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ABSTRACT

Context. The VISTA Variables in the Via Lactea eXtended (VVVX) ESO public survey observed the Galactic plane and the outer
Galactic bulge in the near-infrared to mitigate the effects of extinction that severely limit optical observations of these regions. By
significantly expanding the area covered by the original VVV survey, VVVX enables a deeper and broader exploration of the most
obscured and crowded regions of the Milky Way.
Aims. We aim to extend and complete our photometric catalogs of the entire Galactic plane region accessible from the southern
hemisphere, focusing on the areas newly covered by the VVVX survey.
Methods. Building on previous work, we applied point-spread function fitting techniques to detect point sources and extract their
deep J, H, and Ks photometry across the VVVX footprint. The resulting catalogs were calibrated using astrometric and photometric
reference data. Cross-matching between filters and epochs was used to ensure a high level of reliability and completeness.
Results. We produce a deep, highly complete near-infrared catalog of more than 700 million sources in the Galactic plane and outer
Galactic bulge. When combined with our previous VVV atlas, the full catalog includes over 1.5 billion sources. The derived density
maps and color–magnitude diagrams enable detailed studies of Galactic structure, extinction, and stellar populations, and highlight
features such as the Carina arm tangency, the Sagittarius stream, and numerous star clusters.
Conclusions. This extended atlas provides an unprecedented view of the innermost regions of the Milky Way. It is now publicly
available through the VISTA Science Archive, offering a valuable resource for the astronomical community to investigate the structure
and evolution of the Galactic disk and bulge.

Key words. techniques: photometric – catalogs – Galaxy: bulge – Galaxy: disk

1. Introduction
Most of the stars in the Milky Way are located in its disk and
bulge, close to the Galactic plane. However, their light at opti-
cal wavelengths is heavily obscured by clouds of gas and dust
concentrated at low Galactic latitudes. The region of the Galac-
tic plane toward the inner parts of the Galaxy is particularly
affected by this obscuration. In the near-infrared, extinction is
⋆ Corresponding author: javier.alonso@uantof.cl

highly diminished (AKs ∼ 0.1 AV ), allowing observations to pen-
etrate the gas and dust and provide a more complete and deeper
view of the objects located toward the inner regions of the Milky
Way.

The VISTA Variables in the Via Lactea (VVV) survey
(Minniti et al. 2010; Saito et al. 2012) enabled the use of the
wide-field, medium-aperture, near-infrared capabilities of the
VISTA telescope and its imager to provide a deep, highly com-
plete atlas of the Galactic bulge and an adjacent region of the
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Fig. 1. Footprint of the VVVX survey. The original VVV area, analyzed in Paper I, is shown in gray. The extended region newly covered by VVVX
is shown in green. Selected fields used for the completeness tests described in Sect. 3 are marked in red.

southern Galactic disk, in five near-infrared filters; it contains
nearly a billion sources (Alonso-García et al. 2018, hereafter
Paper I). The VISTA Variables in the Via Lactea eXtended
(VVVX) survey (Minniti 2018; Saito et al. 2024) subsequently
expanded the original VVV footprint to cover the entire south-
ern portion of the Galactic disk accessible from the ESO Paranal
observatory in Chile (see Fig. 1). This includes the fourth quad-
rant of the Milky Way disk, as well as a section of the first
and third quadrants, complementing observations of the north-
ern Galactic disk from the UKIDSS Galactic Plane Survey (GPS;
Lucas et al. 2008). VVVX observations also extend the area
of the Galactic bulge mapped by the original VVV to include
its outermost regions. Although VVV and VVVX cover only
approximately 4% of the sky, they probe the regions of highest
stellar density in the Galaxy and potentially include more than
half of the Milky Way’s stars (Minniti 2018).

Point-spread function (PSF) fitting photometry is specifically
designed to extract the photometry of point sources located in
highly crowded regions (Heasley 1999), such as those covered
by the VVV and VVVX surveys. In Paper I we applied this tech-
nique to analyze and produce a near-infrared atlas of the sources
within the VVV footprint, demonstrating that it reaches a greater
depth and achieves a higher completeness than aperture photom-
etry. In the present paper, we extend this analysis to the entire
VVVX footprint, providing a J, H, and Ks near-infrared atlas
of the full portion of the Galactic plane observable from the
southern hemisphere.

2. Observations

The VVV and the VVVX observations were carried out with the
4.1m VISTA telescope located in ESO’s Cerro Paranal Obser-
vatory in Chile. As mentioned in Paper I, the VIRCAM camera
on the telescope provided wide-field, sparsely sampled images
covering a 1.5◦ × 1◦ area of the sky, with a resolution of 0.34′′
per pixel. The significant gaps between the 16 detectors in the
camera result in a noncontiguous coverage of the field of view.
The observing strategy for the VVVX observations (Saito et al.
2024) was similar to that employed in the VVV survey: two
consecutive, slightly jittered exposures are taken and combined
into so-called stacked pawprints to correct for detector cosmetic
effects. Then, to achieve contiguous coverage of the observed
field, a mosaic of six stacked pawprints is used to fill the gaps
between the detectors, resulting in a so-called tile. Unlike the
VVV strategy, however, the VVVX survey provides observations
only in the J, H, and Ks near-infrared filters.

The VVVX survey covers almost 1700 square degrees in the
Galactic bulge and disk (Saito et al. 2024), approximately three
times the area covered by the VVV survey (see Fig. 1). While
the original VVV footprint included the Galactic plane between
−65.◦3 ≤ l ≤ 10.◦0 and −2.◦25 ≤ b ≤ 2.◦25, the VVVX foot-
print extends this region in both longitude and latitude, reaching
−130.◦6 ≤ l ≤ 20.◦25 and −4.◦4 ≤ b ≤ 4.◦4. Additionally, the orig-
inal VVV footprint of the Galactic bulge (−10.◦0 ≤ l ≤ +10.◦4
and −10.◦3 ≤ b ≤ +5.◦1) is expanded in VVVX to include its out-
ermost regions (−10.◦0 ≤ l ≤ +10.◦6 and −14.◦6 ≤ b ≤ +9.◦4). In
total, we surveyed 1028 VISTA fields: the 348 fields in the orig-
inal VVV footprint (gray area in Fig. 1), plus 568 new fields
in the Galactic plane and 112 new fields in the outer Galac-
tic bulge (green region in Fig. 1). The effective exposure times
for the stacked pawprints were the same for all VVVX fields:
60 seconds in J, 24 seconds in H, and 8 seconds in Ks. However,
with a few exceptions, the fields covered in the original VVV
footprint were imaged in fewer than ten epochs in Ks, primar-
ily to improve the time coverage for their variable sources and to
enhance proper-motion precision by extending the time baseline;
only the very low-latitude VVV bulge fields (−2.◦4 < b < 1.◦5)
were also reobserved in J and H (see Table A.1 in Saito et al.
2024) to improve the color–magnitude depth in these highly red-
dened regions. The VVVX fields outside the VVV footprint were
observed in the J, H, and Ks filters – typically with two epochs
in J, one epoch in H, and between 23 and 50 epochs in Ks, where
the variability campaign was conducted.

3. PSF photometry and catalogs

In Paper I, we present a catalog with the photometry of nearly a
billion sources within the original VVV footprint. In the present
work, we aim to find and extract PSF photometry of point sources
in the VVVX regions not previously surveyed by VVV (shown
in green in Fig. 1). To construct our near-infrared atlas, we used
the two available epochs per field in the J filter, the single avail-
able epoch in H, and selected two Ks epochs per field with good
seeing conditions (i.e., better than 1′′). As shown in Fig. 2, the
quality of the VVVX images used in our analysis was excellent,
with a mean seeing of ∼0.6–0.7′′ and typical ellipticities below
0.1. The higher average quality of the Ks-band images compared
to the other filters is primarily due to the larger number of avail-
able epochs, as the variability campaign was conducted in this
filter.

The initial steps of our analysis followed those described in
Paper I. We first ran DoPHOT, the software we used to detect the
sources and extract their PSF photometry (Schechter et al. 1993;
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Fig. 2. Seeing (left) and ellipticity (right) of the sources in the VVVX
images used to construct our PSF near-infrared atlas. J-band images are
shown in blue, H-band in green, and Ks-band in red.

Alonso-García et al. 2012), on each of the detectors in the stacked
pawprints. As mentioned in Paper I, we used the stacked paw-
prints because they provide a higher signal-to-noise ratio than
single pawprints, correct many of the cosmetic defects present in
individual detectors, and avoid the PSF variations seen in VISTA
tiles.

The reduced VVVX stacked pawprint images and the cor-
responding catalogs used for astrometric and photometric cal-
ibration were provided by the Cambridge Astronomy Survey
Unit (CASU). To convert the instrumental pixel positions of
the DoPHOT-detected sources into equatorial coordinates, we
used WCSTools (Mink 2019, 2006) and the astrometric solu-
tions provided by CASU in the stacked pawprints. These solu-
tions incorporate the VIRCAM radial distortion model (Saito
et al. 2012), and are tied to the 2MASS point-source catalog
(González-Fernández et al. 2018), enabling a very small rms of
∼70 mas in the resulting world coordinate system (Saito et al.
2012). For photometric calibration into the VISTA magnitude
system (González-Fernández et al. 2018), we selected the bright-
est non-saturated stars detected by DoPHOT in each detector,
filter, and epoch, matched them with the calibrated CASU cat-
alogs, computed the average zero point, and applied it to all
sources detected in the corresponding detector.

Using STILTS (Taylor 2006), we then combined the pho-
tometry from the mosaic of six stacked pawprints per filter and
epoch, retaining all detected sources and applying a weighted
average (based on photometric errors) for those sources detected
more than once. Subsequently, we used STILTS again to com-
bine the photometry from the two J-band epochs, keeping only
sources detected in both epochs. We computed the weighted-
average magnitude for these sources and retained only those for
which the averaged magnitude was within 3σ of the individual
epoch magnitudes. The same procedure was applied to the two
selected Ks-band epochs. No epoch combination was performed
for the H filter due to the availability of only a single observation
per field in this band.

Next, we cross-matched the J, H, and Ks photometry using
STILTS, retaining only sources detected in at least two of these
bands. This multi-epoch, multiband filtering strategy signifi-
cantly reduced the number of spurious detections, especially
those occurring near saturated stars. To further eliminate resid-
ual spurious sources, we performed a smooth, nonparametric fit
to the photometric errors as a function of magnitude for each fil-
ter, and excluded any sources deviating by more than 10σ from
the fitted trend. This process yielded a near-infrared source cata-
log for each of the 680 VVVX fields located outside the original
VVV footprint.

All VVVX field catalogs were integrated into a single
table in the VISTA Science Archive (VSA), named vvvxPsf-
DophotJHKsSource, which constitutes the final VVVX atlas.
Only the combined, field-level catalog is provided in the archive;
individual-detection catalogs are not included. Each entry in
vvvxPsfDophotJHKsSource corresponds to a unique point source
and contains its equatorial coordinates, computed as weighted
averages from the multi-epoch cross-matching, together with
the J, H, and Ks magnitudes and their associated uncertainties,
also derived as weighted averages. Since adjacent VVVX fields
overlap by a few arcminutes, the table additionally includes the
priOrSec attribute, as in Paper I, which enables users to construct
seamless, non-duplicated catalogs across overlapping fields.

A concise description of all columns and their data types
is available in the VSA Schema Browser1 in VVVX Data
Release 1. Users can, for instance, select all primary (non-
duplicate) sources in a given field, retrieve photometry within a
specified magnitude range, or extract color–magnitude diagrams
(CMDs) through simple SQL queries, with several example
queries provided in the VSA documentation.

Our resulting atlas contains near-infrared photometry for
more than 707 million individual sources detected in the VVVX
region not previously imaged in the VVV – 550 million in the
Galactic plane, and over 157 million in the outer Galactic bulge.

Figures A.1 and A.2 present the source density maps for
the outer bulge and Galactic plane, respectively. As expected,
regions near the Galactic plane and bulge exhibit the highest
densities of detected sources. However, the distribution is not
uniform and reveals a highly patchy structure, shaped by the vari-
able presence of interstellar gas and dust. While near-infrared
observations significantly reduce the extinction effects on back-
ground point sources, they do not eliminate them entirely. These
differential extinction patterns, however, allow us to trace the
morphology of gas and dust clouds in great detail (see the upper
panel of Fig. A.2).

Moving away from the Galactic plane, the source densi-
ties decrease markedly (see Figs. A.1 and A.2). A similar trend
is observed with increasing distance from the Galactic bulge,
where point-source densities gradually decline (see the central
panel of Fig. A.2). We also identify a sharp change in stellar
density at very low latitudes and at longitudes around l ∼ 285◦
(or equivalently l ∼ −75◦; see the bottom panel of Fig. A.2). We
are currently exploring its possible association with the Carina
arm tangency, previously observed using other tracers but not
mapped using stellar populations (Hou & Han 2015; Russeil
et al. 2023).

The presence of numerous star clusters along the Galactic
plane, as well as several densely populated globular clusters in
the outer bulge, is revealed as localized peaks in source density
in Figs. A.1 and A.2. Finally, in the lower panel of Fig. A.1, we
note the presence of the Sagittarius stream as a band of higher
source density at mean Galactic longitude l ∼ 5.◦5, surrounding
the globular cluster M 54.

Because the VVVX survey covers diverse Galactic regions,
we selected three representative fields from the newly surveyed
area (highlighted in red in Fig. 1: one located in the extended
Galactic bulge, centered at l = −0.◦4, b = −11.◦9; a second in the
Galactic plane but far from the bulge, at l = −124.◦1, b = −0.◦6;
and a third also far from the bulge, in the extended Galactic
disk, at l = −121.◦2, b = −3.◦8). To assess photometric complete-
ness, we conducted artificial star tests by injecting batches of
5000 synthetic stars into the images, using 0.5 magnitude bins

1 http://vsa.roe.ac.uk/www/vsa_browser.html
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catalogs, for representative fields in the VVVX outermost bulge (left),
the VVVX disk outside the Galactic plane (middle), and the VVVX disk
close to the Galactic plane (right). J-band results are shown in blue, and
Ks-band in red.

spanning the full detection range in each filter. The results of
these tests are shown in Fig. 3. Across the whole dynamic range
– approximately 6.5 mag in J and 5.5 mag in H and Ks – we
recovered highly complete samples of the injected stars. How-
ever, completeness decreases rapidly at the faint end, dropping
from over 90% to 0% within just one magnitude. We find that the
completeness trends are similar across all three examined fields,
despite their widely varying Galactic locations, and that they are
higher than those in the original VVV footprint (see Fig. 4 in
Paper I). This suggests that the newly surveyed VVVX regions
are not as extreme in terms of stellar crowding and extinction as
those observed in VVV. Nevertheless, as shown in Fig. 4, our
PSF photometry recovers significantly more point sources than
the aperture photometry available in the CASU catalogs.

The main caveats of the catalogs produced for the VVVX
are the same as those discussed in Paper I for the VVV cata-
logs. Most notably, variable sources whose magnitudes differ by
more than 3σ between the two available epochs in a given fil-
ter are excluded, as this was the threshold adopted for retaining
a source in the final catalog. In addition, the catalogs will lack
stars with very high proper motions, as these may fall outside
the cross-matching tolerance of 0.34′′ (approximately one pixel)

Fig. 5. Near-infrared CMDs of selected regions in the outer Galactic
bulge within the VVVX footprint. Darker colors indicate higher source
densities. Each field corresponds to a circular region within r < 15′ of
the coordinates shown above the panels.

Fig. 6. Near-infrared CMDs of selected regions in the Galactic disk
within the VVVX footprint. Darker colors indicate higher source den-
sities. Each field corresponds to a circular region within r < 15′ of the
coordinates shown above the panels.

when cross-correlating the photometry between the three VVVX
filters.

4. The VVVX CMDs

Given the range of Galactic components covered by VVVX, we
find it more appropriate in this section to focus on the informa-
tion that can be extracted from the CMDs of selected regions
within the surveyed area. To this end, we plotted CMDs for
regions within a radius of 15′ centered on representative posi-
tions: three located in the VVVX outer bulge (see Fig. 5) and
other three in the VVVX Galactic disk (see Fig. 6). We also
present CMDs for stars identified in the inner regions of two ref-
erence stellar clusters (see Fig. 7). In the following, we discuss
the main evolutionary sequences and features identified in these
CMDs, along with the stellar populations responsible for them.

4.1. The CMDs of the outer Galactic bulge fields in VVVX

As mentioned in Sect. 2, in addition to the Galactic bulge regions
covered by the original VVV footprint, VVVX extends coverage
to two additional areas in the outer bulge (see Figs. 1 and A.1).
Figure 5 shows the CMDs for three representative fields located
in these regions. In these CMDs, red giant branch (RGB) stars
belonging to the bulge dominate at magnitudes Ks < 16 and
colors (J − Ks) > 0.5. The CMDs also reveal the presence of
foreground main sequence (MS) stars from the Galactic disk:
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there is an almost vertical sequence at (J − Ks) ∼ 0.9, corre-
sponding to relatively nearby disk late K- and M-type MS stars;
additionally, a second sequence, comprising bluer F- and G-type
MS stars from the disk, overlaps with the subgiant branch and
upper MS of the bulge at the faintest magnitudes (Ks > 16).

The northern region of the outer bulge sampled by VVVX
(right panel in Fig. 5) lies closer to the Galactic plane than the
southern region (left and central panels in Fig. 5). As a result,
the number of stars is significantly higher – by a factor of four in
the CMDs we show in this figure (see also the density maps in
Fig. A.1). Due to the difference in Galactic latitude, both abso-
lute and differential reddening are also more significant in the
northern region than in the southern area. This is evident in the
CMDs in the right panel of Fig. 5, where the stellar sequences
appear both redder and broader. However, since both regions
lie at relatively high latitudes (|b| < 5◦), the extinction is not as
severe as in areas located closer to the Galactic plane, as illus-
trated by the CMDs of the inner Galactic bulge in the right panels
of Fig. 6 in Paper I.

Finally, as detailed in Sect. 3, there is a region in the southern
outer bulge where the Sagittarius stream can be readily identified
in our data. The CMD for a field selected in this area is shown in
the central panel of Fig. 5. In this CMD, the RGB of the Sagittar-
ius stream appears as a distinct sequence, slightly redder than the
RGB of the Galactic bulge. An overdensity of stars at Ks ∼ 15.7
and (J − Ks) ∼ 0.6, corresponding to the Sagittarius red clump,
is also evident. These features are not present in fields at similar
latitudes but located far from the stream (see the left panel of
Fig. 5). We are currently working to isolate the Sagittarius pop-
ulation from the Galactic stars using the VVVX catalogs, with
the goal of characterizing the Sagittarius stream at low Galactic
latitudes (Anais et al., in prep.).

4.2. The CMDs of the outer Galactic disk in VVVX

As detailed in Sect. 2, the VVVX survey significantly extends the
coverage of the Galactic disk beyond that of the original VVV.
Figure 6 presents the CMDs for three representative fields in the
Galactic disk. The left and central panels correspond to regions
at longitudes beyond the Carina arm tangency (l = 282◦ (–78◦);
Russeil et al. 2023), which results in a significantly lower density
of detected stars in the CMDs (see the lower panel of Fig. A.2).
Nevertheless, the nearly vertical sequence of nearby K- and M-
type MS stars from the disk is clearly visible at (J − Ks) ∼ 0.9.
At fainter magnitudes, this sequences blends with the bluer
sequence of the more distant F- and G-type disk MS stars. A red-
der sequence at brighter magnitudes (Ks < 14, (J − Ks) > 0.9)
corresponding to disk red clump stars is also discernible in these
two CMDs. Although these two fields are relatively close in pro-
jection, the field farther from the plane exhibits noticeably higher
extinction, as evidenced by the broadening and reddening of both
the distant F- and G-type MS stars and the red clump sequence.
The CMD in the right panel, corresponding to disk stars in the
first quadrant, shows a significantly higher stellar density. How-
ever, the evolutionary sequences are less well defined due to the
stronger differential extinction in this region.

4.3. The CMDs of stellar clusters in VVVX

As stellar clusters are highly crowded objects, their study toward
the Galactic plane can greatly benefit from the use of our PSF
near-infrared photometric atlas. As an illustration, Fig. 7 shows
stars identified in the inner regions of the globular cluster M 70
and the open cluster M 46. The most evolved sequences (RGB

Fig. 7. Near-infrared CMDs of the inner regions of two selected Galactic
stellar clusters. Left: globular cluster NGC 6681 (M 70), within r < 2.5′.
Right: open cluster NGC 2437 (M 46), within r < 5′.

and horizontal branch) are visible in M 70, while for M 46,
the lower MS extending down to the substellar sequence can be
observed.

Based on detailed analysis of our near-infrared atlas, several
studies from our collaboration have identified new embedded
and open cluster candidates (Borissova et al. 2018, 2019, 2020),
as well as globular cluster candidates (Minniti et al. 2020; Garro
et al. 2020, 2022a,c, 2024; Obasi et al. 2021; Saroon et al. 2024).
While many of these clusters are compact and faint, the study of
some larger and more massive globular clusters has also bene-
fited from our database (Minniti et al. 2018; Barbá et al. 2019).
Interestingly, some of the newly identified globular clusters can-
didates appear to be associated with the Sagittarius dwarf galaxy
(Minniti et al. 2021a,b; Garro et al. 2021, 2022b) and with even
more distant galaxies (Obasi et al. 2023).

5. Conclusions

The VVVX survey extends the footprint of the original VVV
survey to cover the entire Galactic plane observable from the
southern hemisphere up to |b| < 4.◦4, while also expanding the
coverage around the Galactic bulge to include its outermost
regions. The area surveyed is approximately three times larger
than that of the original VVV footprint, enabling a deep view
into these highly extincted and crowded regions of our Galaxy.

In this paper, we present a near-infrared atlas of the new
regions covered by VVVX, which, when combined with the atlas
published in Paper I for the original VVV footprint, provides a
catalog of more than 1.5 billion point sources. This combined
dataset offers an unprecedented view of the most obscured and
densely populated regions of the Galactic bulge and disk.

As expected, the source density maps reveal higher densities
toward the Galactic plane and bulge; however, the distributions
are not uniform, but rather highly patchy due to the effects of
extinction. We also present CMDs of selected reference regions,
where we identify the different stellar populations found at these
low Galactic latitudes.

This atlas is already being used within our collaboration for
a variety of scientific investigations, including tracing the spi-
ral arm tangencies, identifying low extinction windows, mapping
the stellar populations of the Sagittarius stream at low latitudes,
and discovering new star clusters in the Galactic bulge and disk.
It will also serve as a valuable complement to upcoming pho-
tometric surveys of the Galactic plane, such as those planned
with the Vera C. Rubin Observatory and the Nancy Grace
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Roman Space Telescope. Furthermore, it will provide promis-
ing targets for near-infrared spectroscopic surveys, including the
recently approved KMOS VVVX-GalCen Spectroscopic Survey.
The atlas is now publicly available through the VSA for use by
the broader astronomical community.
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Appendix A: Point-source density maps of the VVVX surveyed regions

Fig. A.1. Point-source density maps of the VVVX surveyed regions in the outer bulge, showing sources detected down to Ks = 16.0. Higher
densities are shown with cooler colors, as indicated by the color bars on the right. Density increases toward the Galactic plane; note the different
color bar ranges for the two panels. Darker points mark highly crowded stellar clusters. In the lower panel, the Sagittarius stream appears as a
region of enhanced density near Galactic longitude l ∼ 5.◦5.
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Fig. A.2. Same as Fig. A.1 but for the VVVX surveyed regions in the Galactic plane. Regions closer to the Galactic bulge, shown in the upper
and middle panels, exhibit higher source densities. The abrupt drop in source density in the lower panel aligns with the position of the Carina arm
tangency.

A301, page 8 of 8


	A near-infrared stellar atlas of the Galactic planefrom the VVVX survey
	1 Introduction
	2 Observations
	3 PSF photometry and catalogs
	4 The VVVX CMDs
	4.1 The CMDs of the outer Galactic bulge fields in VVVX
	4.2 The CMDs of the outer Galactic disk in VVVX
	4.3 The CMDs of stellar clusters in VVVX

	5 Conclusions
	Acknowledgements
	References
	Appendix A: Point-source density maps of the VVVX surveyed regions


