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ABSTRACT

Using data from the Gaia satellite’s Radial Velocity Spectrometer Data Release 3 (RVS, DR3), we find a new and robust feature
in the phase space distribution of halo stars. It is a prominent ridge at constant energy and with angular momentum L, > 0. We
run test particle simulations of a stellar halo-like distribution of particles in a realistic Milky Way potential with a rotating bar. We
observe similar structures generated in the simulations from the trapping of particles in resonances with the bar, particularly at the
corotation resonance. Many of the orbits trapped at the resonances are halo-like, with large vertical excursions from the disc. The
location of the observed structure in energy space is consistent with a bar pattern speed in the range Qp ~ 35 — 40 kms™! kpc™'.
Overall, the effect of the resonances is to give the inner stellar halo a mild, net spin in the direction of the bar’s rotation. As the
distribution of the angular momentum becomes asymmetric, a population of stars with positive mean L, and low vertical action
is created. The variation of the average rotational velocity of the simulated stellar halo with radius is similar to the behaviour of
metal-poor stars in data from the APOGEE survey. Though the effects of bar resonances have long been known in the Galactic
disc, this is strong evidence that the bar can drive changes even in the diffuse and extended stellar halo through its resonances.
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1 INTRODUCTION

The first person to entertain the idea that the Milky Way is a barred
galaxy seems to have been de Vaucouleurs (1964), based on kine-
matic evidence of deviations from circular motions in the 21-cm line
profiles near the Galactic centre. Curiously, though, de Vaucouleurs
(1964) has the orientation of the bar wrong, with the near side at
negative Galactic longitudes, rather than positive. The first clear ev-
idence that the Milky Way is barred with the near side at positive
longitudes seems to have come from infrared photometry. Both inte-
grated 2.4 um emission (Blitz & Spergel 1991) and the distribution
of IRAS Miras (Whitelock 1992) clearly showed the inner Galaxy is
brighter at positive longitudes. Work on the gas kinematics (Binney
et al. 1991), the starcounts of red clump giants (Stanek et al. 1994)
and especially the infrared photometric maps obtained by the COBE
satellite (Weiland et al. 1994) added to the growing evidence of a
barred Milky Way, which became a concensus by the mid 1990s.
Many of the parameters of the bar in the Milky Way have been
constrained in recent years. The pattern speed of the bar €2, controls
its length. The stellar orbits that support the bar cannot exist much
beyond corotation (Contopoulos 1980). Older studies matching the
gas flows suggested a fast and short bar with Qy, in the range 50
to 60 kms™! kpc~! (Fux 1999; Bissantz et al. 2003). As the qual-
ity and quantity of the gas data has improved, more recent works
have determined lower values, consistent with a slower and longer
bar (Sormani et al. 2015; Li et al. 2022). The pattern speed of the bar
is now thought to lie in the range 35 to 40 kms ™! kpc_1 (e.g. Portail
et al. 2017; Wang et al. 2013; Sanders et al. 2019; Binney 2020;
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Chiba & Schonrich 2021). This is consistent with results from stellar
kinematics — for example, use of the projected continuity equation
or Tremaine & Weinberg (1984) method by Sanders et al. (2019), or
modelling of multiple bulge stellar populations using spectroscopic
data (Portail et al. 2017).

The bar angle — that is the angle between the line joining the Sun
and Galactic Centre and the major axis of the bar —is more uncertain.
Studies reaching to longitudes |£| > 10° often find bar angles ~ 45°
(e.g., Gonzdlez-Ferndndez et al. 2012). In studies confined to the
inner parts, bar angles of 20°-35° are typical (e.g., Stanek et al.
1997; Wegg et al. 2015; Simion et al. 2017). It has been suggested
that the Galaxy contains two bars, with the central bar not aligned
with the long bar (e.g. Hammersley et al. 2000; Benjamin et al. 2005;
Cabrera-Lavers et al. 2007, 2008; Churchwell et al. 2009). Such a
configuration is however difficult to explain dynamically, and it has
been shown that these observations can be reproduced with a single
structure made up of a boxy bulge and long bar (Martinez-Valpuesta
& Gerhard 2011).

Resonant perturbation theory (Lynden-Bell & Kalnajs 1972;
Lynden-Bell 1973) was introduced into galactic dynamics to un-
derstand the trapping of stellar orbits by bar-like perturbations. For
nearly circular orbits in a disc, the effects of the bar are most sig-
nificant at the corotation and Lindblad resonances (e.g., Shu 1991).
Kalnajs (1991) first suggested that this effect may be responsible for
creation of the Hyades and Sirius streams in the disc. The closed
orbits inside and outside the outer Lindblad Resonance are elongated
perpendicular and parallel to the bar in this picture. Subsequently,
Dehnen (1998) used HIPPARCOS data to demonstrate the existence
of abundant substructure or moving groups in the disc, which he
ascribed partly to resonance effects. The Gaia data releases have
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revealed abundant ridges, undulations and streams in velocity or ac-
tion space, sculpted by the Galactic bar (e.g., Fragkoudi et al. 2019;
Khoperskov et al. 2020; Trick et al. 2021; Trick 2022; Wheeler et al.
2022).

The idea that the Galactic bar can create substructure in the disc
is well-established. The disc orbits are nearly circular and confined
largely to the Galactic plane, so it is easy to see how a rotating
bisymmetric disturbance can couple to the orbits. By contrast, in the
halo, stars are moving on eccentric orbits and can reach heights of
many kiloparsecs above the Galactic plane. While less well studied,
numerical experiments suggest that these stellar orbits may still be
susceptible to trapping by bar resonances (Moreno et al. 2015a). In
addition, the effects of bars on the dark halo has been the subject of
much debate over the last decades (e.g., Ceverino & Klypin 2007;
Debattista & Sellwood 1998, 2000a; Weinberg & Katz 2002). The
slowing of bars by dynamical friction of the dark matter halo can
change the central parts from cusps to cores (Weinberg & Katz
2002). This induces profound changes in the orbits of the dark matter
particles in the halo (Athanassoula 2002; Collier et al. 2019).

Recent data from the third data release (DR3) of Gaia (Gaia Col-
laboration et al. 2016, 2023a) has revealed previously undetected
substructure in the stellar halo of the Milky Way. By plotting Galacto-
centric radial velocity v, against Galactocentric radius r, Belokurov
et al. (2023) showed that there are multiple ‘chevron’-shaped over-
densities in this radial phase space. These bear a close resemblance to
structures which result from the phase mixing of debris from a merg-
ing satellite on an eccentric or radial orbit (Fillmore & Goldreich
1984; Dong-Pdez et al. 2022; Davies et al. 2023a). Belokurov et al.
(2023) showed that they are present at both low and high metallicity,
and are still visible when only stars with [Fe/H] > —0.7 are included.
However, stars originating from the Milky Way’s accreted satellites
have lower metallicity than this. The Gaia Sausage-Enceladus (Be-
lokurov et al. 2018; Helmi et al. 2018) was one of the most massive
mergers in the Milky Way’s history, and its comparatively high metal-
licity debris dominates the stellar halo in the solar neighbourhood
Naidu et al. (2020). However, only a very small proportion of its stars
have [Fe/H] > —0.7 (Naidu et al. 2020; Feuillet et al. 2021). This
challenges the assumption that the radial phase space structures are
due to accreted material.

There are already indications that bar-driven features in the stellar
halo are possible. For example, motivated by the shortness of the
Ophiuchus Stream, Hattori et al. (2016) used numerical simulations
to show that its properties may have been influenced by its interaction
with the bar, despite the Stream stars lying at heights of = 5 kpc above
the Galactic plane. Schuster et al. (2019) examined the halo moving
groups G18-39 and G21-22 as possible resonant structures generated
by the bar — albeit with a pattern speed 45-55 kms™ 1 kpc_1 which is
rather high nowadays. These mildly retrograde moving groups were
discovered in Silva et al. (2012), who suggested that they may be
debris from the unusual and retrograde globular cluster w Centauri.
Myeong et al. (2018) identified the resonance generating the Hercules
Stream in the solar neighbourhood as present even in stars with
metallicities as low as [Fe/H] ~ -2.9 and so normally associated with
thick disc and halo. Very recently, the interaction of a rotating bar
with radial phase space chevrons has been studied by Davies et al.
(2023b). They showed that with realistic values of the pattern speed,
the bar is capable of blurring and destroying much of the phase space
structure resulting from a satellite merger. If a bar can destroy, then
it is natural to ask whether it can also create substructure.

In this work, we examine the creation of substructure from a
smooth stellar halo via resonances. We identify a prominent ridge
in energy and angular momentum space (a proxy for action space)
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and show that such a feature is a natural outcome of bar-driven res-
onances in the stellar halo. The prominence and narrowness of this
ridge provides a novel method of measuring the pattern speed of the
bar.

The paper is arranged as follows. In Section 2, we summarize the
dynamics of orbits in rotating potentials and introduce the principal
bar resonances. We use data from Gaia DR3 in Section 3 to reveal
structures in energy-angular momentum and radial phase space. In
Section 4, we describe our simulations of the stellar halo and bar,
and compare them to the data. Finally we present our conclusions in
Section 5.

2 DYNAMICS IN A ROTATING POTENTIAL

Consider a steady non-axisymmetric potential rotating with pattern
speed (angular frequency) €2, about the z-axis. Although the energy
E and z component of angular momentum L, of a particle can
vary, a linear combination of the two known as the Jacobi integral is
conserved (Binney & Tremaine 2008). This is defined as

Hy=E-QL,. )

The Jacobi integral is the energy in the rotating frame. As the potential
is steady in this frame, it follows from time-invariance that the Jacobi
integral is conserved. Hence in the E versus L, plane, stars are
constrained to move along straight lines of gradient €y, provided the
pattern speed remains steady.

Action-angle coordinates are a set of canonical coordinates useful
in nearly integrable systems where most orbits are regular and not
chaotic (e.g. Arnold 1978). Each star is described by three actions
Ji which are constant and three angles 6; which increase linearly
with frequencies €;. As an example, a slightly eccentric and inclined
orbit in a weakly non-axisymmetric potential can be approximated as
motion on an epicycle around a guiding centre. This centre follows a
circular orbit in the z = 0 plane with azimuthal frequency Q, set by
the rotation curve of the potential. The particle oscillates in the (cylin-
drical polar) R-direction with the epicyclic frequency Qg and in the
z-direction with the vertical frequency Q. Action-angle coordinates
can be computed for general orbits in axisymmetric galactic poten-
tials using modern stellar dynamical packages like Acama (Vasiliev
2019).

The locations of the principal resonances in space is in general
hard to establish. Only for orbits confined to the disc plane are mat-
ters reasonably straightforward. In the frame corotating with the bar
at frequency equal to the pattern speed €2y, the mean azimuthal fre-
quency of a star is Qg — Qp,. We define the ratio of frequencies in
this frame rg = (Q¢ — Q},)/Qg. An orbit is resonant with the bar if
ro = +n/m, where n and m are integers. The most important of these
are the corotation resonance (Qg = €y, rg = 0) and the Lindblad
resonances (rg = +1/m) (Binney & Tremaine 2008). For orbits that
explore the stellar halo, the location of the resonances can change
with height above or below the Galactic plane (Moreno et al. 2015a;
Trick et al. 2021).

Why are the resonant orbits so important? Suppose a bar-like
disturbance rotating at angular frequency €y, is applied to the disc.
On each traverse, the resonant stars meet the crests and troughs
of the perturbation potential at the same spots in their orbits and
this causes secular changes in the orbital elements (e.g. Lynden-
Bell 1973; Lynden-Bell & Kalnajs 1972; Collett et al. 1997; Molloy
et al. 2015). The non-resonant stars feel only periodic fluctuations
that average to zero in the long term. As the strength of the bar’s
perturbation increases, stars near the locus of exact resonance are



captured into libration around the parent closed periodic orbit. So, the
neighbourhoods of the resonances are the regions of a galaxy where
a bar can produce long-lived changes in the stellar populations.

3 DATA
3.1 Gaia DR3 RVS sample

We use the sample of stars from Gaia DR3 (Gaia Collaboration et al.
2016, 2023a) described by Belokurov et al. (2023) which includes
line-of-sight velocity measurements from the Radial Velocity Spec-
trometer (RVS, Katz et al. 2023). We use distances calculated by
Bailer-Jones et al. (2021). This sample has selection cuts on parallax
error (w/o4 > 10) and heliocentric distance (D < 15 kpc). All
sources within 1.5° of known globular clusters closer than 5 kpc
have been removed (Belokurov et al. 2023). This leaves ~ 25 million
sources out of the ~ 34 million with line-of-sight velocity measure-
ments. For Section 3.4 we further limit our sample to stars with
metallicity ([Fe/H]) values calculated by Belokurov et al. (2023).
These were derived from BP/RP spectra calibrated with data from
APOGEE DR17 (Abdurro’uf et al. 2022). See Belokurov et al. (2023)
for a detailed description. This provides us with a final sample of 22.5
million sources, all with 6D phase space and [Fe/H] measurements.

We transform the positions and velocities into a Galactocen-
tric left-handed coordinate system in which the Sun’s position and
velocity are (xo,Yo,z0) = (8,0,0) kpc and (vox,vey,vez) =
(=9.3,251.5,8.59) km's~! (as reported by Gaia Collaboration et al.
2023b). The x-y and R-z distributions of this sample are shown in
Fig. 1.

3.2 RVS sample weighting

To correct for selection effects arising from the RVS and parallax
error cuts, we apply a weighting to the data points. This is based
on the ratio of our sample size to the total sample size of stars with
photo-geometric distance measurements, as a function of r. This
procedure is described in detail below.

We find the distributions in r of sources in DR3 with non-zero
photo-geometric distance (Sample A), and also those with @ /o >
10 and non-zero RVS error (Sample B; similar to the final sample we
use without more specific cuts). To undo this effect we calculate the
ratio of the two distributions as a function of r. This ratio (Sample
B/Sample A) can be seen in the top panel Fig. 2. Due to the RVS
and parallax error cuts, this ratio has a strong peak around the Sun
(r = 7-9 kpc), which will likely cause spurious peaks in the energy
distribution. We therefore weight our data points by the ratio Sample
A/Sample B to undo the RVS and parallax error selection effects.
The bottom panel of Fig. 2 shows that this weighting largely removes
the strong peak in the distribution of r in our sample around the Sun,
leaving a much flatter distribution.

The results can be seen in the lower two panels of Fig. 3 and in
the left-hand column of Fig. 4. In the latter case the overdensity at
r = 8 kpc (see Belokurov et al. 2023) is almost completely removed,
resulting in a much more informative distribution. For the energy-
angular momentum distributions (Figs. 3 and 15) we set the weighting
to zero wherever it exceeds 200 (i.e. where the function in Figs. 2 is
less than 0.005). This removes stars whose weighting is extremely
large due to low sample density, and is equivalent to removing stars
atr < Skpcandr > 11 kpce.
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Figure 1. Distributions of our Gaia DR3 sample in Galactocentric Cartesian
coordinates (top panel) and cylindrical coordinates (bottom panel). The Sun
is located at x = R = 8 kpc, y = z = 0 kpc.

3.3 Energy-angular momentum space

The plot of energy E versus z-component of the angular momentum
L is a good approximation to action space (Jy, Jg). This is because
energy is a proxy for radial action J,, whilst L; is the azimuthal
action J4 in nearly axisymmetric potentials.

To calculate estimates of the energies E of the stars in our sam-
ple, we use a modified version of the potential MWPotential2014
described in Bovy (2015). Similarly to Belokurov et al. (2023), we
set the virial mass of the Navarro-Frenk-White dark matter halo to
1 x 10'2M¢, the virial radius to 260 kpc and the concentration to
18.8, which gives a circular velocity at the Sun’s radius of about 235
kms~! (c.f. Bland-Hawthorn & Gerhard 2016).

The distribution of E versus L is plotted in the top panel of Fig. 3.
The left-handed coordinate system means that stars in the disc have
L, > 0. The second panel shows the same distribution after unsharp
masking has been applied in E to reveal details of the distribution
more clearly. Alternating overdensities (black) and underdensities
(white) are seen most prominently at L; > 0 with roughly constant
energy.

The weighted distributions are shown in the third and fourth panels
of Fig. 3. The weighting has mostly removed the energy ridge at
E ~ -1.5x10° km?s~2, indicating that this resulted from selection
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Figure 2. Top panel: The inverse of the weighting function against Galac-
tocentric radius r. This is the ratio of the size of the RVS sample with a
parallax error cut applied (@ /0 & > 10) to the size of the DR3 sample with
photo-geometric distance measurements. There is a strong peak between 7
and 9 kpc due to the high concentration of the former sample around the Sun.
Bottom panel: histograms of the unweighted (blue) and weighted (orange)
r distributions of our sample. This demonstrates that the weighting largely
removes the strong peak around the Sun at r = 8 kpc.

effects. However, the highest energy ridge at E ~ —1.4x10° km? s =2
remains, suggesting that this is a genuine feature of the distribution.
It can also be seen in the dissection of the stellar halo in action space
by Myeong et al. (2018), albeit with a much smaller dataset.

3.4 Radial phase space

To isolate the region of E-L, space where the ridge is most promi-
nent, we apply an angular momentum cut to include only stars with
0.25 x 103 < L, [kpc kms™!] < 1.0 x 103. We have checked that
the results are not sensitive to the exact choice of L, cut.

We calculate the Galactocentric spherical radii and radial veloci-
ties (r, v, ) for each particle. The (r, v, ) distributions are shown in
Fig. 4 for stars with [Fe/H] < —0.7 (top row) and [Fe/H] > —0.7
(bottom row). While the low metallicity sample contains a mix of
accreted and in situ stars (Belokurov & Kravtsov 2022; Conroy et al.
2022; Myeong et al. 2022), [Fe/H] > —0.7 is dominated by in situ
stars (Belokurov et al. 2023). We use the weighting described above
in the left-hand column, and in the right-hand column we normalise
the histograms so that each column of pixels has the same total count.

The chevron-shaped ridges reported by Belokurov et al. (2023) are
visible, particularly for [Fe/H] < -0.7. For both metallicity cuts the
most prominent feature is a roughly triangular overdensity reaching
a maximum radius of ~ 7 kpc. We find that its position and size
is highly dependent on the choice of L, cut used, and it coincides
with the sloping low energy overdensity at the edge of the E-L;
distribution in Fig. 3. This therefore consists mostly of stars on close
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Figure 3. Top panel: distribution of energy E vs angular momentum L_,
where prograde orbits have L, > 0. The red dashed lines mark the angular
momentum cut used in Fig. 4. The highly populated disc can be seen on
the right-hand side of the distribution. 2nd panel: as above, but with unsharp
filtering applied; a background smoothed with a Gaussian kernel in E has been
subtracted off. We use 100 pixels along the E-axis, and the Gaussian kernel
has a standard deviation of 2 pixels. Black (white) pixels denote overdensities
(underdensities). This reveals several ridges at roughly constant energy with
mostly L, > 0. Bottom two panels: As above, but all data points are weighted
based on the number of stars in the RVS sample as a function of radius. This
largely removes the ridge at E ~ —1.5 x 107 km? s2, which was likely due
to a selection effect. The highest energy ridge (at E ~ —1.4 x 10° km? s~2)
remains.
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Figure 4. Radial phase space of the DR3 RVS sample, with an L, cut applied. The top (bottom) row shows low (high) metallicity stars, with the threshold set at
[Fe/H] = —0.7. The high metallicity sample is dominated by in sizu stars. In the middle column, we plot the positions of particles with energy E ~ —1.4 x 10°
km? s~2, which corresponds to the horizontal ridge in E-L space (Fig. 3). In the right-hand column, we column-normalise the histograms (i.e. each column of
pixels has the same total count). In the top row, several chevron-shaped overdensities are visible, the most prominent of which (peaking at » ~ 10.5 kpc) is also
visible at high metallicity. As shown by the middle column, this corresponds to the energy of the horizontal overdensity in Fig. 3. Following Belokurov et al.
(2023), we denote this feature ‘Chevron 1°. The dark region (at r < 7 kpc) is due to the disc, and moves depending on the L, cut.

to circular orbits in the disc. Its shape depends on the L, cut because
the energy of disc orbits is L -dependent.

More interestingly, there is a second fainter chevron that reaches
~ 10.5 kpc, corresponding to ‘Chevron 1’ described by Belokurov
etal. (2023). This is a sharp edge in the distribution, outside of which
the density of stars is lower. This is visible for both metallicity cuts,
albeit more faintly at [Fe/H] > -0.7 (also see the bottom-left panel of
Fig. 8 in Belokurov et al. 2023). We have found that the position of
this chevron is independent of the exact L, cut used. This suggests
that the orbital energies of its stars have little L, dependence (by
contrast to the disc). We therefore postulate that it is a manifestation
of the horizontal overdensity in Fig. 3at E =~ —1.4 X 10° km?s~2. To
test this we plot the phase space positions of particles with energies
very close to this in the middle column of Fig. 4. These particles
form a chevron with its outer edge closely lining up with the edge of
Chevron 1. This strongly suggests that the energy ridge and chevron
are indeed different representations of the same entity. The fact that
these stars span a wide range of radii indicates that this overdensity
is not merely due to a radial selection effect around the Sun.

In summary, this is a feature at fixed energy, comprised of particles
on mostly prograde orbits with a range of L. The radial phase space
shows that they have apocentres of up to = 10 kpc. Belokurov et al.
(2023) suggested that this and other chevrons arose from the phase-

mixing of the debris from a massive satellite which merged with the
Milky Way, possibly the GSE. However, the presence of Chevron 1
at high [Fe/H] challenges this hypothesis, since very few GSE stars
have such high metallicities (Belokurov et al. 2023).

3.5 Configuration and frequency space

We examine the distribution of stars in the E-L, overdensity as
follows. We select stars in the angular momentum range 0.25 < L,
[103 kpc km s_l] < 1.0 (between the red dashed lines in Fig. 3), and
with energies between E = (—1.4+0.02) X 103 km?2 s~2. This isolates
the clear ridge in the bottom panel of Fig. 3. We plot the cylindrical
coordinates (R, z) of this sample in Fig. 5. This demonstrates the
large vertical extent of the distribution of stars in this overdensity.
While our sample as a whole has a large contribution from the disc
at |z] < 1 (see Fig. 1), no such excess is apparent in Fig. 5. This
suggests that this part of the overdensity is comprised largely of stars
on halo orbits. We note that more disc stars would be present if we
increased the upper bound of our L cut to include orbits with low
eccentricity and inclination. However, in this study we focus on the
halo-like orbits at lower L.

We wish to consider whether the overdensity could be associated
with a resonance with the bar. We therefore calculate the orbital fre-
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Figure 5. Radial and vertical distribution of stars close to the ridge at
E = —1.4 x 10° km?s™2, within the angular momentum cut 0.25 < L,
[103 kms~!] < 1.0. In the bottom panel the distribution is normalised by the
R-z distribution of all stars in the sample. The selected stars are spread over a
wide range of z, with no large excess close to z = 0 (other than near the Sun).
This is emphasised by the lower panel, which shows the depletion of stars
near the disc compared to the sample as a whole. The overdensity therefore
has a large contribution from the stellar halo.
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Figure 6. Distributions of the azimuthal frequency Q4 within the angular
momentum cut 0.25 < L_ [10° kms~!] < 1.0] < 1.0. The black histogram
shows all stars, and the red shows those with energies close to £ = —1.4 X
10° km? s~2. We have applied the weighting discussed in Section 3.2. Stars
close to the energy overdensity have frequencies strongly peaked around 34
rad Gyr~!, similar to some estimates of the bar’s pattern speed.
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Figure 7. Top two panels: Distributions of E and L, of the star particles
at the beginning and end of the simulation. The colour map uses the same
logarithmic normalisation for each panel, and as in Fig. 3 the red dashed
lines mark the L, cut. After the growth of the bar, ridge-like overdensities at
certain energies emerge from the initially smooth distribution. These are at
L. > 0 (i.e. orbiting in the same direction as the bar’s rotation). 3rd panel:
Difference between the ¢ = 0 and later distributions. Black (white) pixels mark
where the density has increased (decreased). This emphasises that particles
have moved away from L, ~ 0 and L; < O into the ridges at L; > 0.
The red diagonal streaks mark the paths taken by a selection of particles,
and have gradients close to the pattern speed. Bottom panel: stars close to
the corotation resonance (Qg = €,) at the end of the simulation. These are
almost all located within the lowest energy overdensity at E ~ —1.5 x 10°
km? s~2, strongly implying that this overdensity is a manifestation of this
resonance.

quencies Q; = dH/dJ; of the stars in the axisymmetric potential.
Here H is the Hamiltonian and J; are the actions, calculated using
the Stéckel approximation (see e.g. de Zeeuw 1985; Sanders & Bin-
ney 2016). We show the distributions of the azimuthal frequency Q4
in Fig. 6 for stars within the L, cut described above, weighted as
outlined in Section 3.2. All stars within the cut are included in the
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Figure 8. Radial phase space of the simulated stars, with the same L, cut as used on the data in Fig. 4. The top and bottom rows show the start and end of the
simulation respectively. From left to right, the columns are unnormalised, normalised by column, and normalised by both row and column. The distribution is
initially smooth, with no structure visible. However, at the end of the simulation after the growth of the bar, a wedge-shaped overdensity with its tip at ~ 10 kpc
is visible. This is revealed more clearly in the right-hand column, and bears a close resemblance to Chevron 1 seen in the data in Fig. 4.

black histogram, while the stars close to E = —1.4 X 10% km? s~2 are
shown in red. The stars in this overdensity have frequencies strongly
peaked around 34 rad Gyr~!, similar to some recent estimates of the
pattern speed of the bar (e.g. Binney 2020). This suggests that this
overdensity may be associated with the bar’s corotation resonance.
We note however that the true frequencies in a rotating barred po-
tential may differ somewhat to these estimates, so simulations with
a bar are necessary for a more accurate comparison. This is what we
proceed to carry out in Section 4.

4 SIMULATIONS

We now investigate whether such a feature with the above properties
can instead be produced by a rotating bar via resonant trapping. We
run test particle simulations of a stellar halo-like population of par-
ticles using the galactic dynamics package Acama (Vasiliev 2019).
We initialise this population from a steady-state distribution function
in the axisymmetric Milky Way potential described in Section 3.3,
before introducing a rotating bar-like perturbation which smoothly
increases in strength.

4.1 Barred potential

To represent a bar, we use the Dehnen (2000) model generalised to 3
dimensions by Monari et al. (2016). This consists of a quadrupole per-

turbation to the potential, written in cylindrical coordinates (R, ¢, z)
in the form

@y = an(0 eosC2lo —an(n]) £) <17 TF T
@)

where r2 = R2 + z2. We increase the amplitude of the perturbation
Ap (1) smoothly between times ¢ and ¢; according to

R)ZX{(V/Rb)3—2 r < Ry

3 5 15, 1
Ap(r) = Ay Efs‘§§3+ﬁf+§)’ 3)
_ l‘—to_
g=2t1_t0 1. “)

Fort < tg and t > 11, Ap equals 0 and A ¢ respectively. Following
Dehnen (2000), we parameterise the bar perturbation amplitude with
the bar strength

A 3
a=32 (ﬁ) , )
v(z) Ry

where v is the circular velocity at Ry = 8 kpc. We rotate this
potential at constant pattern speed Q. We compare simulations with
pattern speeds of Qp, = {35,40,45} kms~! kpc™!, but focus on the
Qp, = 40 kms~ ! kpe™! model for most of this section. This is close
to many recent estimates of the bar’s pattern speed (e.g. Wang et al.
2013; Portail et al. 2017; Sanders et al. 2019; Binney 2020).
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Vertical action vs L.

: o difference
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Figure 9. Vertical action J, vs angular momentum L. at the beginning and
end of the simulation. The bottom panel shows the ratio of the two histograms,
where black (white) pixels show where the density has increased (decreased).
This indicates that stars at low J; are more likely to be pushed to high L. by
the bar.
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Figure 10. Median azimuthal velocity (vg) as a function of cylindrical
radius R in each snapshot of the simulations (coloured lines) compared to
observed values for low [Fe/H] stars from APOGEE DR17 (black points).
While initially the halo has no net spin, after the bar grows the mean azimuthal
velocity is positive, particularly inside 8 kpc. The observed values show a
similar trend, albeit with a higher median v.
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Figure 11. Top panel: initial (x-axis) and final (y-axis) azimuthal frequencies
Qg of simulated stars. These are calculated by integrating orbits from the
initial and final phase space positions in a potential of constant pattern speed.
The red points show stars with final energy close to E = —1.5 x 10° km? s~2,
the approximate energy of the most prominent overdensity in Fig. 7. Bottom
panel: as above, but instead showing radial frequencies Qg. In both cases
horizontal stripes indicate that the final frequencies are highly clustered about
certain values. These include Qg4 = 40 km s~ kpc~!, the bar pattern speed.
Most of the red points lie close to this frequency, showing that this corresponds
to the prominent energy overdensity in Fig. 7.

We set a = 0.01 following Dehnen (2000), tg = 2 Gyrand ¢| = 4
Gyr, so the bar grows over a period of 2 Gyr. We run the simulation
between t = 0 and 1y = 8 Gyr. This is roughly the duration of
the period of the Milky Way’s history since the GSE merger, over
which no major satellite has been accreted (e.g. Belokurov et al.
2018; Kruijssen et al. 2020). We set the bar radius to Ry, = 2 kpc.
While this is likely smaller than the Milky Way’s bar at present
(e.g. Hammersley et al. 1994; Wegg et al. 2015; Lucey et al. 2023),
it may be more realistic for the period over which it was formed
(Rosas-Guevara et al. 2022) .

4.2 Distribution function

We generate a halo-like population of stars using the double power
law distribution function implemented in AGama by Vasiliev (2019),
which is a generalisation of ones introduced by Posti et al. (2015)
and Williams & Evans (2015):

A ”]”” 1+ ()" o
f = (27TJ0)3 * (h(J)) I+ Jo ’ ©)
h(J) = Jr + Jgl + ;. (7
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Figure 12. Distributions of rq, the ratio of azimuthal to radial frequencies in
the frame rotating at the pattern speed €y, at three snapshots. The distributions
at t = 4 and 8 Gyr have clear resonant peaks at rg = 0 (corresponding to
corotation) and rg = —0.5 (the outer Lindblad resonance). The rg = —0.25
or ultraharmonic resonance is also marked, although the peak is weaker here.
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Figure 13. Orbits close to each of the three resonances marked above, plotted
in the frame corotating with the bar. The Galactic disc lies in the X — Y
plane, with the bar’s major axis along the X-axis. The bottom row shows the
height above the disc Z vs cylindrical radius R. The two colours show two
separate orbits at each resonance. These demonstrate that trapped orbits can
be both disc-like (e.g. orange, middle column) or halo-like, with large vertical
excursions (e.g. orange, left-hand column).

Here, Jj is the characteristic total action |J| of orbits near the break
radius of the double-power law profile (Posti et al. 2015).

We wish to choose values of Jy and the power law indices I" and
B to roughly reproduce the density profile of the Milky Way’s stellar
halo. Multiple studies have found that the density profile can be fitted
by a double power law with inner slope y ~ 2.5 and outer slope
B ~ 4.5, with a break radius at r = 25 kpc (e.g. Watkins et al. 2009;
Deason et al. 2011; Faccioli et al. 2014; Pila-Diez et al. 2015). We
find that choosing Jy = 3500 kpc kms~! and (', B) = (2.4,4.6)
roughly recovers the values for the Milky Way. We set the steepness
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of the break to = 10, which results in the density power law slope
changing between radii of ~ 10 — 40 kpc.

4.3 Results

We integrate the orbits of these stars in the combined potential of the
Milky Way and the growing rotating bar for time 7 y. We calculate
the energy E and angular momentum L of the star particles in each
snapshot, and show these distributions in Fig. 7. At the beginning of
the simulation, there is a large concentration of stars at small L, but
otherwise no structure. However, at ¢ = 4 and 8 Gyr horizontal stria-
tions are visible at L; > 0, corresponding to specific energies where
there are overdensities and underdensities of stars. These stripes re-
semble those seen in the data in Fig. 3, as they occupy a similar region
of E-L, space. Since the initial distribution function is symmetric in
L, the fact that these simulated ridges occur only at L, > 0 implies
that they must be related to the rotation of the bar.

The third panel of Fig. 7 shows how the star particles move through
E-L; space. The red streaks mark the paths taken by a selection of
stars, where the motion is towards the top-right. This results in a
depletion of stars at L, < 0 (white pixels) and an enhancement
in their density in the ridges at L; > 0. This behaviour strongly
resembles that expected for a steady but rotating non-axisymmetric
potential, where stars are constrained to move along lines of gradient
Qy inthe E vs L plane due to conservation of the Jacobi integral. We
see similar behaviour here, though we note that the bar perturbation
grows in magnitude between ¢ = 2 and 4 Gyr, so the Jacobi integral
is not exactly conserved during this period. We have checked that the
gradient of these streaks is indeed approximately .

We calculate the instantaneous radial and azimuthal frequencies
of the star particles as follows. We integrate their orbits from their
phase space positions in each snapshot, using the corresponding
potential with constant pattern speed. The frequencies are calculated
from the radial and azimuthal motion averaged over several orbital
periods. In the bottom panel of Fig. 7 we plot only particles with
azimuthal frequencies satisfying [Q4 — Qp|/€p < 0.001 (i.e. stars
very close to the corotation resonance). The distribution of these
stars exactly coincides with the lowest energy overdensity seen in
the panel above, at E ~ —1.5 x 10° km? s~2. This overdensity can
therefore be associated with the corotation resonance.

‘We show the radial phase space of the simulations in Fig. 8, where
we have applied the same radius and angular momentum cuts as on
thedatainFig.4 (4 < r [kpc] < 12,0.25x10% < L, [kpc kms™1] <
1.0 x 10%). The top and bottom rows show the start and end of the
simulation, at # = 0 and 8 Gyr respectively. The three columns use
different normalisations.

The initial distribution function has a smooth radial phase space,
with no substructure visible. However, by the end of the simulation a
wedge-shaped overdense region emerges, with its tip at » ~ 10 kpc.
This bears a strong resemblance to Chevron 1 visible in the data in
Fig. 4

To assess how the change in L, depends on the amplitude of verti-
cal motion of the stars, we calculate the vertical actions J; using the
Stickel Fudge approximation (Binney 2012) in an axisymmetrised
potential (without the bar). The distributions of J, vs L; are shown
in Fig. 9 at the beginning and end of the simulation. The bottom
panel shows the ratio of the two distributions (i.e. the difference in
log density). As expected from Fig. 7, at the end of the simulation
the average L, is positive, as stars move away from around L, = 0.
Fig. 9 shows that this has J; dependence, with particles at low J,
experiencing greater increases in L, on average. This is likely to be
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in part due to the fact that stars at low J; tend to have lower energy
and hence interact more strongly with the bar.

Fig. 9 demonstrates that the bar is capable of creating a population
of stars with low J, and positive mean L, from an initially non-
rotating distribution. We note that this bears some similarity to the
population ultra metal-poor stars discussed by Sestito et al. (2019).
A significant fraction of these stars are on prograde orbits with J, <
100 kpc km s7L comparable to the distribution in the middle panel
of Fig. 9. Our results suggest that the Milky Way’s bar could be
responsible for creating the observed distribution of these stars and
thus alleviate the need to invoke an early emergence of a prehistoric
metal-poor disc (see e.g. Sestito et al. 2019; Di Matteo et al. 2020;
Mardini et al. 2022).

We compute the spherically averaged median azimuthal velocity
v as a function of cylindrical radius R. This is plotted in Fig. 10 at
three snapshots. The distribution changes from having no net spin to
having a positive median v, with larger values at small radii. This
is expected from Figs. 7 and 9, which show that by ¢ = 8 Gyr there is
an excess of star particles at L, > 0, particularly at low energies.

In Fig. 10 we also plot data from data release 17 (DR17) of the
APOGEE survey (Majewski et al. 2017; Abdurro’uf et al. 2022)
for comparison. We follow closely the steps outlined in Belokurov
& Kravtsov (2022) to select unproblematic red giants stars with
small chemical and kinematic uncertainties. In addition, we apply
[Al/Fe] < 0.1 and [Fe/H] < —1.2 cuts to limit our sample to pre-
dominantly accreted halo stars. These APOGEE low-metallicity data
points qualitatively follow a similar trend to the simulation, with a
decreasing median v 4 with increasing R.

In Fig. 11, we plot the final versus initial values of Q4 and Qg for
the simulated star particles with the L, and r cuts used for Fig. 8.
While many particles’ frequencies do not change between the start
and end of the simulation, narrow horizontal stripes in the panels of
Fig. 11 indicate that the final frequency distributions are tightly clus-
tered around particular values. This includes Q4 = 40 km s~ kpe™!,
which is equal to the pattern speed of the bar. Hence these particles
are trapped around the corotation resonance. The red points show
particles with energies close to that of the lowest energy overdensity
in Fig. 7. Many of these are located at or very close to the corotation
resonance, as expected from Fig. 7. To show this and other resonances
more clearly we compute the ratio of azimuthal and radial frequen-
cies in the frame corotating with the bar, rq = (Qg — ,)/Qg. The
distributions of this quantity are plotted in Fig. 12 at three different
times.

This shows that the frequencies are clustered around multiple reso-
nances with the bar. While the initial distribution is relatively smooth,
the intermediate and final distributions have multiple sharp peaks
located at particular values of rq. This includes the corotation reso-
nance rgo = 0 and the outer Lindblad resonance rq = —0.5, with the
corotation peak begin particularly strong. The distributions at 4 and
8 Gyr are very similar, showing that the trapping takes place during
the growth phase of the bar (2 < #/Gyr < 4) and that the resonant
peaks are largely unchanged while the bar is steadily rotating with
constant strength.

We show a selection of orbits near three of the resonances in
Fig. 13. The top row shows the orbits in the plane of the disc in
the frame corotating with the bar (whose major axis lies along the
X-axis). Stars near the corotation resonance (right-hand column) do
not cross the bar’s major axis, instead orbiting on one side only. The
bottom row shows the vertical vs radial behaviour of the orbits. While
some resonant orbits remain close to the disc (Z = 0 plane), others
have large vertical excursions, reaching over 5 kpc above and below
the disc. Hence we see that stars on halo-like orbits can contribute
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Figure 14. Energy-angular momentum space at the end of the simulation
with a bar length of R}, = 2 kpc (top panel) and 3 kpc (bottom panel). The
overdensities are still clearly visible with the longer bar, albeit with somewhat
lower contrast.

to the resonant peaks seen in Fig. 12. Note that the blue orbit in the
middle column also has a resonance between its R and Z motion.

4.3.1 Dependence on bar length

To check how our results depend on the bar length R}, we run another
simulation with Ry, = 3.5 kpc. This is the value used by Monari et al.
(2016), and is a good fit to the current (rather than initial) size of
the Milky Way’s bar. We maintain a bar strength of @ = 0.01, so the
strength of the perturbation near the Sun is unchanged. We show a
comparison of the E-L  space of the two simulations in Fig. 14.

We see that the ridge overdensities with roughly constant energy
at L; > 0 remain visible with the longer bar. They are slightly less
prominent than with R, = 2 kpc, with fewer stars being moved
away from L, ~ 0. However, the energies of the overdensities are
unaffected by the change in bar size, so our analysis is independent
of the exact choice of bar model. We also note that the strength of
the overdensities can be changed by a time-dependent pattern speed
through the process of resonance sweeping (see e.g. Chiba et al.
2021). We plan to address this in a future work.

4.4 Comparison with data

We wish to estimate the approximate pattern speed of the bar which
can best reproduce the observed structures in Fig. 3. For this purpose,
we run simulations with constant pattern speeds Qp, = {35, 40,45}
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Figure 15. E-L_ distributions of the data (left-hand panel) and simulations with three different pattern speeds (right three panels). As in the bottom panel of Fig. 3,
the data have been weighted and unsharp filtering has been applied to each distribution in energy. Black (white) pixels denote overdensities (underdensities).
The red dashed line marks the approximate energy of the horizontal ridge in the data at L, > 0. As the pattern speed is increased, the horizontal ridges in the
simulations decrease in energy (and increase in frequency). The most prominent one (due to the corotation resonance) roughly aligns with the ridge in the data

at a pattern speed of Q, ~ 35 — 40 kms~! kpc~!.

km s~ ! kpc™! with the same background potential and initial distri-

bution function. We calculate the energy E and angular momentum
L of the particles, and apply unsharp masking to the E-L, distri-
butions similar to that used in Fig. 3. The filtered E-L distributions
for the data and three simulations are shown in Fig. 15 with the
approximate energies of the observed ridges marked by red dashed
lines.

As the pattern speed Qy, is increased, the frequencies of the res-
onances increase. This results in a decrease of the energies of the
corresponding overdensities in E-L; space. Of the three simulations,
the closest match is at a pattern speed of Qp = 35 km 571 kpc~!, at
which the energy of the corotation ridge is —1.4 x 10° km? s~2. The
Qp = 40 kms~! kpe™! model is also a reasonably good fit, while
at 45 kms~! kpc™! the energy of the corotation ridge is too low to
match the data.

We therefore conclude that pattern speeds in the range 35 — 40
kms~! kpc~! produce good matches between the energies of the
observed and simulated ridges in E-L space. This is in agreement
with most recent studies that constrain the pattern speed. For example,
Chiba et al. (2021) and Binney (2020) found that Qy, ~ 35.5 and 36
km s~! kpc~! respectively were favoured, while Portail et al. (2017),
Wang et al. (2013) and Sanders et al. (2019) preferred values in the
range 39 — 41 kms~! kpc~!.

5 CONCLUSIONS

Bars are important drivers of morphological changes in galaxies.
The Milky Way is no exception. Its massive bar extends to around
Galactocentric distances of ~ 5 kpc and contains ~ 30 — 40 per cent
of the total stellar mass in the Galaxy. This hefty structure has long
been known to drive evolution in the disc through its resonances.
These are the locations where a combination of the stars’ natural
frequencies is equal to the forcing frequency or pattern speed of the
bar. At the resonances, secular changes in the orbits occur, causing
long term effects in the stellar populations.

Data from the Gaia satellite has reinvigorated the study of sub-
structure in the disc. Many of the notches, ridges and ripples in
phase space have been interpreted as the imprints of resonances with

the bar (e.g., Khoperskov et al. 2020; Trick et al. 2021; Trick 2022),
though the effects of spirality driven by the bar are also possible (Hunt
et al. 2018). The Hercules and Sirius streams in the solar neighbour-
hood were previously associated with the outer Lindblad resonance
of the bar (Kalnajs 1991; Dehnen 1998). This requires the bar to have
a high pattern speed. Nowadays, the corotation resonance of a slow
bar with pattern speed €, ~ 40 kms~! kpc~! is seen as the more
likely explanation (e.g. Monari et al. 2019). There have also been
hints that the bar may affect both streams (Hattori et al. 2016) and
stellar populations in the halo (e.g., Moreno et al. 2015b; Myeong
et al. 2018; Schuster et al. 2019).

In this paper, we have identified a distinctive feature in the phase
space distribution of halo stars. It is a prominent ridge at energies £ ~
—1.4x10° km? s~2 and with L, > 0. This is apparent when data from
the Gaia Data Release 3 (DR3) Radial Velocity Spectrometer (RVS)
sample is plotted in energy versus angular momentum (E-L) space.
It was also seen by Myeong et al. (2018), albeit with a much smaller
dataset. Further ridges are also present before weighting, but they are
likely artefacts caused by the selection function. The prominent ridge
corresponds to a chevron-shaped overdensity in radial velocity versus
radius (v,-r) space previously reported by Belokurov et al. (2023).
it resembles those produced by phase mixing the debris of a merged
satellite galaxy (e.g. Fillmore & Goldreich 1984; Sanderson & Helmi
2013; Dong-Péez et al. 2022; Belokurov et al. 2023). However, the
structure persists at both high and low metallicity ([Fe/H] > —0.7 and
< —0.7), suggesting that the chevron is not composed of stars accreted
from Gaia Sausage-Enceladus or elsewhere. It is natural to seek a
dynamical solution for its provenance, as stars of all metallicities are
affected.

To understand its origin, we run test particle simulations of a
stellar halo population of particles under the influence of a rotating
bar. After generating a steady-state distribution in an axisymmetric
potential, we smoothly increase the bar strength over a period of
2 Gyr. The bar remains steady for the final 4 Gyrs of its life. The
resultant distribution of stars in E-L; and v,--r space shows features
similar to the data. Particles move from around L, ~ 0 into ridges
at L; > 0, with both E and L, increasing, so as to approximately
conserve the Jacobi integral. When plotted in radial phase space,
the ridges appear as chevrons. At the end of the simulation, the
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azimuthal and radial frequencies Q4 and Qg are strongly clustered
about certain values. These correspond to resonances with the bar,
especially the corotation resonance and outer Lindblad resonance. It
is the corotation resonance that is responsible for the most prominent
ridge in E-L; space. We plot the orbits of particles close to these
resonances. Some are disc-like, but some are halo-like with large
vertical excursions from the Galactic plane.

The bar spins up the inner stellar halo. We show this by calculating
the spherically averaged median azimuthal velocity v as a function
of cylindrical radius R in our simulations. The average vy at R < 10
kpc is increased, so the simulated stellar halo gains a net spin. The
observational data on the metal-poor star subsample from APOGEE
shows qualitatively the same trend as the simulations, with the me-
dian v decreasing from ~ 70 to 10 km s~! between Galactocentric
radii R of 3 and 9 kpc. The effect of a bar spinning up a spheroidal
distribution has been extensively studied in relation to the dark halo
(e.g. Weinberg 1985; Athanassoula 2002) and the bulge (e.g. Saha
et al. 2012, 2016). Dynamical friction acts on the bar, transferring
its angular momentum to the halo and reducing the pattern speed
(Hernquist & Weinberg 1992; Debattista & Sellwood 2000b). How-
ever, this process is not simple; Chiba & Schonrich (2022) showed
that the dynamical friction can oscillate, resulting in the pattern speed
oscillating while it decays. The efficiency of the angular momentum
transfer depends on the mass of the spheroidal distribution, with less
massive bulges being spun up more easily (Saha et al. 2016). We
therefore note that while our test particle simulation provides an il-
lustration of this effect, an N-body simulation with a live bar, disc
and halo is required to quantify it and fully capture its complexity.

The distribution of the angular momentum becomes asymmetric.
This asymmetry is more pronounced for stars with low J,. As a
result, a population of stars on seemingly disc-like orbits is forged
from the initially non-rotating and smooth halo distribution. These
orbits are similar to those previously reported for metal-poor, very
metal-poor and extremely metal-poor stars in studies advocating a
disc-like state for the high-redshift Galaxy (see e.g. Sestito et al.
2019; Di Matteo et al. 2020; Mardini et al. 2022). If following our
results, the necessity for a pre-historic disc is removed, a different
picture emerges. Before spinning up into a cogerently rotating disc
at metallicities —1.5 <[Fe/H]< -1, the early Milky Way was in-
stead a kinematically hot and messy place in line with the analysis
by Belokurov & Kravtsov (2022). This pre-disc Milky Way popula-
tion, dubbed Aurora, is strongly centrally concentrated and thus lies
predominantly within Solar radius and has a modest net spin (see
Belokurov & Kravtsov 2022). Similar conclusions as to the state of
the high-redshift Galaxy are reached in recent observational (Conroy
et al. 2022; Rix et al. 2022; Myeong et al. 2022) and theoretical
(Gurvich et al. 2023; Hopkins et al. 2023) studies.

We repeat our simulation with different bar pattern speeds in the
range 35-45 kms~! kpc™!. As the pattern speed of the bar is in-
creased, the frequencies of the resonances increase. This decreases
the energy of the horizontal ridges in E vs L, space, as well as the
radial extent of the corresponding chevron over-densities in v, vs r
space. We find that, with our choice of potential, a pattern speed of
Qp ~ 35— 40 kms~! kpc~! is required to match the energy of the
most prominent ridge in E-L; space. This is consistent with most
recent estimates of the Milky Way bar’s pattern speed, most of which
are 35— 41 kms~ ! kpe~! (e.g. Wang et al. 2013; Portail et al. 2017;
Sanders et al. 2019; Binney 2020; Chiba & Schonrich 2021). While
our results suggest that 35 km s! kpc_1 may be slightly favoured
over 40 kms~! kpc~!, a more detailed study is required to include
consideration of uncertainties in the potential.

There are a number of avenues for further exploration. First, this
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offers up a new tool to study the Galactic bar. Its formation epoch and
its evolution will imprint themselves on the stellar halo as well as the
disc. If the pattern speed of the bar is slowing because of dynamical
friction exerted by the dark halo, this may induce detectable features
in the ridges of the stellar halo populations. Secondly, the Lindblad
and other resonances may also be the sites of depletions and en-
hancements in the action space of the stellar halo, though these have
not yet been unambiguously associate with structures in the data.
Thirdly, the bar may also create resonant features in the dark halo.
This may be important if the substructures coincide with the solar
neighbourhood, as this may enhance the signal expected in direct
detection experiments in Earth-borne laboratories. We are actively
pursuing these investigations and will report results in a future work.
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