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ABSTRACT

Context. Deep photometry of Galactic star clusters provides one of the most powerful tools for determining their physical properties.
In particular, in low Galactic latitude regions that suffer from heavy extinction and crowding, it is essential to have accurate optical and
near-IR photometry for benchmark clusters.
Aims. NGC 2437 is the most extended star cluster in the near-IR footprint of the VISTA Variables in the Via Lactea Extended Survey
(VVVX), covering more than one degree on the sky. In this paper, we aim to characterize the physical properties of NGC 2437 using
Gaia data release 3 (DR3) databases in the optical and the VVVX in the near-IR.
Methods. We use Gaia DR3 proper motions (PMs) to select NGC 2437 members in order to make optical and near-IR color–magnitude
and color–color diagrams. We further exploited the newly constructed VVVX deep stack images to obtain the deepest near-IR color–
magnitude diagram currently available for this cluster.
Results. Using the selected cluster members, we estimate the main physical parameters for NGC 2437, including the mean parallax
ϖ = 0.608 mas and PMs (µα∗, µδ) = (−3.85, 0.41) mas/yr. We also estimate a mean reddening of E(J − Ks) = 0.059 mag and an
extinction of Aks = 0.034 mag for the NGC 2437 field, with no significant differential reddening spread throughout the field. A distance
modulus of (m−M) = 11.08 mag is estimated, equivalent to a distance of D = 1644 pc. This places NGC 2437 at z = 115 pc above the
Galactic plane and at a galactocentric distance of RG = 9.24 kpc. We measure the structural parameters of the cluster by obtaining the
core radius rc = 10.79 arcmin. We estimate the total absolute magnitude in the near-IR of MK = −4.91 mag, equivalent to an optical
absolute magnitude of MV = −3.70 mag. We measure a cluster mean age of t = 350 Myr, using the PARSEC-COLIBRI isochrones
for solar metallicity. We also measure the binary fraction using the optical and near-IR color–magnitude diagrams. Based on Gaia
DR3 data and VVVX deep stacks, we conclude that the NGC 2437 binary fraction is 28.6%. We also discuss the implications of
the revised cluster parameters for the nearby open cluster NGC 2425, the planetary nebula NGC 2438, and the evolved OH/IR source
OH 231.8+04.2.
Conclusions. The VVVX deep stacks increase the photometric depth by approximately 1.6 mag in the Ks band, nearly doubling the
number of detected point sources and enabling significantly improved studies of stellar populations throughout the southern Galactic
plane.
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1. Introduction
Open clusters play an important role in Galactic research, and
their study is one of the primary scientific goals of the VISTA
Variables in the Via Lactea (VVV) Survey and its extension, the
VVVX Survey (Minniti et al. 2010; Saito et al. 2012, 2024).
These near-IR surveys have enabled a wide range of studies,
including: the search for new open clusters at low Galactic lat-
itudes (Borissova et al. 2011, 2014; Barbá et al. 2015; Ivanov
et al. 2017; Borissova et al. 2018, 2020; Gupta et al. 2024), the
⋆ Corresponding author: tpalma@unc.edu.ar

photometric and spectroscopic characterization of stellar mem-
bers of young massive clusters (Borissova et al. 2016, 2019;
Chené et al. 2012, 2013; Ramírez Alegría et al. 2014; Chené
et al. 2015; Martins et al. 2019; Peña Ramírez et al. 2022),
the study of variable stars in Galactic open clusters, including
Cepheids, Miras, semiregular variables, and eclipsing binaries
(Majaess et al. 2011, 2012; Dékány et al. 2015; Palma et al. 2016;
Navarro Molina et al. 2016; Medina et al. 2018; Molina et al.
2019; Medina et al. 2021; Majaess et al. 2024, 2025).

Color–magnitude diagrams (CMDs) in these previous stud-
ies have generally relied on single-epoch observations. In
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Fig. 1. Deep stack images of the VVVX tile e0851 in the J (left) and Ks
(right) passbands. The open cluster NGC 2437 is located in the top left
quadrant.

contrast, the present work makes use of newly generated
deep stack images obtained by co-adding the highest-quality
images acquired over the full temporal baseline of both sur-
veys. This approach significantly increases the photometric
depth and improves the signal-to-noise ratio, enabling the detec-
tion of substantially fainter stellar sources. As a first applica-
tion of these new products, we analyze the deep stack cor-
responding to VVVX tile e0851, which contains interesting
astronomical objects, namely the open clusters NGC 2437 and
NGC 2425, the planetary nebula NGC 2438, and the OH/IR
source OH 231.8+04.2.

In this work, we perform an updated analysis of the bench-
mark open cluster NGC 2437 (M 46), which is one of the most
extended open clusters located within the VVVX footprint. It
appears as a prominent stellar overdensity in the new VVVX
stellar density maps. This cluster has an apparent diameter close
to one degree on the sky, much larger than the projected size
of the Moon. The cluster lies in a relatively uncrowded region
of the Galactic plane with relatively low interstellar extinction.
Based on previous work, this is an intermediate-age nearby
open cluster (log t = 8.4, D = 1.5 kpc; Sharma et al. 2006;
Davidge 2013; Jadhav et al. 2021). It exhibits a well-defined
binary sequence. The combination of Gaia DR3 astrometry with
VVVX deep stack photometry allows us to construct very deep
optical near-IR CMDs that extend toward the hydrogen-burning
limit. Gaia proper motions (PMs) help secure and/or refine mem-
bership, while VVVX photometry enables the identification of
significantly fainter objects.

Fig. 1 shows the deep stacked J and Ks band
images of the VVVX tile e0851, centered at
(RA,Dec)J2000 = (07:39:45.16,−14:41:09.9), which according
to Saito et al. (2024) contains two observations in the J band,
one observation in the H band, and 30 observations in the Ks
band, spread between the years 2016 and 2025. After quality
control was applied (see Sect. 3), the deep stack input includes
two sets of J band and 22 sets of Ks band. This explains
the difference in the final quality of the deep stack images.
NGC 2437 is located off-center within tile e0851. Because this
cluster extends beyond the VVVX footprint, only the central
region (r < 20 arcmin) is completely covered by the survey and
is used for the photometric analysis, whereas Gaia astrometry
allows the identification of probable members out to projected
radii of approximately 45 arcmin. A comparison between a
single epoch JHKs color image and a deep stacked image in the
Ks band of the same central region is shown in Fig. 2.

Although extensively studied, NGC 2437 remains an excel-
lent benchmark open cluster due to its richness, proximity,

Fig. 2. Open cluster NGC 2437 in the near-IR. Zoom into the single
epoch JHKs color image of NGC 2437 (left) compared with the deep
stack image in the Ks passband (right).

and intermediate age. The availability of Gaia DR3 astrometry
together with the recently released VVVX deep stacks provides
an opportunity to revisit its structural and physical properties
while extending the stellar census toward significantly deeper
near-IR photometry than previously available. The main goals
of this work are to derive an updated sample of cluster members,
determine the structural and physical parameters of NGC 2437,
and assess the improvement provided by the new VVVX deep
stack photometry compared to previous VVVX catalogs.

2. Datasets and VVV near-infrared photometry

The VVV/VVVX surveys have systematically mapped the
Galactic bulge and the southern Galactic plane in the near-
IR using the VIRCAM instrument mounted on the VISTA 4m
telescope at ESO Paranal Observatory between 2010 and 2023
(Minniti et al. 2010; Saito et al. 2012). During the course of the
surveys, the photometric products have evolved from aperture
photometry provided by the Cambridge Astronomical Survey
Unit (CASU) to increasingly sophisticated point spread func-
tion (PSF) photometric catalogs, including ZKSPHOT (Mauro
et al. 2012), DAOPHOT (Contreras Ramos et al. 2017; Smith
et al. 2018; Surot et al. 2019), and most recently DoPhot (Alonso-
García et al. 2018, 2026; Smith et al. 2025). These successive
improvements have substantially increased both the complete-
ness and the photometric accuracy, particularly in crowded
stellar fields. In this work, we used the latest DoPhot PSF pho-
tometric catalogs produced from VVVX observations (Alonso-
García et al. 2026) together with the newly generated VVVX
deep stack images. The latter are constructed by combining
the highest-quality images available for each tile, resulting in
substantially deeper photometry and improved photometric pre-
cision with respect to the single-epoch observations. The Gaia
DR3 and VVVX catalogs were cross-matched using their equa-
torial coordinates, and only sources with reliable astrometric
and photometric measurements were retained for the subsequent
analysis presented in this work.

3. The VVVX deep stacks

With the completion of the VVVX survey, it is now possible to
construct deep stacked images by combining the highest-quality
observations obtained over the full temporal baseline of the sur-
vey. In this paper we present the first scientific application of
the VVVX deep stack products. These are being developed at
the Wide Field Astronomy Unit (WFAU) of the Royal Observa-
tory Edinburgh. The stacked images are constructed using only
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the highest-quality exposures, rather than by co-adding all avail-
able observations. Images affected by poor seeing, elongated
PSFs, reflections, or high sky background were rejected prior
to the stacking process. For tile e0851, the following quantita-
tive quality-control criteria were applied prior to stacking: seeing
thresholds of 1.0 arcsec and 2.0 arcsec (Ks master and epoch
tiles, respectively), 1.2 arcsec (J), and 1.1 arcsec (H); PSF ellip-
ticity <0.2 in all bands; and photometric zero-point within 0.15
mag of the median value for J, H, and Ks (master), and within
0.25 mag for Ks (epoch tiles). After applying these criteria, two
J band and 22 Ks band observations were retained for the final
deep stacks of tile e0851. The resulting stack images achieve a
final PSF full width at half maximum (FWHM) of approximately
0.82 arcsec in both J and Ks bands, with PSF ellipticities of
0.087 and 0.05, respectively, representing a significant improve-
ment not only in depth, but also in angular resolution with
respect to individual single-epoch observations.

Here, we assess the gain in photometric depth provided by
the deep stacks using VVVX tile e0851 as a representative exam-
ple. Fig. A.1 illustrates the improvement achieved with the deep
stacks. This figure shows the number of point sources detected
using DoPhot PSF photometry of a single chip for VVVX tile
e0851, located in the Galactic plane (l = 231.510 deg, b =
3.701 deg). This figure compares the PSF photometry of single
images in filters J and Ks (black histogram, Alonso-García et al.
2026), with the deep stacks of a single Ks band filter (light gray
histogram).

The deep stack photometry reaches approximately 1.6 mag
deeper in the Ks band than the single-epoch catalogs, increas-
ing the number of detected point sources by a factor of two. This
results in the detection of 121 423 more point sources. This num-
ber is representative of the photometric yields for tiles located in
the Galactic plane. In addition, the photometry from the deep
stack exhibits smaller photometric uncertainties. The improve-
ment is expected to be even greater in low-density fields, where
crowding is less severe, whereas the gain is likely to be smaller in
the innermost regions of the Galactic bulge, where source con-
fusion rather than photon noise dominates the detection limits.
In addition to extending the limiting magnitude, the deep stack
products improve the completeness and photometric precision in
crowded stellar fields, allowing significantly cleaner CMDs at
faint magnitudes.

3.1. Lucky imaging

The final depth achievable by deep stacks depends primarily on
the quality of the individual input images. The faintest sources
are preferentially detected in the images obtained under the best
seeing conditions.

The Lucky imaging technique has been successfully used to
identify faint sources in astronomical images at different wave-
lengths (see Law et al. 2006; Lodieu et al. 2009). This concept
has not yet been fully exploited within the VVVX database, but
the approach may prove fruitful, especially at low latitude fields
where the photometric completeness is limited by crowding.
This strategy is particularly advantageous in the crowded inner
regions of the Galaxy, where improvements in both angular res-
olution and photometric depth translate into significantly higher
photometric completeness. The image-selection strategy adopted
for the deep stacks is conceptually similar to the lucky imaging
approach in the sense that only the highest-quality exposures are
combined.

3.2. Rotation differential imaging

The VISTA telescope at ESO Cerro Paranal Observatory is an
altazimuth telescope, so the images at different epochs are taken
with different instrument rotations. This means that the image
diffraction pattern that is seen in the bright stars in the indi-
vidual image is rotated arbitrarily from image to image of the
same tile. This rotation averages out the diffraction pattern in
the co-added deep stack images, with the bright stars resulting
in point sources exhibiting extended smooth halos. Source cat-
alogs extracted from the individual images required additional
cleaning because of spurious detections produced by diffraction
spikes around bright stars. The photometry of the individual
images had to be cleaned up as a result of the detection of
false sources due to the diffraction pattern of bright stars. For
example, when two bright stars are close together, some of their
diffraction features intersect, resulting in the detection of false
point sources. This is not necessarily the case in the deep co-
added images, where the diffraction pattern has been averaged
out (as long as many images are combined). In a sense, this effect
is similar to the rotation differential imaging (RDI) technique
applied to detect planetary companions around bright stars (see
Soummer et al. 2011, 2012; Sanghi et al. 2022). An additional
advantage of combining images acquired at different instrument
position angles is the suppression of diffraction spikes around
bright stars.

3.3. Roman

The deep VVVX near-IR stacks are also important in the con-
text of the future Galactic Plane Survey to be carried out by
the Nancy Grace Roman Space Telescope at similar wavelengths
(e.g., Paladini et al. 2023).The high-resolution images acquired
with the Wide Field Instrument (WFI) at the Roman Space Tele-
scope would reach faint magnitudes in short exposure times
(e.g., J > 23 mag, Ks > 21 mag in integrations of approxi-
mately one minute). Unfortunately, stars brighter than Ks < 15
mag would be saturated even in the shortest exposures. The deep
stacks extend the photometry of our survey to fainter magni-
tudes, providing a wider dynamical range of overlap (4–5 mag)
with the photometry of the Roman Space Telescope, thereby pro-
viding a substantial common magnitude range for photometric
calibration. This overlap is important not only for photomet-
ric calibration, but also because it provides a temporal baseline
of nearly two decades for future PM studies of sources with
15 < Ks < 19.5 mag across the Galactic plane and bulge.

4. The NGC 2437 color–magnitude and color–color
diagrams

The spatial distribution of the Gaia–VVVX field and matched
sources in the vicinity of NGC 2437, together with the footprint
of the VVVX tile e0851, is shown in Fig. 3. The figure illus-
trates the location of the cluster within the tile and highlights
that only the central region is fully covered by the VVVX obser-
vations, while the outermost members extend beyond the survey
footprint.

Reliable membership determination is essential in low
Galactic latitude fields, where the stellar density is dominated by
foreground and background Galactic populations. Therefore, we
used Gaia DR3 PMs and parallaxes to isolate probable members
of NGC 2437 from the surrounding field population. An initial
selection was performed in the PM plane, followed by a paral-
lax criterion centered on the mean cluster parallax. The resulting
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Fig. 3. Map of the coverage of the VVVX tile e0851 (blue rectangle)
compared with the sample of NGC 2437 members selected using the
Gaia DR3 proper motions (pink circle). The red and gray circle has a
diameter of 45’ for reference.

Fig. 4. Proper motion selection of cluster members within r < 20 arcmin
from the center of NGC 2437.

sample was finally inspected in the Gaia CMD to remove obvious
contaminants while preserving the cluster sequence.

Fig. 4 illustrates the adopted PM selection for stars within
r < 20 arcmin of the cluster center. The relatively compact distri-
bution in the proper-motion plane demonstrates the effectiveness
of the astrometric criteria in isolating the cluster population
from the surrounding field stars. The PM selection was per-
formed within a circle with radius of 0.5 mas/yr centered on the
mean cluster motion. Subsequently, a parallax criterion of ϖ =
0.6 ± 0.1 mas was applied to further reject field contaminants.

The resulting optical and near-IR CMDs, together with
the color–color diagram, are presented in Fig. 5. The selected
members define a narrow and well-populated main sequence,
confirming the high quality of the astrometric membership selec-
tion. The tight main sequence of the cluster is consistent with
the relatively low foreground extinction and the modest level of
differential reddening across the cluster field, as shown in the
color–color diagram (right panel of Fig. 5). These clean photo-
metric sequences provide the basis for the determination of the

cluster structural parameters and the isochrone fitting presented
in the following sections.

Although Gaia DR3 astrometry provides a robust mem-
bership determination over a wide magnitude range, PMs and
parallaxes become increasingly incomplete toward the faintest
magnitudes. To investigate the low-luminosity stellar population
revealed by the VVVX deep stacks, we therefore complement
the astrometric selection with a statistical field-star decontam-
ination procedure in order to discriminate the background and
foreground star fields from the observed cluster CMDs. Fol-
lowing Palma et al. (2016, 2019); Minniti et al. (2017, 2018), a
nearby comparison field was selected approximately one degree
from the cluster center, covering a similar projected area, and
chosen to have comparable Galactic latitude, stellar density, and
foreground reddening.

Fig. 6 shows the Ks vs J − Ks CMD for the deep stacks of
the entire VVVX tile e0851 (left panel), the central region of
NGC 2437 (r < 20′, middle panel), and the comparison field
located approximately one degree away from the cluster (right
panel). Due to the use of deep stack photometry, these diagrams
reach significantly fainter magnitudes than the Gaia-selected
CMDs presented in Fig. 5. The comparison field exhibits typ-
ical stellar populations expected along this line of sight in the
Galactic plane (see Fig. 6 in Alonso-García et al. 2026). Three
prominent sequences can be distinguished: the distant reddened
main-sequence dwarfs (with mean J − Ks ∼ 0.45 mag), the
unreddened nearby M-dwarfs (with mean J − Ks ∼ 0.85 mag),
and the population dominated by background galaxies (with
J − Ks > 1.2 mag and a wide color spread).

The comparison between the cluster and control field con-
firms that the prominent cluster main sequence is clearly dis-
tinguishable from the underlying Galactic population. Statistical
decontamination therefore provides an effective complement
to the Gaia-based membership selection at magnitudes where
astrometric information becomes incomplete.

5. Main physical parameters of NGC 2437

Using Gaia DR3 astrometry together with VVVX deep stack
photometry, we derive updated structural and physical param-
eters for NGC 2437. The cluster center was estimated at RA =
07:41:49.08 and Dec = –14:49:46.54. The mean cluster parallax
and PMs areϖ = 0.608± 0.041 mas, µα∗ = −3.85± 0.13 mas/yr
and µδ = 0.41 ± 0.11 mas/yr. The measured parallax corre-
sponds to a heliocentric distance of D = 1.64±0.11 kpc (without
applying the Bayesian correction of Bailer-Jones et al. (2021)
), equivalent to a distance modulus of (m − M) = 11.08 mag.
These values are supported by the subset of Gaia DR3 members
with reliable parallaxes and radial velocities, which are predom-
inantly bright cluster members. This sample yields a mean radial
velocity of RV = +46.3 ± 5.6 km/s. The derived astrometric
parameters are in good agreement with recent determinations
based on Gaia DR3 (e.g., Hunt & Reffert 2023, 2024). The
structural parameters of the cluster were derived by fitting a
King model (King 1962) to the projected radial density profile
of the Gaia-selected members, which yields a core radius of
rc = 10.79± 0.66 arcmin (corresponding to rc = 5.15± 0.47 pc).

The mean reddening and extinction derived for the clus-
ter are E(J − Ks) = 0.059 mag and Aks = 0.034 mag. For a
consistency check, we computed the mean reddening E(BP −
RP) from the Gaia DR3 photometry of the cluster members.
Following the extinction law of Wang & Chen (2019), the
above adopted values are in excellent agreement with the value
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Fig. 5. Near-IR color–magnitude and color–color diagrams for the Gaia proper motion selected sources within r < 20′ from the center of NGC 2437.

Fig. 6. Near-IR color–magnitude diagram for the deep stacks for the whole VVVX tile e0851 (left), compared with the sources within r < 20 arcmin
from the center of NGC 2437 (middle) and with a background field located about 1 degree away (right), separated using statistical decontamination
techniques (see text). Note that these CMDs are much deeper that those shown in Figure 5, that are based only on Gaia proper motion selected
sources.

derived from the Gaia photometry. We adopted a metallicity of
[Fe/H] = −0.08±0.16 and solar abundance ratios from the high-
resolution spectroscopic analysis of Ray et al. (2022). The cluster
age was estimated using the PARSEC-COLIBRI isochrones
(Bressan et al. 2012; Marigo et al. 2017). We derived an age of
log t = 8.55, equivalent to t = 355 Myr. For the adopted age and
metallicity, the PARSEC-COLIBRI isochrones predict a main-
sequence turn-off mass of MTO ∼ 3.05 M⊙, corresponding to an
early A-type star. The derived structural and physical parameters
are summarized in Table 1.

6. The NGC 2437 binary fraction

We used the Gaia DR3 + VVVX matched catalog to estimate
the binary fraction of NGC 2437. The binary population is most
clearly identified in the (G − Ks,Ks) CMD, because the broad
optical – near-IR color baseline provides a better separation
between single-star and unresolved binary sequences. The result-
ing CMD clearly reveals the NGC 2437 cluster MS, as well as
a parallel binary MS approximately 0.7 mag above the single-
star MS, as expected for unresolved equal-mass binaries. This
well-defined binary sequence enables a direct estimate of the
cluster binary fraction. The cluster MS is detected down to
Ks > 17.0 mag, G > 20.5 mag. We conclude that residual field
contamination is small, based on the low number of sources
located blueward and below the cluster MS.

We counted the total number of detected sources (Nall),
the stars located along the cluster MS (NMS), the candidate

Table 1. Fundamental parameters of NGC 2437.

Parameter Value

RA 07:41:49.08
Dec −14:49:46.54
µα∗ (mas/yr) −3.85 ± 0.13
µdelta (mas/yr) 0.41 ± 0.11
ϖ (mas) 0.608 ± 0.041
AKs (mag) 0.034 ± 0.003
AG (mag) 0.230 ± 0.006
(m − M)0 (mag) 11.08 ± 0.15
D⊙ (kpc) 1.64 ± 0.11
Age (Myr) 355 ± 90
RGC (kpc) 9.24 ± 0.05
ZGal (kpc) 0.115 ± 0.005
RV (km/s) 46.3 ± 5.6
rc (pc) 5.15 ± 0.47
E(J − Ks) (mag) 0.059 ± 0.003
MKs (mag) −4.91 ± 0.09
MV (mag) −3.70 ± 0.09

unresolved binaries located above the MS (Nbin), and the likely
field contaminants below the MS (Nbkg), following a procedure
similar to that described by Jadhav et al. (2021). We obtained
Nall = 3319, NMS = 2293 (69%), Nbin = 655 (20%), and Nbkg =
319 (10%). Following the observational approach adopted in
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this work, we define the photometric binary fraction as fbin =
Nbin/NMS, where these are the numbers of stars assigned to the
binary and single-star MS loci, respectively. We obtain a binary
fraction of 0.28 for the cluster.

Note that this photometric method is sensitive only to unre-
solved binaries with mass ratios q ∼ 1. Binaries with lower mass
ratios (q ≪ 1) produce smaller photometric offsets and are not
counted as part of Nbin. Similarly, wide binaries that are spa-
tially resolved at the distance of NGC 2437 are not included. The
quoted binary fraction therefore represents a lower limit to the
total binary fraction of the cluster.

The analysis covers a specific range of magnitudes, covering
spectral types from early A (near the turn-off) to late K at the
faint end, mostly GK stars. Although the astrometric quality of
Gaia DR3 is degraded significantly for G > 18 mag, which may
introduce some contamination in the faint end of our sample, its
effect on the overall binary fraction estimate is expected to be
small given the low number of sources in this regime.

We also inspected the Gaia DR3 renormalized unit weight
error (RUWE) distribution of the candidate binary population. A
dozen candidates exhibit high values (RUWE > 1.4), as expected
for systems whose unresolved orbital motion or multiplicity may
affect the Gaia astrometric solution. However, the RUWE distri-
bution does not provide sufficiently clear evidence to establish a
distinct population of wide binaries or higher-order multiples in
the present sample.

Adopting a more restrictive selection, taking into account
only sources within the tight sequence seen in the color–color
diagrams, excluding stars with larger photometric uncertainties
or possible blends, the number of main sequence stars drops
to Ncc = 2150, but the inferred binary fraction remains essen-
tially unchanged because the binaries drop accordingly. Despite
extending the photometry by more than two magnitudes rela-
tive to previous studies, we obtain a binary fraction consistent
with the value reported by Jadhav et al. (2021). This agreement
indicates that the inferred binary fraction is robust against the
improved photometric depth provided by the VVVX deep stacks.

7. The open cluster NGC 2425

The VVVX deep stacks also allow us to investigate the
more distant open cluster NGC 2425, located within the
same tile as NGC 2437. NGC 2425 is an intermediate-age
open cluster located approximately 0.5◦ from NGC 2437
within the same VVVX tile, but at a substantially
larger heliocentric distance. Its central coordinates are
(RA,Dec)J2000 = (07:36:00.9,−14:46:14), and its Gaia DR3
parallax of 0.257 ± 0.005 mas corresponds to a heliocentric
distance of approximately 4 kpc. Fig. 7 shows the statistically
decontaminated near-IR CMD for NGC 2425 using the deep
stacks compared to a background field located half a degree
away from the cluster. The excess of blue stars due to the tight
cluster MS can be clearly observed on the left side of this CMD
at the brightest magnitudes (Ks < 17 mag).

Although Gaia DR3 astrometry was also explored for
NGC 2425, at its substantially larger distance, the Gaia sam-
ple becomes incomplete at significantly brighter magnitudes
than VVVX deep stack photometry, making statistical decon-
tamination a more effective approach for this cluster. This
example illustrates the capabilities of the VVVX deep stacks.
While they extend the stellar census of nearby clusters such
as NGC 2437 toward lower masses, their increased photometric

Fig. 7. Near-IR CMD for NGC2425 using the deep stacks of VVVX
tile e0851 (left panel), compared with a nearby background field (right
panel). The resulting statistically decontaminated CMD is shown in the
middle panel. The tight cluster main sequence can be seen as an excess
of blue stars in the left panel.

Fig. 8. Planetary nebula NGC 2438 in the near-IR. Zoom into the single
epoch JHKs color image (left), compared with the deep stack J band
image of this planetary nebula. Note the multiple nested shell structure
of this object seen in the J band.

depth is expected to be even more beneficial for the study of more
distant Galactic open clusters.

8. The planetary nebula NGC 2438

The planetary nebula NGC 2438 (PN G231.8+04.1) is another
interesting object located within VVVX tile e0851. This object
exhibits a multiple-shell structure in the deep optical images
taken from the ground and space (e.g., Corradi et al. 2000;
Öttl et al. 2014). Fig. 8 shows the zoomed VVVX J and Ks
band images of this planetary nebula (PN), with a total diameter
of 11′ centered at (RA,Dec)J2000 = (07:41:50.52,−14:44:07.5),
l = 231.510 deg, b = 3.701 deg. This figure reveals the same
multiple-shell morphology in the near-IR.

The central star for this PN has G = 17.08 mag, BP − RP =
−0.05 mag, and AV = 0.14 mag (from the Gaia EDR3 data
analysis of González-Santamaría et al. 2021). We measured
the near-IR PSF magnitudes for this central star: J = 16.75 ±
0.01 mag, H = 16.39 ± 0.02 mag, Ks = 16.29 ± 0.05 mag using
the VVVX images. This PN is particularly interesting because it
is located within the field of the open cluster NGC 2437 (Majaess
et al. 2007).

According to Kiss et al. (2008), the radial velocity of the
PN, RV = 78 ± 2 km/s, rules out a physical association with
NGC 2437, whose mean radial velocity is 48.5 km/s. Indeed, the
PN velocity is more than 5σ away from our mean radial veloc-
ity value of RV = +46.3 ± 5.6 km/s, strongly arguing against
cluster membership. The Gaia database for the central star of
this PN yields µα∗ = −5.625 mas yr−1, µδ = 1.519 mas yr−1,
and ϖ = 1.38 ± 0.22 mas, corresponding to an inverse-parallax
distance of approximately 720 pc. Öttl et al. (2014) derive a
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Fig. 9. The OH/IR source OH 231.8+04.2 in the near-IR. Zoom into
the deep stack images of the OH/IR source OH 231.8+04.2 in the single
epoch JHKs color image (left), compared with the deep stack in the Ks
passband (right).

total extinction E(B − V) = 0.16 mag, estimating a distance of
D = 1.9± 0.2 kpc, again suggesting nonmembership of the open
cluster NGC 2437 (although the distance constraint is less com-
pelling than the radial-velocity evidence because of the larger
distance uncertainties). We therefore conclude that NGC 2438 is
a chance line-of-sight projection toward NGC 2437 rather than a
physical cluster member.

9. The OH/IR source OH 231.8+04.2

The OH/IR source OH 231.8+04.2, also known as QX Pup and
associated with the Calabash Nebula, is a bright evolved binary
system located within VVVX tile e0851 (Sánchez Contreras
et al. 2004). Fig. 9 shows the zoomed VVVX J and Ks band
images of the OH/IR source. This remarkable object has been
studied in a variety of astrophysical contexts, including as a
water-vapor and silicon monoxide maser source (e.g., Kim et al.
2019), a protoplanetary nebula with jets and shocks (Bujarrabal
et al. 2002; Meakin et al. 2003), a preplanetary nebula with
a precessing jet (e.g., Sahai et al. 2005), a post-AGB star
with a compact circumstellar disk (e.g., Matsuura et al. 2006;
Sánchez Contreras et al. 2022), an oxygen-rich binary Mira with
P = 554 d undergoing mass transfer (e.g., Kastner et al. 1998;
Sánchez Contreras et al. 2004, 2018), and the driving source
of a bipolar nebular outflow (Reipurth 1987; Morris et al. 1987;
te Lintel Hekkert et al. 1988; Shure et al. 1995), which motivated
complex modeling (e.g., Balick et al. 2017; Bowers & Morris
1984; Balick et al. 2017).

This source lies well within the extension of the open clus-
ter NGC 2437, about 10′.67 (640′′.3) from its center, and its
radial velocity agrees with that of the cluster, providing strong
evidence for a physical association (Bowers & Morris 1984;
Sánchez Contreras et al. 2004). Establishing a cluster member-
ship of OH 231.8+04.2 is important because the precise distance
influences its determination of age and the mass of the central
binary components. Given that we present updated estimates
of the relevant cluster parameters, such as size, age, and dis-
tance, it is important to confirm the physical association of the
OH/IR source OH 231.8+04.2 with NGC 2437. Our updated clus-
ter parameters are fully consistent with recent determinations,
which have been used to compute the OH 231.8+04.2 param-
eters, and no significant revision is necessary for this object.

Specifically, Sánchez Contreras et al. (2022) estimated that the
mass of the QX Pup progenitor is M ∼ 3.5 M⊙ with a com-
panion A 05 of initial mass M ∼ 2 M⊙. Their assumed distance
D = 1.3 kpc and age t = 225–250 Myr adopted for these calcu-
lations are broadly consistent within the uncertainties. However,
our larger distance of D = 1.64 kpc would change the energy
budget previously estimated within the nebula. The larger dis-
tance implies luminosities approximately 0.45 mag brighter than
previously assumed, which may require a modest upward revi-
sion of the inferred stellar masses. In addition, our distance
estimate is also consistent with the value adopted by the hydrody-
namical models of Balick et al. (2017). The estimated progenitor
mass of QX Pup (∼3.5 M⊙) is slightly larger than the cluster turn-
off mass of ∼3.05 M⊙, derived from our isochrone fitting. This
small difference (∼15%) is physically consistent with cluster
membership: a star with an initial mass slightly above the current
turn-off would have already evolved off the main sequence and
entered the AGB or post-AGB phase on a timescale compatible
with the cluster age. Given the uncertainties in both age determi-
nation and stellar mass estimates from evolutionary models, the
progenitor mass of OH 231.8+04.2 is in good agreement with
the cluster turn-off, providing further support for the physical
association of this system with NGC 2437.

10. Conclusions

We presented the first scientific application of the VVVX deep
stack project, demonstrating the gain in photometric depth and
source completeness achieved by combining the highest-quality
VVVX observations. As a showcase of these new data prod-
ucts, we analyzed the benchmark open cluster NGC 2437. Using
deep stack photometry together with Gaia DR3, we derived
updated estimates of reddening, distance, age, luminosity, struc-
tural parameters, and mean proper motion of the benchmark
open cluster NGC 2437 (Table 1).

The VVVX deep stacks extend the limiting magnitude by
approximately 1.6 mag in the Ks band, approximately doubling
the number of detected point sources in typical Galactic-plane
fields, while simultaneously improving the photometric preci-
sion and completeness at faint magnitudes. The photometric
binary fraction is estimated to be approximately 30%, consis-
tent with previous determinations despite extending the CMD
by more than two magnitudes toward fainter stars.

Finally, improved photometry allowed us to investigate
several astrophysically interesting objects within the same
VVVX tile, including the distant open cluster NGC 2425, the
planetary nebula NGC 2438, and the evolved OH/IR source
OH 231.8+04.2. The new cluster parameters provide additional
support for the nonmembership of NGC 2438 and remain con-
sistent with the interpretation of OH 231.8+04.2 as a member of
NGC 2437. The deep stack products will provide an important
legacy dataset for future Galactic surveys, particularly in combi-
nation with Gaia and the Nancy Grace Roman Space Telescope,
enabling improved studies of stellar populations and proper
motions throughout the southern Galactic plane and bulge.
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Appendix A: Comparison with the deep stacks

In this section, we briefly compare the VVVX near-IR PSF pho-
tometry of single epochs compared with those of the deep stacks,
in order to illustrate the progress that has been made. As an
example of the improved gain in depth and completeness, we
show in Fig. A.1 the PSF magnitude distributions of detected
sources in single images compared to the deep stacks of VVVX
tile e0851 in the J and Ks band filters, respectively.

Fig. A.2 shows the errors for the near-IR PSF photometry
as a function of magnitude for new images from the VVVX
deep stacks (top panels) compared to the single epochs (bottom
panels).

Finally, for the specific case of the open cluster benchmark
NGC 2437, Fig. A.3 shows the Ks band magnitude distribution
of detected sources in the deep stacked images for the region of
the cluster NGC 2437 compared with a selected background field
located about one degree away. This figure shows that there is an
excess of cluster stars even at the faintest magnitudes Ks = 19.5
mag, equivalent to absolute magnitude MKs = 8.6, near the BD
boundary.

Fig. A.1. Near-IR magnitude distributions of detected sources in single
vs. deep stacked images. Bottom: Ks-band magnitude distribution of
point sources detected using the DoPhot PSF photometry of a single
chip for VVVX tile e0851. The PSF photometry for new deep stacked
images from the VVVX Deep Stacks (shown in light gray) reach about
1.6 mag deeper in the Ks-band than the previous catalogs available from
single images (in black). This results in the detection of 121420 more
point sources, a significant improvement. Top: The PSF photometry for
new deep stacked images from the VVVX Deep Stacks (shown in light
gray) reach about 0.5 mag deeper in the J-band than the previously
available data (in black).

Fig. A.2. Top panels: Errors for the near-IR PSF photometry as a func-
tion of magnitude for new images from the VVVX Deep Stacks. Bottom
panels: Errors for the previous near-IR PSF photometry as function of
magnitude for single epoch images from Alonso-García et al. (2018).

Fig. A.3. Near-IR magnitude distribution of detected sources in the
deep stacked images for the region of the cluster NGC 2437 compared
with a selected background field.
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