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ABSTRACT

Context. The central molecular zone (CMZ), surrounding the Galactic centre, is the largest reservoir of dense molecular gas in the
Galaxy. Despite its relative proximity, the 3D structure of the CMZ remains poorly constrained, primarily due to projection effects.
Aims. We aim to constrain the line-of-sight location of two molecular clouds in the CMZ – the 50 and 20 km/s clouds – and to inves-
tigate their possible physical connection using stellar kinematics and photometry. This study serves as a pilot for future applications
across the full CMZ.
Methods. We estimated the line-of-sight position of the clouds by analysing stellar kinematics, stellar densities, and stellar populations
towards the cloud regions and a control field.
Results. We find an absence of westward moving stars in the cloud regions, which indicates that they lie on the near side of the CMZ.
This interpretation is supported by the stellar density distributions. The similar behaviour observed in the two clouds, as well as in the
region between them (the ridge), suggests that they are located at comparable distances and are physically linked. We also identified an
intermediate-age stellar population (2–7 Gyr) in both regions, consistent with that observed on the near side of the CMZ. We estimated
the line-of-sight distances at which the clouds and the ridge become kinematically detectable (i.e. where the proper motion component
parallel to the Galactic plane differs from that of the control field at the 3σ level) by converting their measured proper motions parallel
to the Galactic plane using a theoretical model of the stellar distribution. We find that the 50 and 20 km/s clouds are located at 43± 8 pc
and 56 ± 11 pc from Sgr A∗, respectively, and that the ridge lies at 56 ± 11 pc; this supports the idea that the clouds are physically
connected through the ridge.
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1. Introduction

The central molecular zone (CMZ) is an accumulation of dense
gas at the centre of our Galaxy (e.g. Henshaw et al. 2023). It
extends over a radius of ∼300 pc (Morris & Serabyn 1996) and
contains 3–5 × 107 M⊙ of dense clouds (Dahmen et al. 1998;
Pierce-Price et al. 2000). This region arguably constitutes the
most extreme star-forming environment in the Milky Way (Lu
et al. 2019; Henshaw et al. 2023; Hatchfield et al. 2024) and
is characterised by high temperatures (Ginsburg et al. 2016;
Krieger et al. 2017), strong turbulence (Federrath et al. 2016;
Kauffmann et al. 2017; Henshaw et al. 2019), an intense mag-
netic field (e.g. Crutcher et al. 1996; Pillai et al. 2015; Hu et al.
2022; Lu et al. 2024), and high confining pressures (Yamauchi
et al. 1990; Spergel & Blitz 1992; Muno et al. 2004).

The CMZ is shaped by gas funnelled through the Galactic
bar (e.g. Sormani & Barnes 2019) and likely gave rise to the
nuclear stellar disc (NSD) – an old (≳8 Gyr), dense, and mas-
sive (∼109 M⊙) structure at the Galactic centre. The NSD has

⋆ Corresponding author: fnogueras@iaa.es

a scale length of ∼100 pc and a scale height of ∼40 pc (e.g.
Gallego-Cano et al. 2020; Sormani et al. 2022), and it partially
overlaps with the CMZ (e.g. Launhardt et al. 2002; Nogueras-
Lara et al. 2020). The CMZ also hosts Sagittarius A∗ (Sgr A∗),
the supermassive black hole at the centre of the Milky Way
(e.g. Gravity Collaboration 2018, 2020; Event Horizon Telescope
Collaboration 2022).

Despite its relative proximity (the Galactic centre is located
at ∼8.25 kpc; e.g. Reid et al. 2019; Gravity Collaboration 2018,
2020), deriving the CMZ structure is extremely challenging due
to projection effects along the line of sight towards the Galactic
centre (e.g. Battersby et al. 2025a). Determining the 3D distri-
bution of its gas is essential for: (1) understanding the formation
of the NSD and its ongoing growth via newly formed stars; (2)
pinpointing molecular clouds and star-forming regions to better
comprehend their behaviour in the context of CMZ dynamics
(Henshaw et al. 2023); (3) tracing gas flows towards the cen-
tral black hole to estimate mass transfer rates (Schoedel et al.
2023); and (4) revealing the interactions between gas, stars, and
the central black hole (GRAVITY Collaboration 2021).

Efforts to determine the geometry of the CMZ have focused
on converting the projected distribution of cloud positions and

A18, page 1 of 13
Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

https://www.aanda.org
https://doi.org/10.1051/0004-6361/202556047
https://orcid.org/0000-0002-6379-7593
https://orcid.org/0000-0003-0410-4504
https://orcid.org/0000-0002-9409-8322
https://orcid.org/0000-0002-4268-6499
https://orcid.org/0000-0001-5404-797X
https://orcid.org/0000-0002-8524-632X
https://orcid.org/0000-0001-6113-6241
https://orcid.org/0000-0003-3341-6144
https://orcid.org/0000-0001-8064-6394
https://orcid.org/0000-0003-4493-8714
https://orcid.org/0000-0002-8586-6721
https://orcid.org/0000-0001-6431-9633
https://orcid.org/0000-0002-8455-0805
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-8804-0212
https://orcid.org/0000-0003-1841-2241
https://orcid.org/0000-0002-5776-9473
https://orcid.org/0000-0001-6353-0170
https://orcid.org/0000-0003-2619-9305
https://orcid.org/0000-0001-9281-2919
https://orcid.org/0000-0001-5389-0535
https://orcid.org/0000-0002-3972-1978
https://orcid.org/0000-0002-3078-9482
https://orcid.org/0009-0007-0961-0429
https://orcid.org/0000-0001-8782-1992
mailto:fnogueras@iaa.es
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Nogueras-Lara, F., et al.: A&A, 706, A18 (2026)

Fig. 1. Upper panel: central ∼12′ × 30′ of the GALACTICNUCLEUS JHKs survey (Nogueras-Lara et al. 2019), covering the 50 and 20 km/s
clouds (credit: ESO/Nogueras-Lara et al.). The positions of the 50 and 20 km/s clouds are indicated, along with Sgr A∗ and the young stellar
clusters Arches and Quintuplet. Lower panel: control field (red box), where high-extinction regions (white shaded contours) are excluded, along
with the 50 and 20 km/s clouds (dashed white regions) and the nuclear star cluster (NSC; dotted white region), assuming an effective radius of
∼4 pc (Schödel et al. 2014a; Gallego-Cano et al. 2020).

their line-of-sight velocities into a face-on morphological model
(see Henshaw et al. 2023, and references therein). While it is
generally accepted that the CMZ gas follows an eccentric, ring-
like, or toroidal structure, its precise geometry is still under
debate. Three main models have been proposed: (a) a two-armed
spiral (Sofue 1995; Sawada et al. 2004; Ridley et al. 2017),
(b) closed elliptical orbits (Molinari et al. 2011; Walker et al.
2025; Lipman et al. 2025), and (c) open streams (Kruijssen et al.
2015). Several key molecular clouds are placed differently in
existing models of the CMZ structure (Fig. 3 in Henshaw et al.
2023). In particular, the locations of the 50 and 20 km/s clouds
(Kauffmann et al. 2017; Nogueras-Lara et al. 2021c; Henshaw
et al. 2023; Battersby et al. 2025b) remain unclear, with each
model placing them at different positions along the line of sight.
Determining their location is thus essential to help distinguish
between competing models, and also to assess whether they
interact with Sgr A∗ and supply material via gas inflow (e.g. Liu
et al. 2012; Lopez et al. 2016; Tress et al. 2020).

In this work, we combined stellar kinematics and photome-
try to investigate the line-of-sight location of the 50 and 20 km/s
clouds. This is possible thanks to the overlap between the NSD
and the CMZ (e.g. Launhardt et al. 2002), which enables precise
stellar photometry and astrometry even through high-extinction

regions (e.g. Nogueras-Lara et al. 2019; Libralato et al. 2021).
Our study builds on previous analyses of the Brick cloud (e.g.
Nogueras-Lara et al. 2021c; Martínez-Arranz et al. 2022) and
represents a step forward since we are able to estimate line-
of-sight distances. This work serves as a pilot study for our
methodology, which will later be applied to the full CMZ to
reconstruct its 3D morphology and assess which of the existing
models – if any – best describes its actual structure.

2. Data

Figure 1 shows the central ∼12′ × 31′ region (∼ 28 pc × 72 pc, at
the Galactic centre distance) of the NSD. This area includes the
50 and 20 km/s clouds, whose line-of-sight positions we aimed
to estimate. To identify stars associated with these clouds, we
used the H2 column density map from Battersby et al. (2025a,b)
and defined the regions by selecting contours of N(H2) = 1.1 ×
1023 cm−2 that outline the clouds as shown in Fig. 2 of Battersby
et al. (2025a) and in our Fig. 1.

We also defined a control field within the same area, at
similar Galactic longitude and latitude as the target clouds,
avoiding regions with high extinction that are not representative
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of the typical NSD population. For this purpose, we used the
4.5µm extinction map from Schödel et al. (2014a), which pro-
vides uniform coverage across the field. At this wavelength, dust
extinction is relatively low, allowing us to probe dense clouds
and reliably identify high-extinction areas. We analysed the
extinction distribution and excluded regions with values above
the 70th percentile. In addition, we removed the target areas asso-
ciated with the 50 and 20 km/s clouds, as well as the nuclear star
cluster, whose stellar population differs from that of the NSD
(e.g. Schödel et al. 2020; Nogueras-Lara et al. 2021b; Feldmeier-
Krause 2022; Chen et al. 2023). The final control region, along
with the excluded areas, is shown in the bottom panel of Fig. 1.
As a cross-check for our analysis in the following sections, we
also used the full region (excluding the shaded contours in the
same panel) as a secondary, larger control field.

2.1. Photometry

We used the HKs photometry from the GALACTICNUCLEUS
catalogue (Nogueras-Lara et al. 2019), the state-of-the-art, high-
angular-resolution (∼0.2′′) JHKs photometric survey of the
NSD, covering its inner ∼6000 pc2. The data were acquired with
the HAWK-I instrument at the Very Large Telescope (Kissler-
Patig et al. 2008), and the catalogue provides point spread
function photometry for over 3 million stars, with statistical
uncertainties below 0.05 mag at H ∼ 19 and Ks ∼ 18 mag. The
zero point systematic uncertainties are ≲ 0.04 mag in both bands.
The completeness of the catalogue was determined by calcu-
lating the critical distance at which a star of any magnitude
can be detected around a brighter star (Eisenhauer et al. 1998;
Harayama et al. 2008). The 80% completeness level is reached
at H ∼ 18.3 mag and Ks ∼ 16.3 mag (e.g. Nogueras-Lara et al.
2020).

Given the potential saturation of stars with Ks < 11.5 mag
(Nogueras-Lara et al. 2019), we used the SIRIUS/IRSF survey
(Nagayama et al. 2003; Nishiyama et al. 2006, 2008) to replace
the photometry of potentially saturated stars, as explained in
Nogueras-Lara et al. (2020). We also included saturated stars
that were not originally detected in the GALACTICNUCLEUS
catalogue.

Figure 2 shows the colour-magnitude diagram Ks versus H −
Ks of the region outlined in the upper panel of Fig. 1. For all
analyses in this paper, we removed the foreground stellar popu-
lation belonging to the spiral arms along the Galactic centre line
of sight and – up to a certain extent – to the Galactic bar/bulge
based on significantly different extinction by applying a colour
cut (H − Ks) >max(1.3,−0.0233Ks + 1.63) (e.g. Nogueras-Lara
et al. 2021a), as indicated in Fig. 2.

2.2. Proper motion catalogue

We conducted our kinematical analysis using the proper motions
from the VIRAC2 catalogue (Smith et al. 2025). This is an abso-
lute proper motion catalogue based on the multi-epoch Vista
Variables in the Via Lactea (VVV) survey (Minniti et al. 2010).
The VIRAC2 catalogue uses point spread function photometry
and combines the Ks photometry from VVV and VVVX (the
temporal extension of the VVV catalogue; Saito et al. 2024) to
build an absolute proper motion catalogue based on the Gaia
reference frame. To obtain proper motions relative to the Galac-
tic centre, we applied a first-order correction by subtracting
the proper motion of Sgr A∗ (µl = −6.396 ± 0.071 mas/yr and
µb = −0.239 ± 0.045 mas/yr in Galactic coordinates; Gordon
et al. 2023).

Fig. 2. Colour–magnitude diagram Ks versus H − Ks of the stars in the
upper panel of Fig. 1. The colour scale shows stellar densities using
a power stretch scale. The red line indicates the colour cut applied to
remove foreground stars (see Sect. 2.1). The shaded blue parallelogram
indicates the selection box for the proper motion analysis described in
Sect. 3.3, whereas the dashed black lines indicate the colour bins for the
stellar density analysis in Sect. 4. The black arrow shows the direction
of the reddening vector.

We chose stars with proper motion components parallel and
perpendicular to the Galactic plane, µl and µb, within |µl|, |µb| <
15 mas/yr to select NSD stars while filtering out those with high
proper motions (e.g. Schönrich et al. 2015; Shahzamanian et al.
2022). We crossmatched the proper motion catalogue with the
GALACTICNUCLEUS photometry in the target region (field of
view shown in Fig. 1), after removing foreground stars as previ-
ously described in Sect. 2.1, using a search radius of ∼0.2′′ (i.e.
the angular resolution of the GALACTICNUCLEUS survey).

We restricted our analysis to stars with Ks > 11 mag to avoid
bright stars that are saturated in the VVV images and show
reduced astrometric precision (see Sect. 3.2 in Smith et al. 2025).
Additionally, we excluded faint sources by applying a lower mag-
nitude cut parallel to the reddening vector, to avoid biases due
to varying extinction across regions at different distances along
the line of sight. The final selection is shown as the shaded blue
region in Fig. 2, and comprises ∼80 000 stars. The mean proper
motion uncertainty of the sample is ∼1 mas/yr.

To assess the completeness of the proper motion dataset,
we built a Ks luminosity function of the stars with measured
proper motions and compared it to a similar luminosity func-
tion for all GALACTICNUCLEUS stars in the region, following
the process described in Nogueras-Lara et al. (2023a). We deter-
mined a completeness level of ≳60% at Ks ∼ 16 mag for stars
with proper motions, based on the GALACTICNUCLEUS sur-
vey being approximately fully complete at this magnitude (e.g.
Nogueras-Lara et al. 2020).

3. Stellar kinematics

The NSD is a rotating structure (e.g. Schönrich et al. 2015;
Shahzamanian et al. 2022; Nogueras-Lara 2022) that shows dif-
ferential rotation. Stars on the near and far edges rotate eastwards
and westwards, respectively, while the rotation slows towards the
central regions (Nogueras-Lara et al. 2023a). A statistical corre-
lation exists between extinction and distance along the line of
sight (Nogueras-Lara 2022; Nogueras-Lara et al. 2023b). Stars
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Fig. 3. Median proper motion maps (first column) and corresponding uncertainty maps (second column). The positions of the 50 and 20 km/s
clouds are indicated, along with a region of high µl values marked as the ‘ridge’. The white star marks the position of Sgr A*, and ‘A’ and ‘Q’
denote the Arches and Quintuplet clusters (e.g. Clark et al. 2018; Rui et al. 2019). The ‘F’ marks a region showing higher proper motions than its
surroundings, probably due to a dark cloud in front of the CMZ. Colour scales are set independently for the median and uncertainty panels to match
the range of their respective values.

near the front edge of the NSD typically show lower extinc-
tion and faster rotation than those located deeper inside, where
the extinction is higher (Martínez-Arranz et al. 2022; Nogueras-
Lara et al. 2023a). This correlation allows µl, which traces NSD
rotation, to be used to infer the position of a cloud along the
line of sight. The presence of a cloud increases extinction for
stars within or behind it, obscuring them. This leads to a differ-
ent proper motion distribution compared to nearby regions with
lower extinction, which sample deeper layers of the NSD and
thus display a different average rotational motion.

3.1. Proper motion maps

We built µl and µb maps using a pixel size of approximately
50′′ × 50′′, equivalent to ∼2 pc× 2 pc at the Galactic centre dis-
tance. For each pixel, we calculated the median proper motion of
the stars within it. Median values were chosen over mean values
to account for potential non-Gaussian distributions in the data.
Additionally, we generated uncertainty maps by calculating the
standard error of the median for each pixel. Figure 3 presents
the resulting proper motion maps along with their associated
uncertainties.

The µl map reveals higher proper motion values in the
regions of the 50 and 20 km/s clouds compared to their sur-
roundings. This suggests that these areas are dominated by stars
rotating eastwards, typical of the near side of the NSD (e.g.
Nogueras-Lara et al. 2023a). In contrast, the surrounding regions
show µl values closer to zero, reflecting a mix of stars located
at different depths within the NSD. We interpret this as evi-
dence that the clouds are located on the front side of the NSD
along the line of sight, obscuring stars from deeper layers, where
proper motions are smaller, close to zero, or even westwards,
depending on their position within the NSD. Furthermore, we
identified a region of high µl connecting the two clouds (see
Fig. 3), which suggests a possible physical link between them.
This feature likely corresponds to the ‘molecular ridge’ previ-
ously reported as a bridge of material connecting the clouds

(Ho et al. 1991; Herrnstein & Ho 2005). We refer to this region
as the ‘ridge’ in the following.

The µl map also shows a region of high proper motions to the
south-west of the 20 km/s cloud. Nevertheless, this region does
not coincide with a prominent H2 column density and/or a known
CMZ cloud (e.g. Henshaw et al. 2023; Battersby et al. 2025a).
We therefore believe that it traces a foreground cloud along the
line of sight towards the Galactic centre that lies close in pro-
jection to the 20 km/s cloud, but is not physically connected to
it. The ∆µl map also shows higher relative uncertainties associ-
ated with this region, probably indicating the presence of stars
with significantly different µl values, as expected if the cloud
is a foreground feature obscuring stars that are not part of the
Galactic centre region.

By comparison, the µb map appears homogeneous, showing
no significant differences between the 50 and 20 km/s clouds
and the surrounding regions. This result is expected, as the
proper motion component perpendicular to the Galactic plane
does not trace the NSD rotation and is therefore unaffected by
the presence of clouds.

3.2. Proper motion distribution

We also analysed the proper motion distributions of individual
stars in the regions associated with the 50 and 20 km/s clouds,
as well as in the ridge, and compared them with those from the
control field (see the lower panel in Fig. 1). We derived the µl and
µb distributions and used the Gaussian mixture model (GMM)
function from the scikit-learn Python library (Pedregosa et al.
2011) to model the underlying probability density function with
a mixture of Gaussians. Following previous work (e.g. Martínez-
Arranz et al. 2022; Nogueras-Lara 2022), we tested models with
up to three Gaussians for the µl distributions and up to two for
the µb distributions.

We used the Bayesian information criterion (Schwarz 1978)
to identify the best model for the data. For the µl distributions,
two Gaussians provided the best representation of the 50 and
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Fig. 4. GMM decomposition of µl and µb for stars in the regions asso-
ciated with the 50 and 20 km/s clouds, the ridge, and the control field.
Dashed lines indicate the individual Gaussian components, and the solid
line shows the combined model.

20 km/s cloud regions and the ridge, while three were needed
for the control field. For the µb distributions, two Gaussians
sufficed in all cases. Figure 4 and Table A.1 show the obtained
results. To minimise the influence of initial seeds, we performed
1000 random initialisations for each GMM within the range
[–3, 3 ] mas/yr (according to previous results for the NSD; e.g.
Martínez-Arranz et al. 2022; Nogueras-Lara et al. 2023a) for
both the µl and µb components.

To estimate the associated uncertainties, we performed
Monte Carlo simulations by generating 1000 realisations of the
µl and µb distributions for each of the analysed regions. Each
synthetic dataset was created by adding Gaussian noise to the
measured proper motions, using the individual uncertainties as
the standard deviation of the noise. For each realisation, we
repeated the GMM calculation, assuming the number of Gaus-
sians determined from the original data. The final uncertainties
were computed as the standard deviation of the resulting values
(Table A.1).

Previous analyses of the central region of the NSD showed
that the µl distribution is described by three Gaussians: one for
eastward moving stars, one for westward moving stars, and an
additional Gaussian centred around zero that accounts for the

Galactic bar/bulge contamination, which contributes approxi-
mately 30% in the central fields (e.g. Martínez-Arranz et al.
2022; Sormani et al. 2022). This matches our results for the
control field, where the Gaussian representing westward moving
stars is smaller than that for eastward moving stars, likely due
to the lower completeness of stars from the far side of the NSD,
where extinction is higher on average (e.g. Martínez-Arranz et al.
2022; Nogueras-Lara 2022). This lower completeness does not
affect our conclusions, since our goal here is to compare the
number of Gaussian components that best describe the µl distri-
butions of the clouds and the ridge with that of the control field.
In these regions, the µl distributions are best modelled with two
Gaussian components. The absence of the third Gaussian com-
ponent – corresponding to stars rotating westwards on the far
side of the NSD – suggests that the clouds obscure most of these
stars. Only a small fraction of those stars appears to contribute to
the central Gaussian, whose relative weight is somewhat higher
than in the control field. This indicates that the µl distributions
in the three analysed regions are dominated by stars on the near
side of the NSD, where the clouds are likely located.

On the other hand, the µb distributions are always best
modelled by two Gaussians. The narrow, dominant Gaussian cor-
responds to NSD stars, while the broader one likely arises from
contamination by the Galactic bar/bulge, consistent with the
expected contamination level (i.e. ∼30%; see Table 2 in Sormani
et al. 2022).

3.3. NSD rotation and extinction

To further investigate the 3D position of the 50 and 20 km/s
clouds along the line of sight, as well as their potential physi-
cal connection through the ridge, we analysed the dependence of
µl on reddening, using the H − Ks colour as a proxy for extinc-
tion (e.g. Nogueras-Lara et al. 2023a). We divided the proper
motion selection box into colour bins of 0.25 mag (see Fig. 2).
For each bin, we computed the median µl values in the regions
corresponding to the 50 and 20 km/s clouds, the ridge, and the
control field. We estimated the uncertainties using a Monte Carlo
approach that incorporates both sample variance and measure-
ment uncertainties. We performed 10 000 iterations in which
the data were resampled with replacement and each value was
perturbed according to its individual uncertainty. The standard
deviation of the resulting distribution of medians was taken as
the final uncertainty. Similarly, we estimated the median H − Ks
values and their associated uncertainties. Figure 5 and Table A.2
show the obtained results. We did not include values beyond
H − Ks ∼ 2.2 mag for the clouds and the ridge regions due to
the low number of stars and the high associated uncertainties
that make the values unreliable.

The results for the control field trace the rotation of the NSD
and confirm its dependence on extinction. Less reddened stars
exhibit µl > 0 mas/yr (i.e. eastward rotation), which decreases
with increasing extinction. The rotation curve is not centred at
zero because the lower completeness of westward rotating stars
(which are fainter due to higher extinction) affects the median
µl values. Additionally, the NSD extends beyond a colour of
H − Ks ∼ 2.7 mag. To assess our results, we overplotted those
obtained by Nogueras-Lara et al. (2023a) along the line of
sight towards the nuclear star cluster, which are based on the
proper motions from Shahzamanian et al. (2022). These include
two points corresponding to the NSD and others belonging to
the nuclear star cluster. We find excellent agreement between
our control-field measurements and the NSD points from
Nogueras-Lara et al. (2023a), while the nuclear star cluster
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Fig. 5. Left panel: µl as a function of H − Ks, used as an extinction
proxy. Error bars indicate the uncertainties for each data point. Grey and
orange points show the results obtained by Nogueras-Lara et al. (2023a)
along the line of sight towards the nuclear star cluster (NSC; see the
legend). Right panel: interpolated values and associated uncertainties.
The vertical lines mark the H − Ks values at which the µl of the cloud
regions differ by 3σ from that of the control field. The black arrow
shows the direction of increasing extinction with H − Ks.

points exhibit a distinct rotation, particularly evident at redder
colours.

The µl values of stars in the 50 and 20 km/s cloud regions at
the edge of the NSD (H − Ks ∼ 1.5 mag) are consistent, within
uncertainties, with those of the control field. In contrast, the
ridge exhibits a slightly higher µl value, though still compatible
with that of the clouds region.

At a similar colour of H − Ks ≳ 1.6 mag, the µl values of the
clouds and the ridge differ from that of the control field, suggest-
ing that stars in the control field rotate more slowly than those in
the cloud and the ridge regions. At redder colours, the median
µl values in the clouds and in the ridge remain systematically
higher than in the control field.

We interpret this as the clouds obscuring stars from larger
NSD radii, making them appear redder than the average con-
trol stars at the same depth. The observed kinematic differences
indicate that the clouds start to influence the stellar population
from H − Ks ∼ 1.6 mag onwards, placing them in the nearer half
of the NSD. Their position in colour space also suggests that
they lie in front of the nuclear star cluster (e.g. Launhardt et al.
2002; Schödel et al. 2014b; Feldmeier et al. 2014), which begins
to appear at H −Ks ∼ 1.8 mag (see the nuclear star cluster points
from Nogueras-Lara et al. (2021b) in Fig. 5. The significantly
higher µl values of the clouds compared to those of the nuclear
star cluster stars further support this interpretation. Moreover,
the similar trends observed in the 50 and 20 km/s cloud regions
and the ridge suggest they are located at comparable depths
within the NSD, supporting a physical connection between the
two clouds through the ridge. The slightly lower µl values mea-
sured for the ridge at H − Ks ∼ 2.25 mag, compared to those of
the 50 and 20 km/s clouds, are consistent with the ridge con-
taining less dense molecular gas, as shown in Fig. 2 of Battersby
et al. (2025a). This would result in lower extinction, allowing
more stars located behind the ridge – characterised by the lower
µl values typical of stars deeper inside the NSD – to contribute
to the median µl at redder H − Ks colours.

To identify the H − Ks values of the clouds and the ridge
at which the µl value differs significantly (3σ) from that of the
control field, we interpolated their µl values and corresponding
uncertainties, as shown in the right panel of Fig. 5. Table 1 lists
the obtained H − Ks values together with the corresponding µl

Table 1. H −Ks values at which the µl values of the cloud regions differ
by 3σ from the control region.

H − Ks µl control
mag mas/yr

50 km/s 1.66 ± 0.04 1.67 ± 0.08
20 km/s 1.56 ± 0.04 2.09 ± 0.10
Ridge 1.56 ± 0.03 2.12 ± 0.09

Notes. µl control corresponds to the median µl values of the control field
at which the cloud regions differ by 3σ.

values for the control region. The associated uncertainties were
estimated by varying the colour bin widths (0.2 and 0.3 mag)
and by using a larger control field that includes the entire low-
extinction region shown in Fig. 1, as described in Sect. 2.

4. Stellar density

We used the GALACTICNUCLEUS HKs photometry (Fig. 1)
to investigate the stellar density distribution across the 50 and
20 km/s molecular clouds and their surroundings. We analysed
stellar densities as a function of H − Ks colour (i.e. extinction)
to identify the position of the clouds in colour space, based on a
decrease in relative stellar density.

We defined H − Ks bins of 0.25 mag (see Fig. 2). To ensure a
completeness ≳80% for all colour bins, we set a threshold of
Ks = 15.8 mag and restricted the analysis to five colour bins.
Given the larger number of available stars, compared to the
proper motion map in Sect. 3.1, we created a finer map with a
pixel size of ∼25′′ × 25′′, corresponding to ∼1 pc2 at the Galactic
centre distance.

Figure 6 shows the resulting maps, where the H − Ks colour
range of the stars in each bin is indicated. The maps reveal
a patchy structure consistent with extinction variations in the
NSD on arcsecond scales (e.g. Launhardt et al. 2002; Battersby
et al. 2020; Nogueras-Lara et al. 2021a). The first density map
(H − Ks ∈ [1.3, 1.55] mag) displays several low-density regions,
which we interpret as foreground clouds along the line of sight,
located in front of the NSD. This is consistent with the extinc-
tion maps published by Nogueras-Lara et al. (2021a, see their
Fig. 3), where the first extinction layer maps contain empty pix-
els in approximately the same locations due to the lack of stars
available to estimate an extinction value. Part of this foreground
extinction pattern particularly affects the regions of the 20 km/s
cloud and the ridge, where the stellar density is lower than in
the surrounding area. This region partially corresponds to the
foreground cloud ‘F’ outlined in Fig. 3 and discussed in Sect. 3.1.

Dense clouds, such as the 50 and 20 km/s ones, increase
extinction, reddening background stars and, if sufficiently
opaque, blocking their light entirely. A visual inspection of
Fig. 6 shows that the relative stellar density decreases at H −
Ks ∈ [1.80, 2.05] mag. At redder colours, both clouds appear as
regions with very few stars, indicating that they are obscuring
background stars. Additionally, the ridge also appears as a low
density region connecting the clouds.

This suggests that both clouds and the ridge span a simi-
lar range in colour/extinction space, consistent with comparable
NSD radii. Their presence in front of stars with H − Ks ∈ [1.80,
2.05] mag implies that they already obscure background sources
at these colours. This threshold is slightly redder than the one
inferred from the µl distribution (Sect. 3.3), but fully consistent
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Fig. 6. Stellar density maps of the target region for different colour cuts,
with increasing extinction from top to bottom. Each panel indicates the
range of the corresponding colour cut. The 50 and 20 km/s clouds are
marked with orange circular regions, and the ridge is indicated by a
dashed orange rectangle. The white star in each panel indicates the posi-
tion of Sgr A*. The colour scale represents the number of stars per pixel
and is adapted in each panel to the number of stars in the 50 and 20 km/s
clouds for an easier comparison with the surrounding area.

with it. Compared to the proper motion analysis, the stellar den-
sity method traces the effect of the clouds only once they are
dense enough to fully block background light and cause a mea-
surable drop in source counts. On the other hand, the proper
motion distribution begins to shift at bluer colours because the
first stars affected by extinction – typically NSD stars with higher
µl – are displaced to redder bins. This changes the motion pro-
file and reveals the presence of the clouds before their impact
becomes evident in the stellar densities.

5. Line-of-sight distance to the clouds

The correlation between mean extinction and distance along
the line of sight does not enable precise distance estimates, as
extinction can vary non-uniformly along the line of sight (e.g.
Nogueras-Lara et al. 2021a). However, assuming that the NSD
is axisymmetric, we can use a dynamical model of the NSD
to estimate the line-of-sight distance of the clouds given the µl
measured in Sect. 3.3.
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Fig. 7. Theoretical µl profile obtained for the control region in Fig. 1.
The grey shaded region indicates the model uncertainty. The position of
Sgr A∗ (8.2 kpc and 0 mas/yr) is marked by the yellow star. The orange,
green, and purple horizontal lines indicate the µl values at which the
clouds are detected (µl differing from that of the control field at the
3σ level), with their uncertainties shown as shaded regions. The corre-
sponding estimated distance ranges of the clouds are shown as vertical
shaded regions.

We used an N-body realisation of the axisymmetric equilib-
rium model of the NSD from Sormani et al. (2022), generated
with AGAMA (Vasiliev 2019). We created the velocity profile
µl versus distance by selecting simulated stars in a region equiv-
alent to the control field (red box in Fig. 1). We then applied
bootstrap resampling with replacement in each distance bin to
estimate the corresponding uncertainties, defined as the 16th
and 84th percentiles. Figure 7 shows the resulting theoretical µl
profile.

To estimate the distance of the clouds and ridge regions along
the line of sight, we projected the µl values of the control field
obtained in Sect. 3.3 (see Table 1) onto the theoretical µl profile.
The vertical shaded regions in Fig. 7 show the range of distances
at which the presence of the clouds is detected kinematically.
We find that the 50 and 20 km/s clouds and the ridge are located
at 43 ± 8 pc, 56 ± 11 pc, and 56 ± 11 pc from Sgr A∗, respec-
tively. The estimated distance uncertainties account for both the
observational µl uncertainties and those of the theoretical model.

Figure 8 displays a schematic top view of the inferred line-of-
sight positions. The derived distances for the clouds and the ridge
are consistent within the uncertainties, suggesting a probable
physical connection among them.

However, this method should be interpreted with caution, as
it is based on a rough approximation that assumes an axisym-
metric NSD structure. In addition, our estimate uses the H − Ks
colour at which the µl values differ significantly (3σ) from those
of the control field, so it should be regarded as a lower limit on
the clouds’ distance from Sgr A*. Hence, we cannot exclude that
the clouds lie somewhat further out within the near side of the
NSD, with the similar µl values for the clouds and the control
field at H − Ks ∼ 1.5 mag (particularly when adopting the values
from Nogueras-Lara et al. 2023a), suggesting that they are not
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Fig. 8. Top-down schematic view of the line-of-sight positions of the
50 and 20 km/s clouds and the ridge, inferred from the self-consistent
NSD model of Sormani et al. (2022) and the µl versus H − Ks rela-
tion explained in Sect. 3.3. This plot assumes that the position of the
clouds and the ridge is that at which their µl values are 3σ different
from that of the control field. The x- and y-axis scales differ to opti-
mise the visualisation of the relative distances. The positions of Sgr A∗
and the circumnuclear disc (CND) are also shown. The dotted black
line marks the scale length of the NSD (e.g. Gallego-Cano et al. 2020;
Sormani et al. 2022).

detected too close to the outer edge of the NSD in the proper
motion analysis.

The µl versus H − Ks relation used for the control field
(Fig. 5) is based on median values, which may oversimplify
a more complex underlying distribution (see Fig. 4). In addi-
tion, the model does not include any completeness correction,
although the control field is expected to be highly complete,
at least for the front side of the NSD. Finally, the line-of-sight
extent of the clouds is unknown, precluding an estimate of their
spatial depth; as a result, we can only provide an approximate
location, particularly where they begin to obscure background
stars.

6. Stellar populations

There are indications of an age gradient in the NSD, suggest-
ing an inside-out formation scenario. This is consistent with
gas being channelled to the Galactic centre by the Galactic bar
(e.g. Baba & Kawata 2020), as proposed for nearby Milky Way-
like galaxies (e.g. Bittner et al. 2020). The innermost regions
of the NSD are dominated by an old stellar population, with
over 80% of the stellar mass formed more than 7 Gyr ago
(Nogueras-Lara et al. 2020, 2022; Sanders et al. 2022; Schödel
et al. 2023). In contrast, a significant fraction of intermediate-
age stars are found near the edge of the NSD, where ∼40% of
the stellar mass has ages between 2 and 7 Gyr (Nogueras-Lara
et al. 2023a; Nogueras-Lara 2024). Analysing the stellar pop-
ulations towards the 50 and 20 km/s clouds, and the ridge can

therefore provide insights into their position along the line of
sight.

6.1. De-reddened Ks luminosity functions

To study the stellar populations towards the target regions, we
constructed de-reddened Ks luminosity functions (using the
GALACTICNUCLEUS photometry after removing the fore-
ground population, as explained in Sect. 2.1), and fitted them
with theoretical models, following the method described in
Nogueras-Lara et al. (2022). We first built an extinction map
using red clump stars (core-helium-burning stars with well-
characterised intrinsic properties; Girardi 2016) and red giants
with similar colours, and used it to correct the photometry for
extinction. We then derived de-reddened Ks luminosity functions
for the regions corresponding to each cloud and the control field
by selecting stars with H − Ks ≲ 1.8 mag. This colour threshold
ensures that we probe stars at the line-of-sight distances where
the clouds are expected to lie, based on our previous analysis
(Sects. 3.3 and 4).

We also accounted for the impact of crowding on complete-
ness, as it is the primary cause of incompleteness at the Galactic
centre due to the extreme stellar densities (e.g. Nogueras-Lara
et al. 2020; Schödel et al. 2023). Using the method outlined by
Eisenhauer et al. (1998) and Harayama et al. (2008), we com-
puted dedicated completeness solutions for each of the target
regions, and assumed a completeness uncertainty of ∼5% for a
completeness level of ≳90%.

We applied these completeness corrections to the respective
Ks luminosity functions, imposing a lower limit of ∼90% com-
pleteness. This threshold corresponds to the point where the Ks
luminosity functions become sensitivity-limited, indicated by a
sharp decrease in the number of stars beyond this limit.

6.2. Fit of the Ks luminosity functions

We analysed the Ks luminosity functions by fitting them with
a linear combination of theoretical stellar population models,
using the approach in Nogueras-Lara et al. (2020, 2022), and
Schödel et al. (2023). The fitting included a Gaussian smoothing
parameter to account for potential variation in the distances of
stars (the NSD scale length is ∼100 pc, Gallego-Cano et al. 2020;
Sormani et al. 2022), residual reddening, and also a parameter to
account for the distance to the Galactic centre.

We employed PARSEC1 (Bressan et al. 2012; Chen et al.
2014, 2015; Tang et al. 2014; Marigo et al. 2017; Pastorelli et al.
2019, 2020) and MIST models (Paxton et al. 2013; Dotter 2016;
Choi et al. 2016) with twice solar metallicity (e.g. Schultheis
et al. 2019, 2021; Feldmeier-Krause 2022), and similar stellar
ages (14, 11, 8, 6, 3, 1.5, 0.6, 0.4, 0.2, 0.1, 0.04, 0.02, 0.01, and
0.005 Gyr). The ages were chosen to capture significant varia-
tions in the shape of the Ks luminosity function that are more
relevant for younger populations (see the supplementary material
in Nogueras-Lara et al. 2022).

To estimate the contribution of each stellar model and the
associated uncertainty, we generated 1000 Monte Carlo simula-
tions of synthetic luminosity functions for each region (the 50
and 20 km/s clouds, the ridge, and the control field), assuming
Gaussian uncertainties. We restricted the bright end of the Ks
luminosity functions to Ks = 8.5 mag to mitigate potential satu-
ration effects (e.g. Nagayama et al. 2003; Nishiyama et al. 2006,
2008). To avoid degeneracies between stellar populations with

1 Generated by CMD 3.6 (http://stev.oapd.inaf.it/cmd).

A18, page 8 of 13

http://stev.oapd.inaf.it/cmd


Nogueras-Lara, F., et al.: A&A, 706, A18 (2026)

0.0 0.2 0.4 0.6 0.8 1.0

>7

2-7

0.5-2

0.06-0.5

0-0.06

Th
eo

re
tic

al
 m

od
el

s [
Gy

r] 57±18

22±16

17.1±4.1

1.1±0.8

3.1±1.7

50 km/s

0.0 0.2 0.4 0.6 0.8 1.0

50±19

29±17

14.2±3.3

2.1±1.0

4.0±1.5

20 km/s

0.0 0.2 0.4 0.6 0.8 1.0

49±23

32±21

13.6±4.4

1.8±1.1

2.9±1.7

Ridge

0.0 0.2 0.4 0.6 0.8 1.0

84±8

8±6

6.4±1.2

1.2±0.3

0.7±0.7

Control

Parsec
MIST

Stellar population fraction
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represent the percentage contribution of each age bin, with the associated uncertainty calculated as the average of the results from the PARSEC
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similar ages, we defined five age bins (>7, 2–7, 0.5–2, 0.06–0.5,
and 0–0.06 Gyr), as outlined by Nogueras-Lara et al. (2022). We
then fitted PARSEC and MIST models, calculating the mean
contribution of each age bin and determining the uncertainty
as the standard deviation. The final results, presented in Fig. 9,
were obtained by combining the results from PARSEC and MIST
models and quadratically propagating the uncertainties.

Our results reveal the presence of an intermediate-age (2–
7 Gyr) stellar population towards the 50 and 20 km/s clouds and
the ridge. This population is much lower in the control field,
which is dominated by an old stellar population, with ≳80%
of the stellar mass older than 7 Gyr, consistent with previous
findings in the inner region of the NSD (e.g. Nogueras-Lara
et al. 2020; Schödel et al. 2023). The results towards the 50 and
20 km/s clouds and the ridge exhibit larger uncertainties com-
pared to the control field, primarily due to the significantly lower
number of stars available to construct the luminosity function.

Given that the three Ks luminosity functions span a similar
colour range, we would expect a comparable line-of-sight depth
across all regions (e.g. Nogueras-Lara 2022), and thus similar
stellar populations. However, we obtained the presence of an
intermediate-age stellar population towards the 50 and 20 km/s
clouds and the ridge that is barely present in the control field.
We interpret this as evidence of the clouds’ influence. They red-
den stars from deeper, inner regions of the NSD, hiding them
and thereby enhancing the contribution of the intermediate-age
population typically found near the NSD edge. This population
becomes more prominent in the studied colour range, where
older stars dominate in the case of the control field. As a
result, the stellar population towards the 50 and 20 km/s clouds
resembles that observed near the closest edge of the NSD (e.g.
Nogueras-Lara et al. 2022, 2023b; Nogueras-Lara 2024). The
similar stellar population obtained for the ridge suggests that it
also hides stars from the central region of the NSD, and is there-
fore likely located close to the 50 and 20 km/s clouds along the
line of sight.

Our analysis of the stellar population also allows us to pro-
vide a rough estimate of the distance by comparing the stellar
populations in the cloud regions and the ridge with those of the
NSD at different Galactocentric radii (Nogueras-Lara et al. 2022;
Nogueras-Lara 2024). In this way, the analysis of the Sgr B1
and Sgr C fields, located at ∼80 pc from Sgr A∗, reveals a stel-
lar population similar to that in the cloud regions and the ridge,
suggesting that they might lie at a comparable distance along the

line of sight. This is fully consistent with the kinematic estimate
presented in Sect. 5.

6.3. Mass estimate towards the clouds and the ridge

We estimated the total stellar mass in each region from the fits
to the 1000 Monte Carlo realisations obtained with the PAR-
SEC models. The resulting masses were normalised by the total
area of each region to derive the stellar surface mass density.
We obtained total surface masses of (9.8 ± 2.4) × 105 M⊙ pc−2,
(8.2 ± 1.5) × 105 M⊙ pc−2, (6.9 ± 1.9) × 105 M⊙ pc−2, and (2.8 ±
0.4)× 106 M⊙ pc−2 for the 50 km/s and 20 km/s clouds, the ridge,
and the control region, respectively.

For our analysis, we applied the same colour selection to all
regions to ensure a consistent comparison of their stellar popula-
tions. We find that the control field contains roughly three times
more stellar mass per pc2 than the cloud and ridge regions, which
are consistent with each other. The lower apparent stellar mass
towards the clouds and the ridge can be explained by extinction
from dense molecular material obscuring the stars within and
behind these regions. The higher stellar mass in the control field
supports our interpretation that the clouds are located in the near
side of the NSD.

6.4. Systematic uncertainties

To evaluate the robustness of our results towards the 50 and
20 km/s clouds, and the ridge, we conducted a series of tests by
varying key parameters that might influence the results:

1. Initial mass function. Our sample consists primarily of
giant stars, making our results largely insensitive to variations in
the initial mass function (Schödel et al. 2023). For the PARSEC
models, we adopted a Kroupa initial mass function (Kroupa et al.
2013), as it accounts for unresolved binaries, while the MIST
models used a Salpeter initial mass function (Salpeter 1955). To
assess any potential influence of the chosen mass function, we
repeated the analysis for the PARSEC models using the Salpeter
function and found no significant differences compared to the
Kroupa one.

2. Bright and faint end of the Ks luminosity functions. We
tested the effect of varying the bright cut to Ks = 8 mag, as well
as adjusting the faint end completeness limits (87% and 92%,
corresponding to ∼0.5 mag variations). The results remained
consistent within the uncertainties.
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3. Bin width. We experimented with different bin widths for
the Ks luminosity functions (±0.05 mag). This change did not
result in any significant variation in the final outcomes.

4. Metallicity of the stellar population. We repeated the anal-
ysis using Parsec models with solar metallicity. This resulted in a
slightly smaller contribution from the oldest stellar bin, while the
intermediate-age stars (2–7 Gyr) showed a larger contribution,
further supporting our interpretation of the clouds’ positions.

5. Extinction map. For our analysis, we constructed an
extinction map using reference stars in the same colour
range as the Ks luminosity function (H − Ks ∈ [1.3, 1.8] mag).
We also repeated the analysis with an alternative map built from
reference stars with H −Ks ∈ [1.3, 3.0] mag. We found no signif-
icant differences, confirming the robustness of our results within
the uncertainties.

6. Control field. We repeated the analysis using the entire
control region shown in the lower panel of Fig. 1. This yields a
slightly larger contribution from the oldest stellar population, but
no significant difference is found within the uncertainties.

7. Discussion

We estimated the line-of-sight positions of the 50 and 20 km/s
clouds in the CMZ and concluded that they are located on the
near side of the NSD, with their influence detectable from our
kinematic analysis at distances of 43 ± 8 pc and 56 ± 11 pc from
Sgr A∗, respectively. The ridge region connecting them in pro-
jection is estimated to lie at 56 ± 11 pc, suggesting that the
two clouds are physically connected through the ridge. This
conclusion is supported by three independent methods: kine-
matic analysis, stellar density mapping, and stellar population
comparison.

Our findings are in agreement with Walker et al. (2025)
and Lipman et al. (2025), who likewise place the clouds on
the near side of the CMZ. Additionally, X-ray observations of
CMZ clouds have been used to infer the line-of-sight positions
of molecular structures in the Galactic centre (e.g. Capelli et al.
2012; Clavel et al. 2013; Ponti et al. 2015; Stel et al. 2025).
Although there is no clear result for the line-of-sight distances
of the 50 and 20 km/s clouds, their lack of strong X-ray illumi-
nation suggests that they are located closer to Sgr A∗ than other
CMZ clouds, consistent with our results. Our inferred positions
lie between the CMZ model of Molinari et al. (2011), which sit-
uates the clouds at ≲ 20 pc from Sgr A∗, and that of Kruijssen
et al. (2015), which places them at ≳ 60 pc, in agreement with
the kinematic analysis of Henshaw et al. (2016). Nevertheless,
because our distance estimate is based on the H − Ks colour
at which the µl values show a significant (3σ) deviation from
those of the control field, it represents a lower limit on the dis-
tance from Sgr A*. We therefore cannot exclude that the clouds
lie farther from Sgr A*, which would still be compatible with the
estimate from Kruijssen et al. (2015). In any case, our conclusion
that the clouds are located on the near side of the NSD remains
robust.

However, other studies suggest that the clouds lie much
closer to the Sgr A∗ (≲ 20 pc). This conclusion is based on evi-
dence of interactions with the Sgr A East supernova remnant
(Genzel et al. 1990; McGary et al. 2001; Herrnstein & Ho 2005;
Lee et al. 2008; Sjouwerman & Pihlström 2008), and the circum-
nuclear disc (Karlsson et al. 2015; Takekawa et al. 2017; Tsuboi
et al. 2018; Ballone et al. 2019) – a dense molecular structure
located at 1.5–4 pc from Sgr A∗ (e.g. Liu et al. 2012; Mills et al.
2013; Hsieh et al. 2017, 2021).

While our results constrain the approximate location of the
clouds, we cannot determine their full extent along the line of
sight. Their projected lengths are ∼5 pc and ∼12 pc for the 50
and 20 km/s clouds, respectively, so a comparable extent along
the line of sight is plausible. However, we cannot rule out the
possibility that they are part of elongated gaseous structures –
referred to as ‘feathers’ – that extend inwards towards the Galac-
tic centre. This scenario was proposed by Tress et al. (2020) to
reconcile models placing the clouds both at the near edge of the
NSD and closer to Sgr A∗. It is also consistent with observa-
tions of similar features in the nuclear rings of external galaxies
(Benedict et al. 2002). Such a scenario would imply that the 3D
geometry of the CMZ is more complex than previously assumed,
as suggested by Tress et al. (2020).

The potential physical connection between the 50 and
20 km/s clouds has been a subject of debate. Our results for
the region connecting them suggest a physical link, consistent
with previous studies reporting a molecular ridge between the
clouds (e.g. Ho et al. 1991; Herrnstein & Ho 2005). In contrast,
other works interpret them as unrelated structures with no direct
association (e.g. Vollmer et al. 2003).

8. Conclusion

We investigated the line-of-sight location of the 50 and 20 km/s
clouds in the CMZ using stellar kinematics and photometric
data. We built proper motion maps and applied a GMM approach
to analyse the µl distribution, finding a consistent excess of east-
ward moving stars – and a lack of westward moving ones – in the
cloud regions and in the ridge connecting them. This indicates
that the clouds obscure stars on the far side of the NSD, which
rotates westwards, and suggests a potential physical connection
between them.

We analysed the dependence of µl on the H −Ks colour, used
as a proxy for extinction, and found that the kinematic imprint of
the clouds and the ridge emerges at H − Ks ∼ 1.6 mag. This was
compatible with our analysis of stellar densities at different H −
Ks values. The similar behaviour observed for both the clouds
and the ridge further supports the idea that they form physically
connected structures.

To estimate the position of the clouds, we employed the
self-consistent model of the NSD from Sormani et al. (2022)
and found that the 50 and 20 km/s clouds are kinematically
detectable (i.e. 3σ µl difference with respect to the control field)
at distances of 43 ± 8 pc and 56 ± 11 pc from Sgr A∗. Simi-
larly, we estimated a distance of 56 ± 11 pc for the ridge, which
is consistent with the two clouds being physically connected
through it.

Finally, we analysed the stellar populations towards the cloud
regions and the ridge, finding them to be consistent with that of
the front side of the NSD (Nogueras-Lara et al. 2022; Nogueras-
Lara 2024). This also agrees with the interpretation that the
clouds are located on the near side and obscure older stars situ-
ated deeper within the NSD (Nogueras-Lara et al. 2020; Sanders
et al. 2022).

Our results are consistent with previous work that placed
the clouds on the near side of the NSD (Kruijssen et al. 2015;
Henshaw et al. 2016). Nevertheless, we cannot rule out the possi-
bility that the clouds are elongated gaseous structures extending
towards the central few parsecs, as proposed by Tress et al.
(2020).
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Appendix A: Tables

Table A.1. Characterisation of the GMM decomposition of the proper motion distribution.

Wl µl σl Wb µb σb

(norm. units) mas/yr mas/yr (norm. units) mas/yr mas/yr
50 km/s 0.47 ± 0.08 2.99 ± 0.17 2.99 ± 0.22 0.61 ± 0.07 0.02 ± 0.18 1.46 ± 0.88

0.53 ± 0.08 1.39 ± 0.33 3.48 ± 0.27 0.39 ± 0.07 0.49 ± 0.30 4.41 ± 1.24
20 km/s 0.68 ± 0.03 2.72 ± 0.06 1.77 ± 0.06 0.63 ± 0.03 0.10 ± 0.06 1.30 ± 0.06

0.32 ± 0.03 0.99 ± 0.21 3.98 ± 0.12 0.37 ± 0.03 0.19 ± 0.21 3.58 ± 0.12
Ridge 0.71 ± 0.05 1.96 ± 0.14 2.55 ± 0.14 0.72 ± 0.04 -0.11 ± 0.07 1.88 ± 0.43

0.29 ± 0.05 0.39 ± 0.25 4.77 ± 0.28 0.29 ± 0.04 -0.07 ± 0.15 4.74 ± 0.50
Control 0.48 ± 0.03 1.83 ± 0.23 2.05 ± 0.47 0.70 ± 0.03 0.06 ± 0.04 1.76 ± 0.56

0.23 ± 0.03 -0.03 ± 0.32 4.82 ± 1.12 0.30 ± 0.03 0.00 ± 0.05 4.22 ± 0.51
0.30 ± 0.02 -1.86 ± 0.34 1.94 ± 0.56 - - -

Notes. Wi, µi, and σi are the results of the GMM analysis, where W represents the relative weight of each Gaussian component, and l and b correspond to the proper
motion components parallel and perpendicular to the Galactic plane, respectively.

Table A.2. Dependence of µl on colour H − Ks.

(H − Ks)50 µl 50 (H − Ks)20 µl 20 (H − Ks)ridge µl ridge (H − Ks)control µl control

mag mas/yr mag mas/yr mag mas/yr mag mas/yr_l
1.52 ± 0.01 2.75 ± 0.45 1.51 ± 0.01 2.88 ± 0.24 1.50 ± 0.01 3.25 ± 0.39 1.494 ± 0.002 2.45 ± 0.15
1.67 ± 0.01 2.50 ± 0.25 1.72 ± 0.01 2.55 ± 0.14 1.69 ± 0.01 2.95 ± 0.19 1.721 ± 0.002 1.75 ± 0.09
1.89 ± 0.02 2.56 ± 0.35 1.92 ± 0.01 2.47 ± 0.17 1.92 ± 0.01 2.29 ± 0.26 1.949 ± 0.002 0.57 ± 0.08
2.13 ± 0.03 3.21 ± 1.00 2.19 ± 0.01 2.03 ± 0.26 2.22 ± 0.01 0.98 ± 0.55 2.184 ± 0.002 -0.25 ± 0.09

- - - 2.431 ± 0.003 -0.54 ± 0.13
- - - 2.679 ± 0.005 -1.11 ± 0.18

Notes. H − Ks and µl median values obtained for the 50 and 20 km/s clouds regions, the ridge region connecting them, and the control field.
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