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ABSTRACT

The Milky Way hosts a flattened nuclear stellar disc (NSD) that dominates the gravitational potential in the inner few hundred parsecs,
but whether the NSD is purely axisymmetric or contains a nuclear bar remains an open question. We tested for the presence of a nuclear
bar with kinematic diagnostics, combining positions and line-of-sight velocities from the KMOS NSD survey with proper motions
from VIRAC?2 to construct the (v, vjos) velocity ellipse. We measured the vertex deviation (/,) and the anisotropy (8) of the velocity
ellipse for a number of sub-samples after applying quality cuts designed to minimise contamination from large-scale bar stars. For our
primary sample, comprising stars within [¢] < 0.9°, —0.4° < b < 0.25°, and [Fe/H] > —0.3, we measured a negative vertex deviation,
I, = —=54.8*131°, with moderate anisotropy, 8 = 0.16"0%%. A subsample restricted to the innermost four fields yields /, = —64.3712.1°
with higher anisotropy, 8 = 0.38f8ié§. The direction of maximum velocity dispersion is oriented along Galactic longitude, contrary to
what is observed in samples dominated by large-scale bar stars, where line-of-sight dispersion dominates. We verified the robustness
of these signatures against extinction-driven photometric incompleteness, primary-bar contamination, and the choice of metallicity
threshold used to suppress bar interlopers; the kinematic measurements remain stable in all cases. The signatures are inconsistent with
an NSD that is axisymmetric or oriented orthogonally to the primary bar but match expectations for a nuclear bar oriented at @ ~ 60°—
75° to the Sun—Galactic centre line, with its near side pointing towards positive Galactic longitude. While definitive confirmation awaits
the larger and more precise samples expected from upcoming surveys, our results provide the first kinematic indication of a possible

nuclear bar in the Milky Way.
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1. Introduction

Bars are a prevalent structural feature in disc galaxies, with
approximately 60% of disc galaxies hosting a large-scale bar
(Eskridge et al. 2000). The Milky Way (MW) itself hosts a
prominent large-scale bar, whose major axis is oriented at
an angle of approximately 27° relative to the Sun—Galactic
centre line and whose semi-major axis extends =5 kpc (see
Bland-Hawthorn & Gerhard 2016, and references therein).
Early studies of external galaxies based on photographic plates
also identified the existence of double-barred systems, where a
barred galaxy contains a secondary, nuclear bar (de Vaucouleurs
1975; Sandage & Brucato 1979). Subsequent observational stud-
ies sought to quantify the frequency and properties of nuclear
bars, finding that roughly 20% of barred galaxies host a nuclear
bar (e.g. Laine et al. 2002; Erwin 2011, 2024). In addition,
approximately 50% of barred galaxies with MW masses and
above (log(M, /M) > 10.5) are double-barred, with nuclear bar
sizes typically of a few hundred parsecs (Erwin 2024). Studies
also have also found that inner and outer bars are dynamically
decoupled, having orientations and pattern speeds independent
of each other (Buta & Crocker 1993; Friedli & Martinet 1993;

* Corresponding author: karlfiteni@gmail.com

Maciejewski & Sparke 2000; Corsini et al. 2003; Debattista &
Shen 2007; Du et al. 2015; Li et al. 2023).

There have been claims made that the MW is double-barred.
Alard (2001) used H- and K-band star counts from 2MASS to
derive the projected stellar density in the bulge region. They
reported an overdensity at negative longitudes that they inter-
preted as a signature of a nuclear bar. Rodriguez-Fernandez &
Combes (2008) derived the mass distribution of the inner Galaxy
by fitting the 2MASS star count map to a model including a disc,
bulge, and nuclear bar. They then simulated the gas dynamics
in the deduced gravitational potential, recovering an orientation
of the nuclear bar of @ ~ 60°-75°, where « is measured from
the Sun—Galactic centre line, with positive « in the positive lon-
gitude direction. Nishiyama et al. (2005) used red clump (RC)
stars at a latitude of b = +1° to trace the main bar orientation as
a function of longitude (—10.5 < ¢ [°] < 10.5). They reported a
change in the inclination angle for the Galactic bar at fields with
|/| < 4°, which they interpreted as the effect of a distinct nuclear
bar. Gonzalez et al. (2011) later confirmed this result using RCs
from the VISTA Variables in the Via Lactea (VVV) survey to
trace the orientation of the bar at latitudes b = +1°. While the
works above appear to provide compelling evidence of a nuclear
bar, Gerhard & Martinez-Valpuesta (2012) used N-body simula-
tions to demonstrate that both the asymmetry in the star count

A18l, page 1 of 12

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/10.1051/0004-6361/202659154
https://orcid.org/0000-0002-9409-8322
https://orcid.org/0000-0001-6113-6241
https://orcid.org/0000-0001-7902-0116
https://orcid.org/0000-0002-6379-7593
https://orcid.org/0000-0001-5404-797X
https://orcid.org/0000-0003-4593-6788
https://orcid.org/0000-0002-6590-1657
https://orcid.org/0000-0001-9940-1522
https://orcid.org/0009-0007-0961-0429
https://orcid.org/0009-0004-0121-1560
https://orcid.org/0009-0008-2210-4931
mailto:karlfiteni@gmail.com
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Fiteni, K., et al

maps and the change in the bar orientation can be reproduced
by the radially varying axis ratio of the primary bar even in the
absence of a nuclear bar, casting doubts on claims of a nuclear
bar based on star counts.

A significant challenge in assessing whether the MW
is double-barred stems from our edge-on perspective of the
Galactic centre, combined with the substantial and highly non-
uniform extinction throughout the nuclear region. Extinction
maps (e.g. Schultheis et al. 2014; Nogueras-Lara et al. 2021;
Sanders et al. 2022; Valenzuela Navarro et al. 2026) reveal
a complex spatial structure on all scales: Typical sight-lines
through the NSD show Ak, ~ 2-3 mag, while individual dense
molecular structures of the central molecular zone, such as
the Brick (G0.253+0.016; Ak, > 5 mag, Henshaw et al. 2019;
Walker et al. 2021; Longmore et al. 2026), reach substantially
higher values. The dust distribution is moreover asymmetric in
Galactic longitude, with the bulk of the obscuring material at
[€] < 1.5° concentrated at positive longitudes (e.g. Bally et al.
1988; Henshaw et al. 2023), although the precise asymmetry
depends sensitively on the angular box used for the comparison.
This is a known source of bias for star-count and photometric
studies of the inner Galactic centre. If the asymmetric extinction
is not carefully accounted for, the resulting deficit of stars at
positive longitudes can mimic the signature of a nuclear bar with
its near side at negative longitudes. An alternative approach to
detect a nuclear bar in the MW is to use stellar kinematics. Using
N-body simulations, Fiteni et al. (2026; henceforth referred to as
Paper 1) carried out a systematic investigation into the potential
kinematic signatures of a nuclear stellar bar in the MW. They
proposed two primary diagnostics: (1) the vertex deviation, /,, of
the (vg, v1os) velocity ellipsoid, and (2) the asymmetry in the u,
versus ¢ distribution. Their analysis indicated that out of the two
diagnostics, the vertex deviation is the most robust, owing to its
relative insensitivity to extinction, and the ability to combine
stars from different fields across ¢ — b space, which can improve
the statistical significance of the /, measurement. In partic-
ular, they find that N > 500 stars when combining the inner
(I¢] < 0.9°,-0.4° < b < 0.25°) fields in the KMOS survey fields
(Fritz et al. 2021) could be sufficient to reliably compute /. In
this paper, we apply the vertex-deviation diagnostic established
in Paper I to the currently available KMOS+VIRAC2 observa-
tions of the NSD region, with the aim of testing whether the
existing data already show kinematic evidence of a nuclear bar in
the MW.

This paper is organised as follows. In Sect. 2, we present the
dataset used in our analysis. In Sect. 3 we give a brief outline of
the kinematic parameters computed in the study. We then present
measurements of the vertex deviation at the Galactic centre in
Sect. 4. In Sect. 5, we assess the impact of distance and velocity
uncertainties on the results. Sections 6 and 7 test the robust-
ness of the kinematic measurement against extinction-driven
incompleteness and primary-bar contamination, respectively. We
discuss the implications of our findings and conclude in Sect. 8.

2. The observational data

We employed the same dataset used by Sormani et al. (2022),
which includes line-of-sight velocity measurements from the
KMOS K-band spectroscopic survey of the NSD (Fritz et al.
2021), supplemented by proper motions from the VIRAC2
(Smith et al. 2025) astrometric and photometric catalogue,
derived from the VVV survey (Minniti et al. 2010). Our initial
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Fig. 1. Colour-magnitude diagram K, versus H — K, for the
full KMOS+VIRAC2 sample. Line 3 reflects the cut (H — K;) >
max (1.3, -0.0233 K; + 1.63) that reduces contamination from fore-
ground stars in the sample. Lines 1 and 2 encompassing 6.6575 <
K, — 1.37(H — K;) < 9.1575 represent the Fritz et al. (2021) selection
of targets. The horizontal dashed line at K; = 10 mag marks the satu-
ration limit of the VIRAC2 photometric catalogue. Stars brighter than
this were excluded by the catalogue and are consequently absent from
our sample (see Sect. 6.2).
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Fig. 2. (¢, b) positions of the observational fields in the KMOS NSD
survey of Fritz et al. (2021), numbered according to their Table A.1.
Overlaid are contours reflecting the prominence of the NSD based on
the model of the NSD of Sormani et al. (2022), with the central (green)
fields exhibiting the least ($25%) contamination from primary bar stars.

dataset, consisting of stars having u, and v}, has a total of 2533
stars.

Fig. 1 shows the color magnitude diagram (CMD) for the
raw sample (grey markers). The survey of Fritz et al. (2021) only
selected stars in the region 6.6575 < K, — 1.37 X (H — K;) <
9.1575 (i.e. between lines 1 and 2 in Fig. 1). Foreground stars
along the line of sight, originating from both the spiral arms
and the Galactic bulge, are subject to substantially different
extinction compared to stars located in the central regions (e.g.
Nogueras-Lara et al. 2021). Following Schultheis et al. (2021),
Nogueras-Lara et al. (2024), and Nieuwmunster et al. (2024),
we excluded stars with (H — Ky) > max(1.3,-0.0233K; + 1.63)
(line 3 in Fig. 1). This effectively removes stars in the bulge
field (field 5 in Fig. 2). All subsequent samples were constructed
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Fig. 3. [Fe/H] distribution of the entire KMOS dataset. The vertical
dashed line at [Fe/H] = —0.3 marks the boundary between the metal-
rich component, characterised by disc-like orbits, and the kinematically
hotter, metal-poor component as shown in Nogueras-Lara et al. (2024).
The median of the distribution is shown by the dotted black line.

from stars satisfying these selection criteria. We also note that
the VIRAC2 photometric catalogue saturates at K; ~ 10 mag,
truncating the bright end of our photometric sample.

In Fig. 2, we show the (£, b) positions of the KMOS fields,
numbered according to Table A.1 in Fritz et al. (2021). The over-
laid contours show the ratio of the surface mass density of the
NSD to the combined surface mass density of the NSD and the
primary bar (Paper I), defined by:

ZNSD
(Ensp + Zoar)

&)

fNSD =

Central fields suffer from less contamination compared to
those at the periphery. Therefore, we selected stars from fields
located within the region |€| < 0.9° and -0.4° < b < 0.25°,
which are highlighted in green in Fig. 2. This selection was also
motivated by the analysis of Paper I, which used simulations to
show that the vertex deviation of the nuclear component should
dominate in this region (see their Figures 4 and 5). This selection
reduced the sample to 1456 stars.

In Fig. 3, we plot the [Fe/H] distribution of the entire sam-
ple. Based on the Gaussian Mixture Modelling of Nogueras-Lara
et al. (2024), the NSD region appears to comprise two compo-
nents: a metal-rich, disc-like population dominating the sample,
and a metal-poor tail likely representing interlopers from the pri-
mary bar (see also Schultheis et al. 2021). To further minimise
contamination from the primary bar population, we exclude stars
with [Fe/H] < —0.3 (red dashed line), reducing our sample
further to 1239 stars.

We also make quality cuts on the velocities. In order to
convert y, to vy, we assumed a galactocentric distance of R =
8.2 kpc (Leung et al. 2023) for all stars in our sample. The
impact of this assumption on the results is explored in Sect. 5.
Fig. 4 shows the error distributions for y, (left) and vjo (right)
for our KMOS+VIRAC?2 dataset. We carry out quality cuts
in absolute error of the velocities; e€(v,) < 19 km/s (corre-
sponding to 0.5 mas/yr) and €(vj,s) < 10 km/s. In Fig. 4, the
cuts are reflected by the vertical dashed lines. Stars from the
main bar typically reach larger heights above the mid-plane,
and so are likely to have higher vertical proper motions (e.g.
Shahzamanian et al. 2022). Following Nogueras-Lara (2022),
therefore, we also require that u, < 5mas/yr. After applying
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Fig. 4. Histograms showing the error of the v, (left) and v, (right)
velocities. The grey sections indicate the stars that have been omitted
from all samples in our analysis.

these criteria, the dataset is reduced to 594 stars, which we
denote as Sample A.

We considered three additional samples for our analysis.
Sample B is constructed by applying identical quality cuts on
the velocities i, and vy, and includes stars located in the periph-
eral observational fields of the KMOS survey, indicated by grey
markers in Fig. 2. For this sample, we relax the metallicity con-
straint [Fe/H] < —0.3, thus incorporating stars across the full
metallicity range. This results in a total of 505 stars, which we
denote as Sample B (or, equivalently, the bulge sample).

We also applied the same quality cuts on velocities for Sam-
ple C, which constitutes metal-poor ([Fe/H] < 0) stars from all
KMOS fields (except field 5), and comprises 611 stars. Lastly,
sample D has all the same quality cuts of sample A, but only
includes stars from the most central fields (1, 2, 7, 12 in Fig. 2).
In Fig. 5, we show the star count distribution in the KMOS fields
for each of the samples (different rows) defined above.

3. Vertex deviation of the velocity ellipsoid

We computed the vertex deviation, /,, and anisotropy parameter,
B, of the (vs, vjs) velocity ellipsoid. The vertex deviation mea-
sures the angular offset between the major axis of the velocity
ellipse and the nearest coordinate axis, and is defined as

1 20'%2
I, = 3 arctan (ﬁ) R 2)
o~ %2
where 1 and 2 denote the v, and v, directions, respectively.
By definition, /, takes values —90° < [, < 90°. The anisotropy
parameter is given by

2
p=1-Tnin 3)
max
where o2. and o7, are the eigenvalues of the velocity-
dispersion tensor, taking values 0 < 8 < 1. Equation (2) mea-
sures the degree to which the local direction of highest dispersion
deviates from alignment with the coordinate axes. In an axisym-
metric system, the direction of maximum dispersion is expected
to be aligned along the coordinate axes, with o-%r = 0, resulting in
I, = 0° or [, = £90°. Conversely, the presence of bar-supporting
orbits, which preferentially stream along the bar’s major axis,
leads to a non-zero covariance and hence a non-vanishing /,. We
refer the reader to Paper I for a detailed derivation and discussion
of these quantities.
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Fig. 5. Fields from the KMOS survey of Fritz et al. (2021) for each of
the samples coloured by star count. We also annotate the star count in
each individual field.

Following the methodology of San Martin Fernandez et al.
(2025), we estimate the uncertainties on /, and § using a boot-
strap resampling approach. For each sub-sample defined in this
study, we resampled the data with replacement over B = 10*
iterations and recompute /, and S for each resample, generat-
ing bootstrap distributions for both quantities. We quote the 16th
and 84th percentile bounds of these distributions as the lower
and upper uncertainty, respectively, giving asymmetric error bars
on each measurement. We note that more isotropic velocity
distributions typically yield larger uncertainties in /,, as the ori-
entation of the ellipse’s major axis becomes increasingly poorly
constrained.

4. Results

We applied the vertex deviation analysis on the subsamples
defined in Sect. 2. Sample A constitutes our primary sub-sample,
comprised of stars from the central KMOS fields (green mark-
ers in Fig. 2), where the contamination from main bar stars is
expected to be $25%. The velocity ellipse for this sub-sample is
displayed in the left panel of Fig. 6, with the major and minor
axes indicated by the solid and dashed lines, respectively. We
measure a significant vertex deviation of [, = —=54.8*!31° and an

148
anisotropy parameter of 8= 0.167008. The velocity dispersions
are ooy = 100km s~

and oy = 103kms™'.
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Sample B (the ‘bulge’ sample) comprises stars from the
peripheral KMOS fields (grey markers in Fig. 2), which are
expected to suffer from high contamination by large-scale bar
stars. The velocity ellipse is shown in the middle panel of Fig. 6.
As expected from a sample mainly composed of main bar/bulge
stars, we measure a negative vertex deviation of [, = —29.8f2:i °

with high amsotropy B = 0.38%0% The velocity dispersions are

-0.05°
Olos = 115kms™ and o, = 102km s~ In contrast to Sample A,
the line-of-sight direction has the highest dispersion, consistent
with what is expected from the main bar oriented at ~27° (Zhao
et al. 1996; Babusiaux et al. 2010).

Sample C includes stars from all fields with [Fe/H] < 0
(see third row of Fig. 5). Since main bar stars are, on aver-
age, more metal-poor than NSD stars (Schultheis et al. 2021),
it suffers from very high contamination from main bar stars.
Consequently, this results in a negative vertex deviation, [, =
—55.9*12°. We also find a low anisotropy of 8 = 0.18*3%.

Lastly, we examined the Velomty ellipse for Sample D which
is constituted only of stars in the innermost fields (1, 2, 7,
12). Similar to Sample A, the vertex deviation is negative, [, =

—64. 3*}% é", with notably higher anisotropy 3 = 0. 38*8 (1)3 than all
other sub-samples. The direction of highest velocity dispersion is
again in the Galactic longitude direction. The vertex deviations
of Samples A and D thus differ from that of the bar-dominated
Sample B by ~1.60 and ~2.60, respectively. The above results

are all summarised in Table 1.

5. Distance and velocity uncertainties

As outlined in Sect. 2, we assumed that all stars lie at a galac-
tocentric distance of R = 8.2kpc when converting u, to v,.
However, in reality stars will be distributed along the line of
sight within the nuclear structure, with observational selection
biasing our sample towards stars on the near side of the disc.
To assess how this impacts our results, we model the distance
distribution using a skew-Gaussian function' (shown in Fig. 7)
with a shape (‘skewness’) parameter of —2. While the stars in
the samples likely have galactocentric radii within a few hundred
parsecs of the assumed distance, we adopt a large standard devia-
tion (oo = 1.5 kpc) of the skew-Gaussian function to account for
the possibility that some stars may be located at larger galacto-
centric radii. The distribution is skewed towards the near-side of
the disc to reflect the higher likelihood of sampling nearby stars.

For each individual star in sample A, we randomly sample
a distance measurement from the skew-Gaussian in Fig. 7, and
re-calculate vy. Once this is done for all stars in the sample,
we re-compute [,. We repeat the process for a total of 50000
iterations. The top panel of Fig. 8 shows the distribution of [
resulting from the Monte-Carlo resampling of distances. We find
that the distribution has a standard deviation of oy, = 1.98°,
which is negligible when compared to the uncertainties asso-
ciated with the observational samples when bootstrapping is
applied (Sect. 3).

We also assess how the uncertainties in v}, and v, impact
measurement of /, by propagating the errors through a Monte-
Carlo resampling. For each star in the cleaned sample A, we
generate two independent Gaussian distributions with means
equal to the observed vj,s and v, and standard deviations equal
to their respective measurement errors. The velocity compo-
nent for each star is resampled for 50000 iterations from its

1 Using the scipy.stats.skewnorm() function.
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Fig. 6. Velocity ellipse for all samples listed in Table 1. The solid and dashed black lines indicate the major and minor axes of the velocity ellipse,

respectively. The vertex deviation /, and the anisotropy S are indicated.

Table 1. Kinematic parameters of the four samples defined in Sect. 2.

Sample N Metallicity Fields I, (deg) B Olos (km/s) o (km/s)
A 594 [Fe/H] > —0.3 Central (green in Fig. 2) —54.8f}i:§ 0.16f8:8§ 100 103
: S 5.5 0.06
B (Bulge) 505 Al Peripheral (grey in Fig. 2 except 5)  -29.8727  0.38%2 115 102
C 611 [Fe/H] <0 All except 5 -55.9*13% 018708 114 118
D 129 [Fe/H] > —-0.3  Very central (1, 2, 7, 12 in Fig. 2) —64.3f{§:§ 0.38f8:(1)% 97 112

Notes. From left to right: sample name, sample size, metallicity range, fields included in the sample, vertex deviation /,, anisotropy parameter /3,
line-of-sight and longitudinal velocity dispersions. Errors on /, and 3 are the 16th and 84th percentile bounds from 10* bootstrap resamples.

0.40 4

0.35 1

8
Distance [kpc]

9 10 11

Fig. 7. Skewed normal distribution from which we sampled random
galactocentric distances for the Monte Carlo analysis. The distribution
is centred at & = 7.8 kpc (close to our assumed distance of R = 8.2 kpc,
marked by the dashed line) and is negatively skewed to reflect the higher
likelihood of sampling stars on the near side of the disc.

Gaussian, yielding a perturbed velocity set. For every iteration,
we recompute I, thereby obtaining its distribution.

The bottom panel of Fig. 8 shows the distribution of /, result-
ing from the Monte-Carlo velocity resampling. The distribution
is strongly peaked at [, ® —64° with a negative tail extending
up to /, ® —68°. The standard deviation is o, = 1.76°, again
indicating that the errors arising from velocity uncertainties are
negligible compared to the sampling uncertainties inferred from
the bootstrap method.
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Fig. 8. Results of the 50 000-iteration Monte Carlo resampling with dis-
tance and velocity errors. The top panel shows the distribution of /,
when resampling distances from the skewed normal distribution, while
the bottom panel shows the /, distribution when resampling veloci-
ties within their measurement uncertainties. In both cases, the resulting
uncertainties (0,) are negligible compared to the bootstrap resampling
uncertainties.
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Fig. 9. Spatial variation of Ak, extinction across the inner Galactic
centre, derived from VIRAC2 photometry following the methodology
of Nogueras-Lara et al. (2021). KMOS pointings are outlined in cyan.
Apart from the broad gradient towards the Galactic centre, significant
small-scale variations are present even within individual pointings.

6. Impact of extinction on vertex deviation

The Galactic centre suffers from severe and spatially non-
uniform extinction, with significant variations occurring even
within individual KMOS pointings (see Fig. 9). To assess
how extinction impacts our results, we adopt a two-stage de-
reddening approach, prioritising individual stellar extinction
estimates where possible and falling back to map-based values
where necessary.

6.1. Extinction estimation

Star-by-star extinction. Our primary method computes indi-
vidual extinction values for each KMOS target following the
approach described in Nogueras-Lara et al. (2021). A refer-
ence population of red giant stars is selected from the VIRAC2
CMD using K € [13.75,16.75] and H-K; € [1.3,3.5]. These
stars have sufficiently uniform intrinsic H-K; colours ((H-K;)o =
0.10 = 0.01; Nogueras-Lara et al. 2021) to serve as reliable
extinction tracers: any observed colour excess above this intrin-
sic value is attributed to dust. The extinction in the K band for
each reference star was computed via

A — (H - Ks)obs - (H - Ks)O
K (Au/Axk) -1

where (H — K)ops is the observed colour of the reference star,
(H — K;)o = 0.10 is the intrinsic red giant colour, and Ay /Ak, =
1.84 + 0.03 is the extinction law derived for the Galactic centre
by Nogueras-Lara et al. (2020). The extinction of each KMOS
target is then estimated as an inverse-distance-weighted (IDW)
mean of the surrounding reference star extinctions,

n —pP .
plarget _ i1 di Ak,
KT ngp

2i=14;

“4)

; ®)

where d; is the angular distance from the target to reference star
i, Ak, 1s its extinction from Eq. (4), and p = 0.25 is the distance
weighting exponent (Nogueras-Lara et al. 2021). An additional
colour-consistency constraint is applied to the reference sam-
ple where only stars with H-K; colours sufficiently close to
that of the target are included, which implicitly selects stars at
similar line-of-sight depths and avoids averaging over reference
stars located in distinct extinction layers along the line of sight.
A minimum of five reference stars satisfying both the proxim-
ity and colour-consistency criteria is required; targets for which
this threshold is not met are assigned extinction values from the
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Fig. 10. Comparison of extinction estimates for the full sample derived
from the star-by-star and map-based methods. Left: one-to-one com-
parison of the two extinction estimates for individual stars. The grey
and blue lines show the 1:1 relation and a linear fit to the data, respec-
tively. Orange markers indicate the binned mean extinction, with error
bars reflecting the uncertainty in each bin. Right: distribution of Ag,
values for the full sample derived from the star-by-star (blue) and map-
based (orange) methods. The two approaches show good agreement for
Ak, < 2.5, with larger discrepancies confined to the high-extinction tail
where only a small number of stars reside.

map-based method described below. We regard this as the most
reliable method for individual stellar de-reddening.

Extinction maps. For stars that could not be assigned an indi-
vidual extinction estimate we instead use extinction maps con-
structed for each KMOS pointing following Nogueras-Lara et al.
(2021). Using the same red giant reference population, Eq. (4)
is first applied to each reference star to obtain its individual Ag,.
A map is then constructed on a regular grid at 2" resolution:
for each pixel, Eq. (5) is applied using the surrounding reference
stars within a fixed search radius, without the colour-consistency
constraint used in the star-by-star method. A minimum of five
reference stars within the search radius is required for a pixel
to be assigned a value. The extinction at any target position is
then read off from this map. The significant small-scale structure
present even within individual pointings, as well as the broader
gradient toward the Galactic centre, are illustrated in Fig. 9. As
shown in Fig. 10, the two approaches agree well for Ag, < 2.5,
with mild systematic differences at higher extinctions. In our
samples, 32% of the 594 stars in sample A and 18% of the 129
stars in sample D required map-based extinction estimates, with
mean Ak, < 2.1 in both cases, well within the regime of good
agreement between the two methods. The choice of fallback
therefore has a negligible impact on the bulk of the de-reddened
sample.

6.2. Effect on the vertex deviation and anisotropy

While extinction does not directly affect the line-of-sight veloc-
ities or proper motions used to construct the velocity ellipse, it
enters our analysis through the photometric selection that defines
the kinematic sample. The Fritz et al. (2021) selection was
applied in the observed colour—magnitude plane (Fig. 1), and
is therefore sensitive to the spatially varying extinction across
the KMOS pointings. To assess whether this biases our mea-
surements, we perform two complementary tests on the sample
itself.

We emphasise that these tests are specifically designed to
identify extinction-dependent biases, that is, biases whose mag-
nitude varies with Ak, across the field of view. The absolute
completeness of the underlying KMOS+VIRAC?2 spectroscopic
selection within the Fritz et al. (2021) CMD box is much lower
than unity, with only ~few percent of photometrically eligible
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Fig. 11. Assessment of extinction-driven incom-
pleteness in the kinematic sample. Left: cumu-
lative distribution functions of the de-reddened

==+ photometric precision (0.1 mag)

magnitude Kj in equal-population quantile bins
of Ak, (coloured curves, see legend), with
shaded 16-84 percentile bootstrap envelopes.
The lowest-Ag, bin serves as the unbiased refer-
ence. Right: difference between the median Kj
of each bin and that of the reference bin, plotted
at the bin centre. Dashed lines mark +0.1 mag,
the typical photometric precision of the input
catalogue; shifts within this band are consis-
tent with the per-star measurement noise floor.
Negative values indicate bins whose stars are
typically brighter than the reference, which is
the expected signature of either a faint-end mag-
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stars in each field actually targeted. This overall undersampling
is set by the survey’s multiplexing rather than by any astrophys-
ical property of the targets, and we assume it is approximately
uniform within each field.

We first assessed whether the sample is photometrically com-
plete in the de-reddened K-band magnitude, Ky = K — Ag,,
across the range of extinctions probed. We divide the sample into
six equal-population quantile bins in Ax, and compare the Ky
distribution in each bin to that of the lowest-extinction reference
bin (Fig. 11). The cumulative distribution functions drift visibly
toward brighter K at higher Ak, (left panel), with the highest-
Ak, bin showing minimal overlap with the bootstrap envelope
of the reference. The shifts in the median K| relative to the ref-
erence (right panel) confirm this quantitatively: for Ag, 2 1.9,
the median Kj is systematically brighter than the reference by
0.13-0.27 mag, exceeding the typical photometric precision of
the input catalogue (~0.1 mag). This signature originates in
the VIRAC2 saturation limit rather than in the KMOS faint-
end magnitude limit. Fritz et al. (2021) report that the KMOS
observational depth in the NSD region only begins to truncate
the underlying luminosity function at Ax, = 5; since our sam-
ple reaches only Ak, =~ 3.5, the KMOS magnitude limit is not
the source of the observed shift. The VIRAC2 photometric cat-
alogue, however, saturates at Ky ~ 10 mag, which means that in
fields with comparatively low extinction the intrinsically bright-
est NSD stars (Ky = 6.5-8.5) reach K; < 10 and are excluded
by the saturation cut, while the same stars in fields of higher
extinction are reddened to K > 10 and survive. The net effect is
that the low-Ag, bins are missing the bright end of the underly-
ing NSD luminosity function, while the high-A, bins retain it —
producing the monotonic shift of the median K, towards brighter
values with increasing Ak, seen in Fig. 11. The bias is moderate
over Ak, € [2.0,2.5] and becomes severe at Ag, > 2.5.

We then test whether this photometric incompleteness prop-
agates into our kinematic measurements. For samples A and
D we recompute /, and 8 on subsamples defined by progres-
sively stricter upper cuts in Ak, (Fig. 12). At the loosest cut,
both samples reproduce the values reported in Table 1. As
the cut is tightened from Ag, < 3.5 down to Ag, < 2.0, both
l, and B remain consistent within their bootstrap uncertainties
for both samples, despite the median K, shift varying from
—0.27 mag to —0.13 mag over the same range. Below Ak, ~ 2.0
the bootstrap uncertainties begin to grow as the sample sizes
shrink (N/Nyy < 0.4 for Samples A and D), and we restrict our
quantitative robustness statement to the regime above this value.

2.25
bin centre Ak,

nitude limit removing faint stars at high Ag, ora
bright-end saturation limit removing bright stars
at low Ag, .

250 2.75 3.00

We additionally note that the surviving sample at strict upper
Ak, cuts is increasingly weighted towards low-extinction fields,
where the foreground-rejection cut introduced in Sect. 2 is least
clean: in fields with comparatively low extinction, NSD stars
are themselves less reddened and may have observed (H — Kj)
colours close to or below the 1.3 mag threshold, leading to
their inadvertent removal alongside true foreground interlopers.
This combination of small samples and a target-selection bias
whose impact grows precisely in this regime precludes a reliable
kinematic test below Ak, = 2.0 with the present data.

We additionally note that the Galactic-centre extinction is
well known to be asymmetric in Galactic longitude, with approx-
imately two-thirds of the dust within |£| < 1.5° concentrated at
positive longitudes (Bally et al. 1988; Henshaw et al. 2023). In
Paper I (their Sect. 3.4 and Fig. 11) we constructed a toy selec-
tion function reproducing this longitude-dependent extinction
and applied it to an axisymmetric NSD model, finding that /,
is then shifted towards positive values, in the opposite direction
to our negative measurement. The longitude asymmetry of the
Galactic-centre extinction is therefore unable to account for the
observed signal.

We conclude that, although a saturation-driven photomet-
ric incompleteness is detectable in the sample for Ag, > 1.9,
the resulting selection bias does not propagate into our kine-
matic diagnostics. The vertex deviation and anisotropy mea-
surements reported in Sect. 4 are therefore decoupled from the
extinction-driven incompleteness, and the dominant uncertainty
in [, remains the statistical sampling uncertainty characterised by
the bootstrap approach of Sect. 3.

7. Impact of bar contamination on vertex deviation

The kinematic samples used in this work are drawn from within
[€] < 0.9°, =0.4° < b < 0.25°, where the NSD is expected to
dominate the surface density. They are nonetheless expected
to retain some level of contamination from primary-bar/bulge
interlopers along the line of sight. To quantify the impact of
this contamination on our vertex deviation measurement, we
combine the predictions of MW-tailored simulations with two
complementary sample-based tests on the data themselves.

7.1. Constraints from MW-calibrated simulations

The level of bar/bulge contamination in the central KMOS
fields is constrained by independent observational and dynamical
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Fig. 12. Robustness of the kinematic measurements to extinction-driven
incompleteness. Top: fraction of stars surviving an upper cut on Ag,
for sample A (blue), and sample D (red). Middle: vertex deviation [, as
a function of the same cut, with shaded bands showing the bootstrap
uncertainty. Bottom: same as the middle panel but for the anisotropy
parameter, 3. At the loosest cut, samples A and D reproduce the values
reported in Table 1; both quantities remain stable within their bootstrap
uncertainties as the cut is tightened down to Ag, < 2.0, below which the
sample size becomes insufficient for a reliable measurement.

analyses to be of order 20-25% (Sormani et al. 2022; Nogueras-
Lara et al. 2024). In Paper I, we constructed a simulation
framework specifically tailored to the MW: the NSD is the
self-consistent dynamical model of Sormani et al. (2022), fit-
ted directly to the same KMOS+VIRAC?2 kinematic data used
in the present work. The large-scale bar is the N-body model
of Deg et al. (2025), rescaled to match the observed bar pat-
tern speed and semi-major axis (Wegg et al. 2015; Portail et al.
2017); and the NSD/bar surface-density ratio is fixed to that of
Sormani et al. (2022) so that the contamination level at every
(¢, b) position in the model matches what is observed. In this
MW-calibrated framework, an axisymmetric NSD seen through
the expected 20-25% bar contamination still produces /, close to
+90° within the central region |£| < 0.9°, |b| < 0.25° (their Fig. 5
and Sect. 3.2). At the contamination level inferred for the MW,
primary-bar interlopers do not by themselves displace /, to the
strongly negative values measured in samples A and D.
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7.2. Sample-based tests

The four samples defined in Sect. 2 probe the kinematic signal at
different expected levels of bar contamination, providing a self-
consistent sample-based test of the contamination dependence.
Sample B, dominated by primary-bar and bulge stars from the
peripheral fields, yields [, = —29.8”_’2:20. Samples A and D, which
use the central fields and the metallicity cut [Fe/H] > —0.3
designed to suppress the metal-poor bar contribution (Schultheis

et al. 2021; Nogueras-Lara et al. 2024), yield /, = —54.8t}21é°

and [, = —64.3t{§:§0, respectively. The progression is monotonic
in the direction expected if reducing the bar contamination drives
1, towards the underlying nuclear-component value, and the dif-
ference between Samples A/D and B is statistically significant
(=1.60 and ~2.60, respectively).

We further tested whether the /, signal in samples A and D
is sensitive to the specific metallicity threshold used to suppress
bar contamination. Following the Gaussian-mixture decomposi-
tion of Schultheis et al. (2021) and Nogueras-Lara et al. (2024),
in which the metal-rich peak ([Fe/H] > 0) traces the NSD and
the metal-poor tail traces the bar/bulge interlopers, we swept the
lower threshold across [Fe/H]nin € [—1.5,0.0], the range over
which the cut progressively removes bar contaminants without
yet eroding the metal-rich NSD peak, and recomputed /, and 8
at each cut in steps of 0.05 (Fig. 13). Both quantities are consis-
tent with the values reported in Table 1 within their bootstrap
uncertainties across the full swept range. Crucially, loosening
the cut to [Fe/H]nin = —1.5, which admits a larger fraction of
metal-poor stars and therefore a higher level of expected bar
contamination, leaves /, unchanged ([, = —54.8° for sample A
and —64.3° for sample D). A small drift in both samples is visi-
ble only at [Fe/H]yin — 0.0, where the cut becomes aggressive
enough to remove genuine NSD members from the metal-rich
peak of the distribution; even there, the result remains within the
bootstrap envelope. We additionally note that the absence of any
drift towards the bar value of [, ~ —29.8° at the loosest cuts is
consistent with the metal-poor population in the central fields
itself containing a non-trivial fraction of NSD members rather
than being dominated by bar interlopers, in line with the GMM
decomposition of Nogueras-Lara et al. (2024).

Taken together, the MW-calibrated simulations of Paper I,
the four-sample empirical sequence, and the metallicity-cut
robustness test provide complementary, mutually consistent evi-
dence that the strongly negative /, measured in samples A and D
arises from a kinematically distinct nuclear component rather
than from primary-bar contamination. We note nonetheless that
the available sample sizes do not yet allow us to fully exclude
residual contributions from contamination at a level of a few per-
cent, and that this regime can only be tested directly with the
larger samples expected from upcoming surveys (Sect. 8.6).

8. Discussion and conclusion

In this paper, we have characterised the (vjos,0¢) velocity
ellipse in the Galactic NSD region using subsamples from
KMOS+VIRAC?2. For the subsamples comprised of stars from
central fields (samples A and D), we find a vertex deviation that
is inconsistent both with that of the large-scale bar and with an
axisymmetric NSD. For Sample A, we measure [, = —54.8*13:1°

14.8
: : _ +0.08 : :
with an anisotropy of g = 0.167; 2, which shows a separation

of ~1.60 from Sample B. For Sample D, we measure a vertex
deviation of I, = —64.3*12.2° with an anisotropy of 8 = 0.38*0.12,
representing a ~2.60 difference from Sample B. Taken together,
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Fig. 13. Robustness of the kinematic measurements to the metallicity
cut. Top: fraction of stars surviving a lower cut on [Fe/H] for sample A
(blue) and sample D (red). Middle: vertex deviation [, as a function of
the same cut, with shaded bands showing the 10~ bootstrap uncertainty.
Bottom: same as the middle panel but for the anisotropy parameter 3.
The dotted vertical line indicates the baseline cut [Fe/H] > —0.3 used to
define samples A and D. Both quantities are stable within their bootstrap
uncertainties across the full swept range, including at the loosest cut,
where contamination from metal-poor bar interlopers is highest.

these measurementsprovide the first kinematic hints that the MW
hosts a nuclear bar.

8.1. Elliptical nuclear disc versus nuclear bar

External galaxies often host NSDs that are not perfectly axisym-
metric, but rather slightly elliptical (e.g. Bittner et al. 2020), with
the NSD’s major axis oriented orthogonally to the primary bar
(e.g. Cole et al. 2014). We therefore consider whether the kine-
matic signature we observe could arise from an elliptical NSD
oriented orthogonally to the primary bar.

The MW’s primary bar is oriented at about 27° to the Solar-
GC line, with its near side at positive longitudes (Wegg et al.
2015). An elliptical orthogonally oriented NSD would therefore
have its near side oriented toward negative longitude. In Paper I,
we demonstrated that such a configuration produces a mildly
positive vertex deviation. In contrast, our observed /, is nega-
tive. Our measured [, is therefore inconsistent with being due to
an elliptical NSD.

8.2. Implications for the Milky Way

The presence of a nuclear bar would fundamentally alter the
gravitational potential of the inner R < 300 pc and hence, the
orbital structure of stars and gas in this region (Schultheis et al.
2025). This would require a significant re-evaluation of current
theoretical models for the three-dimensional structure of the cen-
tral molecular zone (Henshaw et al. 2023), necessitating updates
to our understanding of the gas kinematics and star formation
in the Galactic centre. Moreover, the changed orbital structure
would call for a careful re-interpretation of longitude—velocity
(¢-v) diagrams (Sofue et al. 2025, 2026), which are foundational
to our current models of gas flows and dynamics in the central
molecular zone.

The existence of a nuclear bar in the MW would also have
profound implications for our understanding of the growth his-
tory of the central super-massive black hole (SMBH), SgrA*. In
galaxies without recent major mergers such as the MW, SMBH
growth is expected to proceed via secular processes. In single-
barred systems, gas inflow driven by the primary bar typically
stalls at a star-forming nuclear ring at radii of a few hundred
parsecs, acting as a barrier that suppresses substantial accretion
onto the SMBH (e.g. Fanali et al. 2015; Li et al. 2017; Tress et al.
2020). By contrast, nuclear bars have been proposed to torque
gas to smaller radii, channelling material toward the Galactic
centre and potentially contributing to fuelling the central SMBH
(Shlosman et al. 1989; Friedli & Martinet 1993; Maciejewski
et al. 2002; Namekata et al. 2009; Hopkins & Quataert 2010;
Li et al. 2023).

8.3. Formation scenarios for a nuclear bar

Numerical simulations show that in isolated systems, large-scale
bars can form through dynamical instabilities in pre-existing
discs (see Sellwood 2014, and references therein). The forma-
tion mechanism of nuclear bars is less well understood but is
thought to be analogous, arising within a pre-existing NSD (see
Schultheis et al. 2025 for a review). For instance, in Paper I,
the nuclear bar model evolved from the axisymmetric NSD
model of Sormani et al. (2022), which was mildly unstable
and spontaneously developed a nuclear bar. Other studies have
similarly reproduced long-lived nuclear bars through such insta-
bilities (e.g. Debattista & Shen 2007; Du et al. 2015; Saha &
Maciejewski 2013; Wozniak 2015), with external tidal perturba-
tions potentially accelerating the formation process (Semczuk
et al. 2024). Observationally, nuclear bars are found at arbi-
trary orientations relative to the large-scale bar (Buta & Crocker
1993; Friedli & Martinet 1993), suggesting independent rotation.
Simulations confirm this decoupling, also revealing pulsating
amplitudes and pattern speeds as the nuclear bar rotates inde-
pendently through the large-scale bar (Debattista & Shen 2007,
Li et al. 2023).

The relative timing of nuclear and large-scale bar forma-
tion also remains uncertain: simulations show nuclear bars can
emerge either before (Debattista & Shen 2007; Du et al. 2015;
Semczuk et al. 2024) or after (Wozniak 2015) their large-scale
counterparts. There is, however, some observational evidence
that stellar populations in nuclear bars are systematically younger
than those of large-scale bars (de Lorenzo-Céaceres et al. 2013,
2020), favouring a formation sequence where the large-scale bar
forms before the nuclear bar.

In the MW, observational evidence suggests the large-scale
bar formed approximately 8 Gyr ago (e.g. Bovy et al. 2019;
Haywood et al. 2024; Sanders et al. 2024), though a much
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Fig. 14. Schematic overview indicating the possible angles of the
nuclear bar, based on the vertex deviation measurement obtained from
sample D. The large-scale bar (red) is oriented at 27° to the Sun—
Galactic centre line, while the inferred nuclear bar orientation (green
lines) spans 60° — 75°.

younger bar has also been proposed (e.g. Cole & Weinberg 2002;
Tepper-Garcia et al. 2021; Nepal et al. 2024). Within the NSD,
Nogueras-Lara et al. (2023) found significant differences in the
stellar populations at different galactocentric radii, revealing the
presence of an age gradient, with intermediate-age populations
(2-7 Gyr) more prominent in the outer NSD. This supports the
scenario where the large-scale bar first funnelled gas inward to
build the NSD, which could have subsequently become unstable
and formed the nuclear bar through dynamical instabilities. A
question which at present remains unclear is whether an age gra-
dient would survive bar-formation and subsequent mixing from
resonant interactions, especially given the short dynamical times
near the Galactic centre. This may explain why Sanders et al.
(2024) found weak or no evidence of an age gradient when using
Mira variables to trace the NSD’s stellar age distribution.

There may also be the possibility that a nuclear bar existed
in the past but has now dissolved. However, simulations suggest
that nuclear bars dissolve when the central mass concentration
exceeds roughly 0.1% of the disc stellar mass (Du et al. 2017,
Nakatsuno & Baba 2024). The combined mass of SgrA* and
the nuclear star cluster is reported to be below this threshold
(Nakatsuno & Baba 2024), consistent with the potential survival
of a nuclear bar in the MW.

8.4. Nuclear bar parameters

Nuclear bar orientation.. In the presence of a bar, /, depends
on the angle which the bar makes with the Sun—Galactic centre
line (e.g. Simion et al. 2021). We compare the result for sam-
ple D with the /,—a relation from Paper I (their Figure 12), which
shows that /, varies smoothly with the nuclear bar orientation
angle o and is a robust orientation diagnostic. A vertex devia-
tion value of [, = —64.3*7.)° roughly corresponds to a nuclear
bar angle between ~60° and 75°. To illustrate this configura-
tion, we plot in Fig. 14 a schematic diagram with Solar position
(X,Y) = (-8.2,0) kpc. The large-scale bar (red line) is at an
angle of 27° to the Sun—Galactic centre line (Wegg et al. 2015).
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Fig. 15. Figure reproduced from Erwin (2024) showing the nuclear bar
versus outer bar radius for external double-barred galaxies from the S*G
survey (red markers). The dashed line shows a power-law fit for the data.
The blue marker represents the de-projected nuclear bar size ranging
between R = 148-165 pc from this study. The yellow marker shows the
NSD size reported by Launhardt et al. (2002). To estimate the outer
bar size for the blue and yellow markers, we applied the ellipse fitting
technique of Erwin (2004) to the made-to-measure model of the MW
outer bar of Portail et al. (2017), obtaining a semi-major axis length of
4.5 kpc.

The two green lines represent the range of possible angles of the
nuclear bar, as determined from the vertex deviation measure-
ment of sample D. This orientation is consistent with the nuclear
bar angle of @ ~ 60° — 75° reported by Rodriguez-Fernandez &
Combes (2008) from gas dynamics modelling.

We note that the angle « inferred from /, corresponds to the
orientation of the inner-bar velocity ellipsoid, which need not
coincide exactly with that of its density ellipsoid. Small offsets of
a few degrees are known to occur in single-barred systems (e.g.
Debattista et al. 2019; San Martin Fernandez et al. 2025), and
in double-barred systems the dynamical coupling between the
bars could in principle produce a larger mismatch. In the N-body
simulations of Paper I, which embed the nuclear bar within the
main bar’s potential with stars streaming along both, we did not
observe any obvious mismatch between /, and the density angle
«a for either strong or weak nuclear bar configurations, with the
slight deviations measured remain within the bootstrap uncer-
tainty on /,. The inferred range @ ~ 60°-75° can therefore be
taken as a robust indicator of the underlying nuclear-bar orienta-
tion. However, further effects in a fully self-consistent treatment,
including external perturbations from minor mergers (although
no significant present-day perturber is currently known), cannot
be excluded.

Nuclear bar size. In Paper I, we showed that the /, signal from
the nuclear component dominates within |£| < 1°, though con-
tamination from outer bar stars at larger longitudes prevents
precise edge determination. Assuming a Galactic Center distance
of 8.2kpc and a viewing angle of @ ~ 60-75°, this yields a de-
projected semi-major axis of R = 148-165 pc, consistent with
the MW’s NSD size range of 100-230 pc (e.g. Launhardt et al.
2002; Gallego-Cano et al. 2020; Sormani et al. 2022).

Erwin (2024) identified a strong correlation between inner
and outer bar sizes in 31 double-barred S*G galaxies (Fig. 15, red
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markers and fit?). To obtain an estimate for the outer bar length,
we applied the Erwin (2004) ellipse fitting method, defining
bar length as the radius of maximum ellipticity, to the Portail
et al. (2017) made-to-measure bar model, yielding an outer
bar semi-major axis of 4.5kpc (see Wegg et al. 2015). Our
nuclear bar measurement (R = 148—165 pc, blue marker) lies
~ 2.60 below the established trend. The yellow marker shows
Launhardt et al. (2002)’s NSD size, which sits at the lower end
of the relation. Our value likely underestimates the true extent:
while Paper I models show the nuclear component’s deviation
signal dominates within |£| < 1°, contamination from outer bar
stars obscures the actual edge from our embedded perspective
within the MW.

Nuclear bar strength. The strength of a bar is closely related
to the anisotropy of the velocity ellipse, with stronger bars pro-
ducing more elongated velocity distributions along their major
axes (Paper I, their Sect. 3.5). Our measurements yield conflict-
ing constraints on the nuclear bar strength. Sample A, which
encompasses the broader central region, shows low anisotropy
B = 0.16f8:8§), suggesting a weak nuclear bar. In contrast, sam-
ple D, restricted to the innermost four fields, shows notably
higher anisotropy (8 = O.38f8:(1)%), indicative of a stronger nuclear
bar. It is unclear whether this discrepancy reflects the statis-
tical variations arising from smaller sample sizes, particularly
Sample D, or the varying levels of contamination from the
main bar across different fields. Disentangling these possibili-
ties will require larger datasets with improved spatial coverage
from upcoming surveys.

8.5. Assessing the presence of a nuclear bar

In summary, the kinematic evidence presented in this work
points to the presence of a nuclear bar in the MW, distinct from
the large-scale bar. The key points supporting this interpretation
are the following:
1. Inconsistent with axisymmetry: both samples A and D
exhibit strongly negative vertex deviations (I,= —54.8*131°

14.8
and = —64.3%12-1° respectively) that are inconsistent with
an axisymmetric structure, which would produce /,~0° or
+90°;

2. Incompatible with an orthogonal elliptical NSD: a slightly
elliptical NSD with its major axis oriented orthogonally to
the large-scale bar, as commonly observed in external galax-
ies (Bittner et al. 2020), would produce a positive vertex
deviation, contrary to our observations;

3. Distinct from the large-scale bar: the samples defined in
Sect. 2 probe progressively cleaner subsets of the central
NSD region. Sample B (peripheral fields, bar-dominated)
yields [, = —29.8°, whereas Samples A and D (central,
[Fe/H] > -0.3) yield —54.8° and —64.3°, respectively,
with a separation of =1.60 and =2.60 from Sample B.
The kinematic signal is moreover insensitive to the spe-
cific metallicity threshold used (Sect. 7.2, Fig. 13). The
velocity-dispersion anisotropy also differs: Samples A and D
exhibit maximum dispersion oriented along Galactic lon-
gitude, opposite to the line-of-sight—-dominated dispersion
characteristic of the main bar;

4. Robust against extinction-driven incompleteness: A photo-
metric incompleteness, driven by the VIRAC2 saturation
limit at K; ~ 10 mag, is detectable in the sample for Ag, >
1.9 (Sect. 6.2, Fig. 11), but it does not appear to propagate

2 https://github.com/perwin/db-nr_paper/
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into the kinematic measurement: /, and 8 remain consistent
within their bootstrap uncertainties as the upper Ak, cut is
tightened down to Ak, = 2.0 (Fig. 12). Below this value the
analysis is limited both by small sample sizes and by a target-
selection bias affecting low-extinction fields (Sect. 6.2),
preventing a clean test in this regime. Furthermore, Paper I
shows that the longitude-asymmetric Galactic-centre extinc-
tion, when applied to an axisymmetric NSD model, shifts
I, towards positive values, opposite in sign to our measure-
ment. These complementary arguments together suggest that
extinction is unlikely to be the cause of the observed signal.
Nonetheless, we also stress that while the kinematic signatures
reported in this work are suggestive of non-axisymmetry, we do
not conclusively rule out an axisymmetric NSD. What is clear
from our analysis is that samples A and D trace a structure kine-
matically distinct from the large-scale bar observed in sample
B. However, several caveats should be considered. The relatively
low anisotropy (8 = 0.16’:8:82 for sample A) is consistent with
both a weak nuclear bar and an axisymmetric NSD (see Paper I).
While the measured vertex deviation is inconsistent with expec-
tations for an axisymmetric NSD (which would yield /, = 0° or
+90°), it is possible that contamination from main bar stars is
higher than anticipated, which could lead to a negative /,. On
the other hand, the notably higher anisotropy observed in sam-

ple D (8 = 0.38")7) combined with a vertex deviation of [, =

—64.3*17-0° corroborates the case for streaming motions charac-
teristic of a strong nuclear bar, but this sample is also the smallest
(N = 129), and thus most susceptible to statistical fluctuations.
We further note that the absolute spectroscopic completeness of
the KMOS sample is low — only ~few percent of photometri-
cally eligible stars in each field were actually targeted (Sect. 6.2).
While we assume this overall undersampling is approximately
uniform within each field, our extinction-based robustness tests
are not sensitive to potential biases introduced by the target-
ing strategy itself, and a definitive test will require independent
kinematic surveys of the same region. In summary, while our
findings favour the presence of a nuclear bar, a definitive confir-
mation will require the larger and more precise samples expected
from upcoming surveys (Sect. 8.6). The kinematic signatures
presented here, taken in combination with the diagnostics estab-
lished in Paper I, provide a compelling motivation for revisiting
this analysis once such datasets become available.

8.6. Future prospects

Looking ahead, upcoming surveys targeting the Galactic nuclear
region promise to provide a far more detailed and comprehen-
sive view. In particular, the MOONS REDdened Milky WAY
(REDWAY) survey (Cirasuolo et al. 2020; Gonzalez et al. 2020)
will provide high resolution spectra for ~13000 stars in 15
independent fields within the region [{] < 1° and |b| < 0.5°,
enabling measurement of radial velocities, metallicities and a-
abundances. The Roman Galactic Bulge Time Domain Survey
(Terry et al. 2023) will provide high-precision photometric and
astrometric measurements of ~ 3.3 million stars over a 0.28 deg?
field centred on SgrA*, with proper motion precisions of 2.5—
3.5 pas/yr. Lastly, JASMINE’s Galactic Centre survey (Kawata
et al. 2024) will cover a similar region —0.7° < £ < 1.4° and
[b| < 0.6°, and is expected to provide accurate positions and
proper motion measurements for about 1.2 x 107 stars up to
H, < 14.5 mag in the main survey area. A major step forward
will come from the JWST/NIRCam Legacy Survey of the Galac-
tic Center (Schodel et al. 2023), which will perform a large-area,
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deep multi-epoch NIRCam imaging survey of the inner ~100 pc,
delivering unprecedented stellar catalogues, individual star-by-
star extinction measurements, and proper motion constraints
across the NSD.

In parallel, Vasini et al. (2026) are developing a technique
to constrain the three-dimensional distribution of gas and dust
towards the Galactic centre. In addition to enabling future
kinematic analyses to account for depth-dependent extinction
and mitigate residual selection biases in low-extinction fields
(Sect. 6.2), this approach will also allow the detection of a
possible nuclear bar directly from the gas distribution.

The large number of stars and the precision of measurements
from these surveys will allow tight constraints on the level of
non-axisymmetry in the NSD. Moreover, the availability of large
datasets with metallicity, a-abundances, and eventually stellar
ages, will allow a more detailed exploration of how I, and 8
vary across different stellar populations, yielding a more com-
plete picture of the formation and evolution of this dynamically
rich region of our Galaxy.
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