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ABSTRACT

Here we discuss the case of the double blue straggler star (BSS) sequence recently detected in the young stellar cluster NGC 2173
in the Large Magellanic Cloud (LMC) by Li et al. (2018, ApJ, 856, 25). In order to investigate this feature we made use of two
Hubble Space Telescope (HST) sets of observations, one (the same one used by Li et al.) probing the cluster central regions, and the
other sampling the surrounding field. We demonstrate that when field star decontamination is applied, ~40% of the BSS population
selected by Li et al. turns out to be composed of field stars interlopers. This contamination mainly affects one of the two sequences,
which therefore disappears in the decontaminated color-magnitude diagram. We analyze the result of tens different decontamination
realizations: we find no evidence of a double BSS sequence in any of them. We therefore conclude that NGC 2173 harbors a normal
single (poorly populated) BSS sequence and that particular care needs to be devoted to the field decontamination process in any study
aimed at probing stellar population features or star counts in the LMC clusters.

Key words. galaxies: star clusters: individual: NGC 2173 — Hertzsprung-Russell and C-M diagrams — blue stragglers —

techniques: photometric — methods: observational

1. Introduction

Blue straggler stars (BSSs) represent the most numerous exotic
population (i.e., not explainable in terms of passive evolu-
tion of single stars) in stellar systems. They are observed
in globular (GCs; see e.g., Ferraro et al. 2003, 2012, 2018;
Dalessandro et al. 2008a) and open clusters (Mathieu & Geller
2009) as well as in dwarf galaxies (Monelli et al. 2012). Blue
straggler stars appear hotter and brighter than turn-off (TO)
stars in optical color-magnitude diagrams (CMDs) of stellar
systems (Ferraro et al. 1992, 1993, 1997), thus mimicking a
sparse sequence of younger and more massive objects. Observa-
tional evidence (see e.g., Shara et al. 1997; Ferraro et al. 2006a;
Fiorentino et al. 2014; Brogaard et al. 2018) showed that indeed
BSSs are up to twice more massive than TO stars in their host
clusters.

Blue straggler stars can either be the result of mass accre-
tion between two stars in a binary system (McCrea 1964;
Zinn & Searle 1976) or the end products of stellar merg-
ers induced by collisions between single stars or binary sys-
tems (Hills & Day 1976). While the first process is common
to any stellar environment, being the result of the long-term
evolution of binary systems, the second requires high-density
environments. As a consequence, in GCs, where the stellar den-
sity varies significantly from the center to the external regions,
BSSs can be generated by both processes with relative effi-
ciencies depending on the local density (Fusi Pecci et al. 1992;
Ferraro et al. 1999). In the high crowded cores of stellar clus-
ters, both formation channels are expected to be active, although
the mass-transfer process seems to be the most efficient one (see
e.g., Knigge et al. 2009).
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Interestingly, significant support to the co-existence of both
collisional and mass-transfer BSSs in the same system, comes
also from the detection of a double BSS sequence separated in
color and magnitude in four post-core collapse Galactic GCs,
namely M 30 (Ferraro et al. 2009), NGC 362 (Dalessandro et al.
2013), M 15 (Beccari et al., in prep.), and NGC 1261, which
has been suggested to be in a post-core collapse bounce state
(Simunovic et al. 2014). The fact that the two sequences are well
separated in the CMDs suggests that they were generated by a
recent and short-lived event instead of a continuous formation
process.

Ferraro et al. (2009) proposed that the origin of the
double sequence could be related to the core-collapse (CC) pro-
cess that is expected to largely enhance the probability of col-
lisions over a relatively short period of time (of the order of a
few tens of millions of years), thus promoting the formation of
collisional BSSs. In fact, during CC the central density rapidly
increases, thus producing an increase in gravitational interac-
tions (Meylan & Heggie 1997) able to trigger the formation of
new BSSs through both direct stellar collisions and mass trans-
fer activity induced by dynamical encounters involving primor-
dial binaries (e.g., Leonard 1989; Hurley et al. 2005; Banerjee
2016). Therefore, the CC process could in principle generate
a nearly coeval population of BSSs with different masses that
in the CMD appears as a well-defined, tight sequence in addi-
tion to the “normal” (spread) BSS population constantly gener-
ated by the mass transfer process in primordial binaries, which
are present in any environment. Indeed, the location of the
collisional sequences in the CMD can be well reproduced by
collisional models (Sills et al. 2009). Analogously to what is
commonly done in the main-sequence fitting dating method, this
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Fig. 1. Map of the WFC3/UVIS and ACS/WEFC fields of view. The clus-
ter core, half-light, and tidal radii (see Appendix) are shown in red.

allows us to use the extension in luminosity of the collisional
sequence to date the epoch of the formation of the collisional
BSSs, thus providing a rough idea of the epoch of CC in the
parent cluster (Ferraro et al. 2009). Following these arguments
Ferraro et al. (2009) and Dalessandro et al. (2013) concluded
that the CC event occurred recently (1-2 Gyr ago) in both M 30
and NGC 362. The red BSS sequence is instead compatible with
models of binary systems undergoing mass-transfer (Tian et al.
2006; Xin et al. 2015, but see the discussion in Jiang et al. 2017).

Recently, Li et al. (2018) claimed that the young (¢t ~ 2 Gyr)
GC NGC2173 in the Large Magellanic Cloud (LMC) also
shows a double sequence of BSSs. NGC 2173 is the only non-
post-core-collapse cluster suggested to show a double BSS
sequence so far. This result could therefore have important impli-
cations on our understanding of BSS double sequence formation.
In fact, because of the cluster’s low central density and age, the
authors argued that collisions are not a viable scenario to explain
the blue BSS sequence in this case. On the contrary, they suggest
that most likely the two sequences are populated by binaries with
different mass ratios. However, they admit that it is unclear how
this scenario can reproduce the observed discrete color and mag-
nitude distribution.

The significance of the observational results presented by
Li et al. (2018) is strongly hampered by the fact that they do not
take into account field-star contamination. In LMC clusters, field
interlopers can potentially have a large impact on the BSS region
in the CMD, because of the large young LMC stellar component.
In this work we re-analyze the BSS population properties and
distribution taking into account the effect of field star contami-
nation. To this aim, we used two different Hubble Space Tele-
scope (HST) data sets, sampling both the cluster central regions
and the surrounding LMC field. We find that about half of the
BSS total sample used by Li et al. (2018) is actually populated
by likely nonmember stars. More interestingly, we show that the
decontamination analysis essentially removes all the BSS along
the red sequence, thus demonstrating that the double sequence
claimed by Li et al. (2018) is essentially an artifact due to the
contamination of the LMC field stars.
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2. Observations and data analysis

We used a combination of HST Wide Field Camera 3 — UVIS
channel (WFC3/UVIS) and Advanced Camera for Survey —
WEC (ACS/WEFC) images obtained through proposal GO12257
(PI: Girardi). WFC3/UVIS data represent the primary observa-
tions and sample the innermost regions of the cluster (Cluster
Pointing), while ACS/WFC data have been obtained as paral-
lel observations (Field Pointing) and sample a region located at
~300” southward from the cluster (see Fig. 1).

The most relevant details about the adopted sets of images
are summarized in Table 1. For both data sets, an appropriate
dither pattern of a few arcseconds has been adopted for each
pointing in order to fill the inter-chip gaps and avoid spurious
effects due to bad pixels.

We used the FLC (which are corrected for charge transfer
efficiency) pixel area map -corrected images. The photomet-
ric analysis was performed using DAOPHOT IV and relative rou-
tines, following the approach used in other works of our group
(see Dalessandro et al. 2018a,b for a recent reference) Briefly,
point spread function (PSF) models were derived for each image
and chip by using some tens of stars and they were applied to
stars whose flux peaks are above 30~ from the local background.
A master list including stars detected in at least four images
was then created. At the corresponding positions of stars in the
master list, a fit was forced with DAOPHOT/ALLFRAME (Stetson
1994) in each frame of the two data sets. For each star thus
recovered, multiple magnitude estimates obtained in each chip
were homogenized using DAOMATCH and DAOMASTER, and their
weighted mean and standard deviation were finally adopted as
star magnitude and photometric error.

Instrumental magnitudes of both the WFC3 and ACS cata-
logs were calibrated onto the VEGAMAG photometric system
using the recipes and zero points reported on the HST web-
site. Instrumental coordinates were first corrected for geomet-
ric distortions by using equations by Bellini & Bedin (2009) for
the WFC3/UVIS data and the most up-to-date Distortion Cor-
rection Tables (IDCTAB) provided on the dedicated website of
the Space Telescope Science Institute for the ACS/WFC images.
These coordinates were then reported to the absolute coordinate
system (@, ¢) as defined by the World Coordinate System of the
HST images. The final CMDs for both data sets are shown in
Fig. 2. We note that in agreement with Li et al. (2018), a double
BSS sequence can be easily distinguished in the Cluster Pointing
CMD.

3. Density profile and structural parameters

In order to derive the structural parameters of the cluster we built
the cluster number density profile by using both the Cluster and
the Field HST data sets. This information, and the extension of
the cluster in particular, are key for the decontamination proce-
dure described in Sect. 4.

The analysis was performed following the procedure fully
described in Miocchi et al. (2013; see also Lanzoni et al. 2010).
We used the cluster’s center obtained by Li et al. (2018). We con-
sidered 11 concentric annuli centered on the cluster center, each
one divided into two, three, or four sub-sectors. In each sub-
sector, we counted the number of stars with mggew < 21. The
projected stellar density in each annulus is the mean of the values
measured in each sub-sector and the uncertainty has been esti-
mated from the variance among the sub-sectors. The observed
density profile is shown in Fig. 3 (open circles). It smoothly
declines as a function of distance and then it flattens at a
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Table 1. Summary of the HST data set used in this work.

Instrument Filter fexp () Camera
Cluster Pointing F336W 1 x 800 + 2 x 700 WEFC3/UVIS
F475W 1x 120+ 2 x 700
F814W 1x20+3x700
Field Pointing ~ F475W 2% 500+ 1 x 700 ACS/WEFC
F814W 1 x20+1x600+ 1x690+ 2 x 700
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Flg. 2. (mga75W, MEs7sw — Megiaw) CMDs of the Cluster Pointing and
Field Pointing. The black boxes highlight the BSS region that has been
used in the analysis (see Sect. 3).

distance of d > 200" due to the contribution of the LMC field
background. This has been estimated by averaging the two out-
ermost values, and has been subtracted from the observed dis-
tribution to obtain the cluster (decontaminated) density profile
(filled circles).

We then derived the cluster structural parameters by fitting
the observed density profile with a spherical, isotropic, single-
mass King (1966) model. The best-fit model results in a cluster
with a King dimensionless potential W, = 6.1, correspond-
ing to a concentration parameter of ¢ = 1.28, a core radius
of r. = (11.1 = 1.2)”, a half-mass radius r, = (33.2 = 3.3)",
and a tidal radius r, = (235.6 = 23.5)”. Assuming a dis-
tance to the LMC of 50 kpc (Pietrzynski et al. 2013), these val-
ues correspond to 2.7, 8.1, and 57.1 pc, respectively. While the
derived values of r. and r, are in relatively good agreement
with literature estimates, r; is significantly smaller than that
obtained by McLaughlin & van der Marel (2005) and Li et al.
(2018), who quote 95.5 and 131.30 pc, respectively. Such a dis-
crepancy is likely due to the lack of an appropriate control
area allowing them to properly sample and subtract the LMC
background.

4. Decontamination of color magnitude diagrams

The CMDs of the vast majority of stellar clusters in the Magel-
lanic Clouds are strongly contaminated by field-star interlopers.

Fig. 3. Observed star count density profile of NGC 2173 (open cir-
cles). The dashed line represents the density value of the background
as derived by averaging the two outermost radial bins. The black filled
dots are densities obtained after background subtraction. The best-fit
single-mass King model is over-plotted (black solid line). Lower panel:
residuals between the observations and the best-fit model.

In fact, as shown in Fig. 2 for the case of NGC 2173, cluster evo-
lutionary sequences are overlaid to similarly populated LMC star
sequences. As a consequence, a proper decontamination is key
when studies on specific portions and features in cluster CMDs
are performed and/or when stellar population number counts are
concerned.

Unfortunately, given the distance of the Magellanic Clouds,
a detailed separation between field and cluster stars based
on proper motion is only possible for a few cases. More-
over accurate Gaia DR2 proper-motion data are only avail-
able for the brightest stars. As a consequence, to assess the
impact of field contamination on the CMD of NGC 2173 we
used a statistical approach based on the comparison between
the distribution of stars in the cluster CMD, at different radial
distances from the cluster center, and that of a region repre-
sentative of the surrounding LMC field. As shown in Fig. 1,
the available ACS/WFC Field Pointing is ideal to perform a
suitable decontamination of the program cluster. In fact, the
ACS/WEC field of view (FOV) provides a relatively large area
(which is ~50% larger than the WFC3/UVIS Cluster Point-
ing FOV) to sample the LMC star distribution. Moreover, it
is located beyond the cluster tidal radius (see Sect. 3) thus
ensuring that any contribution from cluster stars (if any) is
negligible.
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Flg. 4. (mp475W,mF475w - mF314w) CMD of the Field Pointing (m red)
superimposed on the Cluster Pointing CMD (in black) for a direct
comparison. Clearly, the SGB/RGB at mps;5w — mpsiaw > 0.8 and
meg7sw > 21, as well as the BSS region are significantly contaminated
by LMC stars.

A first clue about the level of the LMC field contamina-
tion affecting the Cluster CMD can be obtained by applying the
method described in Knoetig (2014, see also Cabrera-Ziri et al.
2016 for a similar application) which allows us to calculate the
probability that a star in the Cluster Pointing CMD belongs to
the field population. We divided both the Cluster and the Field
CMDs in a regular grid of 0.3 x 0.25 mag? and we counted the
number of stars falling within each cell. The number counts of
likely field stars were then corrected for the different area cov-
ered by the two data sets. We then used Eq. (23) in Knoetig
(2014) to estimate the probability that stars observed in a given
cell are cluster members. We refer the reader to that paper for all
relevant details about the method.

This approach has the advantage of being applicable to cells
with small and large numbers. The analysis shows that there are
at least two regions in the Cluster CMD that are significantly
contaminated by foreground LMC stars: the one including stars
with (mgg75w — mpgiaw) > 0.8 and mgy75w > 21, where at least
two LMC sub-populations older than NGC 2173 can be distin-
guished, and the BSS region, in which the member probability is
below 20%.

In Fig. 2 we highlight with a rectangular box the BSS region
in the (mF475W, Np475W — mF814w) CMDs of both the Cluster and
the Field pointings. Even from a preliminary visual inspection
it is evident that a significant contribution of the LMC field
is expected in that region. In fact, we count 37 stars (+6.2 as
Poissonian error) in the WFC3 Cluster Pointing and 21 in the
ACS/WEC Field Pointing. After rescaling this latter value to the
WFC3/UVIS area, we obtain a total number of contaminants of
15 + 3.9, which yields a possible number of likely BSS cluster
members of 22 + 7.2 in the Cluster Pointing (corresponding to
roughly 60% of the observed sample).

In order to allow a direct comparison between the cluster
and the field sequences, in Fig. 4 we co-added the two CMDs,
highlighting in red the stars measured in the Field Pointing.
The match of the sequences is impressive and clearly indi-
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Fig. 5. Comparison between the observed Cluster Pointing CMD and
one resulting from the statistical decontamination procedure described
in Sect. 3.

cates the regions of the CMD that are mainly affected by the
LMC field contamination, fully confirming the analysis dis-
cussed above. In fact, it is evident that the two SGB/RGB
visible at (mp475W - mF814w) >0.8 and ME475W > 21 are essen-
tially due to the LMC field. Moreover, both the red giant
branch and the helium red clump of the cluster are affected
by field contamination, as well as the BSS region. In particu-
lar, from the comparison it also emerges that the distribution
of the BSSs differs between the Field and the Cluster CMDs.
In fact, field candidate BSSs (or young populations) tend to
be preferentially distributed in the brightest and reddest por-
tion of the box, thus suggesting that red BSSs in the Clus-
ter CMD are less likely to be cluster members than the blue
ones.

These simple arguments demonstrate that a very detailed
analysis is needed to assess the possible presence of a double
sequence such as the one claimed by Li et al. (2018).

To this aim we have statistically decontaminated the
(mpa75W, Mpa7sw — mrg1aw) CMD using the following approach.
We split the Cluster Pointing into five concentric annuli centered
on the cluster center. We then partitioned the CMD correspond-
ing to each annulus in the same grid of cells discussed above for
the Field Pointing CMD. The same number of stars counted in
the corresponding cell of the Field CMD were then randomly
removed from the Cluster cell, accounting for the difference in
the size of the areas covered by ACS and the WFC3 pointings.
The stars surviving this analysis correspond to the likely cluster
members and constitute the decontaminated CMD. The original
CMD and the one resulting from the decontamination analysis
are shown in Fig. 5 (to ease the comparison with Li et al. 2018
we show the results in the (mg33ew, ME3zew — MEgiaw) CMD).
The analysis has efficiently removed highly probable LMC stars
and thus the evolutionary sequences appear to be much better
defined in the decontaminated CMD. As expected following the
arguments discussed above, only about 25 BSSs survived the
decontamination analysis. More importantly, the remaining BSS
population is relatively scarce and shows no evidence of a double
sequence.
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Fig. 6. Nine decontaminated CMDs obtained as described in Sect. 3, using different grid-cell widths and limits. In all cases there is no significant

evidence of a double BSS sequence.

We performed the above analysis several tens of times by
changing the cells’ dimensions and the grids’ limits. Some of the
resulting decontaminated CMDs are shown in Fig. 6 as exam-
ples. As expected, while the exact number and position of the
surviving BSSs may differ from one realization to another, the
two main results remain: (i) the total fraction of BSS cluster
members in the Cluster Field is only about 60% of the observed
one; (ii) in none of the realizations do we find evidence of a dou-
ble BSS sequence.

5. Summary and conclusions

We used observations available in the HST archive to perform
a detailed decontamination of the CMD of the young cluster
NGC 2173 in the LMC, with the specific aim of assessing the
existence of the double BSS sequence as recently claimed by
Li et al. (2018). Our analysis demonstrates that the detected fea-
ture is an artifact due to the contamination by LMC field stars.
NGC 2173 turns out to be a young cluster with a single and
poorly populated BSS sequence, which is likely the result of
binary evolution. As a consequence, the case of NGC 2173 is
not relevant for the understanding and discussion of the ori-
gin of the double BSS sequences observed so far in a few old
globular clusters (Ferraro et al. 2009; Dalessandro et al. 2013;
Simunovic et al. 2014; Beccari et al., in prep.).

We used the decontaminated CMD shown in the right panel
of Fig. 5 to select likely member BSSs and reference popula-
tions. We find that the BSS radial distribution in NGC 2173 is
consistent (within the uncertainties related to the small num-
ber of stars and the decontamination process) with that of
normal turn-off cluster stars. This is not surprising since the
BSSs originating from the evolution of primordial binaries are
expected to have, at their origin, a radial distribution indistin-
guishable from other lighter stars. Such a radial distribution
can be maintained for a long time in dynamically unevolved
clusters, where the timescale of the BSS sedimentation toward
the cluster center due to dynamical friction is particularly long.
This is indeed observed in many dynamically young Galactic
clusters (see the cases of Omega Centauri Ferraro et al. 2006b,
NGC 2419, and NGC 6101 Dalessandro et al. 2008b, 2015) even
several gigayears after their formation (see the discussion in
Ferraro et al. 2012, 2018; Lanzoni et al. 2016). Therefore, no
peculiar phenomena need to be advocated to explain the BSS
population of NGC 2173. Instead this case clearly points out the
importance and the necessity of an appropriate field decontami-
nation to properly assess any feature or star population counts in
heavily contaminated stellar aggregates, such as the stellar clus-
ters in the LMC.
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