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ABSTRACT

In this work, we derive systemic velocities for 8456 RR Lyrae stars. This is the largest dataset of these variables in the Galactic bulge
to date. In combination with Gaia proper motions, we computed their orbits using an analytical gravitational potential similar to
that of the Milky Way (MW) and identified interlopers from other MW structures, which amount to 22 % of the total sample. Our
analysis revealed that most interlopers are associated with the halo, and the remainder are linked to the Galactic disk. We confirm the
previously reported lag in the rotation curve of bulge RR Lyrae stars, regardless of the removal of interlopers. The rotation patterns of
metal-rich RR Lyrae stars are consistent with the pattern of nonvariable metal-rich giants, following the MW bar, while metal-poor
stars rotate more slowly. The analysis of the orbital parameter space was used to distinguish bulge stars that in the bar reference frame
have prograde orbits from those on retrograde orbits. We classified the prograde stars into orbital families and estimated the chaoticity
(in the form of the frequency drift, logΔΩ) of their orbits. RR Lyrae stars with banana-like orbits have a bimodal distance distribution,
similar to the distance distribution seen in metal-rich red clump stars. The fraction of stars with banana-like orbits decreases linearly
with metallicity, as does the fraction of stars on prograde orbits (in the bar reference frame). The retrograde-moving stars (in the bar
reference frame) form a centrally concentrated nearly spherical distribution. From analyzing an 𝑁-body+SPH simulation, we found
that some stellar particles in the central parts oscillate between retrograde and prograde orbits and that only a minority stays prograde
over a long period of time. Based on the simulation, the ratio of prograde and retrograde stellar particles seems to stabilize within
some gigayears after the bar formation. The nonchaoticity of retrograde orbits and their high numbers can explain some of the spatial
and kinematical features of the MW bulge that have been often associated with a classical bulge.

Key words. Galaxy: bulge – Galaxy: kinematics and dynamics – Galaxy: structure – Stars: variables: RR Lyrae

1. Introduction

The Galactic bulge is a key component of the Milky Way (MW).
It represents a dense collection of stars in the inner Galaxy. Un-
derstanding its formation and evolution provides critical insights
into the history of our Galaxy. The central regions of galaxies
alongside the associated bars were extensively studied through
theoretical models, including cosmological and 𝑁-body simula-
tions, which have significantly advanced our understanding of
these structures (e.g, Athanassoula 2003; Debattista et al. 2004;
Athanassoula 2005; Debattista et al. 2017; Fragkoudi et al. 2018,10

2020; Tahmasebzadeh et al. 2022).
Photometrically, the Galactic center shows an inclined, elon-

gated, barred shape (Weiland et al. 1994; Dwek et al. 1995;
★ Based on observations collected at the European Southern Obser-

vatory under ESO programme 093.B-0473.

Stanek et al. 1997) that we refer today as a boxy- or peanut-
shape (B/P-shape; e.g., McWilliam & Zoccali 2010; Nataf et al.
2010; Wegg & Gerhard 2013). These bulges are mainly produced
by either resonance trapping/crossing (e.g., Combes & Sanders
1981; Combes et al. 1990; Quillen 2002; Quillen et al. 2014;
Sellwood & Gerhard 2020; Anderson et al. 2024) or by the buck-
ling instability (e.g., Raha et al. 1991; Merritt & Sellwood 1994; 20

Debattista et al. 2006; Xiang et al. 2021). Bars drive the redis-
tribution of angular momentum within galaxies in general, from
the central regions (e.g., the bulge) to the outer parts (the disk
and halo). The exchange of angular momentum mainly occurs
near resonances, in particular, near the inner Lindblad resonance
(ILR; e.g., Lynden-Bell & Kalnajs 1972; Tremaine & Weinberg
1984; Athanassoula 2003) and the outer Lindblad resonance
(OLR). As a bar loses angular momentum, it slows down (its pat-
tern speed decreases; e.g., Chiba et al. 2021; Chiba & Schönrich
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2022) and grows stronger (Debattista & Sellwood 1998). An-30

other evolutionary path leading to the formation of bulges is
through the hierarchical galaxy formation via the accretion of
satellites, which leads to so-called classical bulges (e.g., the re-
views of Wyse et al. 1997; Kormendy & Kennicutt 2004). These
bulges exhibit a spheroidal spatial distribution and random mo-
tion, which contrasts starkly with the cylindrical rotation of B/P-
shaped bulges.

The stellar content of the Galactic bulge has been extensively
studied through spatial, chemical, and kinematical probes. For
nearly three decades, we have known that the Galactic bulge40

has an elongated, barred shape (Stanek et al. 1994, 1997). The
Galactic bar is typically traced by red clump stars with ages
ranging from 1-10 Gyr (Ortolani et al. 1995; Salaris & Girardi
2002; Clarkson et al. 2008; Bensby et al. 2013; Renzini et al.
2018; Joyce et al. 2023). It forms an angle of approximately
25 degrees with our line of sight toward the Galactic center
(see, e.g., Babusiaux & Gilmore 2005; Wegg & Gerhard 2013;
Simion et al. 2017; Leung et al. 2023; Vislosky et al. 2024). The
chemistry of bulge giants shows a broad metallicity distri-
bution that varies across the Galactic longitude and latitude50

(Rich 1988; McWilliam & Rich 1994; Gonzalez et al. 2011;
Ness et al. 2013a; Rojas-Arriagada et al. 2014; Zoccali et al.
2017; Rojas-Arriagada et al. 2020).

The early studies of bulge kinematics focused on measuring
the dispersion and rotation curve of nonvariable giants (mainly
red clump stars and M giants) and found them to be consistent
with cylindrical rotation (e.g., Minniti et al. 1992; Beaulieu et al.
2000). Large-scale spectroscopic studies targeting thousands of
giants at different Galactic longitudes and latitudes showed that
the Galactic bulge exhibits cylindrical rotation across a vari-60

ety of Galactic latitudes (up to |b | < 10 deg, Rich et al. 2007;
Howard et al. 2008, 2009; Kunder et al. 2012; Ness et al. 2013b;
Zoccali et al. 2017; Rojas-Arriagada et al. 2020; Lucey et al.
2021; Wylie et al. 2021). The rotation curve of the Galactic
bulge is observed to differ for metal-rich and metal-poor gi-
ants. Metal-poor stars ([Fe/H]< −0.5 dex) in the Galactic bulge
were reported to rotate more slowly than their metal-rich counter-
parts (Zoccali et al. 2008; Ness et al. 2012, 2016; Arentsen et al.
2020).

RR Lyrae stars are an important complementary tracer of70

the stellar distribution of the Galactic bulge with respect to red
clump stars as tracers. They were first discovered in the central
regions of the MW almost a century ago (van Gent 1932, 1933;
Baade 1946). RR Lyrae stars represent the old population of
classical pulsators with ages that are generally assumed to be
older than 10 Gyr (Catelan 2009; Savino et al. 2020), and they
are located on the horizontal giant branch. They are often used
as standard candles (due to the link between pulsation periods
and luminosity) to study the MW structure and dynamics and to
help distinguish the MW formation history, mainly in the halo80

(e.g., Erkal et al. 2019; Wegg et al. 2019; Fabrizio et al. 2021;
Prudil et al. 2021, 2022) and in the Galactic bulge and disk (e.g.,
Layden et al. 1996; Dékány et al. 2013; Pietrukowicz et al. 2015;
D’Orazi et al. 2024).

RR Lyrae variables are divided into three categories based on
their pulsation mode: RRab (fundamental), RRc (first overtone),
and RRd (double mode), from the most to least numerous, respec-
tively. They were employed to study the Galactic bulge in numer-
ous studies focusing on their photometry and spatial distribution
(e.g., Minniti et al. 1998; Alcock et al. 1998; Pietrukowicz et al.90

2012; Dékány et al. 2013; Pietrukowicz et al. 2015). There are
significantly fewer spectroscopic kinematic studies of bulge
RR Lyrae stars. They are mostly confined to only a handful of vari-

ables in Baade’s Window (e.g., Butler et al. 1976; Gratton et al.
1986; Walker & Terndrup 1991). Only recently, based on the de-
velopment of multi-object spectrographs, have larger surveys of
bulge RR Lyrae pulsators become possible, such as the Bulge
Radial Velocity Assay for RR Lyrae stars survey (henceforth re-
ferred to as BRAVA-RR, Kunder et al. 2016, 2020). Additionally,
astrometric surveys such as Gaia (Gaia Collaboration et al. 2016, 100

2023) provide precise proper motions that allow us to measure
transverse velocities for many RR Lyrae stars. This facilitates
kinematic analyses (Du et al. 2020).

A comparison is often made between RR Lyrae stars and non-
variable giants (both metal rich and metal poor). The kinematical
distribution of RR Lyrae variables is similar to that of metal-poor
giants (e.g., Ness et al. 2013a; Arentsen et al. 2020; Kunder et al.
2020; Olivares Carvajal et al. 2024), but they rotate more slowly
than metal-rich giants. The contrast between metal-poor and
metal-rich giants is further magnified in their spatial distribu- 110

tions (e.g., Zoccali et al. 2017; Lim et al. 2021; Johnson et al.
2022), where metal-poor giants exhibit more strongly spherical
(nonbarred) spatial properties, whereas metal-rich giants trace an
elongated (barred) spatial distribution1. A similar distribution to
metal-poor giants is also observed for RR Lyrae stars, for which
we have more precise distance estimates than for nonvariable
giants. This led to a debate about whether the MW bulge is a
composite bulge containing the B/P-shaped bulge as well as a
classical bulge component. The recent conundrum (highlighted
by works of Dékány et al. 2013; Pietrukowicz et al. 2015) re- 120

garding whether RR Lyrae stars follow the Galactic bar and
extinction variation has been addressed in our previous work
(Prudil et al. 2025). In that study, we showed that metal-rich
([Fe/H]phot > −1.0 dex) RR Lyrae pulsators display an elon-
gated spatial distribution (𝜄 = 18 ± 5 deg) that traces the bar
and nearly matches its angle (as traced by, e.g., Wegg & Gerhard
2013), while metal-poor RR Lyrae stars do not follow the bar
(they show little to no tilt to the Galactic bar). The complexity is
further enhanced by interlopers from other MW structures. Thus,
any analysis of the Galactic bulge requires a careful assessment 130

of the impact of interloping stars from the Galactic disk and halo.

The structure and dynamics of the Galactic bulge from the
viewpoint of RR Lyrae variables are the aim of this series of
papers (Prudil et al. 2024a,b; Kunder et al. 2024; Prudil et al.
2025). This study focuses on RR Lyrae stars with full 6D in-
formation in phase space. We use this dataset to obtain orbital
properties and compare our results with nonvariable giants and a
high-resolution 𝑁-body+smooth particle hydrodynamics (SPH)
simulation. Our manuscript is structured as follows. Section 2
describes the spectroscopic dataset we combined with our photo- 140

metric and astrometric sample. Section 3 outlines our procedure
for estimating orbits, obtaining a rotation curve, and removing in-
terlopers. Section 4 discusses the orbital parameters of RR Lyrae
and nonvariable giant datasets. Section 5 examines the orbital
frequencies and parameters of our dataset. Section 6 assesses the
periodicity of orbits and orbital families. Section 7 compares our
data with 𝑁-body+SPH simulations. In Section 8 we discuss the
implication of our results. The last section, Section 9, summarizes
our conclusions.

1 We note that this depends on the definition of the metal-poor pop-
ulation, which differs in the aforementioned studies. The split is likely
between −1.0 to −0.5 dex in metallicity.
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2. Spectroscopic data available for the Galactic150

bulge RR Lyrae stars

In this section, we describe the data we used and sources of
spectroscopic information for our dataset. In the initial steps, we
used photometric metallicities and distances of RR Lyrae stars to-
ward the Galactic bulge based on large-scale photometric studies
from our previous work (Prudil et al. 2025). For the vast majority
(96 %) of our final dynamical dataset, the distances were obtained
using the combination of 𝐽 and 𝐾s passbands from the Vista
Variables in the Vía Láctea survey (VVV, Minniti et al. 2010),
meaning their distances have relative uncertainties around six160

percent of the distance (Prudil et al. 2025), and importantly, the
dependence of the RR Lyrae’s absolute magnitude on metallicity
is not significant. Proper motions were obtained from the third
data release of the Gaia catalog (DR3, Gaia Collaboration et al.
2016, 2023). Similar to our previous study, we employ some of
Gaia’s quality flags and use them as criteria for the quality of
proper motions and distances (to omit possible blended objects),
specifically:

ipd_frac_multi_peak < 5, and RUWE < 1.4 , (1)

where the ipd_frac_multi_peak represents the percentage of
detection of a double peak in the PSF during Gaia image pro-170

cessing, and RUWE is the re-normalized unit weight error. For
further details see Section 2 in Prudil et al. (2025).

In this work, we include an additional dimension in the form
of systemic velocities2 for a subset of RR Lyrae stars from our
previous study. The determination of line-of-sight velocities and
the estimation of systemic velocities for individual RR Lyrae
stars used in this study can be found in Appendix A. Below, we
describe individual sources of spectra used in this study.

First, we utilize the data observed by the BRAVA-RR survey
(Kunder et al. 2016, 2020). The observations for the BRAVA-RR180

survey were conducted at the Anglo-Australian Telescope (AAT)
using the AAOmega multifiber spectrograph. The BRAVA-RR
survey provides spectra for ≈ 3100 RRab RR Lyrae stars (almost
12 000 co-added spectra in total) toward the Galactic bulge with a
wavelength range centered around the Calcium Triplet (8300 Å to
8800 Å) with a resolution of approximately 10 000. The number
of exposures for each RR Lyrae star observed by BRAVA-RR
ranges from 1 to 17, and the average signal-to-noise (S/N) is 18.

Our second source provides spectra collected by the Apache
Point Observatory Galactic Evolution Experiment (APOGEE190

survey, Majewski et al. 2017; Blanton et al. 2017; Wilson et al.
2019) for RR Lyrae stars in the direction of the Galactic
bulge. APOGEE is an all-sky infrared spectroscopic survey
of our Galaxy with observations conducted at the Las Cam-
panas Observatory (LCO) and the Apache Point Observatory
(APO). The APOGEE survey is established on two fiber-fed (300
fibers) multi-object spectrographs covering the photometric 𝐻-
band (1.51–1.70 𝜇m) with spectral resolution above 20 000. For
RR Lyrae stars toward the Galactic bulge, APOGEE provides
more than 10 000 spectra for over 6 000 RRab+RRc RR Lyrae200

stars (using the 0.5 arcsec crossmatch with the OGLE survey)
with an average signal-to-noise ratio equal to 9, and each vari-
able has between 1 − 12 exposures.

2 The systemic velocity of an RR Lyrae star is a component of the line-
of-sight velocity. It refers to the velocity of the star’s center of mass along
the line-of-sight, as it moves through space. This velocity is corrected
for the pulsation motion of the stellar atmosphere during the pulsation
cycle.

The third source is the ESO archive for program ID 093.B-
0473. This program targeted RRc and RRab-type variables to-
ward the Galactic bulge using the FLAMES with GIRAFFE spec-
trograph on the VLT (HR10 setup, with resolution 𝑅 ∼ 21500).
We used reduced data from the ESO data archive. In total, this
program collected 434 spectra for 87 RR Lyrae stars (65 RRab
and 22 RRc, using 1.0 arcsec crossmatch), where each variable 210

has between 4 − 5 exposures. The signal-to-noise ratio of indi-
vidual spectra varies between 10 − 40 with a center at ∼ 20. The
spectral range covers a region mostly populated by iron (Fe i and
Fe ii) and Calcium lines (from 5300 Å to 5600 Å).

In total, we obtained spectra for nearly 9000 RR Lyrae stars
toward the Galactic bulge. Unfortunately, not all stars had suit-
able spectra for systemic velocity determination. Also, proper
motions were not available for the entire spectroscopic dataset.
In the end, a sample of 8456 RR Lyrae stars could be used
for dynamical analysis, which constitutes the largest sample of 220

Galactic bulge RR Lyrae stars with full 6D parameters assem-
bled so far. In addition, we provide systemic velocities for the RRc
pulsators in the Galactic bulge for the first time. Previous studies
using APOGEE data, such as Olivares Carvajal et al. (2024) and
Han et al. (2025), excluded first-overtone pulsators from their
analyses, as they could not reliably determine their systemic ve-
locities. In our case, we developed tools to estimate systemic
velocities for RRc stars in the APOGEE survey (see Prudil et al.
2024b), allowing us to enhance our dataset by including them.
We do not expect any significant differences in the kinematical 230

distribution between RRc and RRab stars.
The obtained systemic velocities for RRab and RRc variables

are included in Table 1. We will refer to this sample as our final
dynamical dataset. In Figure 1, we present the period-amplitude
diagram for our final dynamical dataset.

Table 1. Calculated systemic velocities of our RR Lyrae dataset.

ID 𝑣sys 𝜎𝑣sys

– [km s−1] [km s−1]
OGLE-BLG-RRLYR-00342 45 18
OGLE-BLG-RRLYR-00343 57 4
OGLE-BLG-RRLYR-00345 276 22
OGLE-BLG-RRLYR-00351 34 9
. . . . . . . . .

Notes. The three columns contain the OGLE identifier, the systemic
velocity, and its uncertainty. The entire table is available at the CDS.

3. RR Lyrae stars toward the Galactic bulge

The combination of positions (coordinates and distances) and
motion (proper motions and systemic velocities) permits cal-
culating and examining the orbits of stars in our final dynam-
ical dataset. Similar analyses have been done in the past for 240

the Galactic bulge’s metal-poor population to search for signs
of rotation and a bar-like velocity dispersion (e.g., Prudil et al.
2019a; Kunder et al. 2020; Arentsen et al. 2020; Lucey et al.
2021, 2022; Ardern-Arentsen et al. 2024; Olivares Carvajal et al.
2024). A common trait among these studies is the use of an
analytical MW potential within which the dynamical dataset
gets evolved, and properties of individual objects assessed. To
this end, we use publicly available code for Galactic dynam-
ics, AGAMA3 (Vasiliev 2019). From AGAMA, we use an analyt-
ical nonaxisymmetric approximation of the MW and Galactic 250

3 http://agama.software/
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Fig. 1. Period-amplitude diagram for RRab and RRc RR Lyrae stars
(RRab are shown as blue points, and RRc are shown as red squares) in
our final dynamical dataset based on the pulsation properties from the
OGLE survey.

bulge model from Portail et al. (2017) provided by Sormani et al.
(2022) and Hunter et al. (2024). The potential is composed of
the Plummer potential for the supermassive black hole, for the
nuclear star cluster a flattened axisymmetric spheroidal poten-
tial (Chatzopoulos et al. 2015), and two-component flattened
spheroidal potential for the nuclear stellar disk (Sormani et al.
2020). In addition, it contains an analytic bar density (model
based on data, Portail et al. 2017; Sormani et al. 2022), two stel-
lar disks (thin and thick), and last, an Einasto dark matter po-
tential (Einasto 1965). For each star, we integrate its orbit for260

5 Gyr with 100000 time steps, and record eccentricities (𝑒), max-
imum excursions from the Galactic plane (𝑧max), and apocentric
and pericentric distances (𝑟apo and 𝑟per). The integration time
was selected based on the study of Beraldo e Silva et al. (2023),
to capture precisely the orbital frequencies and chaotic orbits.
We also calculated the angular momentum in the 𝑧-direction,
𝐿𝑧 , and Jacobi integral, 𝐸J. Last, we rotated the analytical po-
tential with the pattern speed equal to ΩP = 37.5 km s−1 kpc−1

(e.g., Sormani et al. 2015; Sanders et al. 2019; Clarke & Gerhard
2022).270

To further analyze the orbits, we also estimated fundamen-
tal frequencies using the naif4 module (Beraldo e Silva et al.
2023). We used complex time series as input for the frequen-
cies in both inertial (Ωine

𝑥 ,Ω
ine
𝑦 ,Ω

ine
𝑧 ,Ω

ine
𝑅
,Ωine

𝜙
) and bar refer-

ence frames (Ωbar
𝑥 ,Ωbar

𝑦 ,Ωbar
𝑧 ,Ωbar

𝑅
,Ωbar

𝜙
). We estimated frequen-

cies in Cartesian and cylindrical coordinates for both reference
frames to identify resonances and assess bar-supporting orbits.
The fundamental frequencies are identified in naif as the lead-
ing frequencies in the spectra for each coordinate. We selected
the complex time series to ensure the correct determination of280

the sign of Ω𝜙 . Following Papaphilippou & Laskar (1996, 1998)
and Beraldo e Silva et al. (2023) we define complex time series
as:

𝑓𝑅 = 𝑅 + 𝑖𝑣𝑅 (2)

𝑓𝜑 =
√︁

2 |𝐿𝑧 | (cos 𝜑 + 𝑖 sin 𝜑) (3)
𝑓𝑧 = 𝑧 + 𝑖𝑣𝑧 , (4)

4 Available at https://naif.readthedocs.io/en/latest/
index.html.

where 𝑅, 𝜑 and 𝑧 cylindrical coordinates, 𝐿𝑧 is the angular mome-
tum, and 𝑣𝑧 with 𝑣𝑅 are the vertical and radial velocities.

In contrast, using a real time series would result in a symmet-
ric power spectrum around zero frequency, and we would need to
use the 𝐿𝑧 to identify the correct sign of Ω𝜙 . The complex com-
bination overcomes this limitation by breaking the symmetry and
enabling the correct identification of the sign. 290

Last, using the systemic velocity (𝑣sys) we estimated the ve-
locity in the Galactic Standard of Rest (𝑣GSR), sometimes called
galactocentric radial velocity (𝑣GV), for each RR Lyrae star, using
the following expression:

𝑣GV =𝑣sys + 220 · (sin(l)cos(b)) + 17.1 · (sin(b)sin(22)
+ cos(b)cos(22)cos(l − 58)) . (5)

To encompass the uncertainty distribution of its dynamical prop-
erties, we varied each star’s spatial and kinematical properties
within its errors. We assumed that errors followed Gaussian dis-
tributions, integrated the orbit for each realization (100 in total),
and recorded the center (assuming median) and percentiles (15.9
and 84.1 th) of the resulting distribution for each orbital parame- 300

ter listed above.

3.1. Interlopers and bulge stars

Interloper stars, which pass through the Galactic bulge, make a
substantial contribution to the observed stellar population in this
region (25 to 50 % Kunder et al. 2020; Lucey et al. 2021, 2022).
These stars complicate our understanding of the rotational dy-
namics of the inner MW. Earlier studies used various methods to
reduce the impact of stars from other MW structures, primarily
focusing on separation in the apocentric distance and the extent
of deviation from the Galactic plane to filter out halo and disk in- 310

terlopers (see, e.g., Kunder et al. 2020; Lucey et al. 2021, 2022).
The distinction between bulge stars and interlopers is typically
based on apocentric distance: stars on orbits that are confined
within a galactocentric distance of 3.5 kpc are labeled as bulge
stars, while those beyond are labeled as interlopers. We note that
our definition for bulge and interloper stars connects to their spa-
tial distribution and not to a formation scenario. In our study, we
applied the same criteria for apocentric distance to distinguish
bulge RR Lyrae stars from other RR Lyrae stars that are not part
of the bulge. This decision was partially motivated by Lucey et al. 320

(2023) who found orbits that support the MW’s bar extend verti-
cally up to 3.5 kpc and by the extent of the structure of prograde
(in the bar frame) RR Lyrae stars, depicted in Figure 5. We
note that some other studies used stars with apocenter distances
greater than 3.5 kpc, (e.g., Olivares Carvajal et al. 2024); while
here we are interested more in the purity of our bulge sample, and
such a cut encompasses the majority of the bulge while limiting
contamination from halo and disk stars. Approximately 22 % of
RR Lyrae in our final kinematical data have 𝑟apo > 3.5 kpc, and
we refer to these variables as interlopers. 330

We examine the physical and spatial characteristics of our
final dynamical dataset, focusing on how these characteristics
correlate with whether a star is more likely part of the bulge or
an interloper. Figure 2 illustrates the relationship between the
galactocentric spherical radius (𝑟GC) and metallicity with the
proportion of interlopers. As expected, the number of interlop-
ers is highest at larger radii compared to the bulge RR Lyrae
population. Moreover, the number of RR Lyrae stars not associ-
ated with the bulge increases with the distance from the Galactic
center, surpassing the number of bulge RR Lyrae stars beyond a 340

radius of 2.5 kpc. A similar conclusion was found in the study
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Fig. 2. Left: Distribution of Galactic bulge (red squares, 𝑟apo < 3.5 kpc) and interloping (blue circles, 𝑟apo > 3.5 kpc) RR Lyrae as a function of
galactocentric radius. Middle: Fraction of interloping RR Lyrae as a function of galactocentric radius. Right: Fraction of interloping RR Lyrae in
bins of photometric metallicity. The highlighted regions mark the boundaries in metallicity for the Galactic halo and disk.

of Ardern-Arentsen et al. (2024), where, despite their somewhat
different spatial properties (in comparison with our dataset), they
noticed a dependence of interloper fraction on the 𝑟GC with the
number of interloping stars increasing with increasing 𝑟GC.

In the metallicity analysis of interloper stars in the Galactic
bulge, we observe three key contributors: stars from the Galactic
disk, the outer bulge, and the halo. The disk’s RR Lyrae stars
are known for their high metallicity (e.g., Layden et al. 1996;
Zinn et al. 2020; Prudil et al. 2020; Iorio & Belokurov 2021),350

whereas the halo’s RR Lyrae stars predominantly occupy the
lower metallicity range (Fabrizio et al. 2019, 2021). The vari-
ables related to the outer bulge overlap both disk and halo in-
terlopers in metallicity space, which makes distraction and clear
separation difficult. This distinction is critical in understanding
how each of these MW structures influences the bulge’s interloper
population. Based on the metallicity (using photometric metal-
licities estimated in Prudil et al. 2025) boundaries shown in the
right panel of Figure 2 right panel (marked by the shaded gray
regions), we find that approximately 25 % of the interlopers are360

likely disk RR Lyrae stars, with the remaining exhibiting halo-
like (remaining 75 % of interlopers) characteristics in their orbits
and metallicity. We note that from the identified 25 % of the disk
interlopers, the majority of stars lie close to the Galactic plane,
and only two percent have 𝑧max > 3 kpc. These disk RR Lyrae
stars, mostly have 𝑟apo between 3.5 kpc and 6 kpc (over 70 %) and
come from the outer bar region.

In the Appendix, we include Figure D.1, which shows the
distribution of orbital frequencies (Ωine

𝜙
and Ωbar

𝜙
) in the inertial

and bar reference frames for our RR Lyrae dataset. In this Figure,370

we divide the sample into bulge, interlopers, and likely halo
RR Lyrae variables (identified by 𝑧max > 5 kpc). In the inertial
frame, we do not observe a clear preference for prograde or
retrograde rotation among the halo RR Lyrae stars. In the bar
frame, however, these pulsators lag behind the rotation of the bar
and therefore appear retrograde with respect to the Galactic bar.

3.2. Rotation pattern of RR Lyrae variables at different
metallicities

Here we explore the dynamical parameter space by looking at the
distribution of average 𝑣GV and its dispersion across the Galactic380

longitude bins and for different metallicities. We compare our
observational dataset with the bulge model by Shen et al. (2010)

which is based on the results from the BRAVA spectroscopic sur-
vey (Rich et al. 2007; Howard et al. 2008, 2009). In Figure 3, we
display the orbital properties for our entire dataset (blue points)
and for bulge RR Lyrae stars with 𝑟apo < 3.5 kpc (red squares).
The selection based on the apocentric distance to remove inter-
lopers by construction decreases the dispersion in 𝑣GV. In the
most metal-rich bin of our final dynamical dataset (top left cor-
ner of Figure 3), we see clear signs of rotation that follow the bar 390

model of Shen et al. (2010). The dispersion 𝜎𝑣GV shows nearly a
flat distribution after removing interlopers. This is in agreement
with our previous work (Prudil et al. 2025) in which we showed
that spatial and transverse properties of metal-rich RR Lyrae
([Fe/H]phot > −1.0 dex) follow the patterns characteristic of
the Galactic bar. This is also in agreement with previous stud-
ies focused on metal-rich nonvariable giants (e.g., Kunder et al.
2012; Ness et al. 2013b). Here it is important to emphasize that
the [Fe/H]phot for the metal-rich bin ([Fe/H]phot > −1.0 dex)
is heavely skewed toward [Fe/H]phot ≈ −1.0 dex, with median 400

metallicity (and 15.9 and 84.1 percentiles) of this bin equal to
[Fe/H]phot = −0.75+0.32

−0.18 dex. In addition, removing the interlop-
ers (both halo and disk in this case) partially enhances the rotation
pattern in the l vs. 𝑣GV slightly more pronounced.

Considering the metal-poor ([Fe/H]phot = (−1.5;−1.0) dex)
population, we find a lag in the average 𝑣GV behind the rota-
tion regardless of whether the halo interlopers are removed or
not. The dispersion in 𝑣GV, as in the metal-rich case, has only
a mild difference at l = 0 deg between the full and bulge (no
interlopers) RR Lyrae dataset. In this metallicity bin, the halo 410

interlopers do not seem to affect the rotation pattern (their per-
centage is low, ∼ 14 to 20 %). Bins with metallicities below
[Fe/H]phot < −1.5 dex start showing a significant contribution
from halo interlopers, particularly in the 𝜎𝑣GV space where the to-
tal sample exhibits higher values for velocity dispersion. We again
see a weak rotation that slowly decreases as we move toward lower
metallicities. The rotation curve flattens at the metal-poor end of
our distribution (RR Lyrae variables with [Fe/H]phot < −2.0 dex).

Here, it is important to stress that the fraction of interlopers
differs in each metallicity bin (as seen in Figure 2). We have 420

mostly disk interlopers on the metal-rich side. As we move to-
ward the metal-poor stars, the contribution decreases until we
reach [Fe/H]phot = −1.5 dex. Then, the number of stars with
apocentric distance above 3.5 kpc (mainly halo RR Lyrae vari-
ables) increases again and reaches 40 % at the lowest metallicity

Article number, page 5



A&A proofs: manuscript no. output

bin in our sample. Therefore, for RR Lyrae stars, the interlop-
ers affect the rotation pattern only slightly, and their influence
is more prominent in the velocity dispersion (particularly the re-
moval of halo interlopers leads to its decrease), especially at the
metal-poor end. The presence of interlopers in some cases leads430

to an increase in the velocity for the rotation curve, which was
previously reported by Kunder et al. (2020); Lucey et al. (2021);
Ardern-Arentsen et al. (2024). The interlopers are not respon-
sible for the disappearance or lag in rotation. Given that the
metal-rich RR Lyrae follow the Galactic bar, both spatially and
kinematically (Prudil et al. 2025, and Figure 3 here), other fac-
tors must explain the variation in the dynamics of RR Lyrae and
other metal-poor populations in the bulge, which we attempt to
uncover next.

4. Orbital properties of the bulge stars440

In what follows, we aim to resolve the reason for the differ-
ences in the bar-supporting kinematics between the relatively
old (≈ 12 Gyr) RR Lyrae population5 and the relatively young
(< 10 Gyr) nonvariable giants population. To achieve our goals,
we use available kinematical data for nonvariable giants as well as
an 𝑁-body+SPH simulation together with our RR Lyrae sample.

4.1. Simulation

In this study, we use a high-resolution star-forming 𝑁-body+SPH
simulation of a galaxy that evolves in isolation. It has
been thoroughly described in Cole et al. (2014); Gardner et al.450

(2014); Debattista et al. (2017); Gough-Kelly et al. (2022);
San Martin Fernandez et al. (2025, where it is referred to as HG1)
where the simulation was extensively used as a comparison with
the MW. The initial setup of this simulation starts with a hot gas
corona inside a dark matter halo without any stars. The contin-
ued star formation is triggered as the gas corona cools down and
settles into a disk, forming a disk galaxy. The model is evolved
using the GASOLINE (Wadsley et al. 2004) code for 10 Gyr. At the
end of the evolution, it consists of 5 × 106 dark matter particles,
and approximately 2.6 × 106 gas and 1.1 × 107 stellar particles.460

The model forms a bar around 3 Gyr that at 10 Gyr has a length
of 3 kpc. In this work, we use snapshots at 1, 2, 4, 5, 6, 7, 8, 9
and 10 Gyr of this simulation.

We explore the orbital parameters and frequencies of the stel-
lar particles located in the central regions. In particular, we adopt
the approach of Beraldo e Silva et al. (2023), and use PYNBODY6
(Pontzen et al. 2013) to center and align the simulation snapshots.
For each snapshot, we measure the pattern speed, ΩP, using the
module7 provided by Dehnen et al. (2023) that estimates pattern
speed from individual snapshots. We measure the bar angle (us-470

ing the inertia tensor approach) in the simulation and align the
bar with the x-axis. Using the AGAMA software, we also create a
composite potential for each snapshot by describing stellar and
gas particles using a triaxial cylspline potential and dark matter
halo using an axisymmetric multipole potential. In these poten-
tials, we integrate orbits of randomly selected stellar particles
(of all ages) that are located within 𝑟GC = 2 kpc. The boundary

5 We note that recent studies, particularly by Iorio & Belokurov (2021)
and Bobrick et al. (2024) suggested that metal-rich RR Lyrae stars are
the result of binary interactions and are thus younger objects (1−9 Gyr).
We address the potential age of metal-rich RR Lyrae stars from the
kinematical point of view in Section 8.2.
6 https://pynbody.github.io/pynbody/
7 https://github.com/WalterDehnen/patternSpeed

on spherical radius was motivated by the spatial scaling factor
of 1.7 (e.g., Gough-Kelly et al. 2022) often used to match this
simulation with the MW’s spatial properties. We emphasize that 480

at this step we did not scale the simulation to match the MW
observed properties when computing the orbits (as done in, e.g.,
Gough-Kelly et al. 2022).

4.2. Data for nonvariable giants

To compare and further explore our results for RR Lyrae stars,
we use a dataset with a younger (on average) population pro-
vided by the APOGEE DR17 StarHorse value-added cata-
log (Santiago et al. 2016; Queiroz et al. 2018, 2020). To ensure
StarHorse catalog compatibility with our RR Lyrae sample, we
mirror their spatial distribution (in Galactic coordinates and dis- 490

tances) with our RR Lyrae dataset and enforce the following set
of conditions on the APOGEE DR17 StarHorse catalog:

1.0 < Heliocentric distance < 20 kpc (6)
0.0 < log 𝑔 < 3.0 dex , (7)

These conditions ensure that we select preferentially giants
(mostly red giants) with distances centered approximately at the
Galactic bulge and spatially matching our RR Lyrae dataset. In
addition, we remove stars with the following flags in the APOGEE
data: PERSIST_HIGH and LOW_SNR. Since we aim to obtain
orbital properties for stars in the StarHorse catalog, we selected
only objects with Gaia proper motions and APOGEE line-of-
sight velocities. Last, similar to our RR Lyrae sample, we applied 500

the criterion from Eq. 1. This yielded a total of 9736 red giants
with spatial, kinematic, and chemical information.

As an additional and mostly independent source of nonva-
riable stars, we used red clump stars identified in the Blanco
DECam Bulge Survey (BDBS, Rich et al. 2020; Johnson et al.
2022). This dataset contains photometric metallicities and dis-
tances estimated based on the 𝑢𝑔𝑟𝑖𝑧𝑌 passbands. Similar to the
pure APOGEE red giant dataset described above, we used the
same footprint (in Galactic coordinates and distances) on the
red clump. We then crossmatched BDBS red clump stars with 510

the Gaia catalog to obtain proper motions. To derive line-of-
sight velocities for BDBS giants, we combined several publicly
available surveys, including Gaia (Katz et al. 2023), GALac-
tic Archaeology with HERMES (GALAH, Buder et al. 2021),
APOGEE, and GIRAFFE Inner Bulge Survey (Zoccali et al.
2014; Gonzalez et al. 2015). This resulted in 1751 red clump
stars with full spatial and kinematic information. Despite our
best efforts to identify sources of line-of-sight velocity for the
red clump dataset, their spatial distribution does not perfectly
match the footprint of RR Lyrae and red giant stars. However, we 520

chose to keep them in our analysis as they represent an additional
stellar evolutionary stage.

From here on, we will call the combination of the two sam-
ples the nonvariable giant dataset (11 487 objects in total). Its
metallicity and spatial distribution in Galactic and Cartesian co-
ordinates are depicted in Figure 4. This Figure shows that our
RR Lyrae and nonvariable giants datasets match reasonably well.
We note that the nonvariable data do not cover the full extent
of our RR Lyrae sample in the region below the Galactic plane,
where some of the BRAVA-RR fields reach broader Galactic 530

longitudes.
Similar to our RR Lyrae dataset, we used the analytical model

of Portail et al. (2017); Sormani et al. (2022) and Hunter et al.
(2024) for the MW implemented in AGAMA (see description in
Section 3) to obtain the orbital properties and frequencies (using
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Fig. 3. Distribution of the average 𝑣GV and its dispersion 𝜎𝑣GV in the Galactic longitude bins and for different photometric metallicity cuts. The
blue points represent the final dynamical dataset, and the red squares stand for RR Lyrae variables with 𝑟apo < 3.5 kpc (labeled BLG in the legend).
The dashed lines trace the 𝑣GV and 𝜎𝑣GV from the bar model of Shen et al. (2010) for b = 4 deg. For this figure, we use equally spaced bins between
l = (−8.0; 8.25) deg with a step of 1.25 deg. The asymetric distribution in l was driven by our RR Lyrae dataset.

the naif software of Beraldo e Silva et al. 2023) of our nonvari-
able giant sample. We used the same integration time of 5 Gyr,
as in the case of RR Lyrae stars.

4.3. Bifurcation in orbital parameters, and recovering the
rotation pattern for RR Lyrae stars540

Here, we combine and examine the data from the simulation (see
Section 4.1) with the RR Lyrae and nonvariable giants datasets.
In Figure 5 we show the orbital properties for RR Lyrae stars,
nonvariable giants, and the simulation. We chose the angular
frequency in the bar’s rest frame as an indicator for prograde

(positive sign in bar reference frame) and retrograde (negative
sign in bar reference frame) stellar motion with respect to the
bar. We tested this approach using the parameter, 𝜆, estimated for
each time step of the orbit, defined as:

𝜆 = 𝐿𝑧 −ΩP𝑅
2
cyl , (8)

where 𝐿ine
𝑧 and 𝑅cyl are the angular momentum and cylindrical 550

radius in the inertial frame. For each star we estimate the median
value of 𝜆 and compare its sign with the sign of Ωrot

𝜑 which we
define as:

Ωrot
𝜑 = Ωine

𝜑 −ΩP . (9)
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Fig. 4. Metallicity (top panel) and spatial distribution in Galactic co-
ordinates (middle panel) and Cartesian coordinates (bottom panel) for
datasets of RR Lyrae (blue squares) and nonvariable giants (orange
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stellar component rotated by the bar angle (25 degrees). The underlying
image in the top panel is the Gaiaall-sky star density map. Image credit:
ESA/Gaia/DPAC. Images released under CC BY-SA 3.0 IGO.

We find, in 91 % of the cases matching signs, while in the remain-
ing cases, 𝜆 oscillates around zero. We note that, by definition,
Ωrot

𝜑 is the same as Ωbar
𝜑 . However, in this work, we consider these

two quantities to be different. Due to the presence of stars with
chaotic orbits (see Section 6 for details), some stars exhibit dif-
ferent signs for Ωrot

𝜑 and Ωbar
𝜑 . Subsequently, the fraction of stars

with matching signs relative to 𝜆 (as defined in Eq. 8) differs for560

these two quantities, with Ωrot
𝜑 showing better agreement with 𝜆

than Ωbar
𝜑 .

In Figure 5 we see that stars that fall on the identity line
(forming one of the two substructures) between 𝑧max and 𝑟apo
show almost exclusively negative Ωrot

𝜑 and thus retrograde mo-
tion with respect to the Galactic bar. These stars, as expected
(based on their negative Ωrot

𝜑 ), to not contribute to the rotation
and dispersion trends depicted in the upper panels but rather ex-
hibit counter rotation and a flat dispersion profile. The second
substructure, which we will refer to as bulk has positive Ωrot

𝜑 val- 570

ues and clearly follows the rotation and dispersion patterns. From
this figure we see that the retrograde orbits are significantly more
vertically extended than the prograde orbits. Here and in what
follows we use Ωrot

𝜑 as a means to identify and separate prograde
and retrograde stars in the Galactic bulge. We opted to use Ωrot

𝜑

since regular (see Section 6 on regularity) orbits conserve fre-
quencies in barred potentials unlike 𝐿𝑧 which is not conserved
in nonaxisymmetric potentials.

The top panels in Figure 5 shows how the positive and neg-
ative Ωrot

𝜑 manifests in a rotation curve. The nonvariable giants’ 580

sample shows a negligible difference in the rotation pattern be-
tween the entire sample (small black dots) and only those with
positiveΩrot

𝜑 (pink circles). On the other hand, for RR Lyrae stars,
the difference is quite significant. RR Lyrae variables with posi-
tive Ωrot

𝜑 (yellow squares) expectedly follow a bar rotation pattern
while the bulge RR Lyrae dataset is lagging (green points). The
reason behind the significant (for RR Lyrae pulsators) and negli-
gible (for nonvariable giants) difference is in the ratio of number
of stars with positive versus negative Ωrot

𝜑 . Another way of look-
ing at results presented in Figure 5 is that the angular momentum 590

distribution of the RR Lyrae stars is much less tilted towards the
prograde 𝐿𝑧 .

In the selected bulge fields, for the nonvariable giants popula-
tions, we have a fraction of 83 % stars with prograde kinematics
(see the middle right panel of Figure 5), while for RR Lyrae stars,
this probability is ≈ 72 %. If we randomly draw stars from our
RR Lyrae dataset with the simple condition that at least 83 %
of them should have positive Ωrot

𝜑 we nearly recover the same
rotation pattern as for nonvariable giants. In the bottom panel of
Figure 5, we present orbital properties colored by Ωrot

𝜑 for our 600

simulation (snapshot at 10 Gyr). We see that we partially recover
the substructures found in the observational data. We notice that
the stellar particles with negative Ωrot

𝜑 clump on the identity line,
and stellar particles with positive Ωrot

𝜑 fall below it. The fraction
of particles with negative Ωrot

𝜑 is 14 %. We note that in this case,
we did not impose any selection criteria on the positions and
orbital parameters of the stellar particles.

Last, in addition to analyzing the stars confined to the Galactic
bulge, we also looked at the foreground and background areas of
the Galactic bulge. The discussion of objects that fall in these 610

regions is included in Appendix B.

5. Implications for the RR Lyrae distribution from
orbital frequencies

In this section, we examine in depth the orbital frequencies. We
use them to distinguish between different spatial and kinematic
populations of RR Lyrae stars within the MW barred potential.

5.1. Metal-poor RR Lyrae stars

Metal-poor giant stars ([Fe/H] < −2.0 dex) are found within
the Galactic bulge (e.g., Koch et al. 2016; Arentsen et al. 2020;
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Fig. 5. Kinematic and orbital properties for RR Lyrae variables, nonvariable giants, and stellar particles from the simulation. The top panels show
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Rix et al. 2022; Ardern-Arentsen et al. 2024) and a significant620

fraction (in general over 50 %) remains confined to the Galactic
bulge. These objects exhibit a slight rotation in 𝑣𝜙 (see Figure 10
in Ardern-Arentsen et al. 2024). However, neither the metal-poor
variable nor nonvariable giants seem to follow the Galactic bar
spatially and exhibit much slower rotation (if any) compared to
the metal-rich population. This can be explained by the high frac-
tion of interlopers (40 % of the total sample) and retrograde stars
(19 % of the total sample) on the metal-poor end of the RR Lyrae
metallicity distribution ([Fe/H]phot < −2.0 dex), resulting in only
41 % of total metal-poor RR Lyrae stars being associated with630

the Galactic bar.
We demonstrated previously (see the bottom right panels of

Figure 3) that our dataset of RR Lyrae stars shows little to no
sign of rotation for metal-poor variables (−2.0 > [Fe/H]phot >
−2.6 dex). In Figure 6 we focus on RR Lyrae pulsators with
[Fe/H]phot < −2.0 dex that remain on their orbits within the

Galactic bulge (defined as 𝑟apo < 3.5 kpc). In the metal-poor sub-
set discussed here, retrograde RR Lyrae stars represent approx-
imately 30 % of the bulge metal-poor population. The prograde
metal-poor RR Lyrae variables in our dataset do not exhibit any 640

preferred location within Galactic coordinates; they are evenly
distributed across the analyzed footprint, and presumably well
mixed with the dataset presented here.

We note that the observed inconsistency in photometric
metallicities for long-period RRab RR Lyrae stars (as described
in Hajdu et al. 2018; Jurcsik et al. 2021; Jurcsik & Hajdu 2023)
is likely present in our dataset. However, for the following rea-
sons, it does not significantly affect the results outlined above.
First, as mentioned in Section 2, the vast majority of our RR Lyrae
dataset have distances determined using near-infrared passbands; 650

therefore, the effect on distance is minimal (see Appendix B
in Prudil et al. 2025). Second, the ratio of the number of pro-
grade and retrograde RR Lyrae stars remains the same even if we
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shift our condition on metallicity towards more metal-poor stars8.
Thus the rotation and spatial distribution are not affected by the
choice of metallicity limit when selecting the two populations.

5.2. RR Lyrae stars and B/P bulge

The bimodality in the distance distribution of the bulge red clump
stars is well-known (McWilliam & Zoccali 2010; Nataf et al.
2010; Wegg & Gerhard 2013; Lim et al. 2021) and is associ-660

ated with the X-shape bulge. It is also understood that metal-poor
([Fe/H]< −0.5 dex) red clump stars do not follow a bimodal dis-
tance distribution (e.g., Ness et al. 2012; Rojas-Arriagada et al.
2014). In simulations, the presence of a B/P-shaped bulge is of-
ten associated with banana-like orbits (Pfenniger & Friedli 1991;
Patsis et al. 2002; Martinez-Valpuesta et al. 2006), together with
other orbital families (e.g., Portail et al. 2015; Abbott et al.
2017).

In this subsection, we use the calculated orbital and spatial
properties to identify RR Lyrae stars that support the B/P-shaped670

bulge. To identify stars on banana-orbits we used the following
condition (similar to the condition in Portail et al. 2015):

1.95 < Ωbar
z /Ωbar

x < 2.05 (10)

where Ωbar
z and Ωbar

x are orbital frequencies in the bar reference
frame. We also follow Portail et al. (2015) in identifying brezel-
orbits as

1.6 < Ωbar
z /Ωbar

x < 1.70 . (11)

In Figure 7 we show the results of our analysis. The top panel
shows how the fraction of stars on banana-orbits changes with
metallicity. We see a monotonic increase in the occurrence of
banana orbits with metallicity with a plateau at the metal-rich tail.
For the metal-rich red clump ([Fe/H] > −0.5 dex) stars in banana680

8 This is due to the reported offset of approximately 0.1 dex
(Jurcsik et al. 2021).
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Fig. 7. Fraction of banana-orbits on metallicity for the APOGEE red
giant (top, yellow circles), BDBS red clump (green pentagons), and
RR Lyrae (blue squares) datasets. The bottom panel shows the distance
distribution of the RR Lyrae dataset. The black histogram denotes the
distances of the bulge RR Lyrae while the blue histogram shows the
double-peaked distribution for RR Lyrae stars with banana orbits. The
pink histogram shows the RR Lyrae with brezel-orbits which also has a
single peak distribution. The uncertainties on individual bins (top panel)
were estimated by varying the [Fe/H] by its errors and estimating the
fraction of banana orbits in each iteration. For the bottom panel, the
uncertainties on each bin represent the Poisson noise.

orbits represent around 16 to 20 % of the total number of orbits,
while for metal-poor RR Lyrae stars ([Fe/H]phot < −1.0 dex)
they constitute only ≈ 12 % of orbits. A likely explanation of
this linear trend is kinematic fractionation (Debattista et al. 2017;
Fragkoudi et al. 2018).

The bottom panel of Figure 7 shows the heliocentric distance
distribution of our RR Lyrae bulge kinematical dataset. As ex-
pected, from previous studies, RR Lyrae stars confined to the
Galactic bulge (black histogram) do not exhibit a double-peaked
distance distribution. The same can be said when we look at the 690

brezel orbits, which display similar single peak distance distri-
butions. When we consider the RR Lyrae stars on banana orbits
however we recover a double-peaked distribution similar to the
one seen for metal-rich red clump stars. One of the reasons why
we generally do not see a double-peaked RR Lyrae distribution
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(whole dataset) is the lower fraction of variables on banana orbits
compared to the metal-rich nonvariables. As shown in Section 5.3
the number of retrograde orbits increases with decreasing metal-
licity and such orbits can dilute the potential B/P-shape of the
Galactic bulge when traced with RR Lyrae stars.700

5.3. Metallicity, age, and 𝑟GC dependence on Ωrot
𝜑

This subsection examines the chemical, age, and spatial proper-
ties of the retrograde stars and stellar particles used in this work.
As seen in Figure 5, the nonvariable giants and RR Lyrae datasets
exhibit different fractions of stars with prograde and retrograde
motion with respect to the MW bar. Here, we further explore this
difference; in particular, we focus on the difference in ratios of
stars with positive and negative Ωrot

𝜑 . It is important to emphasize
here we use only stars (from the observed data) and stellar parti-
cles (rom the simulation) that stay confined within the Galactic710

bulge, that is, with 𝑟apo < 3.5 kpc, as in Sections 3.1 and 4.1.
This means that for the simulation we first selected stars within
𝑟GC = 2 kpc, then obtained their orbits, and finally applied the
condition on apocentric distance. The simulation, after forming
the bar (≈ 3 Gyr), forms an extended nuclear stellar disk that
complicates our analysis due to its kinematic properties. Thus,
in addition to the criterion on 𝑟apo, we decided to also remove
stellar particles with 𝑧max < 0.3 kpc to avoid including stellar
particles associated with this structure. Likewise, our observa-
tional dataset does not cover the MW nuclear stellar disc. The720

minimum in Galactic latitude for our dataset |b | = 2.0 deg, and
the cut for simulation in 𝑧max < 0.3 kpc translates to a similar
restriction in Galactic latitude.

Figure 8 shows a gradual increase in the number of retro-
grade stars with respect to the bar as the metallicity of a star
decreases. Examining the metal-poor end ([Fe/H] < −1.0 dex)
of our observational sample we notice a weak hint of a plateau
around [Fe/H] ≈ −1.5 dex. The increase in stars with prograde
orbits with metallicity agrees well with previous results on gi-
ants toward the Galactic bulge (see, e.g., Arentsen et al. 2020;730

Lucey et al. 2021) and RR Lyrae stars (Kunder et al. 2020). We
recover a similar trend (see the gray line) by performing the bin-
ning process for our simulation but in age. There is an increase
in bar counter-rotating particles (in the bar’s reference frame) in
the older stellar particles as compared to the younger particles
(upper axis).

The gradual transition in the fraction of prograde stars with
metallicity shown in Figure 8 contrasts with the sharper transi-
tion seen in Figure 11 of Marchetti et al. (2024), where a dis-
tinct change in kinematic alignment with the bar is observed740

across metallicity. Their analysis shows a somewhat sharper tran-
sition in metallicity space between a clear and diminished dipole
pattern, using the correlation between Galactic proper motions
as a proxy for rotation. Several factors could explain this dis-
crepancy, including interlopers from other MW substructures,
the broad selection function in our sample, or differences in
how bar-supporting orbits are defined. Additionally, while the
number of red clump stars does decrease significantly below
[Fe/H] −0.5,dex, the dominance of metal-rich stars in bar-like
orbits, evident in the presence of a double red clump and strong750

dipole signature, suggests we might expect a sharper kinematic
break. The smoother trend in our data could be due to the inclu-
sion of overlapping bulge, bar, and inner disk populations that are
not cleanly separated in our orbit-based selection. Notably, in our
Figure 8, the most metal-poor bin (≈ −0.35 dex) for red clump
stars (that come from BDBS, just like data from Marchetti et al.
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Fig. 8. Chemical and orbital properties for the RR Lyrae variable, BDBS
red clump star, and APOGEE red giant datasets together with the results
from the simulation. The figure shows the dependence of the percentage
of retrograde stars as a function of their [Fe/H]. The light blue squares
represent metallicity bins for the RR Lyrae sample. The green pentagons
and yellow circles represent BDBS stars and APOGEE red giants, re-
spectively. The gray line denotes a fraction of retrograde (negative Ωrot

𝜑 )
stellar particles in the simulation as a function of age (upper axis).

2024, study) is significantly higher than the rest of the RR Lyrae
and red giant dataset at similar metallicity.

In Figure 9, we show the dependence of Ωrot
𝜑 on stellar age

and 𝑟GC. The stellar ages were taken for our APOGEE Red Giant 760

dataset, from the astroNN value-added catalog (Mackereth et al.
2019). We again consider only stars on orbits that are confined
to the Galactic bulge. As expected, based on results depicted in
Figure 8, we see an increase of retrograde stars as a function of age
(from ages six to ten Gyr). The simulation reproduces the increase
as a function of time, but not the fraction of retrograde stars. In
the bottom panel of Figure 9 we observe that the fraction of stars
on retrograde orbits increases as we move closer to the Galactic
center. At radii 𝑟GC ≈ 0.5 kpc, the fraction reaches almost 40%
for RR Lyrae variables and 35% for APOGEE red giants. The 770

observed increase at smaller 𝑟GC likely explains the findings in
Kunder et al. (2020) and Olivares Carvajal et al. (2024), where
the more centrally concentrated population of RR Lyrae stars does
not trace the Galactic bar. Our results indicate that the number of
stars with prograde bar-supporting orbits decreases as we move
toward the Galactic center. The same trend is also obtained from
the simulation, where we observe an increase in retrograde stars
for smaller 𝑟GC. We note that for our observational dataset, we
used a running boxcar with size 100 and step 30 to create Figure 9.
In the case of the simulation, we used a box with a size of 1000 780

and a step equal to 350. We also scaled the spatial coordinates for
each stellar particle by a factor of 1.7 (Gough-Kelly et al. 2022)
to calculate 𝑟GC. This scaling was done to facilitate comparison
between the simulation and the observational data since the bar
of the model is smaller than that in the MW. The percent ofΩrot

𝜑 is
considerably higher at 𝑟GC < 0.5 in the observations than in the
simulation. This could potentially indicate that the simulation
is not exactly the MW (e.g., the difference in age of the bar
in the simulation and in the MW) and may also point toward
an additional old, spheroidal classical bulge population at small 790
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Fig. 9. Percentage of stars with negative Ωrot
𝜑 as a function of age (top

panel) and galactocentric spherical radius (bottom panel). The solid gray
line represents the trend obtained from the simulation.

galactocentric radii (as reported in some of the previous studies,
see Rix et al. 2022; Belokurov & Kravtsov 2022).

As shown in Figures 5, 6, 7, and 8 orbital frequencies can
separate stars supporting the bar from those that do not support
the bar. They can also reveal some previously hidden features in
the spatial properties which we explore further in Figure 10 where
we depict the spatial distribution in the Cartesian coordinates
using kernel density estimates for our RR Lyrae bulge dataset.
We split our variable sample into prograde and retrograde based
on the sign of the (Ωrot

𝜑 ). We see that the retrograde RR Lyrae800

population is more centrally concentrated with a somewhat more
circular distribution while prograde RR Lyrae stars have a more
elongated shape. To quantify this difference, we measured the
bar angle for both the prograde and retrograde RR Lyrae groups.
We applied the inertia tensor method, following our previous
work (see Section 6 in Prudil et al. 2025), and selected only
stars located within 0.2 < |𝑍 | < 0.5 kpc. For the prograde and
retrograde populations, we obtained bar angles of 𝜄 = 16 ± 3 deg
and 𝜄 = −5 ± 5 deg, respectively. We note that a smaller value
of 𝑅lim

cyl = 1.2 kpc was used to reduce potential selection effects810

since our kinematic dataset is more spatially constrained and
less numerous. As expected, based on orbital frequencies we can
detect stars that have bar-supporting orbits, and their selection
results in a bar-like feature in their spatial properties.
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Fig. 10. Spatial distribution depicted using the kernel density estimates
of the Cartesian coordinates for our RR Lyrae bulge dataset. Blue and
red contours show the distributions of prograde and retrograde RR Lyrae
stars. The black solid, dashed and dotted lines represent bar angles of
40, 30, and 20 degrees, respectively. The Sun in this perspective would
be at YGal = 0 kpc and XGal = −8.2 kpc.

6. Chaoticity and orbital families of RR Lyrae stars

In this section we examine the orbital frequencies of our dataset,
evaluate their chaoticity (using a parameter describing how
much the orbital frequencies are conserved), and identify as-
sociated orbital families. Orbital frequencies often serve to iden-
tify resonances, distinguish chaotic and regular orbits, and clas- 820

sify orbits into orbital families. We focus only on RR Lyrae
variables that satisfy the condition in Eq. 1 and those which
stay on their orbit within 3.5 kpc (4877 single-mode RR Lyrae
stars). This dataset covers Jacobi integrals, 𝐸J, in the interval
𝐸J = (−2.6,−1.6)/105 [km2 s−2].

To determine whether an orbit is chaotic or regular, we em-
ploy two approaches. The first one is based on frequency drift
(log10 ΔΩ, also known as frequency diffusion rate, Laskar 1993;
Valluri et al. 2010). The frequency drift is defined as the maxi-
mum difference in frequencies: 830

log10 ΔΩ = log10

(
max

����Ω𝑖 (𝑡2) −Ω𝑖 (𝑡1)
Ω𝑖 (𝑡1)

����
𝑖=1,2,3

)
, (12)

where 𝑡1 and 𝑡2 represent two equal segments of the orbit time
interval, andΩ𝑖 represents the three frequencies in cylindrical co-
ordinates. For regular orbits, ΔΩ is nearly zero, as regular orbits
conserve frequencies, while chaotic orbits exhibit larger ΔΩ val-
ues (0.1 and higher). Our second metric of orbit chaoticity is the
Lyapunov exponent (Λ, Lyapunov 1992). The Lyapunov exponent
measures the sensitivity of orbits to initial conditions by quanti-
fying the rate of exponential separation of initially close trajec-
tories. A higher Lyapunov exponent indicates chaotic behavior
of orbits, while lower values suggest more regular behavior. We 840

estimated the Lyapunov exponent using the implementation in
AGAMA (Vasiliev 2013).

In Figure 11, we display the estimated chaoticity and regular-
ity properties of the RR Lyrae stars. We particularly investigate
the differences in periodicity between prograde and retrograde
orbits. Using both metrics—frequency drift and the Lyapunov
exponent—we find that the distributions of both orbital groups
overlap reasonably well. This indicates that orbits in both groups
appear to be similarly chaotic or regular and that retrograde orbits
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Fig. 11. Distribution (left panels) and cumulative distribution functions
(right panels) of the frequency drift (top panels) and Lyapunov exponent
(bottom panels) for retrograde (red lines) and prograde (blue lines)
RR Lyrae stars. The vertical black lines in the upper panels denote our
separation between chaotic and regular orbits (see Eq. 13).

seem to form a somewhat stable structure in the central part of850

the Galactic bulge.

6.1. Orbital families. The Cartesian coordinate system

Initially, we utilized the combination of fundamental frequencies
(time derivatives of the angle variables) in the Cartesian coordi-
nate system (in a bar-rotating frame) to generate frequency maps
and automatically identify resonant orbits within our dataset. In
frequency maps, resonant orbits are not distributed randomly in
the plane, but group together along resonance lines that satisfy
the resonant condition 𝑘1Ω1 + 𝑘2Ω2 + 𝑘3Ω3 = 0 (applicable to
both Cartesian and cylindrical coordinates), where the vector860

𝑘 = (𝑘1, 𝑘2, 𝑘3) consists of integers. By examining frequency
maps (or frequency ratios), we can discern the majority of orbital
families (e.g., Portail et al. 2015; Valluri et al. 2016) associated
with various resonances. For simplicity, we classify them into
two main groups: tube and box orbits. Tube orbits rotate around
the long (𝑥, bar is oriented along the x-axis), intermediate (𝑦)9,
or short (𝑧) axes. Conversely, box orbits are mostly nonresonant,
and do not have a definite sense of rotation.

In Figure 12, we present a frequency map for our RR Lyrae
bulge dataset. A notable observation is the clustering along the870

short axis 𝑧-tubes (diagonal line) and a significant concentration
above the 𝑧-tube resonance. Furthermore, we observe a high
density of stars with negative azimuthal frequency, Ωrot

𝜑 , near
frequency ratios close to one (Ωbar

𝑥 /Ωbar
𝑧 ≈ 1.0 and Ωbar

𝑦 /Ωbar
𝑧 ≈

1.0). The green area marked in Fig. 12 contains orbits exhibiting
mainly chaotic behavior.

Among the most populated groups exhibiting prograde mo-
tion in the bar frame are the so-called banana orbits, situated at
Ωbar

𝑥 /Ωbar
𝑧 = 0.5. Additionally, the fish-orbits at Ωbar

𝑥 /Ωbar
𝑧 = 2/3,

and the brezel-orbits (Ωbar
𝑥 /Ωbar

𝑧 = 3/5, see Portail et al. 2015,880

and condition in Eq. 11) are also present (although in low num-
bers), exhibiting characteristics of both box and tube (𝑧-tube)
orbits.

9 Note that the intermediate, 𝑦-axis, tubes are unstable and may not
exist (Adams et al. 2007).
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Fig. 12. Frequency map illustrating fundamental frequencies in the
Cartesian coordinate system and bar-rotating reference frame for our
RR Lyrae dataset. The color-coding is used to represent positive and
negative values of Ωrot

𝜑 . Major orbital families are labeled and delin-
eated with dotted lines. Additionally, dashed green lines highlight a
region above the 𝑧-tube resonance. In the inset, we present the distri-
bution of Ωbar
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𝑧 using the same vertical dotted gray lines as in the

main panel.

Conversely, there are few to no orbits at Ωbar
𝑥 /Ωbar

𝑧 = 3/4, as
well as other orbits such as Ωbar

𝑥 /Ωbar
𝑧 = 4/5 and Ωbar

𝑥 /Ωbar
𝑧 =

5/6. A small proportion of the remaining prograde variables fall
within the region Ωbar

𝑥 /Ωbar
𝑧 ' 1.0 and Ωbar

𝑦 /Ωbar
𝑧 ' 1.0, where

they can be classified as 𝑧-tubes of the x2 orbital family (e.g.,
Contopoulos & Papayannopoulos 1980). This region also hosts
the majority of retrograde RR Lyrae stars, which are centered 890

around Ωbar
𝑥 /Ωbar

𝑧 = 1.0 and Ωbar
𝑦 /Ωbar

𝑧 = 1.0, at the intersection
of 𝑧-tube and 𝑥-tube resonances.

6.2. Orbital families. The cylindrical coordinate system

In this subsection, we further explore the association with orbital
families based on the frequency maps. We adopt a framework
similar to that of Beraldo e Silva et al. (2023) and concentrate on
the cylindrical coordinate system in the inertial reference frame.
Additionally, we closely examine the orbital shapes associated
with various regions of the frequency map, primarily displaying
those orbits that exhibit regular behavior (nonchaotic; see the 900

condition in Eq. 13).

6.2.1. Prograde stars

In Figure 13, we show a frequency map for prograde (in the
bar reference frame) RR Lyrae confined to the Galactic bulge
in the cylindrical coordinate system and insets depicting orbits,
fulfilling the following condition (Valluri et al. 2016):

logΔΩ < −1.0 . (13)

Orbits that fulfill this condition are considered regular. For in-
terested readers, we include two additional Figures (Figure D.3
and Figure D.4) with insets depicting different orbital planes in
the Appendix D. We divided the frequency map into eight re- 910

gions and examined the orbits in each selected sector. The level
of chaoticity in individual sectors is listed in Table 2. For orbits in
each sector, we also estimated the flattening of nonchaotic orbits,
which we refer to as circularity in this study. The circularity was
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estimated as a ratio of the minimum and maximum eigenvalue
calculated from each region’s covariance matrix of the ensemble
of orbits coordinates (e.g., in Figure 13 for coordinates X and Y).
From the circularity we see that orbits in nearly all eight sectors
have mostly elongated shapes supporting the bar-like morphol-
ogy.920

In Figure 13, regions 2, 3, and 4 correspond to the inner
Lindblad resonance (ILR), the vertical inner Lindblad resonance
cloud (vILR cloud, Beraldo e Silva et al. 2023) and the vILR.
These regions are densely populated by RR Lyrae variables and
overlap with the green area indicated in Figure 12. Sectors 3
and 5, along with regions 2 and 4, have the highest star counts
among all regions and contribute to the boxy-peanut shape of the
RR Lyrae variables (see Figure D.3). In addition, regions 2 and 3
are occupied by stars with the lowest 𝐸J (confined to the central
regions) and 𝐿𝑧 among the prograde stars.930

From the insets we notice that regions 4, 5, 6, 7, and 8 do not
contribute significantly to the Galaxy’s central region, suggesting
their association with 𝑧-tube orbits, which are located in the 𝑥–𝑦
plane and revolve around the 𝑧-axis. This classification is further
confirmed when examining the net angular momentum in the 𝑧
direction (𝐿𝑧), which 𝑧-tube orbits have (see Figure D.2 in the
Appendix). In contrast, variables in regions 1 and 2 display lower
chaoticity; interestingly region 2 exhibits a bar-like shape in its
face-on projection, while a box-like shape is evident in its side-on
projection (see Figure D.3).940

6.2.2. Retrograde stars

Figure 14 presents the same frequency map as depicted in Fig-
ure 13, but for retrograde RR Lyrae stars. We have partitioned
the frequency space into six regions and displayed regular orbits
(based on condition in Eq. 13) of each sector in the accompa-
nying insets (in a face-on projection). For side-on and end-on
projections of these retrograde RR Lyrae orbits, see Figures D.5
and D.6. In general, stars (both variable and nonvariable) with
retrograde orbits have on average lower 𝐸J and |𝐿𝑧 | than their
prograde counterparts, meaning that they are more tightly bound950

to the innermost regions of the Galactic bulge.
A significant difference in the shape of the retrograde orbits

compared to the prograde ones is immediately evident. Retro-
grade RR Lyrae orbits exhibit a rounder shape, whereas their
prograde counterparts predominantly display x-axis elongated
orbits (looking at the circularity in subplots of Figures 14 and 13).
The same applies if we look at the other orbital projections (side-
on and end-on) depicted in the Appendix (see Figures D.3, D.4,
D.5, and D.6). The spatial distribution of retrograde orbits is more
spheroidal while prograde orbits show more ellipsoidal shapes.960

We again use the angular momenta (see Figure D.7 in the
Appendix) of regular orbits to classify individual sectors into
some of the orbital families. Stars in regions 1, 5, and 6 exhibit a
median nonzero angular momentum in the 𝑧 direction, indicating
that they predominantly follow 𝑧-tube orbits. The orbits in the
two most numerous and chaotic sectors (3 and 4) are challenging
to classify; however, we note that sector 3 shows some net angular
momenta in the 𝑧 direction. Conversely, sectors 1 and 2 display
median net angular momenta in the 𝑥 direction, and coupled with
the shape of their orbits, we suggest their classification as 𝑥-tube970

orbits (see insets in Figure D.6).
Expanding on the discussion of chaoticity among retrograde

and prograde stars (displayed in Figure 11), the degree of regular-
ity among retrograde RR Lyrae stars appears to be comparable (in
median) to that of the prograde moving bulge RR Lyrae variables.
For instance, out of the 3429 RR Lyrae stars depicted in the main

panel of Figure 13, 52 % have logΔΩ < −1.0. Conversely, in the
frequency map of retrograde RR Lyrae variables (Figure 14), we
observed 61 % of objects fulfilling the aforementioned condition
(out of 1374 stars). 980

As a summary Table 2 lists the median chaoticity values for
each region for RR Lyrae and nonvariable datasets. We note the
similar frequency of regular orbits for the prograde red giants as
for the prograde RR Lyrae variables. The same can also be said
about median values of frequency drift and Lyapunov exponent.
The only exception seems to be region 8 where RR Lyrae stars
appear more chaotic than red giants, but for still the majority of
variables in this area show regular orbits.

Figure 13 and 14 show that RR Lyrae stars on retrograde
orbits are more abundant in the innermost regions of the Galactic 990

bulge and although metal-poor RR Lyrae stars have a higher ten-
dency to be retrograde, metal-rich stars on retrograde orbits are
also present. A population of retrograde stars with high eccen-
tricities can give rise to different features that have been observed
previously and attributed to a classical bulge, as discussed more
in Section 8.

7. Temporal evolution of the orbits in the
simulation

In the previous sections, we confirmed that the older, metal-poor
population lags in rotation compared to the younger, metal-rich 1000

counterpart (both for variable and nonvariable stars). We also
showed that the rotation curve of metal-poor stars can be re-
covered using orbital frequencies (see Section 5.1). There seems
to be a nearly monotonic progression where, as we move from
metal-rich to metal-poor stars, the fraction of stars on retrograde
orbits (in the bar reference frame) increases. This trend is also
recovered when we use stellar ages for our Red Giant dataset.
The fraction of retrograde stars increases as we move toward the
Galactic center. Similar trends are also observed in the simula-
tion, particularly for the spatial distribution, where we find a good 1010

match between RR Lyrae stars and stellar particles of all ages. In
the case of RR Lyrae stars, the retrograde orbits seem to be as
regular (nonchaotic) as the prograde orbits. Therefore, they can
be considered as a spheroidal structure within the Galactic bulge.
Since this structure with similar trends in spatial properties and
metallicity is also observed in the simulation, we believe it has
a secular origin. A secular origin in this context means an in-
ternal formation since our simulated galaxy evolved without any
accretion event.

The emergence of the retrograde population (in the iner- 1020

tial frame) in this simulation has been previously explored by
Fiteni et al. (2021, their model M3_nc_b). They found that ap-
proximately 15 % of stellar particles within the inner 4 kpc of the
simulation have retrograde orbits (based on angular momenta,
𝐿𝑧), and they associate their origin with the bar. All of the retro-
grade stellar particles in their study for this simulation are found
within 4 kpc, and their number increases with time as the bar
grows.

In the following, we study the evolution of orbital frequen-
cies as a function of stellar ages (as a proxy for metallicity) by 1030

looking at the individual snapshots of the simulation. We use
different strategies to analyze the simulation, going beyond that
in Sections 4.1 and 5.3. We start by using all stellar particles
from a snapshot at 10 Gyr and follow the approach described in
Gough-Kelly et al. (2022) to align the simulation with the MW.
We adjust its spatial properties by a factor of 1.7 and velocities
by a factor of 0.48 to match the bar and bulge characteristics.
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Fig. 13. Frequency map showing fundamental frequencies in cylindrical coordinates for prograde RR Lyrae stars in the Galactic bulge dataset.
The insets present 2D density maps of the face-on projection (with power-law normalization) of nonchaotic (logΔΩ < −1.0) orbits in a rotating
reference frame for eight selected regions, with high density depicted in blue and low density in red. The insets for each region (marked in the right
bottom corner) also contain an estimate of circularity for nonchaotic orbits (bottom left corner) of a given region and the percentage of stars (both
with chaotic and periodic orbits) in a given region to the total prograde sample (top left corner). Two significant resonances are identified: the inner
Lindblad resonance and the vertical inner Lindblad resonance.

Additionally, we rotate the stellar particles by 27 degrees around
the 𝑧-axis to replicate the tilt of the MW bar as estimated by
Wegg & Gerhard (2013). Employing coordinate transformation1040

routines implemented in galpy (Bovy 2015), we position the
observer at 𝑋GC = −8.2 kpc and transform the coordinates and
velocities of the stellar particles to Galactic coordinates, dis-
tances, and galactocentric velocity 𝑣GV. This scaled simulation
enables us to select stellar particles with orbital information that
approximately matches the footprint of our observational dataset.

We proceed as in Section 4.1 to obtain orbital properties and
frequencies of randomly selected stellar particles located within

galactocentric radius of 2 kpc. The 2 kpc is the prescaled value
equivalent to 3.5 kpc in the MW. The key difference is that now 1050

we divide the stellar particles based on their ages into two groups.
The first group includes the oldest particles in the simulation born
within the first Gyr, while the second group has the younger com-
ponent born between 4-5 Gyr later. Each group has 100k stellar
particles and they map distinct stages in the formation history
of the simulated galaxy. The first group forms before the forma-
tion of a bar (the bar forms between 2-4 Gyr), and the second
group after the bar has formed. For the simulation snapshots at
10, 9, 8, 7, 6, and 5 Gyr we repeated the approach outlined in Sec-
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Table 2. Estimated level of chaoticity and circularity for eight prograde sectors, marked in the frequency map depicted in Figure 13, and for six
retrograde regions (Figure 14).

Prograde RR Lyrae ★ Prograde Red giant ★

Reg. N. ★ �log10 (ΔΩ) Λ̃ % of reg. Circ𝑦𝑥 Circ𝑧𝑥 Circ𝑧𝑦 N. ★ �log10 (ΔΩ) Λ̃ % of reg. Circ𝑦𝑥 Circ𝑧𝑥 Circ𝑧𝑦
1 34 −1.26 0.16 52.9 0.487 0.486 0.237 20 −0.75 0.22 45.0 0.565 0.460 0.260
2 389 −1.07 0.28 53.5 0.231 0.374 0.619 489 −1.20 0.26 57.5 0.189 0.307 0.615
3 1239 −1.04 0.35 52.6 0.761 0.455 0.598 1546 −1.06 0.35 54.5 0.740 0.430 0.582
4 406 −1.08 0.33 56.9 0.682 0.267 0.391 587 −1.06 0.33 56.6 0.653 0.282 0.432
5 754 −0.95 0.40 44.3 0.720 0.261 0.362 1017 −0.96 0.40 46.7 0.640 0.212 0.331
6 139 −1.95 0.13 73.4 0.130 0.157 0.823 290 −2.15 0.11 74.8 0.122 0.134 0.913
7 37 −1.67 0.19 70.3 0.129 0.086 0.668 136 −1.66 0.19 84.6 0.125 0.086 0.685
8 38 −1.06 0.28 60.5 0.516 0.093 0.181 93 −1.23 0.25 64.5 0.408 0.069 0.168

Retrograde RR Lyrae ★ Retrograde Red giant ★

Reg. N. ★ �log10 (ΔΩ) Λ̃ % of reg. Circ𝑦𝑥 Circ𝑧𝑥 Circ𝑧𝑦 N. ★ �log10 (ΔΩ) Λ̃ % of reg. Circ𝑦𝑥 Circ𝑧𝑥 Circ𝑧𝑦
1 45 −1.41 0.34 62.2 0.936 0.492 0.494 17 −0.59 0.37 41.2 0.976 0.483 0.494
2 152 −2.62 0.22 90.8 0.588 0.556 0.866 96 −2.55 0.20 87.5 0.582 0.469 0.866
3 358 −1.03 0.44 52.2 0.914 0.771 0.826 214 −0.89 0.44 44.9 0.922 0.755 0.822
4 295 −1.01 0.41 50.2 0.845 0.583 0.648 255 −0.92 0.41 43.5 0.830 0.538 0.649
5 119 −1.26 0.30 65.5 0.730 0.796 0.670 69 −1.13 0.28 56.5 0.712 0.650 0.670
6 162 −2.37 0.06 75.3 0.911 0.232 0.223 154 −1.96 0.09 77.9 0.924 0.231 0.213

Notes. The first two columns list the sector and number of RR Lyrae variables in each sector. The third and fourth columns represent the median
values for the frequency drift and the Lyapunov exponent in a given region. The fifth column contains a fraction of RR Lyrae pulsators with regular
orbits (based on log10ΔΩ < −1). Columns 6, 7, and 8 list circularity values for different coordinate projections. The subsequent columns list the
same parameters, but for red giants.

tion 4.1: we center our simulation using PYNBODY, calculated the1060

pattern speed using the method of Dehnen et al. (2023). We align
the bar in our snapshots with the x-axis. We created an analytic
potential from each snapshot using AGAMA and integrated orbits
for the same stellar particles in each group across snapshots. Here
it is important to emphasize that we used the unrescaled model
for creating the analytical potential and for the orbit integration.
Using this approach, we obtained kinematic properties for the
selected stellar particles across multiple snapshots to examine
where particles change from prograde to retrograde motion.

7.1. Evolution of bulge stellar particles in frequency maps1070

To better understand how stellar particles turn from prograde to
retrograde motion in the bar reference frame, we must first exam-
ine how they evolve in frequency space. In principle stellar parti-
cles can turn retrograde, for example, due to a change in pattern
speed (as the bar slows down) or due to chaoticity of their orbit.
Groundwork on this front has been done by Beraldo e Silva et al.
(2023) and is depicted with colored arrows in Figure 13. While
Beraldo e Silva et al. (2023) investigated the orbital evolution of
particles selected in the shoulder region, that is at the ends of the
bar, here we focus on the central parts of the simulation. We use1080

the first group of stellar particles that were born in the first Gyr
of the simulation, before the bar’s formation and do not impose
any cut or selection on their distribution.

Figure 15 shows the evolution of orbital frequencies for stellar
particles from 5 to 10 Gyr, for the prograde stellar particles ((Ω𝜑−
ΩP)/ΩR > 0). We selected a group of prograde stellar particles
around the Ω𝑧/ΩR ≈ 1.0 resonance at 5 Gyr, and traced them
throughout the remaining snapshots. This group was selected
due to their clear separation from the rest. From this Figure,
we see that as the potential evolves, stellar particles move mainly1090

through the vILR to the vILR cloud, and from there, they progress

mainly in two directions. A small portion of stellar particles end
up in the resonance at Ωz/ΩR = 0.5, while the majority clumps
at the ILR. The number of stellar particles at the aforementioned
resonances doubles between snapshots at 5 and 10 Gyr, going
from 1.5 to 2.9 % at Ωz/ΩR = 0.5, and from 19.7 to 43.0 % at
the ILR (using the same boundaries as in Figure 13). In the last
snapshot, the vILR cloud is depopulated and the vast majority
of stellar particles are at the ILR or above it. Looking at the
evolution for stellar particles that remain prograde throughout 1100

the six snapshots the evolution in the frequency map is mainly
driven by the decrease of ΩR (preferentially) and Ω𝜑 although
we note that (Ω𝜑 −ΩP) together with Ωz remain nearly constant.

The frequency map for the retrograde stellar particles can be
seen in Figure 16. Looking at the stellar particles that remain
retrograde between 5 and 10 Gyr, we see an increase in Ω𝜑 and
Ωz (preferentially). This increase shifts the distribution slightly
upwards and toward the right (higher (Ω𝜑−ΩP)/ΩR andΩz/ΩR)
as the potential evolves. On the other hand ΩR does not change
significantly over the six snapshots. Unlike in the prograde case, 1110

(Ω𝜑 − ΩP) still increases between consecutive snapshots. We
note that the particles that remain retrograde throughout the six
snapshots are a minority among the total sample (around one
percent), and retrograde dataset (seven percent).

To better compare simulation frequency space with our obser-
vational dataset we tested how the frequency maps change if we
impose the following criteria on orbital properties and Galactic
coordinates (to mimic the spatial properties of our observational
datasets). We perform the following set of cuts at the 10 Gyr
timestep of the simulation: 1120

|l | < 9◦ ∩ 𝑟apo < 2 kpc ∩ 2◦ < |b | < 6◦ ∩ |𝑧max | > 0.3 kpc.
(14)

These cuts reduced our dataset from 100000 to 34682 stellar par-
ticles. The condition on the maximum value of 𝑟apo was used to
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Fig. 14. Same as Figure 13, but for retrograde RR Lyrae stars with insets (face-on projection) showing 2D density maps of mostly stable orbits
(with log(ΔΩ) < −1).

select only those stars that stay within the bulge (similar to our
condition on the observational dataset). In addition, the simula-
tion has a massive nuclear stellar disk, and by applying the cut on
𝑧max we remove all stellar particles associated with this structure.
The two remaining criteria on the Galactic coordinates matched
stellar particles to our observational footprint. These cuts on the
stellar particle distribution do not change our conclusions from
the entire dataset.1130

7.2. Stellar particles before they become retrograde

Using the above-mentioned approach we study the kinematic
properties of stellar particles before and after they become ret-
rograde. We focus again on the oldest stellar particles10 in our
simulation that were formed before the bar. We look at the per-
centage of retrograde stellar particles across snapshots from 5 to
10 Gyr, and find a fairly stable value of 20± 1 % across six snap-

10 Since the fraction of the retrograde stellar particles is the highest
among this age group.

shots. If we apply the condition in Eq. 14 to this dataset we get
18±1 % of particles. Only one percent of the total dataset (seven
percent of the retrograde particles) remains retrograde through- 1140

out six snapshots, while more than 44 remains prograde. Thus,
the remaining 55 % of stellar particles during the six snapshots
are retrograde at least once. To be specific, in the six analyzed
snapshots, 26 % of stellar particles turn retrograde once, 13 %
are retrograde twice, seven percent thrice, six percent four times,
and three percent five times. Therefore, we see that the retrograde
motion of stellar particles in our six snapshots is mainly tempo-
rary, and only a negligible subset remains retrograde long-term.
This is expected since 𝐿z is not conserved, resulting in particles
(and stars) oscillating between retrograde and prograde motion 1150

(in bar reference frame).

We examine the stellar particles in the frequency maps, and
by looking at how their angular momentum and Jacobi energy
change throughout the analyzed snapshots. We focus on how
these two parameters varied during the prograde and retrograde
parts of their orbits. To discern between individual stellar parti-
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Fig. 15. Frequency maps for the same prograde stellar particles in six
simulation snapshots. As in Figure 13, we depict two main resonances
with dashed lines. The red dots represent stellar particles at resonance
around Ω𝑧/ΩR ≈ 1.0 (at 5 Gyr), that we trace to 10 Gyr.

cles we decided to group them based on their prograde/retrograde
preference. We used the following nomenclature to classify pro-
grade/retrograde changes into sets; if a stellar particle was pro-
grade in three consecutive snapshots we marked it as PPP (three1160

positive Ωrot
𝜑 values). If during the second snapshot, stellar parti-

cles became retrograde and in the third it became prograde again
we denoted them as PRP. Correspondingly stellar particles that
were retrograde in three successive snapshots were marked as
RRR. To expand on this, if a stellar particle oscillated between be-
ing prograde and retrograde we used marks PRPRPR and RPRPRP
where the particles in odd and even snapshots switched between
prograde and retrograde orbits.

Using the frequency maps and locations of important res-
onances, particularly the ILR (see Figure 13 for region 2), we1170

looked at the positions of stellar particles right before they be-
came retrograde. These particles, just like the entire population,
follow the progression outlined in the previous subsection (see
Section 7.1). As the simulation evolves they move from the vILR
cloud upward toward the ILR. In Figure 17 we show the evolu-
tion in frequency maps for stellar particles that oscillate between
prograde and retrograde orbits during six simulation snapshots
(marked as PRPRPR). This subgroup represents only a small frac-
tion (below one percent of the total sample) of the total sample
but can serve as a good example of the evolution during pro-1180

grade/retrograde evolution of the same particles. Its evolution in
the frequency maps matches well the entire dataset. In Figure 17
we see that the stellar particles do not return to the same frequen-
cies after being prograde/retrograde but they evolve with the rest
of the potential toward the ILR.
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Fig. 16. Same as Figure 15, but for retrograde stellar particles (black
dots). The green region points to the initial space of the traced particles
(green points).

As the stellar particles oscillate between prograde and ret-
rograde, their 𝐿𝑧 and Jacobi energy change. This is depicted in
Figure 18 using median values of both quantities for various par-
ticle sets (e.g., PPP, PRP, etc.). As the potential evolves the Jacobi
energy of stellar particles predictably decreases as particles sink 1190

deeper in the potential. This applies across all particle sets, re-
gardless of their prograde/retrograde preference. Regarding the
angular momentum, the situation is quite different. In the case of
stellar particles that remain prograde in at least three snapshots
(PPP), we detect in the first three snapshots a small decrease in
angular momentum, that subsequently starts to increase as stellar
particles pass through the ILR (their (Ωini

𝜑 −ΩP)/ΩR increases).
Stellar particles that oscillate between prograde and retrograde
orbits during three snapshots (PRP) experience first the loss (turn-
ing from prograde to retrograde) and then an increase (turning 1200

from retrograde to prograde) of angular momentum. The same
can be said about stellar particles that during the analyzed snap-
shots constantly oscillate between prograde and retrograde orbits
(PRPRPR) as they repeatedly lose and gain angular momentum.
The RRR stellar particles that remain retrograde throughout three
consecutive snapshots continue losing angular momentum.

Furthermore, stellar particles that remained on retrograde
orbits (RRRRRR) in all analyzed snapshots are by definition pref-
erentially located at the negative end of the angular momentum
distribution and with nearly the lowest Jacobi energies. The same 1210

applies also for snapshots before bar formation, where theRRRRRR
set had one of the lowest values for angular momentum and Ja-
cobi energy. We note that the RRRRRR set is only a minority
(around one percent of the total sample, and seven percent of the
retrograde dataset) among the analyzed stellar particles.
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Fig. 17. Frequency maps for stellar particles that oscillate between pro-
grade and retrograde orbits with respect to the bar during six analyzed
snapshots. In the top panel, we see a frequency map similar to the one in
Figure 13 with blue circles (snapshot at 5 Gyr), green squares (snapshot
at 7 Gyr) and red triangles (snapshot at 9 Gyr). The bottom panel depicts
frequency maps like the one in Figure 14, with purple circles (snapshot at
6 Gyr), brown squares (snapshot at 8 Gyr), and pink triangles (snapshots
at 10 Gyr).

Based on Figures 15 and 17 stellar particles evolve toward the
ILR. Thus, stellar particles start losing angular momentum (in the
𝑧-direction). As the bar loses angular momentum (to the dark mat-
ter halo, e.g., Debattista & Sellwood 1998; Athanassoula 2003)
it will grow stronger and slow down (its pattern speed will de-1220

crease). We see that when a particle turns from prograde to retro-
grade between two consecutive snapshots, its angular momentum
decreases. Inversely, stellar particles that turn from retrograde to
prograde orbits gain angular momentum.

7.3. Younger trapped population

Here, we examine the evolution of stellar particles born between
4 and 5 Gyr. These particles were formed after the bar formed in
the simulation. To accurately examine this younger dataset, we
impose the conditions in Eq. 14 on all the analyses listed in this
subsection, to exclude the nuclear stellar disk.1230

In Section 7.1, we examined how the oldest stellar particles
evolved in frequency space. We found that they move mainly
through the vILR to the vILR cloud and from there upward to
the ILR. Stellar particles born after the formation of the bar
move slightly differently. Unlike the oldest stellar particles, the
younger objects populate the warm ILR (1.0 < Ωz/ΩR < 1.5,
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Fig. 18. Variation in angular momentum (in the inertial frame, top panel)
and Jacobi integral (bottom panel) for various sets of prograde/retrograde
stellar particles. The individual lines represent variations of median
values of quantities as mentioned across six simulation snapshots. Four
different sets of stellar particles are depicted here. Particles that keep
their prograde or retrograde orbit (marked as PPP and RRR with dotted
lines), and those that oscillate between prograde and retrograde direction
(denoted as PRP and PRPRPR with solid and dashed lines).

Beraldo e Silva et al. 2023), and from there they move leftward
with decreasing Ωz/ΩR (see top panels of Figure 19).

The bottom panels of Figure 19 illustrate the evolution of
retrograde stellar particles across six snapshots. In these panels, 1240

we present the entire datasets with dotted lines (without apply-
ing the condition in Eq. 14) and a subsample resembling our
observational dataset with solid lines (applying the spatial con-
dition in Eq. 14). Initially, the younger population (green color)
exhibits a significant retrograde fraction (Ωini

𝜑 < ΩP) and then
gets trapped (with Ωini

𝜑 > ΩP) and aligns with the bar. Compar-
ing the solid and dotted lines highlights the substantial impact of
applying the condition from Eq. 14. Conversely, the overall trend
remains consistent: after a few gigayears, the ratio of retrograde
younger stellar particles stabilizes with the average percentage 1250

of retrograde stellar particles across snapshots from 7 to 10 gi-
gayears equal to 6 ± 1 %. We note that this number is related to
the sample where the condition of Eq. 14 was applied. The older
population (blue color) maintains a relatively constant number of
retrograde stars, unaffected by whether conditions replicating our
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Fig. 19. Frequency maps (top panels) and the fraction of retrograde
stellar particles (bottom panels) of different ages in several snapshots.
The top panels display the distribution of younger stellar particles in
frequency maps for two different snapshots. Three groups of stellar
particles are selected colored brown, pink and black and brown, in the
initial snapshot (left panel, at 5 Gyr) and traced in the following snapshot
(right panel at 6 Gyr). Similar to Figure 15, the two main resonances
are marked with dashed lines. The bottom panels show the fraction
of retrograde stars within the total sample (left bottom panel) and the
fraction split by formation age within the retrograde category (for a
given snapshot) alone (right bottom panel). The solid lines represent
analyses conducted on the dataset where the condition in Eq. 14 was
applied, while the dotted lines represent the entire dataset. The blue,
red, and green lines represent the oldest (age 9 − 10 Gyr), intermediate
(age 8−9 Gyr), and youngest (age 5−6 Gyr) stellar particles, respectively.

observational footprint are applied or not. Considering both age
groups collectively, the ratio of retrograde stars stabilizes around
7 Gyr (approximately 3 Gyr after the bar formed) and remains
nearly constant throughout the remainder of the simulation.

In addition to the previously mentioned two populations we1260

also included stellar particles that formed between 1 to 2 Gyr,
that is, before the bar but after the oldest population formed a
disk. This intermediate-age population shows a similar trend to
the oldest stellar particles with a rather stable retrograde fraction
in the bulge. On the other hand, the ratio of retrograde vs. pro-
grade stellar particles is lower than for the oldest population, and
percentage-wise, the oldest stellar population still dominates the
retrograde distribution.

8. Discussion

The analysis of the 𝑁-body+SPH simulation suggests that the1270

origin of retrograde stars in our observational dataset could be
a natural progression of the MW bar evolution, particularly the
bar’s slow-down and growth. A fraction of retrograde stars in
our dataset likely had retrograde orbits (in the inertial frame)
even before the bar formed (similar to the finding by Fiteni et al.
2021). Based on their energies and angular momentum, these
stars have been part of the central regions (or the bulge) from the
very beginning. This may reflect the fact that more centrally con-
centrated stars, formed from lower angular momentum material,
require smaller torques to reverse the direction of their angular1280

momentum vector. After the bar forms, the majority of retrograde
stars oscillate between prograde and retrograde orbits.

In the simulation, the percentage of retrograde stars of a
given age varies strongly only after the bar forms for the initial
3 Gyr, and then stabilizes. Assuming that the MW bar is at least
6 Gyr old (e.g., Sanders et al. 2024) then Figure 8 reflects a trend
over the past few gigayears. The metal-rich RR Lyrae variables
([Fe/H]phot > −1.0 dex) are probably slightly younger (by 1 -
2 Gyr) and likely initially had more angular momentum com-
pared to the metal-poor RR Lyrae stars (commonly assumed age 1290

≈ 12 Gyr). This is in contrast with Savino et al. (2020) and high-
lights the need for a full understanding of the RR Lyrae formation
channels. To further strengthen our assumption we need spectro-
scopically measured [𝛼/Fe] abundances. In the case, where the
metal-rich RR Lyrae stars are 𝛼-poor, they are likely slightly
younger than their metal-poor counterparts. If they turn out to be
𝛼-rich, then they would be likely very old (low-mass) RR Lyrae
stars.

The results presented here, particularly those in Sections 4,
5, and 6, depend on the selected analytical potential for the MW 1300

and its properties. The chosen MW potential affects the number
of identified interlopers (e.g., depending on selection criteria and
total mass of the potential), but we would not expect this to
change our results significantly. However, a significant impact on
the results would be selecting an unbarred potential for the MW
(e.g., MWPotential2014 or McMillan potentials Bovy 2015;
McMillan 2017, as used in some previous studies). By using an
axisymmetric analytical potential, we would not observe the bulk
structure in 𝑧max vs. 𝑟apo plane (see Figure 5). In our case, with a
rotating barred potential, the bar properties significantly affect the 1310

orbits and estimated frequencies. In Appendix C, we address the
dependence of the results presented here on the different values
of the bar’s pattern speed.

The effect of uncertainties in the orbital parameters and fre-
quencies examined here has a negligible impact on the presented
results. The orbital frequencies are generally significant, and
since we focus exclusively on bulge stars, our condition on the
apocentric distance (𝑟apo < 3.5 kpc) primarily excludes stars with
smallΩrot

𝜑 ≈ 0. This results in only a minimal chance of misclassi-
fying a star as prograde or retrograde (in the bar reference frame). 1320

The bulk structure in the 𝑧max vs. 𝑟apo plane remains clearly visi-
ble even when we select only stars with high significance in the
aforementioned orbital parameters.

We note that, in the following discussion, we do not ad-
dress recent studies of the central Milky Way and some of
its spheroidal features, as discussed in Rix et al. (2022, 2024);
Belokurov & Kravtsov (2022). The connection between our
dataset and the findings of these studies will be explored in a
forthcoming paper.

8.1. Secular spherical bulge 1330

Recent spatial and kinematical studies focusing on the Galac-
tic bulge’s stellar content reveal a prevailing dichotomy between
the metal-poor ([Fe/H] . −0.5 dex in metallicity) and metal-rich
(approximately > −0.5 dex in metallicity) populations. Metal-
poor bulge stars exhibit a more spheroidal spatial distribution
with slower rotation, while metal-rich stars predominantly sup-
port a barred boxy-peanut bulge spatial distribution and rota-
tion curve (e.g., Zoccali et al. 2017; Rojas-Arriagada et al. 2020;
Kunder et al. 2020; Arentsen et al. 2020; Queiroz et al. 2021;
Lim et al. 2021; Ardern-Arentsen et al. 2024). The aforemen- 1340

tioned studies sometimes invoked the composite morphology of
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the MW bulge with both boxy-peanut and classical (product of
mergers) components.

Starting from the metal-poor end, Figure 8 shows that the
most metal-poor ([Fe/H]< −1.0 dex) stars residing in the Galactic
bulge have a high percentage of counter-rotating orbits (≈ 30 %).
These objects mostly have boxy orbits (see, e.g., Figure 14) and
neither spatially nor kinematically follow the bar as traced from
metal-rich red clump stars. The large number of these stars leads
to our view of the bulge as more spherical with lagging rotation.1350

If we remove the counter-rotating metal-poor stars, we obtain
bulge properties characteristic of their metal-rich counterparts,
such as the rotation curve and double-peaked distance distribution
(considering only banana-orbits) and a barred spatial distribution
(see Figures 6 and 10).

The stars with intermediate metallicities (−1.0 < [Fe/H] <
0.0 dex) have a lower fraction of retrograde stars (between 15
to 25 %). Kinematically, they exhibit a rotation curve similar to
that of metal-rich stars, and spatially, they show a nearly barred
distribution (see, e.g., Lim et al. 2021; Johnson et al. 2022). This1360

intermediate metallicity region is likely sensitive to how close
the analyzed dataset is to the Galactic center11, and the metalicity
distribution function (MDF) is skewed toward the metal-rich or
metal-poor end.

The super metal-rich bulge stars ([Fe/H] > 0.0 dex) are no-
table for tracing the boxy/peanut shape both spatially and kine-
matically (e.g., Zoccali et al. 2017). The percentage of counter-
rotating stars in this group is low, around 10-15 % in our dataset.
Despite being the smallest group in terms of percentage, they con-
stitute nearly 40 % of retrograde nonvariable giants in absolute1370

numbers for our dataset.
A significant portion of retrograde (in the bar reference frame)

stars in the Galactic bulge likely oscillates between prograde
and retrograde orbits. According to our simulation analysis, their
density compared to generally prograde stars does not change
significantly over several gigayears. The orbits of retrograde stars
exhibit similar regularity as prograde orbits. Almost all retrograde
orbits form a nearly axisymmetric distribution (in the aggregate),
contributing to an overall spheroidal distribution in the central
parts of the bulge.1380

There are several reasons why we do not necessarily need to
invoke a significant classical bulge in the MW. The currently
observed features of the MW bulge can be explained using
an 𝑁-body+SPH simulation without external influences (e.g.,
merger events). The difference in the rotation curve between
metal-rich and metal-poor stars can be explained, in addition to
kinematic fractionation (Debattista et al. 2017; Fragkoudi et al.
2018; Gough-Kelly et al. 2022), by the varying numbers of ret-
rograde stars, which appear to increase linearly with metallicity
(see Figure 8). A similar trend can be observed in the increase1390

of retrograde stars towards the central parts of the MW (shown
in Figure 9). Last, chemical abundances of bulge nonvariable gi-
ants (with metallicities > −1.0 dex), particularly in the [Mg/Mn]
vs. [Al/Fe] plane, do not exhibit an over-enhancement of ac-
creted stars (i.e., [Al/Fe]-poor and [Mg/Mn]-rich abundances).
Although we note that on the metal-poor side of the metallic-
ity distribution, accreted stars identified using aforementioned
abundances could become relevant as discussed in Horta et al.
(2021).

Therefore, the observed transition from a metal-rich, barred,1400

cylindrically rotating Galactic bulge to a less barred, slowly rotat-
ing bulge can be largely explained by the secular evolution of the

11 As shown in Figure 9, where counter-rotating stars are more often
found closer to the center than on the outskirts of the bulge.

MW’s central regions. While we do not completely exclude the
contribution of mergers to the Galactic bulge, our analysis points
to their potential minimal relevance to the current morphology
of the Galactic bulge. Furthermore, the higher fraction of retro-
grade orbits among metal-poor giants (e.g., RR Lyrae stars) may
be a consequence of angular momentum exchange, potentially
facilitated by the Galactic bar. Nonetheless, it is also possible
that these stars had intrinsically lower angular momentum before 1410

the bar was formed.
It is important to emphasize that our results, along with com-

parisons to 𝑁-body+SPH simulations, provide a specific perspec-
tive on the formation history of the MW bulge. Further investi-
gation using additional 𝑁-body (+SPH) and cosmological sim-
ulations would be useful to fully understand the evolution and
origin of the retrograde stellar population in the Galactic bulge.
On the other hand, we show that a secularly evolved galaxy can
form a substructure that, in some of its properties, resembles
a classical bulge. The spatial and kinematical characteristics of 1420

this substructure can be reasonably well matched with a similar
component in the Milky Way bulge.

8.2. Metal-rich RR Lyrae stars

Metal-rich RR Lyrae stars ([Fe/H] > −1.0 dex), as shown in Fig-
ures 3, 7, and 8, present a different perspective on the Galactic
bulge compared to their metal-poor counterparts. This observa-
tion aligns with our previous findings (Prudil et al. 2025) and
corroborates the results of other studies (e.g., Kunder et al. 2016;
Du et al. 2020). The spatial and kinematic properties of metal-
rich RR Lyrae stars closely resemble those of red giants and 1430

red clump stars of the same metallicity. Potentially a key to un-
derstanding the differences between metal-rich and metal-poor
RR Lyrae stars likely lies in their distinct evolutionary pathways,
as proposed by Iorio & Belokurov (2021) and Bobrick et al.
(2024). These studies suggest that metal-rich RR Lyrae stars
arise from binary evolution, in contrast to their single-star metal-
poor counterparts. Binary interactions may allow these stars to
pass through the instability strip at a significantly younger age
(compared to single-star evolution), which could explain their
bar-like kinematics and spatial distributions. 1440

We examine the red giants in Figure 8 and focus on those
corresponding to the most metal-rich bin for RR Lyrae stars. The
age distribution of red giants within these metallicity bins, based
on the APOGEE value-added catalog (Mackereth et al. 2019), is
centered around 8.5 Gyr12, with a significant spread and a non-
Gaussian distribution. Notably, approximately 10 % of stars in
this metallicity bin are younger than 5 Gyr. This finding contrasts
with the presumed age distribution of the Galactic bulge, which is
predominantly composed of intermediate-age and old stars, with
most ages exceeding 5 Gyr (Ortolani et al. 1995; Clarkson et al. 1450

2008; Bensby et al. 2013; Renzini et al. 2018; Joyce et al. 2023).
The kinematics of metal-rich RR Lyrae variables suggest they
are slightly younger than their metal-poor counterparts, although
ages below 8 Gyr appear, in light of our analysis, unlikely.

Last, it is important to note the Galactic bulge does contain
old (12-13 Gyr, see Massari et al. 2023), metal-rich RR Lyrae
stars within globular clusters NGC 6441 and NGC 6388
(Clementini et al. 2005). These cluster metal-rich RR Lyrae stars
have long pulsation periods (≈ 0.7 day for RRab variables) un-
like their thin-disk associated metal-rich counterparts (0.43 day 1460

for RRab variables, e.g., Prudil et al. 2020). Then perhaps there

12 It is important to note that the median error on age in our APOGEE
dataset is ∼ 3 Gyr.
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must be a formation channel for metal-rich RR Lyrae that does
not require binary evolution, for example, helium enrichment as
suggested in Savino et al. (2020).

9. Summary

We derived systemic velocities for 8456 RR Lyrae stars. This rep-
resents the largest dataset of these variables toward the Galactic
bulge assembled to date. We obtained their orbits by integrating
their spatial and kinematic properties in an analytical gravita-
tional potential analogous to that of the MW. We separated the1470

RR Lyrae interlopers (22 % of our RR Lyrae dataset) that be-
longed to other MW substructures such as the disk and halo by
imposing a condition on the apocentric distance (𝑟apo < 3.5 kpc).
We thus removed the variables that are merely passing through
the bulge. We note that the population of interlopers within the
Galactic bulge significantly depends on the selected analytical po-
tential and their location in the MW. The fraction of interlopers
increases steeply with increasing galactocentric radius and Galac-
tic latitude. Approximately 75 % of RR Lyrae interlopers can be
associated with the Galactic halo, and the remaining 25 % spend1480

most of their orbit close to the Galactic plane (𝑧max < 1 kpc).
The identified interlopers cannot explain the lag that is ob-

served in the bulge rotation curve (as observed in nonvariable gi-
ants) in the entire RR Lyrae dataset. A removal of interlopers from
our dataset primarily affected the velocity dispersion. A division
of our RR Lyrae sample based on their photometric metallicities
revealed a variation in the rotation pattern. The rotation patterns
of metal-rich RR Lyrae stars ([Fe/H]phot = (0,−1) dex) are those
expected from nonvariable giants and confirmed the results from
our spatial and transverse velocity analysis (Prudil et al. 2025):1490

This subgroup of RR Lyrae pulsators follows the MW bar. At
metal-poor RR Lyrae (−2.0 ≤ [Fe/H]phot ≤ −1.0 dex), the ro-
tation trend slows down and almost entirely disappears for very
metal-poor RR Lyrae variables (−2.6 ≤ [Fe/H]phot ≤ −2.0 dex).

Examining the distribution of RR Lyrae pulsators in orbital
parameter space (𝑧max vs. 𝑟apo), we observed a bifurcation for
variables associated with the Galactic bulge (difference in ver-
tical extent). This bifurcation arises from the inclusion of the
Galactic bar in the analytical potential that segregates stars that
rotate prograde with the bar (located in the bulk) from those on1500

retrograde orbits (found along the identity line in the 𝑧max vs.
𝑟apo plane). A similar structure was also noted for the nonva-
riable giants. The stars are likely boosted to these orbits when
they hit a vertical resonance, probably the vertical inner Lindblad
resonance.

To distinguish stars in the two structures, we employed the
angular frequency in the bar frame, where negative values align
with the identity line, and positive values fall within the ob-
served bulk (see Figure 5). The rotation and dispersion patterns
of RR Lyrae stars in orbits that are prograde in the bar frame1510

are clearly consistent with the predictions from simulations and
observations of nonvariable giants. Conversely, stars with retro-
grade orbits in the bar reference frame show counter-rotation and
a flat velocity dispersion. Using this criterion on positive and
negative Ωrot

𝜑 , we also discerned a rotation trend for metal-poor
RR Lyrae stars ([Fe/H] < −2.0 dex): 38 % are interlopers, 19 %
exhibit retrograde motion, and only 43 % are prograde RR Lyrae
stars.

Analyzing the binned metallicity distribution for RR Lyrae
and nonvariable giant stars as a function of the percentage of1520

negative Ωrot
𝜑 objects, we found a linearly increasing trend in the

retrograde fraction from metal-rich to metal-poor stars. This lin-
ear increase in the fraction of stars with negative Ωrot

𝜑 is linked to

the lag that is observed in the rotation curve for RR Lyrae stars
and for metal-poor nonvariable giants. Here, the younger (metal-
rich) giant population is less affected by objects on retrograde
orbits than the older (metal-poor) population, and it exhibits a
clear rotation trend. The analysis of prograde and retrograde or-
bits showed as expected that stars on prograde orbits have more
elongated paths than those on retrograde orbits. In the frequency 1530

analysis described in Section 6, we identified several orbital fam-
ilies, and we showed that retrograde stars form a nearly spherical
shape in the central parts of the MW (mostly within 2.0 kpc).
To further support our conclusions, previous studies using RRab
variables demonstrated that the central regions of the Galactic
bulge exhibit slower rotation than the outer bulge regions. The
latter appears to be more kinematically aligned with the Galactic
bar (Kunder et al. 2020; Han et al. 2025). Last, the level of orbit
regularity is almost the same for retrograde and prograde orbits.
We therefore conclude that the spherical structure supported by 1540

the retrograde orbits is a stable substructure within the Galactic
bulge.

Further analysis using the 𝑁-body+SPH simulation showed
that the retrograde motion is a long-term motion only for a small
subset of stellar particles. The majority of retrograde stellar par-
ticles oscillates between prograde and retrograde motion. In the
frequency maps, these variations in the orbits occur close to the
ILR. Examining stellar particles that were born before or after the
formation of the bar, we found that the percentage of retrograde
stars does not change significantly for a given age group after the 1550

bar forms. This suggests that the trend observed in Figure 8 has
likely remained the same for the past few gigayears (assuming
the Galactic bar is older than 6 Gyr, Sanders et al. 2024).

We conclude based on our analysis that the previously re-
ported spheroidal feature in the Galactic bulge is a real secondary
component. Based on the examined simulation, the spheroidal el-
ement can be related to the secular evolution of the Galactic bulge.
The evolution is mainly driven by angular momentum exchange
and is likely facilitated by the Galactic bar. The flow of angular
momentum induces the oscillation between retrograde and pro- 1560

grade orbits. The RR Lyrae stars and some of the nonvariable
giants in our study have been part of the inner MW even before
the bar was formed. As a result of their low angular momentum,
a large fraction of them now oscillate between prograde and ret-
rograde configurations. The stability (i.e., nonchaotic nature) of
retrograde orbits, along with their high prevalence, particularly
at the metal-poor end of the bulge metallicity distribution func-
tion (MDF), can explain certain spatial and kinematic features
of the MW bulge that are often attributed to a classical bulge
morphology. 1570

We recall that the conclusions we listed above are partially
based on secularly evolved simulation; additional investigations
with a diverse set of 𝑁-body and cosmological simulations would
be useful. We showed, however, that a secular evolution can
produce a substructure resembling a classical bulge, with spatial
and kinematic properties that match those observed in the Milky
Way.
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Appendix A: Estimation of line-of-sight and
systemic velocities from available spectra

To estimate systemic velocities, 𝑣sys, from available spectra, we1840

proceeded in the same way for all three spectral sources (BRAVA-
RR, APOGEE, and program ID 093.B-0473) with only minor
adjustments due to different spectral ranges. We used photomet-
ric information in the OGLE and Gaia survey for all targeted
RR Lyrae stars (pulsation periods, time of brightness maxima,
and peak-to-peak amplitudes in 𝐼 and 𝐺-band).

To derive 𝑣sys we first measure the line-of-sight veloci-
ties, 𝑣los, for available spectra. We use the iSpec package
Blanco-Cuaresma et al. (2014); Blanco-Cuaresma (2019) for this
procedure (spectral synthesis and line-of-sight velocity determi-1850

nation). We proceed in a similar way as in Prudil et al. (2024b);
we first synthesize a grid of spectra with physical parameters
covering the typical ranges for RR Lyrae stars (based on stel-
lar parameters found in the literature; e.g., Sneden et al. 2017;
Crestani et al. 2021a,b), with the following stellar parameters:

– 𝑇eff = (6000, 6500, 7000, 7500) K
– log 𝑔 = (2.0, 2.5, 3.0) dex
– [Fe/H] = (−2.5,−2.0,−1.5,−1.0,−0.5, 0.0) dex
– Microturbulence velocity 𝜉turb = 3.5 km s−1 .

We also needed to synthesize different spectral ranges based1860

on three spectral sources used in our study. We used 8450 −
8720 Å for BRAVA-RR to mimic spectral ranges from Gaia
(Katz et al. 2023) that were used for creating line-of-sight veloc-
ity templates and scaling relations. For the APOGEE survey, we
used the 15000−17000 Å range, and for data from the FLAMES
GIRAFFE spectrograph, we used the 5200 − 5700 Å range. All
of the aforementioned synthetic spectra were created using iS-
pec, and its wrapper for radiative transfer code, MOOG (Febru-
ary 2017 version, Sneden 1973), in combination with the AT-
LAS9 model atmosphere (Castelli & Kurucz 2003), lines from1870

the VALD database13, and solar scale (Asplund et al. 2009).
In estimating 𝑣los, we proceeded in the following way. In

the first step, we estimated 𝑣los using all synthesized spectra for
a given observed spectrum. The synthesized spectrum that re-
sulted in the lowest scatter in the 𝑣los was selected for the final
𝑣los calculation, where we varied the fluxes of observed spectra
within their uncertainties (assuming they follow a Gaussian dis-
tribution) and in each iteration recorded the 𝑣los (200 interactions
in total). Similar to Prudil et al. (2024b), we used the bootstrap
method to estimate the average and standard deviation of 𝑣los and1880

its variation, 𝜎𝑣los . In Figure A.1, we show the distribution of un-
certainties on estimated line-of-sight velocities for fundamental
and first overtone RR Lyrae stars. Using the observation time and
coordinates on the sky, we performed Heliocentric correction for
each measured 𝑣los and estimated the Heliocentric Julian date of
the observation, 𝑇HJD.

A.1. Systemic velocities

We divided our procedure based on the spectra source to de-
termine 𝑣sys of individual stars. In the case of BRAVA-RR and
APOGEE data, we used our newly derived line-of-sight veloc-1890

ity templates and scaling relations for RRab and RRc variables
(Prudil et al. 2024b). For spectra from the VLT/FLAMES pro-
gram 093.B-0473 we used templates and scaling relations from

13 http://vald.astro.uu.se/
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Fig. A.1. The distribution of 𝜎𝑣los for our sample of RR Lyrae stars,
the blue and red histograms represent uncertainties for RRab and RRc
variables.

Braga et al. (2021). Their templates for Fe lines include the ma-
jority of features present in these spectra. We note that there is a
partial overlap in RR Lyrae variables between the three spectral
sources (four objects in common). We did not combine 𝑣los to
estimate 𝑣sys since our dataset covers different spectral ranges
that require different treatments to estimate 𝑣sys. Variables that
have data from more than one source were used to verify de- 1900

rived systemic velocities and their uncertainties. The estimated
line-of-sight velocities for some of the analyzed spectra exhib-
ited unreliable measurements. Thus, we decided to employ the
following conditions on the significance of 𝑣los:��𝑣los/𝜎𝑣los

�� > 10 OR 𝜎𝑣los < 20 km s−1 (A.1)

These two conditions preserved stars with 𝑣los around zero that
still have low 𝜎𝑣los . If a given 𝑣los and 𝜎𝑣los did not fulfill one
of the conditions above, it was not used in subsequent systemic
velocity determination.

For the determination of 𝑣sys of individual RR Lyrae stars,
we draw inspiration from our previous work (Prudil et al. 2024b). 1910

The calculation of 𝑣sys is an optimization problem with a set of
data and model parameters. Therefore, we used the Bayesian
approach (Bayes & Price 1763) that the following equation can
summarize:

𝑝(𝜽 | D) ∝ 𝑝(D | 𝜽) 𝑝(𝜽) , (A.2)

where 𝑝(𝜽 | D) represents a posterior probability for a model 𝜽
given data D, variable 𝑝(D | 𝜽) is the likelihood function and
𝑝(𝜽) is the prior on model parameters. Data for a given star in
our spectroscopic sample can be described as:

D =
{
𝑃, 𝑀0,Amplos, 𝜎Amplos , 𝑣los, 𝜎𝑣los , 𝑇HJD

}
. (A.3)

The amplitudes for line-of-sight velocity curves and their associ-
ated errors (Amplos and𝜎Amplos ) were determined in the following 1920

way. For stars in the Gaia RR Lyrae catalogue (Clementini et al.
2023) we used their Amp𝐺 , while for variables that did not have
Amp𝐺 , we used OGLE peak-to-peak amplitudes (Amp𝐼 ), and
converted to Amp𝐺 using relations from Prudil et al. (2024b, see
Eqs. 10 and 12).

To convert the amplitudes from 𝐺-passband to Amplos for
BRAVA-RR and APOGEE spectra, we also used equations from
Prudil et al. (2024b). In the case of spectra from the 093.B-
0473 program, we used relations from Prudil et al. (2024b, see
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Eqs. 11 and 13) to convert our 𝐺-band magnitudes to Amp𝑉1930

and subsequently to Amplos through relations from Braga et al.
(2021) for Fe lines. We propagated uncertainties, using covari-
ance matrices from Prudil et al. (2024b), in case of relations from
Braga et al. (2021), we refitted the relations to estimate the cor-
relation (𝜌RRab = 0.99 and 𝜌RRc = 0.97) between parameters
to construct the covariance matrix. Here, it is important to em-
phasize that Braga et al. (2021) uses as a time reference, 𝑀0, the
time of the mean magnitude along the rising branch for 093.B-
0473 spectra. We used the same reference point instead of the
𝑀0 determined by the OGLE team.1940

𝜽 for a given pulsator is represented by the 𝑣sys and a phase
shift Δphase. The phase shift parameter was implemented to mit-
igate the possible effects of imprecision in 𝑀0. These can be
caused by the data analysis (in case of a low number of ob-
servations) or related to a given RR Lyrae star, for instance,
modulations of light curves (Netzel et al. 2018; Prudil et al.
2017; Prudil & Skarka 2017; Skarka et al. 2020) or binarity
(Hajdu et al. 2015; Prudil et al. 2019b; Hajdu et al. 2021). For
the phase shift, we selected the following prior:

𝑝(𝜽) = N
(
Δphase | 0.0, 0.1

)
∩

��Δphase
�� < 0.3 . (A.4)

Here N represents the normal distribution. The central value at1950

0.0 and a small spread equal to 0.1 were motivated by our initial
expectation that our calculated phases would not shift signifi-
cantly due to the above-mentioned effects. Last, the likelihood
𝑝(D𝑘 | 𝜽𝑘 ) for given 𝑘-star we defined as:

𝑝(D | 𝑣sys) = N
(
𝑣model

los | 𝑣los, 𝜎
model
data

)
, (A.5)

where 𝑣model
los represents predicted line-of-sight velocities esti-

mated based on the line-of-sight velocity templates and spectro-
photometric data. We defined the 𝑣model

los in the same way as in
Prudil et al. (2024b) for BRAVA-RR and APOGEE data, there-
fore using both the template TempRR and the scatter along the
template TempRR

err . For the 093.B-0473 program spectra, we used1960

only the template from Braga et al. (2021).
For each star, we maximalized the posterior log-probability

defined in the Eq. A.2 with priors and likelihood de-
scribed in Equations A.4 and A.5 using the emcee package
(Foreman-Mackey et al. 2013). For each star, we used 50 walkers
for 4000 steps. Subsequently, we thinned the samples by 𝜏 = 10
and discarded the initial 3900 samples. The resulting posterior
distribution of parameters 𝜽𝑘 was then used to estimate the 𝑣sys
its uncertainty, 𝜎𝑣sys , and shift in phase, Δphase.

A.2. Comparison of systemic velocities1970

Here, we compare our determine systemic velocities for BRAVA-
RR and APOGEE spectra with the systemic velocities estimated
by Kunder et al. (2020) in the original BRAVA-RR Data Release
2. We note that Butler et al. (2024) conducted a similar com-
parison between BRAVA-RR and APOGEE velocities, finding
good agreement between APOGEE line-of-sight velocities and
individual line-of-sight measurements from the Ca Triplet.

In Figure A.2, we measured our determined systemic ve-
locities and the systemic velocities estimated by BRAVA-RR
(𝑣BRAVA−RR

sys ). For the comparison, we used only variables marked1980

with Flag = 0 from Kunder et al. (2020). In total, 2213 systemic
velocities for single-mode RR Lyrae stars were compared. We
found a mild scatter (assessed based on the root-mean-square
error, RMSE) between our values and values determined in
Kunder et al. (2020) that was most likely a result of an updated
approach in the 𝑣sys determination.

Figure A.3 shows a comparison of systemic velocities de-
termined here based on BRAVA-RR data Kunder et al. (2020,
again, using only those with Flag = 0) and 𝑣sys estimated from
the APOGEE spectra. We see a larger scatter than in the previous 1990

comparison (BRAVA-RR velocities only), most likely caused by
several different sources. First, APOGEE spectra have, in gen-
eral, lower S/Ns than BRAVA-RR spectra, resulting in increased
uncertainties of individual 𝑣los. Second, APOGEE in most cases
provides only a single epoch measurement, which in the case of
low-S/N spectra can lead to inaccurate 𝑣sys determination. Third,
the line-of-sight velocity templates and amplitude scaling rela-
tions for estimating 𝑣sys from APOGEE spectra are based only on
a few RR Lyrae variables, thus contributing to the large scatter
in the comparison. 2000

In this Figure, we also see that some of the analyzed RR Lyrae
stars have extremely different estimated systemic velocities be-
tween APOGEE and BRAVA-RR datasets (marked with red
points). Particularly, we noticed that 34 RR Lyrae stars in the
comparison (seven percent of the dataset for comparison) exhibit
more than 50 km s−1 difference in the determined systemic veloc-
ities. From these 34 RR Lyrae stars, nine do not pass the criteria
in Eq. 1 and their discrepant systemic velocity can be explained
by a blended signal with a nearby star. Two stars from the remain-
ing 25 objects have different Gaia source_id’s in our dataset 2010

and the APOGEE catalog. We note that the detected outliers do
not show significantly lower S/N than other APOGEE RR Lyrae
stars and the APOGEE flags also do not provide additional in-
formation that would shed light on the clear reason behind their
discrepacy. We note that we prioritized BRAVA-RR RR Lyrae
systemic velocities over those derived based on APOGEE data.
Last, the average difference between both estimated systemic ve-
locity datasets equals 0.8 km s−1. Thus, we do not detect any
significant offset between both surveys.

In conclusion, our derived systemic velocities match reason- 2020

ably well with the literature values. The discrepancies in the
individual 𝑣sys are partially covered by the uncertainties that are
on average 4 km s−1 and 8 km s−1 for BRAVA-RR and APOGEE
𝑣sys, respectively.

Appendix B: Foreground and background of the
Galactic bulge

Here, we focus on the population in the foreground and back-
ground (based on their orbital properties) of the Galactic bulge.
The orbital properties of nonvariable giants are compared with
our RR Lyrae kinematical dataset in Figure B.1. This image fo- 2030

cuses on the orbital properties in 𝑧max and 𝑟apo space for both
datasets. In particular, we explore their approximate orbital as-
sociation with the MW’s substructures, disk, and halo (roughly
separated by a boundary using 𝑧max values). We noticed that most
bulge RR Lyrae interlopers come from the Galactic halo, while
for nonvariable giants, most of the interlopers come from the
Galactic disk or the outer bulge. We see that many interloper
stars still have mostly positive Ωrot

𝜑 , for example prograde mo-
tion with respect to the Galactic bar, for 83 % of RR Lyrae stars
and 96 % of nonvariable giants (with the apocentric distances 2040

between 3.5 kpc and 7.0 kpc).
This suggests that when examining the distribution of line-

of-sight velocities for stars toward the Galactic bulge, we will
see more younger stars on prograde orbits (disk and outer bulge
origin) with respect to the bar than older ones. Thus, this will
affect spectroscopic surveys and studies predominantly target-
ing younger/metal-rich populations toward the Galactic bulge.
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Fig. A.2. The comparison of determined systemic velocities with liter-
ature values (BRAVA-RR systemic velocities, Kunder et al. 2020) and
using our approach for BRAVA-RR spectra.
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points mark stars with extremely different systemic velocities estimated
based on APOGEE and BRAVA-RR spectra and do not pass the condi-
tion in Equation 1.
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Fig. B.1. The distribution of orbital properties 𝑧max vs. 𝑟apo for RR Lyrae
(top panel) and nonvariable giants stars (bottom panel). The color-coding
is based on values ofΩine

𝜑 −ΩP. The solid vertical line represents our sep-
aration between the Galactic bulge and other MW substructures (Galac-
tic disk, outer bulge and halo). The dotted horizontal line approximately
separates the Galactic disk and halo based on values for 𝑧max.

Without taking into account whether these objects are actually
located in the Galactic bulge, they will find a preferential rotation
trend with the Galactic bar. This is different for the metal-poor 2050

population, which is mostly associated with the Galactic halo
and contributes less to the rotation pattern of stars located to-
ward the Galactic bulge. We note that this effect contributes only
marginally and cannot explain the lag in the rotation for the older
metal-poor population.
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Fig. C.1. Two frequency maps showing fundamental frequencies in
cylindrical coordinates for two pattern speeds, ΩP = 24 km s−1 kpc−1

(left panels) and ΩP = 37.5 km s−1 kpc−1 (right panels). Only bulge
RR Lyrae variables fulfilling conditions in Eq. 1 are depicted. Similar
to Figures 13 and 14 we depict analyzed regions.

Appendix C: Dependence of orbital properties on
pattern speed

Here we explore if and how our results change if we apply a
different value for the ΩP. We focus on the change in the pattern
speed since we expect it to correlate with the bar length. The2060

value for the pattern speed used in this study and for the applied
model in AGAMA was ΩP = 37.5 km s−1 kpc−1. We note that other
values for the ΩP appear in the literature, ranging between 30-
60 km s−1 kpc−1, meaning that the MW either has a long-slow or a
fast-short bar (see, e.g., Debattista et al. 2002; Antoja et al. 2014;
Sormani et al. 2015; Portail et al. 2017; Clarke & Gerhard 2022).
In addition, an even smaller estimate for the bar pattern speed was
recently presented by Horta et al. (2025, ΩP = 24 km s−1 kpc−1)
using the APOGEE survey data.

We explore the effect of different pattern speeds on2070

the results presented here by recalculating the orbital prop-
erties and frequencies using a set of values for ΩP =

24, 30, 37.5, 40, 50 km s−1 kpc−1. We only tested these values for
our RR Lyrae kinematical dataset, but we do not expect any sig-
nificant differences for red giants and red clump stars analyzed
here. For all five values of ΩP we looked at 𝑧max vs. 𝑟apo space
and found a similar bulk structure (similar to the one found in the
middle panels of Figure 5) and nearly the same rotation pattern
(using angular frequency in the bar frame, top panels of Fig-
ure 5). The percentage of halo and disk interlopers remains the2080

same (within one to two percent) across all values of ΩP as for
our fiducial value. The same can be said about the fraction of
retrograde and prograde RR Lyrae stars, which does not change,
more than one to two percent, from values reported in Section 4.
The trend in circularity for nonchaotic orbits also matches our
results in Section 6, the prograde moving RR Lyrae stars ex-
hibit a more bar-like shape while retrograde variables show more
circular orbits.

In Figure C.1 we observe differences in the overall distribu-
tion of stars in the frequency maps (both for prograde and ret-2090

rograde). The prograde frequency maps constructed using lower
values for ΩP appear more evolved, in the sense that regions
5, 7, and 8 are more depopulated, and significantly more stars
are located in regions 2 and 3 (ILR and vILR cloud). This re-
sults in a higher number of prograde stars with chaotic orbits
(logΔΩ < −1.0) for lower values of ΩP. The retrograde side
of the frequency map also shows differences between lower and

higher values of ΩP. Regions 2 and 6 (depicted, e.g., in Fig-
ure 14) are more populated for lower ΩP than for higher values of
the pattern speed, while other regions exhibit the opposite trend. 2100

The exception here is region 4 which shows a similar fraction or
number of stars throughout the various values for pattern speed.

Since for lower ΩP we see an increased number of stars in the
regions of the ILR and the vILR cloud and for regions 2 and 6
on the retrograde side, this results in a larger difference in overall
regularity of orbits between the prograde and retrograde part of
our dataset. For lower values of the pattern speed, the retrograde
stars have on average more regular orbits (in both frequency drift
and the Lyapunov coefficient), while for larger values of ΩP the
difference in chaoticity between prograde and retrograde orbits 2110

decreases. Our test showed that values in Table 2 strongly depend
on the selected pattern speed, particularly the number of stars in
each region. The overall trend however remains the same, orbits of
prograde moving RR Lyrae stars exhibit ellipsoidal distribution
while retrograde orbits have spherical shapes.

Appendix D: Additional images
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Fig. D.1. The distribution of interloping (blue histogram) and bulge
(green histogram) RR Lyrae stars. In addition, we include likely halo
RR Lyrae stars selected based on their 𝑧max.
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Fig. D.2. Cumulative distribution of 𝐿𝑧 for bulge RR Lyrae stars (black
solid line). The dotted color lines (same as depicted in Figure 13) rep-
resent median angular momentum values for the regular orbits in five
regions (4, 5, 6, 7, and 8). The dashed lines and gray lines depict median
𝐿𝑧 for regions 1, 2, and 3. The filled gray rectangle outlines percentile
50 and lower for 𝐿𝑧 .
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Fig. D.3. Same as Figure 13 for prograde RR Lyrae stars but in the insets
we display orbits in the 𝑥 vs. 𝑧 plane (side on projection).
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Fig. D.4. Same as Figure 13 for prograde RR Lyrae stars but in the insets
we display orbits in the 𝑦 vs. 𝑧 plane (end on projection).
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Fig. D.5. Same as Figure 14 for retrograde RR Lyrae stars but in the
insets we display orbits in the 𝑥 vs. 𝑧 plane (side on projection).
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Fig. D.6. Same as Figure 14 for retrograde RR Lyrae stars but in the
insets we display orbits in the 𝑦 vs. 𝑧 plane (end on projection).
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Fig. D.7. Similar to Figure D.2 we display cumulative distribution for 𝐿𝑥
(top panel) and 𝐿𝑧 (bottom panel) of our retrograde RR Lyrae dataset.
With color-coded dotted lines, we highlighted the median angular mo-
menta values for selected regions from the retrograde frequency map
(Figure 14). The filled gray rectangles outline percentile 50 and lower
for 𝐿𝑥 and 50 and higher for 𝐿𝑧 .
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