ 40
pixels (+ 16.0"”).

The estimated geometrical centre was then used to built
the cluster stellar density profile from star counts performed
within boxes of 60 pixels per side distributed throughout
the whole observed field. The chosen box size allowed us
to statistically sample the stellar spatial distribution. Thus,
the number of stars per unit area at a given radius r can be
directly calculated through the expression:

(nr+30 - nr—SO)/(mr+30 - mr—SO), (6)

where n, and m, represent the number of stars and boxes,
respectively, included in a circle of radius r. The advantage
of this method over the frequent counting of stars in annular
regions around the cluster centre relies on the fact that is
not required a complete circle of radius r within the observed
field to compute the mean stellar density at that distance.
Therefore, it is possible to estimate the background level
with high precision using regions located far away from the
cluster centre. With a good placement of the background
level, the cluster radius (r¢s) results, in turn, in a more
reliable estimate. Fig. 3 shows with open and filled circles
the observed and background subtracted density profiles -
expressed as number of stars per arcsec?-, respectively, while
the errobars represent the rms errors. In the case of the back-
ground subtracted density profile we added the mean error
of the background star counts. The background level and the
cluster radius (res = 200730 arcsec) are indicated by solid
horizontal and vertical lines, respectively; their uncertainties
are in dotted lines.

We fitted the background corrected density profile using
both King (1962) and Plummer (1911) models in order to
get independent estimates of the cluster core (r.), half-mass
(rn) and tidal (r;) radii, respectively. We used a grid of .,
rn, and r; values spanning the known range of radii of open
clusters (Piskunov et al. 2007) and minimised x?. We finally
derived r. = 70 4+ 10 arcsec, rp, = 125 4+ 15 arcsec and 7
= 400 =+ 100 arcsec, respectively. In Fig. 3 we superimposed
the respective King’s and Plummer’s curves with blue and
oorange solid lines, respectively.

3.2 Field star decontamination

Because Fig. 1 reveals that both cluster and field star se-
quences are more or less superimposed, we must firstly sep-
arate the cluster stars from those belonging to the surround-
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Figure 3. Stellar density profile obtained from star counts. Open
and filled circles refer to measured and background subtracted
density profiles, respectively. Blue and orange solid lines depict
the fitted King and Plummer curves, respectively.

ing fields on a statistical basis in order to meaningfully use
that CMD to estimate the cluster parameters. Note that
both cluster and field stars are affected by nearly the same
interstellar reddening, which is indeed what causes the over-
lapping of their main sequences (MSs). This fact makes the
cleaning of the cluster CMD even more challenging.

To filter the field stars from the CMDs, we applied a
statistical procedure which consists, firstly, in adopting two
CMDs from different regions located far from the cluster.
The dimension of each selected field region was s and
acted as references to statistically filter an equal circular
area centred on Haffner9.

Secondly, by starting with reasonably large boxes — typ-
ically (A(Th),A(C — T1)) = (1.00, 0.50) mag — centred on
each star in both field CMDs and by subsequently reducing
their sizes until they reach the stars closest to the boxes’ cen-
tres in magnitude and colour, separately, we defined boxes
which result in use of larger areas in field CMD regions con-
taining a small number of stars, and vice versa. Note that
the definition of the position and size of each box involves
two field stars, one at the centre of the box and another -the
closest one to box centre - placed on the boundary of that
box. Piatti & Bica (2012) have shown that this is an effec-
tive way of accounting for the local field-star signature in
terms of stellar density, luminosity function and/or colour
distribution.

Next, we plotted all these boxes for each field CMD on
the cluster CMD and subtracted the star located closest to
each box centre. Since we repeated this task for each of the
two field CMD box samples, we found that some stars have
remained unsubtracted once or twice. Finally, we adopted
as the cluster CMD that built from stars that have not been
subtracted any time. In order to illustrate the performance

MNRAS 000, 1-10 (2016)



of the statistical cleaning procedure, Fig. 4 depicts a sin-
gle field-star CMD (left-hand panel) for an annular region
around Haffner 9 with an area equal to that of the cluster,
and the cleaned cluster CMD superimposed to the observed
ones represented by black and gray filled circles, respectively
(right-hand panel). As can be seen, differences in stellar
composition become noticeable when comparing field and
cleaned cluster CMDs. Particularly, the cluster evolved MS
is now clearly seen.

3.3 Cluster’s fundamental parameters

We present in Fig. 5 the whole set of CMDs and colour-
colour (CC) diagrams for Haffner9 that can be exploited
from the present multi-band photometry. They include every
magnitude and colour for the whole sample of observed stars,
those located within the cluster radius and those considered
cluster stars from the field star decontamination procedure
plotted with grey, red and black filled circles, respectively.
At first glance, the cleaned cluster CMDs resemble those of
a cluster with a moderate age, projected on to a star field
not easy to disentangle from the cluster.

The availability of three CMDs and three different CC
diagrams covering wavelengths from the blue up to the
near-infrarred allowed us to derive reliable ages, redden-
ings and distances for Haffner9 from the matching of the-
oretical isochrones. In order to enter the isochrones into
the CMDs and CC diagrams we used the following ratios:
E(V-I)/JE(B-V) =125 Ay /E(B —V) = 3.1 (Cardelli
et al. 1989); E(C—T1)/E(B—V) =197 and Ap, /E(B-V)
= 2.62 (Geisler 1996).

We started by selecting theoretical isochrones (Bressan
et al. 2012) with solar metal content in order to choose that
which best match the cluster‘s features in the CMDs. In this
sense, the shape of the MS, its curvature, the relative dis-
tance between the red giants and the MS turn-off (MSTO) in
magnitude and colour separately, among others, are features
tightly related to the cluster age, regardless their redden-
ings and distances. Note also that, by considering the whole
metallicity range of the Milky Way open clusters (see, e.g.
Paunzen et al. 2010; Heiter et al. 2014) and by using the the-
oretical isochrones of Bressan et al. (2012), the differences
at the zero age main sequence (ZAMS) in V — I colour is
smaller than ~ 0.08 mag. This result implies that negligible
differences between the ZAMSs for the cluster metallicity
and that of solar metal content would appear, keeping in
mind the intrinsic spread of the stars in the V vs V — 1
CMD.

From our first choices, we derived the cluster reddening
by shifting those isochrones in the three CC diagrams follow-
ing the reddening vectors until their bluest points coincided
with the observed ones. Note that this requirement allowed
us to use the three CC diagrams, even though the reddening
vectors run almost parallell to the cluster sequence. Finally,
the mean E(B—V) colour excesse was used to properly shift
the chosen isochrones in the three CMDs in order to derive
the cluster true distance modulus by shifting the isochrones
along the magnitude axes. We iterated this procedure for
different ages as well as for metallicities [Fe/H] = -0.5 up
to 0.2 dex. We found that isochrones bracketing the cluster
age (log(t yr=') = 8.55) by Alog(t yr™*) = £0.05 and the
cluster metallicity ([Fe/H] = 0.0 dex) by A[Fe/H] = 0.1

MNRAS 000, 1-10 (2016)
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dex represent the overall age and metallicity uncertainties
owing to the observed dispersion in the cluster CMDs and
CC diagrams. As for the cluster reddening and true dis-
tance modulus, we obtained E(B — V) = 0.60 £ 0.05 mag
and m — M, = 12.5 £+ 0.2 mag, respectively. Fig. 5 shows
the adopted best matched isochrone overplotted on to the
CMDs and CC diagrams with a blue solid line.

The cluster mass and its present mass function (MF)
were derived by summing the individual masses of stars not
eliminated during the complete cleaning procedure. Those
individual masses were obtained by interpolation in the the-
oretical isochrone traced in Fig. 5 from the observed T
magnitude of each star, properly corrected by reddening
and distance modulus. We finally attained log(Mes/Me)
= 2.2 + 0.2. The uncertainty comes from propagation of
the 77 magnitude errors in the mass distribution along the
theoretical isochrone as well as from considering stars sub-
tracted once in the field star cleaning procedure. Note that,
when building the stellar density profile from stars not elim-
inated at any time, we obtained a curve which matches the
King’s curve drawn in Fig. 3. This very good agreement im-
plies that the cleaning procedure subtracted an appropriate
number of stars according to the stellar density of the back-
groung/foreground field, so that the mass uncertainty would
be smaller if we did not considered stars subtracted once.
The resulting MF is shown in Fig. 6 where the errorbars
come from applying Poisson statistics. For comparison por-
puses we superimposed the relationship given by Salpeter
(1955, slope = -2.35) for the stars in the solar neighbour-
hood.

Using the resulting mass and the half-mass radius rj, we
computed the half-mass relaxation times using the equation
(Spitzer & Hart 1971):

L 89x 10°M Y2} (7)
" mlogi0(0.4Mus/m)’

where M,;s is the cluster mass and m is the mean mass
of the cluster stars (m = 1.7 Mg). We obtained ¢, = 16
+ 2 Myr. If we considered non-oberved stars with masses
between 1 and 0.5 Mg and the Salpeter’s mass function,
the relaxation times would increase in ~ 10 per cent. Note
that, despite the advanced state of dynamical evolution of
Haffner9 (<age/t,> = 22), the cluster still keeps its MF
close to that of Salpeter’s law (see Fig. 6).

Finally, we employed the ASteCA suit of functions (Per-
ren et al. 2015) to generate ~ 2.2x10° synthetic CMDs of a
star cluster covering ages from log(t yr™*) = 8.5 up to 8.6
(Alog(t yr~') = 0.01), metallicities in the range Z = 0.012
- 0.019 (AZ = 0.001), interstellar extinction between 0.55
and 0.65 mag (AE(B — V) = 0.01 mag), distance modu-
lus between 12.3 and 12.7 mag (A(m — M), = 0.05 mag)
and total mass in the range 100 - 250 Mg (AM = 10Mg),
respectively.

The steps by which a synthetic star cluster for a given
set of age, metalicity, distance modulus, and reddening val-
ues is generated by ASteCA is as follows: i) a theoretical
isochrone is picked up, densely interpolated to contain a
thousand points throughout its entire length, including the
most evolved stellar phases. ii) The isochrone is shifted
in colour and magnitude according to the E(B — V) and
(m—M), values to emulate the effects these extrinsic param-
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Figure 4. CMDs for stars in the field of Haffner 9: a field CMD for annular region centred on the cluster and with a size equal to the
cluster area, and the corresponding defined set of boxes overplotted (left-hand panel) and; the observed and cleaned CMD composed of
the stars distributed within the cluster radius represented by gray and black filled circles, respectively (left-hand panel).

eters have over the isochrone in the CMD. iii) The isochrone
is trimmed down to a certain faintest magnitude according
to the limiting magnitude thought to be reached. iv) An
initial mass function (IMF) is sampled in the mass range
[~0.01—100] M up to a total mass value M provided that
evolved CMD regions result properly populated. The distri-
bution of masses is then used to obtain a properly populated
synthetic star cluster by keeping one star in the interpolated
isochrone for each mass value in the distribution. v) A ran-
dom fraction of stars are assumed to be binaries, which is set
by default to 50% (von Hippel 2005), with secondary masses
drawn from a uniform distribution between the mass of the
primary star and a fraction of it given by a mass ratio param-
eter set to 0.7. vi) An appropriate magnitude completeness
and an exponential photometric error functions are finally
applied to the synthetic star cluster.

Fig. 7 shows the synthetic CMD which best matches the
cluster’s parameters, with the generated uncertainties in 71
and C — Ti, the range of stellar masses drawn in colour-
scaled filled circles and the theoretical isochrone for log(t
yr ') = 8.55 and [Fe/H] = 0.0 dex superimposed.

4 ANALYSIS AND DISCUSSION

Dias et al. (2014) presented a catalog of mean proper mo-
tions and membership probabilities of individual stars for
optically visible open clusters, among them, Haffner 9, using
data from the UCAC4 catalog (Zacharias et al. 2013). We
cross-correlated the stars with proper motions in our data
sets and built the corresponding 77 vs. C' — Ty CMD. The
left-hand panel of Fig. 8 shows with grey, red and black filled

circles all these stars, those with membership probabilities
P > 75 and 90 per cent, respectively. As can be seen, the
proper motion memberships confirm that the cleaned CMD
produced in Section 3.2, which is very well matched by an
isochrone of log(t yr~') = 8.55 and [Fe/H] = 0.0 dex (see
details in Section 3.3), corresponds to that of the cluster.
This is an important probe, since previous detailed photo-
metric studies of this object led to different fundamental
parameters.

For instance, Bica & Bonatto (2005) and Kharchenko
et al. (2013) used 2MASS data (Skrutskie et al. 1997), sepa-
rately, and derived an age of 140 £+ 20 Myr, a true distance
modulus (m — M), = 11.40 £ 0.1 mag, and a reddening
E(B-V) =0.50 £ 0.05 from the fit of theoretical isochrones
in the J versus J — H CMD. However, Buckner & Froebrich
(2014), also from 2MASS data, obtained an age of 250 & 100
Myr, (m — M), = 12.40 + 0.4 mag, and E(B — V) = 0.40
=+ 0.10, respectively. All three studies assumed a solar metal
content. In order to seek for any source of discrepancy in
these 2MASS data analyses, we took advantage of the pho-
tometric and proper motion membership probabilities an-
alyzed above. Fig. 8 (middle and right-hand panels) depict
the 2MASS CMDs used by Bica & Bonatto (2005) and Buck-
ner & Froebrich (2014) to derive the cluster’s fundamental
parameters. We plotted every star with proper motion using
the same colour code as in the left-hand panel. Note that the
fainter magnitude limit reached by stars with proper motion
measurements is nearly similar to that of the 2MASS data.
For the sake of the reader, we superimposed the isochrone
of log(t yr=') = 8.55 and [Fe/H] = 0.0 dex as well as those
for the reddenings, distance modulii, ages and metallicities

MNRAS 000, 1-10 (2016)
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Figure 5. CMDs and CC diagrams for stars measured in the field of Haffner 9. Grey, red and black filled circles represent all the
measured stars, those within the cluster radius and the cluster stars from the field star cleaning procedure, respectively. We overplotted
the isochrone which best matches the cluster features (see text for details).

used by Bica & Bonatto (2005) and Buckner & Froebrich
(2014) with blue and magenta solid lines, respectively.
From the examination of these CMDs some conclusions
can be drawn. Firstly, the magnitude depth of 2MASS data
is noticeable much brigher than that of the present data
set (see Fig. 5), whereas the colour baseline of the infrared
colours is much shorter than that of C' — Ti, which do
not favour an accurate isochrone matching. Secondly, the
isochrone adopted in this work reasonably matches the clus-
ter sequences, although the scatter is larger than that seen
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in the 71 vs. C—T) CMD. Seemingly, Bica & Bonatto (2005)
have fitted a MS with some field contamination (middle
panel). In the case of Buckner & Froebrich (2014) we espec-
ulate with the possibility that they could have considered a
larger cluster area with field stars with bluer infrared colours
and no proper motions.

Hasegawa et al. (2008) presented BV I photometry of
stars in the cluster field and estimated an age of 500 Myr, a
metal content [Fe/H] = -0.4 dex, a true distance modulus of
(m—M), = 12.7 mag, and a reddening E(B—V) = 0.75 mag.
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Figure 6. The present mass function of Haffner 9. The Salpeter
(1955)’ relationship for stars in the solar neighbourhood is super-
imposed with a solid line.

For comparison purposes, we plotted such an isochrone in
the left-hand panel of Fig. 8 with a magenta solid line. Once
again, the employment of a field star contaminated CMD
could lead them to derive unreliable cluster parameters.

We computed Galactic coordinates using the derived
cluster heliocentric distances, their angular Galactic coordi-
nates and a Galactocentric distance of the Sun of Reeg =
8.3 kpc (Hou & Han 2014, and references therein). The re-
sulting spatial distribution is depicted in the top-left panel
of Fig. 9, where we added for comparison purposes the 2167
open clusters catalogued by Dias et al. (2002, version 3.5
as of January 2016) and the schematic positions of the spi-
ral arms (Drimmel & Spergel 2001; Moitinho et al. 2006).
Haffner 9 is located at the Perseus arm, beyond the cirle
around the Sun (d ~ 2.0 kpc) where the catalogued clusters
are mostly concentrated.

The age/t- ratio is a good indicator of the internal
dynamical evolution, since it gives the number of times
the characteristic time-scale to reach some level of energy
equipartition (Binney & Merrifield 1998) has been sur-
passed. Star clusters with large age/t, ratios have reached
a higher degree of relaxation and hence are dynamically
more evolved. As Fig. 9 shows, Haffner 9 appears to have
had enough time to evolve dynamically. In the figure we in-
cluded in grey colour 236 open clusters analysed by Piskunov
et al. (2007), who derived from them homogeneous scales of
radii and masses. They derived core and tidal radii for their
cluster sample, from which we calculated the half-mass radii
and, with their clusters masses and eq. 4, relaxation times,
by assuming that the cluster stellar density profiles can be
indistinguishably reproduced by King and Plummer models.
Their cluster sample are mostly distributed inside a circle
of ~ 1 kpc from the Sun. As compared to the Piskunov
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Figure 7. Best-generated star cluster CMD with the uncertain-
ties in T7 and C' — T}, the stellar masses in colour-scaled filled
circles, and the theoretical isochrone for log(t yrfl) = 8.55 and
[Fe/H] = 0.0 dex superimposed.

et al. (2007)’s sample, Haffner 9 is placed towards the most
evolved limit of the age/t, distribution (right-hand panels).

Since dynamical evolution implies the loss of stars (mass
loss), we expect some trend of the present-day cluster mass
with the age/t, ratio. This is confirmed in the top-right
panel of Fig. 5, where the larger the present-day mass the
less the dynamical evolution of a cluster in the solar neigh-
bourhood, with a noticeable scatter. Haffner 9 appears to
have a relatively large mass for its particular internal dy-
namical state. Curiously, selection against poor and old clus-
ters could suggest the beggining of cluster dissolution, with
some exceptions.

Trenti et al. (2010) presented a unified picture for
the evolution of star clusters on the two-body relaxation
timescale from direct N-body simulations of star clusters in
a tidal field. Their treatment of the stellar evolution is based
on the approximation that most of the relevant stellar evo-
lution occurs on a timescale shorter than a relaxation time,
when the most massive stars lose a significant fraction of
mass and consequently contribute to a global expansion of
the system. Later in the life of a star cluster, two-body re-
laxation tends to erase the memory of the initial density
profile and concentration. They found that the structure of
the system, as measured by the core to half mass radius ra-
tio, the concentration parameter ¢= log(r/r.), among oth-
ers, evolve toward a universal state, which is set by the effi-
ciency of heating on the visible population of stars induced
by dynamical interactions in the core of the system. In the
bottom panels of Fig. 9 we plotted the dependence of the
concentration parameter ¢ with the cluster mass and the
age/t, ratio, respectively. They show that our dynamically
evolved cluster is within those with relatively high ¢ values,
and that star clusters tend to initially start their dynam-
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ical evolution with relatively small concentration parame-
ters. Likewise, star clusters in an advanced dynamical state
can also have relatively lower ¢ values due to their smaller
masses.

5 SUMMARY AND CONCLUSIONS

In order to continue our Washington C'Ty and Johnson BV I
photometric studies on Milky Way star clusters, we turned
our attention to Haffner9, a previously studied open clus-
ter with a noticeable spread in the values obtainted of its
fundamental parameters.

The analysis of the current photometric data sets leads
to the following main conclusions:

(i) To disentagle cluster features from those belonging
to their surrounding fields, we applied a subtraction proce-
dure to statistically clean the cluster CMDs from field star
contamination. The employed technique makes use of vari-
able cells in order to reproduce the field CMD as closely
as possibly. The stellar density profile built from stars that
reamined unsubtracted very well matches that obtained
from star counts carried out throughout the observed field,
once the background level is subtracted. Moreover, the main
cluster features in the cleaned CMDs are confirmed when
proper motion membership probabilities are taken into ac-
count.

(ii) Using the cleaned cluster CMDs and CC diagrams,
we estimated the cluster fundamental parameters in a self-
consistent way. The availability of three CC diagrams and
three CMDs covering wavelengths from the blue up to
the near-infrarred allowed us to derive reliable values of
age, metallicity, reddenings and distances for Haffner 9. We
exploited such a wealth in combination with theoretical
isochrones computed by Bressan et al. (2012) to find out
that the cluster is 350 Myr old, is placed in the Perseus arm
at a solar heliocentric distance of 3.2 kpc, and has nearly
solar metal content. The lower limits of its present mass is
~ 160Mg. We confirmed such a limit from the generation of
thousand synthetic CMDs.

(iii) We found that a less deep photometry, a narrower
colour baseline and a less effective CMD cleaning procedure,
could have been some sources that led previous studies to
derive cluster fundamental parameters which do not corre-
spond to the fiducial cluster features. By using the same pho-
tometric data sets as in previous works and proper motion
memberships, we confirm the present cluster fundamental
parameters.

(iv) Finally, we estimated the half-mass relataxion time
for Haffner 9, which turned out to be ~ 22 smaller than the
cluster age. This result suggests that Haffner9 is facing an
advanced state of its internal dynamical evolution. However,
the cluster still keeps its MF close to that of the Salpeter’s
law. When combined with the obtained structural parame-
ters, we found that the cluster is possibly in the phase typical
of those with mass segregation in their core regions.
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Figure 8. CMDs for stars in the field of Haffner 9 with proper motion measurements (grey filled circles). Stars with proper motion
membership probabilities higher than 75 and 90 per cent are drawn with red and black filled circles, respectively. The isochrones adopted
in this work is superimposed with a blue solid line, while those for the parameters estimated by Hasegawa et al. (2008), Bica & Bonatto
(2005) and Buckner & Froebrich (2014) are plotted with a magenta line in the left-hand, middle and right-hand panels, respectively (see
text in Section 4 for details.
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Figure 9. Top-left: Galactic spatial position of Haffner9 (red
filled cirled). Open clusters from the catalogue of Dias et al. (2002,
version 3.5 as of January 2016) are drawn with gray dots, while
the schematic positions of spiral arms (Drimmel & Spergel 2001;
Moitinho et al. 2006) are traced with black solid lines. Top-right
and bottom: Relationships between cluster concentration parame-
ter (c), mass, age and relaxation time (¢,). Grey dots correspond
to 236 star clusters with homogeneous estimations of masses and
radii derived by Piskunov et al. (2007).
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