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ABSTRACT

Context. The nuclear stellar disc (NSD) is a flat and dense stellar structure at the centre of the Milky Way. Previous work has identified
the presence of metal-rich and metal-poor stars in the NSD, suggesting that they have different origins. The recent publication of pho-
tometric, metallicity, proper motion, and orbital catalogues allows the NSD stellar population to be characterised with unprecedented
detail.

Aims. We aim to explore the proper motions and orbits of NSD stars with different metallicities to assess whether they have different
origins and to better understand the metallicity distribution in the NSD.

Methods. We distinguished between metal-rich and metal-poor stars by applying a Gaussian mixture model, as done in previous work,
and analysed the proper motions, orbits, and spatial distribution of stars with different metallicities.

Results. We find that metal-rich stars exhibit a lower velocity dispersion, suggesting that they trace a kinematically cooler component
compared to metal-poor ones. Furthermore, z-tube orbits are predominant among metal-rich stars, while chaotic/box orbits are more
common among metal-poor ones. We also find that metal-rich and metal-poor stars show a similar extinction and are present through-
out the analysed regions. As a secondary result, we detected a metallicity gradient in the metal-rich population with higher metallicity
towards the centre of the NSD and a tentative gradient for the metal-poor stars, which is consistent with previous studies that did not
distinguish between the two populations.

Conclusions. Our results suggest that metal-rich stars trace the NSD, whereas metal-poor ones are related to the Galactic bar and prob-
ably constitute Galactic bar interlopers and/or are NSD stars that originated from accreted clusters. The detected metallicity gradients
aligns with the currently accepted inside-out formation of the NSD.
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1. Introduction

The heart of the Milky Way stands out as our closest galaxy cen-
tre, and it is the only one where we can study stars down to
milli-parsec scales (e.g. Dong et al. 2011; Nogueras-Lara et al.
2019; Do et al. 2019; Gravity Collaboration 2020). Therefore, it
constitutes a unique template for analysing the stellar population
of a galaxy nucleus, which can provide a better understanding
of galactic nuclei and their role in galaxy formation and evolu-
tion. Nevertheless, high extinction and extreme source crowding
hamper analysis of the Galactic centre stellar population and
primarily limit it to the near-infrared regime (e.g. Nishiyama
et al. 2006, 2008; Schultheis et al. 2009; Fritz et al. 2011;
Alonso-Garcia et al. 2017; Thorsbro et al. 2020; Nogueras-Lara
et al. 2021b; Sanders et al. 2022b).

The Galactic centre is roughly outlined by the nuclear stel-
lar disc (NSD), a flat and likely axisymmetric stellar structure
with a scale length of ~100 pc and a scale height of ~40 pc (e.g.

* Corresponding author; francisco.nogueraslara@eso.org

Gallego-Cano et al. 2020; Nogueras-Lara 2022a; Sormani et al.
2022). It contains a total stellar mass of ~10° My (Launhardt
et al. 2002; Sormani et al. 2022) and is characterised by a pre-
dominantly old stellar population and a bursty star-formation
history (e.g. Nogueras-Lara et al. 2020; Sanders et al. 2022a;
Schodel et al. 2023), which makes it different from the sur-
rounding and much larger Galactic bar/bulge (e.g. Zoccali et al.
2003; Valenti et al. 2013; Wegg & Gerhard 2013; Wegg et al.
2015; Portail et al. 2017; Surot et al. 2019). Additionally, the
NSD contains ~10° My, of young stars that formed in situ in
the last 30 Myr (e.g. Matsunaga et al. 2013; Nogueras-Lara et al.
2020, 2022; Nogueras-Lara 2024), and it has contributed to up to
10% of the star-forming activity observed throughout the entire
Milky Way over the past ~100 Myr (e.g. Mezger et al. 1996;
Mauerhan et al. 2010; Matsunaga et al. 2011; Crocker et al. 2011;
Nogueras-Lara et al. 2020).

The NSD is a rotating structure (Lindqvist et al. 1992;
Schonrich et al. 2015; Fritz et al. 2021; Shahzamanian et al.
2022) that appears to be kinematically distinct from the Galactic
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Fig. 1. Scheme of the observed region overplotted on a Spitzer/IRAC image at 8 um. (Stolovy et al. 2006). This wavelength highlights the bright
and dusty clouds that outline the NSD. a) KMOS fields in which the colour scale indicates the star counts. b) Number of stars per field with
computed orbits (Nieuwmunster et al. 2024). The two northernmost fields do not contain any stars due to the selection criteria used to create the
orbital catalogue (|/| < 1.5° and Ibl < 0.3°; for further details, see Nieuwmunster et al. 2024). The dotted contours show the 25, 50, and 75% levels

of the NSD self-consistent model obtained by Sormani et al. (2022).

bar/bulge (Schonrich et al. 2015; Schultheis et al. 2021). How-
ever, Zoccali et al. (2024) recently reported that they were
unable to definitively identify the NSD as a distinct kine-
matic feature when comparing it to nearby control fields in the
Galactic bar/bulge, contradicting previous work. Their analysis
used proper motions derived from the VISTA Variables in the
Via Lactea survey (Minniti et al. 2010) and APOGEE DR17 data
(Majewski et al. 2017; Abdurro’uf et al. 2022).

The NSD stellar population exhibits a broad metallicity dis-
tribution that has been previously fitted using two Gaussian mod-
els accounting for metal-rich and metal-poor stars, respectively
(Schultheis et al. 2021; Nogueras-Lara 2022b; Nogueras-Lara
et al. 2023a). The metal-rich component (mean metallicity
[M/H] = 0.12, Schultheis et al. 2021) constitutes approximately
70-80% of the NSD’s stars and shows a lower line-of-sight
velocity dispersion in comparison with the metal-poor compo-
nent (mean metallicity [M/H] = —0.22, Schultheis et al. 2021).
This suggests that metal-rich stars have a different origin and
probably formed in situ (Schultheis et al. 2021) from the dense
accumulation of gas and dust that comprises the central molec-
ular zone (CMZ; e.g. Henshaw et al. 2023). This is further
supported by indications that stars in the NSD and the gas in the
CMZ appear to be co-rotating (Schonrich et al. 2015; Schultheis
et al. 2021).

In this paper, we aim to study the proper motion distribu-
tion of NSD stars with different metallicities to assess previous
analysis using line-of-sight velocities and to confirm whether
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they have different kinematics and origin. Additionally, we
utilise the recent orbital analysis of NSD stars by Nieuwmunster
et al. (2024) to determine whether stars with different metallici-
ties have different orbits. Analysing stars with different kinemat-
ics and orbits also helps shed light on the potential kinematic
difference between the NSD and the Galactic bar/bulge, and it
is crucial to understanding their relation as well as the NSD
formation mechanism.

2. Data
2.1. Metallicity, photometry, and proper motions

We used the spectroscopic survey of the NSD (Fritz et al. 2021)
obtained with the KMOS instrument at the VLT (Sharples et al.
2013). The chosen sample includes the primary targets of the
survey contained within the central region of the NSD shown in
Fig. 1 (2303 stars). The metallicities were derived with an uncer-
tainty of ~0.3 dex and a calibration uncertainty of ~0.1 dex (Fritz
et al. 2021).

We also used H and K, photometry from the SIRIUS/IRSF
survey of the Galactic centre (Nagayama et al. 2003; Nishiyama
et al. 2006, 2013), which is available for all the targets of the
KMOS spectroscopic survey of the NSD (see Table E1 in Fritz
et al. 2021). The mean zero-point uncertainties are ~0.03 mag in
both bands, and the 10 o limiting magnitudes are H = 16.6 mag
and K; = 15.6 mag.
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For the kinematical analysis, we used proper motions from a
preliminary version of the second version of VIRAC (VIRAC2,
Smith et al. 2024). This data set was also used by Sormani
et al. (2022) and Nieuwmunster et al. (2024). It contains absolute
proper motions of stars in the spectroscopic survey, using Gaia
as an astrometric reference. Sormani et al. (2022) describes the
data set in more detail.

We reduced the contamination from foreground stars (mainly
from the spiral arms along the line of sight towards the Galac-
tic centre and up to a certain extent to the Galactic bar/bulge)
by using their significantly different extinction (e.g. Nogueras-
Lara et al. 2021a). We excluded them in all fields by applying
a colour cut, (H — K;) > max(1.3, —0.0233 K;+1.63), as done
in Schultheis et al. (2021) and Nieuwmunster et al. (2024).
Additionally, we removed stars with high proper motion uncer-
tainties (>1 mas/yr). This can lead to an effective magnitude cut
at K ~ 10 mag (Fig. 2) because the uncertainties are high for too
bright stars (see Sect.3 in Sormani et al. 2022). We ended up
with a total of 1497 stars in the target region for our subsequent
analysis.

2.2. Orbital catalogue

We utilised the orbital catalogue obtained by Nieuwmunster
et al. (2024), which was derived from the previously described
KMOS spectroscopic survey of the NSD (Fritz et al. 2021)
and the preliminary proper motions from VIRAC2 (Smith et al.
2024). The orbital catalogue also implemented the previously
mentioned colour cut to mitigate potential contamination from
foreground sources and applied a strict proper motion uncer-
tainty cut, dyy;, < 0.6 mas/yr, resulting in a sample of 1130 stars.
Nieuwmunster et al. (2024) used K, luminosity functions to esti-
mate the completeness of the data to be ~15% at K; ~ 15 mag.
Thus, the stellar sample is limited, and the fraction of star orbits
may not fully represent the overall NSD stellar population.

The orbits of the stars were integrated in a non-axisymmetric
potential, combining the potentials corresponding to the Galac-
tic bar/bulge density (Launhardt et al. 2002), the NSD (Sormani
et al. 2022), and the nuclear star cluster (Chatzopoulos et al.
2015). They also assumed a distance distribution considering
a mean Galactic centre distance of 8.2kpc and an NSD scale
length of ~100 pc (e.g. Gallego-Cano et al. 2020; Sormani et al.
2022; Nogueras-Lara 2022a). The final catalogue comprises sev-
eral orbital families (i.e. chaotic, z-tube, x-tube, banana, fish,
saucer, pretzel, 5:4, and 5:6 orbits), which are present in the NSD
region. Examples of each of the orbital families are shown in
Appendix A of Nieuwmunster et al. (2024).

Figure 2 shows a colour-magnitude diagram of K versus
H — K, of the observed fields. The parallelogram-shaped area
is due to the selection criteria for the target selection of the
KMOS survey. The targets were chosen to have an extinction-
free apparent magnitude in the range Ky € [7.0,9.5] mag (for
further details, see Fritz et al. 2021).

3. Metallicity distribution and proper motions

To investigate the proper motion distribution of stars with dif-
ferent metallicities, we first analysed the metallicity distribution
of the target stars by repeating the analysis in Schultheis et al.
(2021). Namely, we applied a Gaussian mixture model (GMM;
Pedregosa et al. 2011) to obtain the number of Gaussians that
best reproduce the metallicity distribution. We distinguished
between single-Gaussian and two-Gaussian models by applying

All stars
Proper motions
Orbits

94 & .

Fig. 2. Colour-magnitude diagram K; versus H — K. The grey dots rep-
resent all the stars in the KMOS catalogue in the analysed region after
excluding the foreground population. Stars with proper motions below
1 mas/yr and stars with orbits are overplotted with different colours and
symbols, as indicated in the legend. The black dashed line corresponds
to the cut applied in Sects. 3, 4.2 and 5 to analyse the effect of missing
bright stars at K, ~ 10 mag when applying the proper motion quality
cut.

the Bayesian information criterion (Schwarz 1978) and the
Akaike information criterion (Akaike 1974). We found that the
data is best represented by a two-Gaussian model. Figure 3 shows
the obtained results. To estimate the mean metallicity and the
associated uncertainty for each component, we resorted to Monte
Carlo (MC) simulations and generated 1000 MC samples by ran-
domly varying the metallicity of each star, assuming Gaussian
uncertainties. We performed the GMM analysis on each of the
1000 samples, assuming a two-Gaussian distribution, and com-
puted the final values along with their associated uncertainties as
the mean and standard deviation. The results, shown in Table 1
are in perfect agreement with those reported by Schultheis et al.
(2021).

We also employed the GMM approach to calculate the like-
lihood of each star being associated with each of the Gaussian
distributions. To analyse the proper motion distribution of stars
belonging to each metallicity component, we assumed that a
star belongs to either the metal-rich or the metal-poor compo-
nent if its likelihood of being associated with that component
is larger than 70%. Given that the stellar metallicity of the
KMOS catalogue was calibrated using empirical spectra with
[M/H] < 0.6dex, we excluded stars with higher metallicities
from the subsequent analysis. Figure 3 shows the final selection
of stars. We ended up with 1249 metal-rich and 106 metal-poor
stars.

We built histograms for the proper motion component paral-
lel () and perpendicular (1) to the Galactic plane. To estimate
the mean and the standard deviation of each distribution and
their corresponding uncertainties, we applied a 30 clipping algo-
rithm to remove potential outliers, and we used a bootstrap
resampling method with 5000 iterations. Table 1 and Fig. 4 show
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Table 1. Characterisation of the two-Gaussian decomposition of the NSD metallicity distribution.

w [M/H] O [M/H] M

Oy Hb Oy

H—KS O—H—K_V

MR 0.79£0.02 0.11 +0.01
MP 0.21 £0.02

0.26 £0.01

-1.13+0.08 2.70 £0.05 0.17 +£0.05
-0.19+£0.03 0.73+£0.04 -1.43+031 3.17+0.21

1.88 £0.05 2.24 +0.02 0.57 £ 0.01
-0.01 £0.32 334 +£0.27 2.21 £0.06 0.59 +0.04

Notes. W, [M/H], and oy, correspond to the results from the GMM analysis of the two-Gaussian distribution, where W indicates the relative
weight of each of the Gaussian components. We note that y;, 07,, 15, and o7, are in mas/yr, and H — K and oy_g, are in Vega magnitudes.
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Fig. 3. Two-Gaussian decomposition of the NSD metallicity distribu-
tion. The orange line shows the result of the GMM analysis, whereas the
blue dashed lines depict each of the Gaussian components. Red and blue
bars correspond to stars with a more than 70% probability of belonging
to each of the components.

05 1.0 15

the obtained results. To assess potential sources of system-
atic uncertainties, we repeated the calculation, considering stars
with uncertainties below 1.2 mas/yr and 0.8 mas/yr as well as
by adjusting the cut to remove the foreground population (i.e.
H - K, ~ 1.1 mag). We also repeated the calculation using all
stars within the colour cut H — K > 1.3 mag and with proper
motion uncertainties below 1 mas/yr, assuming that stars with
[M/H] < —0.25 dex are metal poor, while those with —0.25 dex<
[M/H] < 0.6 dex are metal-rich. Finally, we explored the effect
of the effective cut at K; ~ 10 mag when considering stars with
proper motion uncertainties below 1mas/yr (see Fig.2). For
this, we defined a new selection cut parallel to the original one
(following the reddening vector, Fritz et al. 2011) in order to
exclude the stars with K; > 10 mag, keeping only the ones below
the black dashed line in Fig.2. In all cases, the results were
consistent within the uncertainties.

We concluded that although the mean proper motions are
similar for both stellar populations, there is a significant differ-
ence in the velocity dispersion of the 1, component. Namely, the
metal-poor component exhibits a y; standard deviation that is
approximately a factor of two larger than that of the metal-rich
group. Regarding the y; component, we found that the velocity
dispersion is slightly larger for the metal-poor stellar population,
although there is not a clearly significant difference. This is not
surprising because the proper motion component parallel to the
Galactic plane is much more affected by the extinction along the
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Fig. 4. Proper motion distribution of metal-rich and metal-poor stars in
the NSD following the GMM analysis (see Sect. 3).
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Fig. 5. Proper motion orientation of metal-rich and metal-poor stars.

The uncertainties correspond to Poisson errors (i.e. V#stars/bin) scaled
to the normalised number of stars in each bin.

line of sight and because of the fact that the NSD is a rotating
structure. Therefore, the presence of stars moving eastwards and
westwards depends on the completeness of the data and will be
different for the different regions analysed (e.g. Schonrich et al.
2015; Martinez-Arranz et al. 2022; Nogueras-Lara 2022a and
Figs. A1-A4 in Sormani et al. 2022, which show the y; and g
decomposition between the Galactic bar and the NSD).

We also explored the proper motion orientation, @ =
atan(up /1), of metal-rich and metal-poor stars. We sub-
tracted the proper motion velocity of SgrA* (u; = —6.396 =
0.071 mas/yr and u;, = —0.239 + 0.045 mas/yr, see Gordon et al.
2023) to obtain Galactic proper motions relative to the Galactic
centre. To ensure a € [—-180, 180] degrees, we adjusted the out-
put based on the orientation of the proper motions and adopted
the origin pointing east. Figure 5 shows the obtained results.
We computed the mean orientation values, their standard devia-
tions, and the associated uncertainties by applying a bootstrap
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Fig. 6. Relative fraction of stars with z-tube and chaotic/box orbits for
the metal-rich and metal-poor stellar populations defined in Sect. 3. The
label “other” corresponds to stars following banana and x-tube orbits
(see Nieuwmunster et al. (2024) for further details). The uncertainty
bars for the metal-rich population are smaller to the red circles and are
therefore not visible in the figure.

resampling method with 5000 iterations. We obtained a,;; =
5+1° 04, =30x1° and @poor = 3+5°, 0y, = 48 +5°,
for the metal-rich and the metal-poor component, respectively.
Although the orientation values for both populations are com-
patible, the metal-poor stellar population shows a significantly
larger standard deviation.

4. Metallicity distribution and orbits
4.1. Orbits for each metallicity group

We used the orbital catalogue obtained by Nieuwmunster et al.
(2024) to explore whether stars with different metallicities and
kinematics undergo different orbits. The authors used a statis-
tical approach to obtain the orbits, and it may not be valid on
an individual star basis. However, this does not pose any prob-
lem because our objective is to understand the mean behaviour
of stars with different metallicities. Nieuwmunster et al. (2024)
found that z-tube orbits (including all orbital families with a cir-
culation around the z-axis, such as z-tube, fish, saucer, pretzel,
5:4, and 5:6 orbits) dominate the orbital families, comprising
approximately 70% of the stars in the catalogue, and they are
directly associated with the NSD. Conversely, chaotic/box orbits
constitute about 25% of the sample and are likely related to
Galactic bar orbits.

We analysed the fraction of stars with these orbits belonging
to the previously defined metal-rich and metal-poor stellar popu-
lations. We obtained that the orbits are different for the different
metallicity components, as shown in Fig. 6. The uncertainties
were estimated based on an assumed membership probability
60% and 80% for each of the metallicity groups, while the
mean values correspond to the 70% probability. We concluded
that z-tube orbits dominate the metal-rich component (~70%
of the metal-rich stars belong to this orbital family) and are
less frequent in the metal-poor stellar population, in which the
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Fig. 7. Relative fraction of stars with z-tube and chaotic orbits. The
contours show the 50 and 75% levels of the NSD self-consistent model
obtained by Sormani et al. (2022).

chaotic/box orbits dominate and correspond to ~50% of the stars
with defined orbits in the metal-poor component.

4.2. Metallicity for z-tube and chaotic/box orbits

We also explored the metallicity distribution of all the stars in the
catalogue of orbits with z-tube and chaotic/box orbits. To begin,
we analysed the spatial distribution of z-tube and chaotic/box
orbits. Figure 7 shows the obtained results. We found that the
relative fraction of stars undergoing chaotic orbits is more com-
mon towards the edge of the NSD, as was also discussed by
Nieuwmunster et al. (2024), supporting their relation with poten-
tial contaminants from the bar. In contrast, stars with z-tube
orbits and, in general, stars without chaotic orbits, are more
centrally concentrated and seem to better trace the NSD.

We computed the metallicity distribution for stars with z-
tube and chaotic/box orbits and observed that they are different,
with z-tube stars on average being more metal rich (Fig. 8).
We also applied the previously described GMM approach (see
Sect.3) to compare a single- and a two-Gaussian model. In
all cases, we found that a two-Gaussian model is preferred.
Figure 8 shows the results for each of the orbital families. We
also computed the parameters associated with the metal-rich and
metal-poor stellar populations by resorting to MC simulations
with 1000 iterations, as explained in Sect. 3. The results are pre-
sented in Table 2. We examined the effect of potential systematic
uncertainties related to the effective cut at K; ~ 10 mag result-
ing from the exclusion of stars with proper motion uncertainties
above 0.6 mas/yr in the orbital catalogue (Nieuwmunster et al.
2024). For this, we repeated the analysis, applying the cut shown
in Fig. 2 as previously explained in Sect. 3. We did not find any
significant difference within the uncertainties.

We observed that stars exhibiting chaotic/box orbits, regard-
less of their metallicity, are generally more metal poor compared
to those following z-tube orbits (Fig.8). The mean metal-
licity values obtained for both metallicity components with
chaotic/box orbits align well with the results from Schultheis
et al. (2021) for the inner regions of the Galactic bar/bulge (0.04
and —0.55 dex for the metal-rich and metal-poor components,
respectively) based on analysis of APOGEE data (Ahumada
et al. 2020; Rojas-Arriagada et al. 2020). Similarly, the metal-
licity values obtained for stars undergoing z-tube orbits closely
match our results for the NSD (see Table 1).
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Fig. 8. Metallicity distribution of all stars in the orbital catalogue
(Nieuwmunster et al. 2024) following z-tube orbits (including all orbital
families with a circulation around the z-axis) and chaotic/box orbits. The
solid lines show the result of the GMM analysis, whereas the dashed
lines correspond to each Gaussian model.

Table 2. Characterisation of the two-Gaussian metallicity decomposi-
tion of stars with different orbits.

Orbit  Metallicity w [M/H] O [M/H]

z-tube Rich  0.80+£0.05 0.19+0.01 0.26 +0.01
Poor  0.20 +£0.05 —0.16 £ 0.16 0.67 + 0.09

Chaotic  Rich  0.78 £0.06 0.05 +0.02 0.29 + 0.03
Poor  0.22 +£0.06 —0.49 +£0.43 0.73 £ 0.12

Notes. W, [M/H], and o, correspond to the results from the GMM
analysis of the two-Gaussian distribution, where W indicates the relative
weight of each of the Gaussian components.

5. Extinction of stars with different metallicities
along the line of sight

The NSD formed >8 Gyr ago and appears to be dominated by an
old stellar population (>80% of the stellar mass is older than
27 Gyr, e.g. Nogueras-Lara et al. 2020, 2022; Sanders et al.
2022a; Schodel et al. 2023). Assuming that metal-rich and metal-
poor stars have a similar age allowed us to use the H — K
colour as a proxy for the extinction towards these stars (e.g.
Nogueras-Lara et al. 2018, 2021b). Moreover, there is a statistical
correlation between distance along the line of sight and extinc-
tion in the NSD (e.g. Nogueras-Lara 2022a; Nogueras-Lara et al.
2023b), which makes it possible to estimate whether the spatial
distribution is similar for both stellar populations by analysing
their extinction. We would therefore expect a significant dif-
ference in extinction if one of the components is located in a
specific region along the line of sight and thus the stars would
not be homogeneously distributed.

We built a colour-magnitude diagram K; versus H — K to
analyse the colour distribution (Fig.9) of the stars belonging
to each stellar population whose proper motions were previ-
ously analysed. We computed the mean colour and its associated
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Fig. 9. Colour-magnitude diagram of the metal-rich and metal-poor
stars used in Sect. 3. The black arrow shows the direction of the red-
dening vector.

uncertainty for the metal-rich and the metal-poor stars by apply-
ing a bootstrap resampling method with 5000 iterations. Table 1
shows the obtained results. We found that the metal-poor stars
show a somewhat smaller H — K, colour, which might indicate
that they are more abundant close to the NSD edge. Neverthe-
less, the colours for both stellar populations (and their standard
deviations) are similar within the uncertainties, so there is no
clear difference in the spatial distribution along the line of sight.
We detected metal-poor and metal-rich stars with both large and
small extinction, as indicated by the H — K standard deviations,
showing that both stellar populations are present all over the
NSD. We assessed potential systematic uncertainties as previ-
ously explained in Sect. 3. Namely, we varied the proper motion
uncertainty cut to 0.8 mas/yr and 1.2 mas/yr, we modified the
foreground cut to H — K; ~ 1.1 mag, and we applied a more
restrictive selection cut, as indicated in Fig. 2. The results were
always consistent within the uncertainties, with the only dif-
ference being a somewhat smaller extinction for both stellar
populations when assuming the more restrictive selection crite-
rion. In any case, this was expected because the new cut removes
the most reddened stars.

6. Galactic longitude analysis of stars with
different metallicities

We studied the metallicity distribution of KMOS stars at differ-
ent longitudes from the Galactic centre. In this way, we inves-
tigated whether the two-Gaussian metallicity profile is homoge-
neously distributed across the field and whether metal-rich and
metal-poor stars have different spatial distributions.

To avoid mixing stellar populations at significantly differ-
ent latitudes, whose metallicity might also vary vertically, we
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Fig. 10. Line-of-sight analysis of the NSD metallicity and kinematics
(the corresponding values are included in Table. A.1). Top panel: Target
KMOS stars divided into five colour-coded regions at different longi-
tudes. The grey star indicates the position of Sgr A*. Middle panels:
mean metallicity obtained for the metal-rich (top) and the metal-poor
(bottom) components of the two-Gaussian distribution. We plot metal-
rich and metal-poor stars separately to highlight the detected gradients
more effectively. Bottom panel: velocity dispersion of y, for the metal-
rich and metal-poor components.

restricted our analysis to stars within a latitude of +20pc from
the centre of the NSD (Sgr A*), as shown in Fig. 10. For our
analysis, we defined five regions with different longitudes, as
colour-coded in the upper panel of Fig. 10.

We applied the GMM approach described in Sect.3 to
check whether the metallicity distribution of each of the defined
regions is best represented by one or two Gaussian models.
We found that a two-Gaussian distribution is preferred for all
the cases. To estimate the mean metallicity and the associ-
ated uncertainty for each component and region, we followed
the previously described method and employed MC simula-
tions, building 1000 samples, randomly varying the metallicity
of each star, and assuming Gaussian uncertainties. Figure A.1
and Table A.1 show the obtained results. We measured a metal-
licity gradient with increasing metallicities towards the centre of
the NSD that is present in both the metal-rich and metal-poor
components. Figure 10 shows the detected gradient.

To check whether the metallicity gradients are real and to
estimate their values, we employed MC simulations with 1000
iterations. In each iteration, we varied the metallicity of each
point, assuming Gaussian uncertainties. We assumed a Galac-
tic centre distance of 8.25 kpc (Gravity Collaboration 2020) and
computed the gradients for the negative and positive longitudes,
separately for the metal-rich and metal-poor populations. We
estimated the final gradient as the mean value of the gradients
obtained for the positive and negative longitudes. Our results
indicate real gradients with increasing metallicity towards the
centre of the NSD for both stellar populations. We ended up with
values of (3.4 + 1.7) - 10~* dex/pc for the metal-rich population
and (1.5 +0.5) - 1073 dex/pc for the metal-poor population. These
gradients are significant at approximately the 20~ and 30 levels,
respectively. However, the metal-poor trend might be influ-
enced by the implicit assumption of the model and the higher
metallicity uncertainties of the metal-poor stars (see Fig. 10 in

Fritz et al. 2021). In any case, our result aligns with previ-
ous work finding a global metallicity gradient (without distin-
guishing between metal-rich and metal-poor stars) towards the
innermost regions of the NSD (Feldmeier-Krause 2022).

We also found that the relative weight of the components
does not change spatially within the uncertainties. The relative
weight of the metal-rich component is slightly larger than the one
obtained when combining all the stars without defining different
regions at different latitudes. This is probably due to the metal-
licity gradient that shifted the mean metallicity of the metal-rich
component towards lower metallicities when combining all the
stars. Therefore, the metal-rich component encompasses more
stars, and its relative weight is somewhat higher.

We also repeated the previous analysis on proper motions and
H — K colour for the metal-rich and metal-poor stellar popula-
tions in each region. We kept stars whose likelihood of belonging
to either group is larger than 70%, restricted the sample to targets
whose proper motion uncertainty is below 1 mas/yr, and lim-
ited the selection to stars with [M/H] < 0.6 dex, as previously
explained. Figure A.2 and Table A.1 show the results. In spite of
the relatively low number of stars for the metal-poor population
(~15-25 stars for each spatial group), we found good agreement
with the results obtained when analysing all the stars in Sect. 3.
Although there is not a significant difference between the mean
proper motions for each stellar population (only in some cases we
found a difference larger than 1 o), we detected that the velocity
dispersion of the y;, component of the metal-poor stellar popula-
tion is 2 o larger than that of the metal-rich stellar population
in nearly all cases, except at / = 0°, where it is ~10 larger. This
supports the metal-poor component being kinematically hotter
than the metal-rich one regardless of the spatial distribution. The
bottom panel of Fig. 10 shows the obtained results.

Finally, the colour analysis is also consistent with the previ-
ous results (Sect. 5). Thus, the difference between H — K for the
metal-rich and the metal-poor stellar population is always <1 0.

A similar analysis along the Galactic latitude, as presented
in this section, is not feasible due to the low number of stars
observed at higher NSD latitudes (see Fig. 1). This limitation is
particularly true for metal-poor stars in the innermost fields.

7. Discussion

7.1. Correlation between metallicity, velocity dispersion,
and orbits

We distinguished between metal-rich and metal-poor stars by
applying a GMM approach and obtained that a two-Gaussian
model best reproduces the data, as found in previous work (e.g.
Schultheis et al. 2021; Nogueras-Lara 2022b; Nogueras-Lara
et al. 2023a). In principle, the presence of these two Gaussian
components is just a mathematical description of the underlying
metallicity distribution and is not necessarily related with the
origin of metal-poor and metal-rich stars in the NSD. Actually,
the metallicity distribution might be also explained by chemical
evolution models (e.g. Grieco et al. 2015; Friske & Schonrich
2023), and thus the presence of metal-rich and metal-poor stars
would be a consequence of the natural star-formation process in
the NSD. However, the obtained correlation between metal-poor
stars, high velocity dispersion, and chaotic/box orbits indicates
a different origin for a significant fraction of metal-poor stars
in comparison to the metal-rich ones. Our results suggest that
the metal-poor stars are related to the innermost regions of the
Galactic bar/bulge, which overlaps with the NSD. In this way, the
obtained fraction of stars following chaotic orbits in Fig. 7 aligns
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with the estimated ~20-30% (decreasing for larger NSD radii)
of contaminants from the Galactic bar/bulge reported in Sormani
et al. (2022). Moreover, the metallicity distribution obtained for
stars following chaotic orbits (likely associated with the Galac-
tic bar/bulge) matches previous results for the innermost regions
of the Galactic bar/bulge (e.g. Schultheis et al. 2021). Addi-
tionally, the higher velocity dispersion found for the metal-poor
stellar population is in agreement with previous y; velocity dis-
persion measurements ~2.5—3 mas/yr obtained for the Galactic
bar/bulge in an inner Galactic region far away from any NSD
contamination ([ = 0° and —4.5° < b < -2.5°, e.g. Koztowski
et al. 2006; Rattenbury et al. 2007; Sanders et al. 2019).

Another possibility is that a fraction of the metal-poor stars
might be remnants of dispersed, young gas-rich stellar clusters
within a 1.5 kpc radius of the Galactic centre, formed at z>4.
These clusters have been suggested as precursors to the old
metal-poor stars currently observed at the Galactic centre (e.g.
van Donkelaar et al. 2024). The accretion of stellar clusters, com-
bined with in situ star formation, has been proposed as one of
the formation channels of the nuclear star cluster at the centre of
the Galaxy (e.g. Tremaine et al. 1975; Capuzzo-Dolcetta 1993;
Antonini et al. 2012; Antonini 2013; Perets & Mastrobuono-
Battisti 2014; Gnedin et al. 2014; Arca-Sedda et al. 2015, 2020;
Tsatsi et al. 2017). Thus, van Donkelaar et al. (2024) used hydro-
dynamical simulations to show that the infalling clusters can also
be accreted by the NSD contributing to its growth.

We also found that the proper motion orientation of both
metallicity components shows a different standard deviation,
with the distribution of metal-poor stars being more scattered
in comparison to the metal-rich component. This is compatible
with the more chaotic motion that is expected under the influ-
ence of the Galactic bar/bulge. On the contrary, metal-rich stars
are kinematically cooler and show orbits tracing the NSD (e.g.
Schultheis et al. 2021; Nieuwmunster et al. 2024).

The similar extinction observed for both the metal-poor and
metal-rich components suggests a widespread distribution of
both types of stars across the region. Hence, there is not a specific
region along the line of sight in which either metal-rich or metal-
poor stars are concentrated. This observation is also supported by
the spatial analysis in Sect. 5, given that we found metal-rich and
metal-poor stars distributed all over the field and with similar
relative weights within the uncertainties.

7.2. The NSD as a distinct kinematic structure

Recently, Zoccali et al. (2024) analysed the proper motion dis-
tribution of the NSD compared to control fields in the innermost
region of the Galactic bar/bulge. Their findings did not reveal any
clear, distinct kinematical signature of the NSD. This result chal-
lenges previous studies that identified the NSD as kinematically
different from its surroundings based on line-of-sight velocities
(Schonrich et al. 2015) and velocity dispersions (Schultheis et al.
2021).

In this paper we limited our analysis to the NSD without any
comparison with the surrounding region. Nevertheless, we found
the presence of two kinematically distinct components with dif-
ferent metallicities and orbits. We detected that the metal-poor
component is dominated by chaotic/box orbits that are likely
associated with the Galactic bar and have a metallicity distribu-
tion also in agreement with previous work on the inner bar/bulge
(carried out in fields without contamination from the NSD, e.g.
Schultheis et al. 2021). On the other hand, the dominant metal-
rich component is kinematically cooler, given its lower velocity
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dispersion, and undergoes z-tube orbits, better tracing the NSD
(e.g. Nieuwmunster et al. 2024). The fact that we observed these
two different stellar populations with different orbits and kine-
matics — with one more closely associated with the Galactic
bar/bulge — suggests that the NSD is a different kinematic struc-
ture, and this agrees with previous work (Schonrich et al. 2015;
Schultheis et al. 2021), showing that it is possible to kinemati-
cally distinguish the NSD. Additionally, having a metal-rich and
kinematically cool NSD different from the surrounding Galac-
tic bar/bulge also agrees with the results of previous works on
external Milky Way-like galaxies, where these structures have
been identified via their different kinematics and metallicities
(e.g. Gadotti et al. 2019; Bittner et al. 2020; Gadotti et al. 2020).

We would like to emphasise that Zoccali et al. (2024) do not
exclude the possibility of a kinematically different NSD in com-
parison to the surrounding Galactic bar/bulge. They only state
that the region corresponding to the NSD is dominated by stars
moving eastwards, which is compatible with the CMZ hiding
the counter-rotating stars, but this does not mean that the NSD
is kinematically different. Nevertheless, analysing the proper
motion component parallel to the Galactic plane is very challeng-
ing due to the extreme extinction that dominates this region. An
in-detail analysis of velocity dispersions, especially the proper
motion component perpendicular to the Galactic plane, includ-
ing fields from the innermost Galactic bar/bulge, is likely to
confirm that the NSD is kinematically distinct.

7.3. The metallicity gradient and the NSD formation

Stellar population analyses along and across the line of sight
towards the NSD have suggested the presence of radial age
and metallicity gradients towards the centre of the NSD (e.g.
Nogueras-Lara et al. 2020, 2022; Nogueras-Lara et al. 2023b,a;
Feldmeier-Krause 2022; Nogueras-Lara 2024). In this way, the
innermost regions of the NSD contain a predominantly old
(27 Gyr) and metal-rich stellar population, while a significant
intermediate-age stellar population (~40% of the stellar mass
with ages between 2-7 Gyr) is found towards the outer edge of the
NSD, where the metallicity is lower. In contrast, Sanders et al.
(2024) analysed the period-age relation of Mira variables in the
NSD and found only a weak indication of inside-out formation.
They attributed this to potential dynamical mixing and/or the
smoothing effect of their spline model, which might hide a sig-
nificant population of Mira variables with ages around 5-6 Gyr
(periods ~400 days). These variables could potentially trace the
gradient, but they have large uncertainties.

We observed that the metal-rich and metal-poor compo-
nents of the NSD are uniformly distributed across the field,
and both exhibit a metallicity gradient with a higher metallic-
ity towards the centre of the NSD. These metallicity gradients
correspond to an increase of (3.4 = 1.7) - 1074 dex/pc and (1.5 +
0.5) - 1073 dex/pc for the metal-rich and metal-poor stellar popu-
lations, respectively. To compare our results with the metallicity
gradient obtained by Feldmeier-Krause (2022), which does not
distinguish between metal-rich and metal-poor stars, we esti-
mated the metallicity increase per parsec using the metallicity
values at the edge and centre of a region located +19 pc in lati-
tude from the centre of the NSD, as specified in their Fig. 11. We
obtained a metallicity gradient of approximately 5 x 10~ dex/pc,
which roughly corresponds to the mean of the gradients we found
for the metal-rich and metal-poor stars.

The detected gradients align with the currently accepted
inside-out formation scenario of the NSD through bar-driven
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mechanisms (e.g. Bittner et al. 2020; Nogueras-Lara et al.
2023b). Similar gradients have been found in Milky Way-like
galaxies analysed in the TIMER survey (e.g. Gadotti et al. 2019;
Bittner et al. 2020) and can be attributed to the growth of the
galaxy bar that funnels gas from different galactic radii towards
the centre as it evolves (the more internal, the more metal rich).
Furthermore, in evolved systems, it is anticipated that metallic-
ity will rise towards the centre due to the enhanced difficulty for
stellar feedback processes to expel gas as it becomes more tightly
bound within the galaxy’s potential well. This is compounded
by the potential rapid increase in metallicity in star-forming
systems.

Interestingly, the metallicity gradients that we found when
analysing different NSD lines of sight align well with the previ-
ous results from Nogueras-Lara et al. (2023a), who also detected
metallicity gradients for metal-rich and metal-poor stars along
the line of sight towards the nuclear star cluster (which also con-
tains stars from the NSD that dominate the stellar population in
front of the nuclear star cluster). These similarities may suggest
a common formation scenario for both the nuclear star cluster
and the disc, as discussed by Nogueras-Lara et al. (2023a).

Additionally, the metal-rich stellar population follows a rota-
tion pattern similar to that of the gas in the CMZ (Schultheis
et al. 2021). Thus, it is likely that the metal-rich stars formed
in situ from gas funnelled towards the Galactic centre via bar-
driven processes, contributing to the inside-out growth of the
NSD. This also justifies why these stars undergo z-tube orbits
and have a lower velocity dispersion in comparison to the metal-
poor component. Conversely, the metallicity gradient observed
for metal-poor stars, which are kinematically hotter and follow
Galactic bar-related orbits, may be caused by the combination
of Galactic bar interlopers and/or stars accreted from clusters
within a radius of 1.5kpc at z > 4 (van Donkelaar et al. 2024).

8. Conclusion

In this paper, we have investigated the proper motion and orbit
distribution of stars with different metallicities in the NSD. We
obtained that metal-rich stars show a lower velocity dispersion in
comparison to metal-poor ones and that they are dominated by
stars following z-tube orbits that are representative of the NSD
(Nieuwmunster et al. 2024). Conversely, metal-poor stars are
kinematically hotter, and a significant fraction of them undergo
chaotic/bar orbits that are likely related to the Galactic bar.
We also found that the proper motion orientation of metal-rich
stars shows a sharper profile parallel to the Galactic plane in
comparison with stars that are metal poor.

We used the statistical correlation between distance and
extinction in the NSD (Nogueras-Lara 2022a) to explore whether
stars with different metallicities show a special location along the
line of sight. We concluded that the average near-infrared colour
of both stellar populations is similar within the uncertainties,
and there is no significant difference in extinction. Therefore,
we did not detect any preferred location for stars with different
metallicities, and they seem to be present all over the observed
regions.

Finally, we analysed the metallicity distribution of stars at
different longitudes and found that metal-rich and metal-poor
stars are present throughout the NSD. We also detected the
presence of metallicity gradients for both stellar populations.
These gradients have increasing metallicities towards the cen-
tral regions of the NSD. Our results support an inside-out
formation of the nuclear stellar disc, as inferred from studies
of external Milky Way-like galaxies (e.g. Gadotti et al. 2019;

Bittner et al. 2020). We interpret the gradient in the metal-rich
population as being a consequence of in situ formation from gas
funnelled towards the Galactic centre through bar-driven mecha-
nisms (e.g. Sormani & Barnes 2019). This justifies the dominant
z-tube orbits and the lower velocity dispersion and kinemat-
ics that align with the rotation velocity of gas from the CMZ
(Schultheis et al. 2021).
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Appendix A: Parameters of the spatial analysis of the two-Gaussian metallicity distribution
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Fig. A.1. Two-Gaussian decomposition of the NSD metallicity distribution for different longitudes. The orange line shows the result of the GMM
analysis, whereas the blue dashed lines depict each of the Gaussian components.

Table A.1. Characterisation of the two-Gaussian decomposition of the NSD metallicity distribution at different longitudes.

l

w

(M/H]

I [M/H]
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g,

HMb

g,

H-K;

O H-K,

1.1

0.72 + 0.05
0.28 + 0.05

0.15 £ 0.02
-0.17 £ 0.07

0.25 £ 0.01
0.51 = 0.05

-1.74 £ 0.18
-2.36 + 0.63

7
750 013
3.04 + 0.44

0.19 £ 0.14
-0.20 £ 0.73

Hb
1.90 £ 0.13
3.44 £ 0.57

2.58 £0.05
242 £ 0.15
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0.70 + 0.08
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0.66 + 0.06
0.34 £ 0.06
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-0.03 + 0.05
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0.50 + 0.06

-1.55 £ 0.18
-3.97 + 0.89

2.65 £0.10
329 £0.42

0.34 £ 0.11
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243 +£0.03
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Notes. W, [M/H], and oy, correspond to the results from the GMM analysis of the two-Gaussian distribution, where W indicates the relative
weight of each of the Gaussian components. y;, 0, i, and o, are in mas/yr. H — K and oy_g, are in Vega magnitudes.
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Fig. A.2. Proper motion distribution of metal-rich and metal-poor stars in the NSD for different longitudes following the GMM analysis in Sect. 6.
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