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A B S T R A C T 

Co-moving groups of stars (streams) are well known in the velocity space of the disc near the Sun. Many are thought to arise 
from resonances with the Galactic bar or spiral arms. In this work, we search for similar moving groups in the velocity space of 
the halo, at low angular momentum. From the asymmetry of the radial velocity distribution v R 

, we identify two inward-moving 

streams with v R 

< 0 and small | v φ| . These are projections of the ‘chevrons’ previously disco v ered in radial phase space ( R, v R 

). 
A test particle simulation in a realistic Milky Way potential with a decelerating bar naturally produces analogues of these 
features, and they are observed across a wide range of metallicity. They are therefore very likely to be dynamical streams created 

by trapping in the bar’s resonances. Specifically, they occupy regions of phase space where orbits are trapped in the corotation 

and outer Lindblad resonances respectively. By tracing these streams across a range of radii in ( R, v R 

) space, we fit resonant 
orbits to their tracks in a flexible potential with variable bar pattern speed. This allows us to simultaneously constrain the mass 
profile of the Milky Way for r � 20 kpc and the pattern speed �b . We estimate the mass enclosed within r = 20 kpc to be 
M 20 = (2 . 17 ± 0 . 21) × 10 

11 M �, and the pattern speed to be �b = 31 . 9 

+ 1 . 8 
−1 . 9 km s −1 kpc −1 . Our fitted potential is in excellent 

agreement with previous results, while we fa v our a slightly slower pattern speed than most recent estimates. 

Key words: Galaxy: fundamental parameters – Galaxy: halo – Galaxy: kinematics and dynamics – Galaxy: structure. 
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 I N T RO D U C T I O N  

n a totally axisymmetric galaxy in perfect equilibrium, the distribu-
ion of stars in velocity space should be symmetric in radial velocity
 R . It has been known for decades that this is not the case in the Milky
ay. The velocity space in cylindrical coordinates ( v R , v φ) of stars

n the disc near the Sun contains multiple unbound moving groups
r streams sharing kinematic properties with various stars and open
lusters (Antoja et al. 2008 ). These include Sirius, the Hyades (Eggen
958a ), Arcturus (Eggen 1971 ), and ζ Herculis (Eggen 1958b ). The
atter, usually referred to as the Hercules stream (Fux 2001 ), is a
roup of stars with relatively low azimuthal speed ( v φ ∼ 180 km s −1 )
nd a net outward streaming motion (with v R > 0). These moving
roups imply a lack of phase mixing in the local disc, and can
roadly be explained by two alternative mechanisms: dissolution
f open clusters (Eggen 1965 ), or dynamical interactions with the
alactic bar or spiral arms (e.g. Dehnen & Binney 1998 ; Monari

t al. 2016 ). F or a giv en star, the bar becomes dynamically important
ear its resonances, where its pattern speed (frequency of rotation) is
ommensurate with the orbital frequencies of the star (i.e. related by
ome integer ratio). Important resonances include the corotation (CR)
nd outer Lindblad resonances (OLR). Resonances can trap particles,
esulting in o v erdensities of stars near resonant orbits (Binney &
remaine 2008 ). We summarise the theory behind this process in
ection 2 . 
 E-mail: a.dillamore@ucl.ac.uk 
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Astrometric measurements from the Hipparcos space telescope
Perryman et al. 1997 ) of ∼ 10 4 nearby stars (Dehnen & Binney
998 ; Skuljan, Hearnshaw & Cottrell 1999 ) allowed the velocity
pace in the Solar neighbourhood to be mapped and modelled in
ore detail. Various works have associated the Hercules stream with

he OLR (Dehnen 2000 ; Fux 2001 ), which would imply that the bar’s
attern speed is �b ≈ 53 km s −1 kpc −1 (Dehnen 2000 ). Impro v ed
ata from the Gaia Observatory (Gaia Collaboration 2016 ) has
purred a renewed interest in modelling features in local velocity
pace to probe global properties of the Galaxy (Khoperskov et al.
020 ; Trick et al. 2021 ; Trick 2022 ; Wheeler et al. 2022 ). The
ajority of recent works have concluded that the Hercules stream is

ikely to have arisen from trapping in the CR (P ́erez-Villegas et al.
017 ; Monari et al. 2019 ; Binney 2020 ; D’Onghia, L. & J. 2020 ;
hiba & Sch ̈onrich 2021 ), which may require the bar’s pattern speed

o be slowing with time (Fragkoudi et al. 2019 ; Chiba, Friske &
ch ̈onrich 2021 ). This has led to estimates for the pattern speed
rom Hercules being revised down to �b ≈ 35 km s −1 kpc −1 (Binney
020 ; Chiba & Sch ̈onrich 2021 ). This is more consistent with recent
 alues deri ved from direct observ ations of the bar, in the range
b ≈ 33 –41 km s −1 kpc −1 (Portail et al. 2017 ; Bovy et al. 2019 ;
anders, Smith & Evans 2019 ; Clarke & Gerhard 2022 ; Leung et al.
023 ; Zhang et al. 2024b ). A handful of new moving groups have also
een identified from Hipparcos and Gaia data (Gaia Collaboration
018 ). These include the inward-moving ‘Horn’ and the high- v φ
Hat’ (e.g. Dehnen 2000 ; Fragkoudi et al. 2019 ; Hunt et al. 2019 ;

onari et al. 2019 ; Laporte et al. 2020 ; Khalil et al. 2024 ). The
at is consistent with being produced by the OLR (Monari et al.
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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1 m is often set to 2 for the CR to match the inner and outer Lindblad resonances 
(e.g. Chiba et al. 2021 ). 
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019 ; Trick et al. 2021 ) if the CR is responsible for the Hercules
tream. Spiral arms have been shown to aid the reconstruction of the
bserved features in simulations, including the Sirius moving group 
Hunt et al. 2018 , 2019 ; Khalil et al. 2024 ). The moving groups
bserv ed locally hav e also been traced across different radii and
zimuths (e.g. Ramos, Antoja & Figueras 2018 ; Bernet et al. 2022 ),
hich may allow the potential to be mapped o v er a wider area. 
Substructure in velocity space at lower angular momentum was 

lso disco v ered with Gaia data. A population of stars on highly
ccentric orbits dominates the stellar halo near the Sun, named Gaia 
ausage–Enceladus (GSE; Belokurov et al. 2018 ; Helmi et al. 2018 ).
n velocity space in spherical coordinates ( v r , v φ), this population
s centred at v φ ∼ 0 km s −1 and is elongated in v r , stretching to
 v r | > 300 km s −1 . Comparisons with simulations suggest that it is
he debris of a dwarf galaxy of stellar mass up to ∼ 10 9 M �, which
erged with the Milky Way ∼ 8 –11 Gyr ago (e.g. Belokurov et al.

018 ; Fattahi et al. 2019 ; Belokurov et al. 2020 ; Dillamore et al.
022 ; Deason & Belokurov 2024 ). 
Even as early as the disco v ery of GSE, there were hints of

ner structure within its region of velocity space. Gaussian mixture 
odels fitted to the velocity distribution exhibit residual excesses at 
 r < 0, suggesting a bias towards inward-moving stars in the Solar
eighbourhood (see fig. 3 in Belokurov et al. 2018 ). This asymmetry
s visible even down to low metallicities ( [M / H] < −2; Zhang, 
rdern-Arentsen & Belokurov 2024a ). More recently, the third data 

elease from Gaia (DR3; Gaia Collaboration 2023 ) included line- 
f-sight velocity measurements for ∼ 30 million stars by the Radial 
elocity Spectrograph (RVS; Katz et al. 2023 ). Belokurov et al. 
 2023 ) used this data to reveal a series of overdensities in the radial
hase space ( r, v r ) of low-angular momentum stars. These ‘chevrons’
ppear most clearly at v r < 0, and resemble the structures which
aturally result from the phase mixing of merger debris on highly 
ccentric orbits, such as GSE (see e.g. Dong-P ́aez, Vasiliev & Evans
022 ). Ho we ver, debris from the GSE merger should have been
ndergoing phase mixing for � 8 Gyr, which would result in a much
reater dynamical age than is observed. Specifically, Donlon et al. 
 2024 ) showed that the asymmetry in v r should be erased o v er such
 long period, calling into question whether these chevrons could 
ave resulted from the GSE merger event. Dillamore et al. ( 2023 )
nd Dillamore, Belokurov & Evans ( 2024 ) proposed an alternative 
echanism for the formation of the che vrons, sho wing that they could

ave instead resulted from bar resonances trapping stars on highly 
ccentric orbits. We demonstrated using test particle simulations 
hat a realistic bar is capable of producing chevrons with a close
esemblance to the observed features. A decelerating bar helps to 
trengthen these features by trapping more stars (Chiba et al. 2021 ;
illamore et al. 2024 ). The excess of stars at v r < 0 near the Sun

s a natural prediction of this model, equi v alent to the asymmetric
oving groups in the disc such as the Hercules stream. 
In this paper, we investigate the asymmetric structure of the 

alo’s velocity space in more detail, and compare the locations of
oving groups in the halo to the regions where orbits are trapped

n resonances. We also fit orbits to the tracks of the moving groups
 v er a range of radii, using a flexible potential and pattern speed.
his is analogous to fitting orbits to stellar streams produced by the

idal disruption of globular clusters in order to constrain the Galactic 
otential (e.g. Koposov, Rix & Hogg 2010 ; Malhan & Ibata 2019 ).
o we ver, the additional requirement that the orbits be in specific

esonances allows us to simultaneously constrain the pattern speed 
b along with the Milky Way’s potential in the regions explored by 

he orbits. This is a no v el approach to inferring properties of both the
alactic bar and the dark matter halo. 
The rest of this paper is arranged as follows. In Section 2 , we
ummarize the theory of resonant trapping and calculate the regions 
f local velocity space in which orbits are trapped in resonances.
ection 3 briefly describes the Gaia data used in this paper, and
ection 4 outlines the setup of the test particle simulation used for
omparison. In Section 5 , we present and discuss the results from
ach. We use the observations to constrain the Milky Way’s potential
nd bar’s pattern speed in Section 6 , and finally summarize our
onclusions in Section 7 . 

 T H E O RY  

.1 Summary of resonant trapping 

 quasi-periodic orbit can be described by a set of three frequencies,
 �R , �φ, �z ), describing radial oscillations, azimuthal motion (cir- 
ulation) and vertical oscillations respectively. Resonances occur 
hen these frequencies exist in some integer ratio, sometimes 

nvolving another frequenc y. F or resonances with a bar rotating at
attern speed �b , the azimuthal frequenc y relativ e to the bar �φ–�b 

s important. In this paper, we consider resonances of the form 

�R + m ( �φ − �b ) = 0 , (1) 

here l and m are integers which index the resonances. Important
esonances include the corotation resonance (CR; l/m = 0), the 
uter Lindblad resonance (OLR; l/m = 1 / 2), and the inner Lindblad
esonance (OLR; l/m = −1 / 2). 

The dynamics of a particle near the ( l, m ) resonance can best be
escribed by the slow angle , 

s ≡ lθR + m ( θφ − φb ) . (2) 

ere, θR and θφ are the angle variables (conjugate to the actions J R 
nd J φ) describing motion in the radial and azimuthal directions (with

˙R = �R = constant, θ̇φ = �φ = constant), and φb is the angle of
he bar (such that φ̇b = �b ). Thus, on the exact resonance, equation
 1 ) determines that θs is constant. 

Resonant perturbation theory (e.g. Lynden-Bell 1973 ; Chirikov 
979 ; Collett, Dutta & Evans 1997 ; Chiba et al. 2021 ; Hamilton et al.
023 ) shows that the dynamics of the slow angle near a resonance
ith a quadrupole bar obey the equation of a pendulum, 

s̈ ∝ sin θs . (3) 

s with a pendulum, two classes of behaviour are possible: circu-
ation and libration . Circulation is when θs passes through its full
ange of values between 0 and 2 π , and occurs when | ̇θs | is large.
ence, this is the behaviour of a particle far from the resonance. By

ontrast, a librating θs oscillates about the stable minimum of the 
endulum ‘potential’ and only explores a limited range of values. 
n this case, the particle is said to be trapped by the resonance.
he simplest example is the CR, for which θs = 2( θφ − φb ). 1 From
quation ( 3 ), it can be seen that a particle trapped in this resonance
ill have the azimuthal angle ( θφ − φb ) exploring a range < π ,
eaning that the orbit will be largely limited to one half of the

alaxy (in the bar’s frame). Given a set of orbits, we can therefore
ategorize them as trapped or untrapped. Trapped orbits can be seen
s occupying volumes in phase space bounded by surfaces known 
s separatrices . Separatrices can be visualized by fixing four of the
ix phase space coordinates and showing them as a function of the
MNRAS 541, 214–233 (2025) 
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ther two. For resonances with the bar, it is most natural to fix
he spatial coordinates (e.g. to the Sun’s position) and the vertical
elocity v z (e.g. to zero), and plot the velocity space in the Galactic
lane ( v R , v φ). Previous works have used this method to map bar
esonances in the disc (Monari et al. 2017 ; Binney 2020 ; Chiba et al.
021 ), b ut ha ve ignored other regions of velocity space (e.g. with
mall | v R | ). We now extend maps of the bar resonance separatrices
o areas of velocity space occupied by the halo. 

.2 Calculation of separatrices 

e determine whether a given orbit is trapped by directly integrating
t forward in time in a barred potential using AGAMA (Vasiliev 2019 ).

e generate a 2D grid of orbits in velocity space ( v R , v φ) with
nitial positions equal to the Sun’s location and vertical velocity
 z ≈ 0 km s −1 . The in-plane velocity components v R and v φ range
etween −400 and 400 km s −1 . These orbits are directly integrated
orward from their initial conditions at the present day for 4 Gyr. 

For each resonance ( l, m ), we calculate the slow angle θs as a
unction of time (equation 2 ) using AGAMA ’s ACTIONFINDER function.

e define an orbit as trapped if θs returns to its initial value twice
ithout completing a circulation through 2 π . For a trapped orbit, this
sually corresponds to one complete libration. An orbit which passes
hrough a range of 2 π is classed as untrapped by the resonance in
uestion (though it may be trapped by a different resonance). Note
hat for l �= 0 the azimuthal angle θφ − φb can circulate through 2 π
ven if the slow angle librates, so a non-CR trapped orbit still explores
ll azimuths relative to the bar. 

.3 Milky Way model 

n this section, we use the potential fitted to the Milky Way by Hunter
t al. ( 2024 ). This includes the bar model fitted by Sormani et al.
 2020 ) to the made-to-measure model of Portail et al. ( 2017 ). This
ar consists of an X-shaped boxy-peanut bulge, a short bar, and a long
ar. The potential model also features Sgr A ∗, a nuclear star cluster,
 nuclear stellar disc, two exponential stellar disc components, a
as disc, and a dark matter halo with an Einasto profile. We set the
osition of the Sun to R 0 = 8 . 178 kpc (GRAVITY Collaboration
019 ) and the azimuth of the Sun relative to the bar’s major axis
o φ� = 30 ◦ (consistent with Wegg, Gerhard & Portail 2015 ). We
ound that changing this angle by ∼ 2 ◦ had only small effects on
he separatrices. The potential has a circular speed at the Sun’s
adius of v c ( R 0 ) = 229 km s −1 , consistent with Eilers et al. ( 2019 ).

e perform the integrations with both a steadily rotating bar and a
ecelerating bar. In this section, we set the current pattern speed of
he bar to �b = 32 . 5 km s −1 kpc −1 , close to several recent estimates
e.g. Sanders et al. 2019 ; Binney 2020 ; Zhang et al. 2024b ). We
arametrize the deceleration of the slowing bar model with the
imensionless deceleration parameter, η ≡ −�̇b /�2 

b . This is set to
= 0 . 003, consistent with Chiba et al. ( 2021 ) and Zhang et al.

 2025 ). In Section 6 , we will allow v c ( R 0 ) and �b to vary along with
he dark matter halo profile. 

.4 Resonances in local velocity space 

n the top panel of Fig. 1 , we show resonances in cylindrical polar
elocity space ( v R , v φ) at the Sun’s position. Throughout this paper
e plot the scaled angular momentum L z /R 0 = v φR/R 0 instead
f v φ directly. While these are equal at the Sun’s radius, L z /R 0 

s approximately conserved along a star’s orbit (outside the bar)
o any substructure is less blurred by observing a sample o v er a
NRAS 541, 214–233 (2025) 
arge volume. Each colour corresponds to a different resonance, with
eparatrices indicated by solid (constant �b ) and dotted (slowing �b )
ines. All orbits trapped by a given resonance are enclosed by the
orresponding separatrices. The dashed lines mark the exact resonant
rbits in the axisymmetrised Hunter et al. ( 2024 ) potential, where
quation ( 1 ) is satisfied exactly. These are found by calculating the
rbital frequencies in the axisymmetric potential and numerically
olving equation ( 1 ). We also select six points inside the separatrices
rom which we integrate and plot orbits in the frame corotating with
he bar. These are chosen to illustrate a variety of trapped resonant
rbits. 
In the area of velocity space occupied by the disc around ( v R , v φ) ∼

0 , 229) km s −1 , the resonant regions are centred at v R > 0. The
R in particular is highly asymmetric about v R = 0. If the bar

raps an excess of stars in this asymmetric region, it would be
xpected to produce an outward-moving dynamical stream, and the
istribution of stars will itself be asymmetric in v R . Note, ho we ver,
hat an asymmetric trapped region will not necessarily result in
n asymmetric distribution. The magnitude of this asymmetry is
elated to the slowing of the bar, and has been used to constrain the
eceleration rate (Chiba et al. 2021 ); a decelerating bar is able to
rap an excess of stars in its CR and therefore results in increased
symmetry. An observed example is the Hercules Stream, a moving
roup with v R > 0 which has been associated with the CR (P ́erez-
illegas et al. 2017 ; Binney 2020 ; D’Onghia et al. 2020 ; Chiba
t al. 2021 ). In this case, it would be made up of orbits similar to
hat labelled ‘A’. The regions of higher resonances ( l/m > 0) are
imilarly centred at v R > 0. In each case, the orbits (e.g. A and C)
ave pericentres aligned roughly with the minor axis of the bar. 
Ho we ver, each resonance also has a distinct region of trapping at
 z /R 0 � 150 km s −1 and v R < 0. These orbits (B, D, and E) instead
ave pericentres aligned with the major axis of the bar, resulting
n the orbits passing through the Solar neighbourhood inwardly. In
illamore et al. ( 2024 ), we predicted this behaviour using resonant
erturbation theory in the isochrone potential, and demonstrated that
rapped orbits with low- L z are expected to have v R < 0 near the
un. The same is true for low- | L z | retrograde orbits (e.g. orbit F).
s explained in Dillamore et al. ( 2024 ), the prograde l/m resonance

s continuous at L z = 0 with the retrograde l/m + 1 resonance. This
s because as L z changes infinitesimally from positive to ne gativ e,
he orbit makes an extra circulation about the origin per pericentric
assage (in the corotating frame). Hence the prograde OLR is
ontinuous with the retrograde 3:2 resonance, and the behaviour of
hese respective orbits either side of L z = 0 is similar. Note, ho we ver,
hat with this bar potential there is no retrograde 1:1 resonance at the
un’s location to match the prograde CR. 
The dotted contours indicate that the separatrices have some

ependence on the deceleration rate of the bar. With η = 0 . 003
he separatrices enclose a smaller volume of velocity space, so any
roups of trapped stars would be expected to be more concentrated.
his is consistent with the findings of Chiba et al. ( 2021 ). 
From Fig. 1 , we may therefore predict the presence and locations

f dynamical moving groups with low | L z | and v R < 0, produced by
he trapping of halo stars in resonances. We now proceed to search
or such moving groups in data and simulations. 

 DATA  

e use the data from Data Release 3 (DR3) of the Gaia observatory
Gaia Collaboration 2016 , 2023 ) including line-of-sight velocity
easurements from the Radial Velocity Spectrograph (RVS; Katz

t al. 2023 ) and distances from Bailer-Jones et al. ( 2021 ). Following
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Figure 1. Top panel: resonances mapped in velocity space at the Sun’s location. The potential is that of Hunter et al. ( 2024 ), with a steadily rotating bar at 
pattern speed �b = 32 . 5 km s −1 kpc −1 . Solid and dotted lines indicate the separatrices with a steady and slowing bar respectively. Dashed lines show the exact 
resonances in the limit of a weak bar. The six points marked A–F are selected as initial conditions for integrating resonant orbits for illustration. The ratios 1:1 
and 3:2 correspond to the resonances l/m = 1 and l/m = 3 / 2, respectiv ely. Other panels: orbits inte grated from points A–F, shown in the Galactic plane in the 
frame corotating with the bar (clockwise in this view). The bar is marked with a grey ellipse and the Sun by the � symbol. For prograde orbits ( L z > 0), the 
resonances are split into two groups: at large L z with v R � 0, and small L z with v R < 0. The corresponding orbits have different orientations with respect to 
the bar. 
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elokurov et al. ( 2023 ) and Dillamore et al. ( 2023 ), we limit our
ample to stars with parallax signal-to-noise values 	/σ	 

> 10,
nd further than 1.5 ◦ from globular clusters within 5 kpc of the Sun.
e also use metallicity values [M/H] for red giant stars calculated

rom Gaia BP/RP spectra by Andrae, Rix & Chandra ( 2023 ). 
We transform the 6D position and velocity measurements into

 Galactocentric coordinate system. We assume that the Sun sits
n the Galactic plane at a radius of R 0 = 8 . 178 kpc (GRAVITY
ollaboration 2019 ) at an angle of 30 ◦ to the bar (Wegg et al. 2015 ),
nd mo v es with v elocity ( v R , v φ, v z ) = ( −11 . 1 , 247 . 4 , 7 . 25) km s −1 .
he radial and vertical components are measurements of the Sun’s
otion relative to the local standard of rest by Sch ̈onrich, Binney &
ehnen ( 2010 ), and the azimuthal component is derived from
istance and proper motion measurements of Sagittarius A ∗ by
RAVITY Collaboration et al. ( 2019 ) and Reid & Brunthaler ( 2004 ).

 SIMULATION  

or comparison with the data, we run a test particle simulation
n a potential with a smoothly growing and decelerating bar. The
imulation set-up is similar to that used by Dillamore et al. ( 2024 ),
nd we describe it briefly below. In contrast to Section 2 , we
nitialize the particles from a steady state distribution function in
n axisymmetric potential, before smoothly introducing a bar. The
istribution has a range of vertical actions, so particles are no longer
onstrained to idealised planar orbits. 

The potential consists of the axisymmetrized (azimuthally av-
raged) Hunter et al. ( 2024 ) potential plus a time-dependent bar
erturbation, 

 ( R, φ, z, t) = � axi ( R, z) + � bar ( R, φ, z, t) . (4) 

he bar component � bar consists of the quadrupole and higher-order
ourier harmonics in φ of the Hunter et al. ( 2024 ) barred potential,
ut with time-dependent amplitude and length. Since the size and
hape of the separatrices depends on the bar properties (Chiba et al.
021 ), we choose this realistic fitted bar model in order to provide
he best comparison to the observations. 

The relative amplitude of � bar is smoothly increased from 0 to
 between times t = 0 and t 1 = 2 s kpc km 

−1 ≈ 2 Gyr, following
quation (4) in Dehnen ( 2000 ). The pattern speed �b ( t) then begins
o smoothly decrease according to the prescription used by Dillamore
t al. ( 2024 ), briefly described below. The pattern speed begins
o decelerate between times t 1 ≈ 2 Gyr and t 2 ≈ 3 Gyr, following
quation (C3) in Dillamore et al. ( 2024 ). At t > t 2 , we keep the
imensionless deceleration parameter η constant. In a potential with
 flat rotation curve, a constant η corresponds to the corotation
adius moving outwards at a constant rate. As in Section 2.3 , we
et η = 0 . 003, resulting in �b decreasing from 60 km s −1 kpc −1 

o ≈ 30 km s −1 kpc −1 between time t 1 ≈ 2 Gyr and the end of the
imulation at t f ≈ 8 Gyr. 

As the bar slows, we also adjust the physical scale of the bar to
ccount for the increasing corotation radius R CR . We simply adjust
he relative scale of the bar according to S bar ( t) = �0 /�b ( t), where

0 is the pattern speed of the fiducial ‘present-day’ snapshot. Hence
hen �b = �0 , our potential matches that of Hunter et al. ( 2024 ). If

he rotation curve was exactly flat, this w ould k eep the ratio R CR /S bar 

onstant. As in Section 2 , we set the fiducial pattern speed to �b =
2 . 5 km s −1 kpc −1 , corresponding to a time of t ≈ 7 . 2 Gyr after the
nset of bar growth in the simulation. This is roughly consistent with
he age of the bar inferred by Sanders et al. ( 2024 ). 

The initial distribution of particles is generated from a steady-state
istribution function (DF) f in the axisymmetric potential consisting
NRAS 541, 214–233 (2025) 
f two components, 

 tot = f disc + f halo . (5) 

n this paper, we focus on highly eccentric orbits in the Solar
eighbourhood. We therefore choose the parameters of the two DF
omponents to provide a large number of stars on these orbits, instead
f aiming to accurately model the distribution of stars in the Milky
ay. 
The disc component f disc is an action-based EXPONENTIAL DF

mplemented in AGAMA (Vasiliev 2019 ), 

 disc ∝ 

˜ J 3 exp 

(
−

˜ J 

J φ, 0 

)
exp 

( 

−
˜ J K( J ) 
J 2 r, 0 

) 

exp 

( 

−
˜ J J z 

J 2 z, 0 

) 

, (6) 

˜ 
 ≡ | J φ | + J r + 0 . 25 J z , (7) 

( J ) ≡
{ 

J r J φ ≥ 0 

J r − J φ J φ < 0 . 
(8) 

e set the scale-length to J φ, 0 = 500 kpc km s −1 , the vertical action
cale to J z, 0 = 200 kpc km s −1 , and the radial action scale to J r, 0 =
00 kpc km s −1 . These correspond to a radial scale of R disc ≈ 2 . 2 kpc,
nd vertical and radial velocity dispersions in the Solar neighbour-
ood of σz ∼ 10 km s −1 and σr ∼ 100 km s −1 , respectively. The large
alue of J r, 0 ensures that we generate a large number of stars on
ccentric orbits. 

The halo component f halo is a DOUBLEPOWERLAW DF, 

 halo ( J ) = 

M 

(2 πJ 0 ) 3 

[
1 + 

(
J 0 

h ( J ) 

)]� [
1 + 

(
h ( J ) 
J 0 

)]−B 

, (9) 

 ( J ) ≡ h r J r + h z J z + (3 − h r − h z ) | J φ | . (10) 

he inner and outer slopes are � = 1 and B = 4, and the character-
stic action is set to J 0 = 500 kpc km s −1 . We set the anisotropy and
attening coefficients to h r = 0 . 2 and h z = 2 . 5. The small value of
 r gives a highly radially anisotropic distribution, including many
tars on GSE-like orbits. The choice of h z gives a highly flattened
istribution. We set the mass normalization M equal to the total
ass of the disc component. In Fig. 2 , we show the initial spatial

istribution (top panel) and velocity distribution of stars within the
egion | R − R 0 | < 1 kpc, | z| < 2 kpc (bottom panel). Since the
nitial distribution is axisymmetric, this distribution is independent
f φ. 
We integrate the orbits of the particles between times t = 0 and

 = t f in the decelerating barred potential � using AGAMA . We take
 fiducial snapshot at t ≈ 7 . 2 Gyr, at which the pattern speed is
b = 32 . 5 km/s/kpc. The results are shown along with the data in
ection 5 . 

 RESULTS  

.1 Local velocity space 

s demonstrated in Section 2 , trapped moving groups can be
dentified by their asymmetry in v R . While an equilibrium population
f stars in an approximately axisymmetric potential would have equal
umbers of stars at ±v R , a group of trapped stars will generally be
nequally split between positive and negative values. We therefore
ocus on the antisymmetric component of ( v R , L z /R 0 ) histograms,
efined as n antisym 

( v R , L z /R 0 ) ≡ n ( v R , L z /R 0 ) − n ( −v R , L z /R 0 ). A
ell with a significantly non-zero n antisym 

implies a lack of phase-
ixing, equilibrium, and/or axisymmetry, such as trapping in reso-

ances. 
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Figure 2. Top panel: Height z vs cylindrical radius R of the initial simulation 
distrib ution. The distrib ution is axisymmetric, so this is independent of φ. 
Bottom panel: Initial velocity distribution of the simulation in the Solar 
neighbourhood ( | R –R 0 | < 1 kpc, | z| < 2 kpc). Since this is an equilibrium 

axisymmetric distribution, it is symmetric in v R . 
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In Fig. 3 we show the local velocity space in the Solar neighbour-
ood for the data (top row) and the simulation (bottom row) at a
attern speed of �b = 32 . 5 km s −1 kpc −1 . The spatial cuts applied
re | R − R 0 | < 1 kpc, | φ − φ�| < π/ 12 and | z| < 2 kpc. This is a
olume of approximate dimensions 1 × 2 × 2 kpc. No metallicity 
uts are applied here. The left-hand panels show the density of
tars in velocity space. Most coarsely, the data can be divided 
nto the disc ( L z /R 0 ∼ 200 km s −1 ) and the halo, dominated by
aia Sausage–Enceladus (GSE; at L z /R 0 = 0, | v R | � 400 km s −1 ).
urther substructure can be seen within these populations. Several 
lumps and ridges are seen in the disc, most of which are not
ymmetric about v R = 0. Ho we ver, the GSE component also shows
ome asymmetric substructure. 

The v R asymmetry is revealed more clearly in the middle column, 
here we show the antisymmetric components of the histograms 
 antisym 

. Only positi ve v alues (i.e. asymmetric excesses) are sho wn
ith grey/black pixels. At high L z /R 0 , the asymmetries lie along
everal arcs at approximately constant energy (i.e. | v | ). These features
re well known and include the Hercules, Sirius and Hyades streams
Eggen 1958a , b ; Dehnen 2000 ; Fux 2001 ; Antoja et al. 2008 ),
he ‘Horn’ and the ‘Hat’ (see Fig. 4 ). Several of these have been
ssociated with bar resonances (see Section 1 ; Dehnen 2000 ; P ́erez-
illegas et al. 2017 ; Monari et al. 2019 ; D’Onghia et al. 2020 ;
hiba & Sch ̈onrich 2021 ; Chiba et al. 2021 ; Trick et al. 2021 ) or spiral
rms (e.g. Hunt et al. 2019 ; Khalil et al. 2024 ). In addition to these
eatures, there are also several asymmetries at L z /R 0 < 100 km s −1 .

ost clearly, there is a broad peak at ≈ ( −150 , 50) km s −1 and
 narrower one at ≈ ( −300 , 25) km s −1 . The significance of these
eatures is assessed in the right-hand panel, where we perform 

ypothesis tests on the asymmetry. We count the total number of
tars in each pair of bins at ( ±v R , L z /R 0 ), i.e. n sym 

( v R , L z /R 0 ) ≡
 ( v R , L z /R 0 ) + n ( −v R , L z /R 0 ). The null hypothesis is that the sign
f v R of each star in this pair of bins is binomially distributed with
 no greater than 0.5. The null hypothesis is therefore rejected if the
ount in a bin at v R is significantly larger than in the corresponding
in at −v R , implying significant asymmetry. We use bins of width
0 km s −1 , which is larger than the typical velocity uncertainty of

1 –10 km s −1 (Katz et al. 2023 ). Pixels where this is rejected at a
 per cent level of significance are shown in grey/black. The clumps
f contiguous dark pixels show where there are robust asymmetric 
eatures, including those described abo v e. In particular, the features
t v R < 0 and L z > 0 are more statistically significant than those at
 R > 0 and L z < 0. 

The bottom row shows the corresponding results from the sim- 
lation. Asymmetric ridges and clumps are also seen here. Most 
learly, three at L z /R 0 � 100 km s −1 are at v R > 0, while two with
ower angular momentum have v R < 0. Most of these features
ave counterparts at similar locations in the data, including the 
w o low- L z inw ard-moving peaks and the Hercules Stream at
100,150) km s −1 . We can therefore reproduce much of the observed
symmetry with bar resonances. Note, ho we ver, that not all features
re reproduced by the simulation; most notably, the observed peaks 
t L z /R 0 � 200 km s −1 with v R < 0 are not seen in the simulation.
hese observed features may be explained by interactions with spiral 
rms (e.g. Hunt et al. 2019 ; Khalil et al. 2024 ). 

To link asymmetric features with individual resonances, we show 

he antisymmetric components of the velocity distributions again 
n Fig. 4 . Over these we plot the separatrices of the resonances as
escribed in Section 2 , labelled in the bottom panel. We use the
unter et al. ( 2024 ) potential (not including the spiral arms) at a
attern speed of �b = 32 . 5 km s −1 kpc −1 . We include deceleration
hen calculating the separatrices for this figure, so the resonant 

egions match those enclosed by the dotted contours in Fig. 1 . 
As expected, the asymmetric peaks in the simulation closely 

lign with theoretically predicted regions of trapped orbits. The four 
trongest peaks correspond to the inward and outward moving (i.e. 
ow and high L z ) CR and OLR families of orbits. There are also
eaker peaks enclosed by the outward-moving 1:1 resonance (at 

 v R , L z /R 0 ) ≈ (270 , 200) km s −1 ) and the retrograde 3:2 resonance
at ( v R , L z /R 0 ) ≈ ( −250 , −20) km s −1 ). The one region with strong
symmetry and no resonances is around ( −100 , −50) km s −1 , though
his is immediately adjacent to the CR region. 

In the left-hand panel, we label the approximate locations of the
amed moving groups in the disc. These include the outward-moving 
ercules and Arcturus streams, and the inward-moving ‘Horn’ and 
irius moving groups. The higher- L z ‘Hat’ is seen at both positive
nd ne gativ e v R . Other mo ving groups such as the Hyades, Pleiades,
nd Coma Berenices are situated closer to v R = 0 (Antoja et al.
MNRAS 541, 214–233 (2025) 
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M

Figure 3. Left-hand column: velocity space in the Solar neighbourhood of the Gaia data (top panel) and simulation in its fiducial snapshot (bottom panel). The 
data contains a series of clumps and ridges, some of which are reproduced in the simulation. Middle column: The antisymmetric component of the histograms 
n antisym 

( v R , v φ ) ≡ n ( v R , v φ ) − n ( −v R , v φ ). Only positive values of n antisym 

(i.e. where there is an excess) are shown by grey/black pixels. Right-hand column: 
p-values of a hypothesis test in each pixel for symmetry between opposite values of v R . The null hypothesis is that the sign of v R for each star is drawn from a 
binomial distribution with p no greater than 0.5. Grey/black pixels indicate where the p-value is less than 0.01. 
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008 ) so do not show clearly in the antisymmetric distribution. We
efer to the low- L z moving groups at ≈ ( −150 , 50) km s −1 and ≈
 −300 , 25) km s −1 as ‘Iphicles’ and the ‘Beret’ respectively 2 . These
re labelled in bold. 

As in the simulation, most of the asymmetries in the data can
e associated with specific resonances. At this slow pattern speed
 �b = 32 . 5 km s −1 kpc −1 ), the Hercules Stream coincides with the
R, in agreement with various recent works which considered �b <

0 km s −1 kpc −1 (P ́erez-Ville gas et al. 2017 ; Binne y 2020 ; Chiba &
ch ̈onrich 2021 ). This is also in agreement with the long slow bar
odel (the ‘Hat model’) of Trick et al. ( 2021 ), for which the Hat

eature is produced by the OLR. Fig. 4 shows that this interpretation is
onsistent with our fiducial pattern speed, since the OLR separatrices
oincide with the Hat. The story is similar at low L z . At this �b , the
eak of Iphicles lies within the inward-moving CR. Likewise, the
eret peaks on the edge of the inward-moving OLR, although it is
NRAS 541, 214–233 (2025) 

 Iphicles was the brother of Hercules, and the ‘Iphicles’ moving group is 
ssociated with the Hercules Stream. The ‘Beret’ is at a similar energy to the 
Hat’, but sits on the side of the velocity distribution. 

h  

t  

h
 

p  

5

mmediately adjacent to a smaller peak near the 1:1 resonance. Both
phicles and the Beret have analogues in the simulation. 

Ho we ver, there are se veral asymmetric features in the data which
re not reproduced by the simulation. Most notably, the inward-
oving features in the disc such as the Sirius moving group, the Horn

nd part of the Hat do not have analogues in the simulation. These
ay be explained by spiral structure in the disc, which have been

hown to produce moving groups consistent with Gaia data (Hunt
t al. 2019 ; Khalil et al. 2024 ). There are also two retrograde peaks not
een in the simulation, at (150 , −40) km s −1 and (250 , −50) km s −1 .
he latter lies close to the retrograde 3:2 resonance, so may be created
y this. The lack of such a feature in the simulation could result from
he deceleration of the bar, which significantly shrinks this resonant
egion. The peak at (150 , −40) km s −1 does not overlap with any
rincipal resonances at this pattern speed. Its presence is therefore
ifficult to explain by bar resonances alone. Note, ho we ver, that the
ypothesis test demonstrates that these peaks are less significant
han Iphicles or the Beret (see top-right panel of Fig. 3 ); the null
ypothesis of symmetry is not rejected in these areas. 

A way to distinguish dynamical (e.g. resonant) streams from those
roduced by the disruption of clusters is by measuring the metallicity
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Figure 4. Left-hand panel: antisymmetric component of the ( v R , L z /R 0 ) distribution for observed stars in the Solar neighbourhood. Moving groups are labelled, 
including the two named in this work, Iphicles and the Beret. Right-hand panel: the same for the simulation, with the separatrices labelled by their resonances. 
In both panels the coloured curves are the resonant separatrices. To match the simulation these are calculated with a decelerating bar ( η = 0 . 003) so enclose 
smaller volumes than in the steadily rotating case. 

Figure 5. Top row: local velocity space of red giant stars in different bins of metallicity [M/H], as calculated by Andrae et al. ( 2023 ). Bottom row: the 
antisymmetric components n antisym 

of the abo v e distributions. The low- L z antisymmetric features are seen across a wide range of metallicities: Iphicles at 
( v R , L z /R 0 ) ≈ ( −150 , 50) km s −1 is clearly visible at all metallicities below [M/H] = 0, and the Beret at ≈ ( −300 , 25) km s −1 is discernible in all bins below 

[M/H] = −0 . 7. 
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f their constituent stars. Stars from tidally stripped clusters should 
ave similar metallicities, so a wide range of metallicities in a moving
roup would provide evidence of a dynamical origin. Note that the 
onverse is not true: a lack of stars at some metallicities in a stream
oes not mean that a dynamical origin can be ruled out, since only
ertain initial orbits can be trapped into a given stream. For example,
tars at high metallicity in the disc are not expected to be easily
rapped into halo-like resonant orbits. 

In Fig. 5 , we show the ( v R , L z /R 0 ) distributions of observed stars
rom Gaia in five bins of metallicity [M/H]. This figure is produced
sing the data from Table 2 of Andrae et al. ( 2023 ), which is a vetted
ample of 17.5 million red giants whose metallicity measurements 
re precise. We use the same volume and parallax signal-to-noise cuts
s in Fig. 3 . The top row of Fig. 5 shows the density of stars, and the
ottom row shows the antisymmetric components of the distributions 
 antisym 

. 
The presence of the asymmetries is largely a function of where

tars are located in velocity space. At high metallicity ([M/H] > 0),
he only significant stellar population is the disc, with very few stars
t L z /R 0 < 100 km s −1 . Correspondingly, only the asymmetries in
MNRAS 541, 214–233 (2025) 
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he disc (Hercules, the Horn, the Hat, etc.) are visible in the lower
anel. At [M/H] < 0, the halo also contributes to the stellar density,
ith some stars around L z ≈ 0. In the −0 . 7 < [M / H] < 0 . 0 range,

he Iphicles asymmetry is visible as well as the disc moving groups.
hile the Beret cannot be seen, there are few stars in this distribution

t | v R | � 300 km s −1 , so this is unsurprising. At −2 . 0 < [M / H] <
0 . 7, the disc moving groups begin to fade, though the Hercules
tream remains the most prominent feature. At low L z , both Iphicles
nd the Beret can be seen in the asymmetry. This is the range of
M/H] at which GSE is most dominant (Naidu et al. 2020 ; Feuillet
t al. 2021 ), so it is where a large proportion of the low- L z , high | v R |
tars are situated. It is therefore natural that this is where the low-
 z asymmetries are most prominent. Ho we ver, the asymmetries can
e seen at even lower metallicity. At [M/H] < −2, while Hercules
s still visible, the most prominent asymmetry is Iphicles. The
eret is also still faintly discernible at v R ≈ −300 km s −1 . These

eatures were previously described by Zhang et al. ( 2024a ), who
howed using Gaussian mixture models that the velocity distribu-
ion at low metallicity includes a highly radial component with
 R < 0. 

In summary, all of the asymmetric features labelled in Fig. 4 are
een across a range of metallicities, in at least three different [M/H]
ins in Fig. 5 . The well-known disc moving groups dominate at
igh metallicity, while the low- L z inward-moving streams are most
rominent at low metallicities, particularly [M/H] < −1. This is a
eflection of the fact that the disc and halo have higher and lower
etallicities respectively. 

.2 Spatial dependence 

e have so far focused on the slice of phase space at the location
f the Sun. We now turn to investigate how the asymmetric moving
roups vary as a function of spatial position in the Galaxy. Bernet
t al. ( 2022 ) comprehensively performed this analysis for moving
roups in the disc, so we restrict ourselves to stars with low L z , in
he range 0 < L z < 500 kpc km s −1 (i.e. 0 < L z /R 0 � 61 km s −1 ).
his excludes the outward-moving Hercules/Arcturus streams, but

ncludes Iphicles and the Beret. In Figs 6 , 7 , and 8 we show the
istributions of stars as functions of the cylindrical coordinates R, φ,
nd | z| respectively. In each case, we keep the other two coordinates
estricted to the Solar neighbourhood volume, i.e. | R − R 0 | < 1 kpc,
− φ� < π/ 12 and | z| < 2 kpc. In all three figures, the top (bottom)

o w sho ws the data (simulation). The left-hand columns sho w the
olumn-normalised density (such that the total count in each R, φ, or
 z| bin is equal), and the right-hand columns show the antisymmetric
omponents, defined similarly to n antisym 

. 
The most interesting of these is the radial dependence (Fig. 6 ). As

hown by Dillamore et al. ( 2024 ), the resonances at low | L z | form a
eries of nested ‘chevrons’. The dashed coloured lines in the bottom-
ight panel of Fig. 6 indicate the principal resonances (CR, OLR,
:1, and 3:2), which lie along the chevron-shaped o v erdensities. We
escribe the procedure for calculating these tracks in Section 6.2 .
he o v erdensities are asymmetric, being only visible at v R < 0 for
 � 15 kpc, and only at v R > 0 for R � 15 kpc. This structure
as explained and predicted analytically by our model in Dillamore

t al. ( 2024 ), and is due to the shapes of the stable resonant orbits.
he orbits shown in Fig. 1 can only be followed in one direction;

he branches of the low- L z OLR (orange) and 1:1 (green) orbits
hat pass closest to the Sun are inward-moving, while those further
ut (in the Galactic anticentre direction) are outward-moving. The
ign of the v R asymmetry therefore flips at the transition between
NRAS 541, 214–233 (2025) 
hese two branches, resulting in the pattern seen in the simulation in
ig. 6 . 
The Iphicles and Beret moving groups can likewise be tracked

cross several kpc in R in the top row of Fig. 6 . These features
ere previously disco v ered in this space by Belokurov et al.

 2023 ), who numbered them Chevrons 1 and 3 respectively, and
uggested that they were formed by the phase-mixing of the Gaia
ausage–Enceladus debris. Ho we ver, the asymmetry of the features

s inconsistent with an ancient ( > 8 Gyr) merger event (Donlon et al.
024 ), whereas this is a natural prediction of the resonant scenario
roposed by Dillamore et al. ( 2024 ). This is further supported by the
acts that Iphicles and the Beret align with the predicted locations
f the CR and OLR at reasonable pattern speeds, and that they are
een at a wide range of metallicities (see Fig. 5 ). In Section 6 , we
se the tracks of Iphicles and the Beret across a range of radii to
imultaneously fit the potential of the Milky Way and the pattern
peed of the bar. 

Fig. 7 shows v R as a function of azimuth φ. The zero-points
n the x-axes mark the position of the Sun φ�, and the angle of
he bar’s major axis (30 ◦; Wegg et al. 2015 ) is shown with black
ashed lines in the simulation panels. The CR and OLR features
an be tracked across all azimuths in the simulation. Ho we ver, the
symmetry changes sign every ≈ 90 ◦. The reason for this can again
e seen from the shapes of the orbits in Fig. 1 . In both the low- L z CR
nd OLR cases, a branch of the orbit with the opposite sign of v R is
ncountered whenever the major or minor axis of the bar is crossed.
or a steadily rotating bar, the asymmetry should therefore change
ign at its principal axes. Fig. 7 shows that this is not quite true for
 decelerating bar; the flip occurs at a value of φ slightly larger than
he major axis angle. This is because of the Euler force acting due to
he deceleration of the rotating frame, causing the orbits to be twisted
elative to the bar (e.g. see fig. 16 of Chiba et al. 2021 ). The Iphicles
nd Beret asymmetries can also be traced by eye over a small range
f φ, though the spatial limits of the Gaia sample do not allow the
ehaviour beyond the major or minor axes to be seen. Ho we ver, we
ay predict from the simulation that these streams have the opposite

igns of v R at φ − φ� � 30 ◦. If the angle of this sign change can be
easured in the future, it may present a possible method to constrain

he bar angle and deceleration rate. 
Finally, Fig. 8 shows the dependence on distance from the Galactic

lane, | z| . In both the simulation and the data, the CR (Iphicles)
symmetry can be traced as far as | z| ∼ 4 kpc, showing that this
esonance extends to affect highly inclined orbits. The OLR feature
s discernible as far as | z| ∼ 3 kpc in the simulation, while the
eret is clearly visible up to | z| ≈ 1 kpc. Both features tend towards

maller | v R | as | z| increases, as expected if the resonances are at
pproximately constant energy. 

 POTENTIAL  A N D  PATTERN  SPEED  FITTING  

s Figs 1 and 6 demonstrate, the low- L z orbits trapped in the OLR
xplore a wide radial range of the Galaxy, from R ≈ 0 –18 kpc.
he ability to track these orbits in ( R, v R ) phase space via the
 R asymmetry therefore offers a method to constrain the Galactic
otential in these regions. This is analogous to fitting a potential
o stellar stream observations (e.g. Koposov et al. 2010 ). The
dditional constraint that the orbits be trapped in resonances breaks
egeneracies between the potential parameters, and allows us to
imultaneously infer the bar’s pattern speed �b . 

Our general approach is to fit resonant orbits to the v R asymmetries
een in radial phase space. The simulation shows that the exact planar
esonant orbits in the azimuthally averaged potential align closely



Dynamical streams in the local stellar halo 223 

Figure 6. Left-hand column: radial phase space ( R, v R ) of data (top panel) and the simulation (bottom panel), for low-angular momentum prograde stars 
(0 < L z < 500 kpc km/s). We apply the additional cuts | φ − φ�| < π/ 12 and | z| < 2 kpc to limit the samples to the Solar neighbourhood azimuthally and 
vertically. Right-hand column: the antisymmetric components of the same histograms in v R , as in Fig. 3 . The lower panel shows the tracks of the exact resonant 
orbits for L z = 250 kpc km s −1 with dashed lines, where the colours correspond to the same resonances as in Fig. 1 . In the simulation, clear ‘chevron’ structures 
can be seen predominantly at v R < 0. These align exactly with the principal resonances. Similar structures are also seen in the data, as first identified by 
Belokurov et al. ( 2023 ). These are the extensions of ‘Iphicles’ and the ‘Beret’ across different radii. 
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ith these features (see Fig. 6 ). We therefore fit CR and OLR orbits
o the observed Iphicles and Beret asymmetries respectively. Our 
ethod and results are described in detail below, and we test the
ethod on simulation data in Section 6.7 . 
.1 Data points 

e fit a model to data points derived from the antisymmetric
omponents of the distributions in radial phase space (as in the right-
MNRAS 541, 214–233 (2025) 
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M

Figure 7. Like Fig. 6 , but showing v R vs Galactocentric azimuth relative to the Sun, φ − φ�. Stars are selected from the radial range | R − R 0 | < 1 kpc and 
the vertical range | z| < 2 kpc. The vertical dashed black line in the lower panels indicates the major axis of the bar in the simulation. In the simulation the CR 

and OLR features at v R < 0 can be traced ∼ 40 ◦ in each direction, beyond which they are visible at v R > 0. The azimuth of this flip is slightly offset from the 
bar’s major axis, likely because of its deceleration. In the data the Iphicles and Beret features can be seen across a few tens of de grees, be yond which the data 
becomes too sparse. 
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and column of Fig. 6 ). With the same sample used to produce
ig. 6 , we divide the stars into 12 equally spaced bins in the

nterval R ∈ [ 6 , 12 ] kpc. This is the range across which the Beret
eature can be easily traced. To locate the peaks corresponding to
ach resonance, we divide the space into regions bounded by the
NRAS 541, 214–233 (2025) 
ines 

 R / [ km / s ] = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

40 

25 

25 

⎫ ⎪ ⎬ 

⎪ ⎭ 

( R − R 0 ) / kpc −

⎧ ⎪ ⎨ 

⎪ ⎩ 

50 

240 

330 

⎫ ⎪ ⎬ 

⎪ ⎭ 

. (11) 
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Figure 8. Like Figs 6 and 7 , but showing v R vs distance from the Galactic plane, | z| . Stars are selected from the radial range | R − R 0 | < 1 kpc and the azimuthal 
range range | φ − φ�| < π/ 12. The Iphicles and Beret features in the data are visible as asymmetric excesses at v R ≈ −150 km s −1 and v R ≈ −300 km s −1 , 
respectively. The Iphicles feature extends at least as far as | z| = 4 kpc. The Beret is only clearly visible up to | z| ∼ 1 kpc, with the density of stars in the sample 
becoming too low beyond that. The CR and OLR features at v R < 0 in the simulation extend well above the Galactic plane, even as far as | z| ∼ 5 kpc. 
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The two regions between each pair of neighbouring lines include 
he Iphicles and Beret features respectively. In each bin i (centred 
t radius R i ), we fit a kernel density estimation (KDE) to the v R 
istribution of stars n ( v R | R), using a Gaussian kernel of standard
eviation 10 km s −1 . We use this to calculate the antisymmetric
istribution n antisym 

( v R | R) ≡ n ( v R | R) − n ( −v R | R). These KDEs are
hown for v R < 0 in Fig. 9 , with the grey dashed lines marking
he boundaries described abo v e. Using SCIPY.SIGNAL.FIND PEAKS , 
e find the peaks of n antisym 

and their prominences. We take the
ocations of the most prominent peaks in each of the two bounded
egions to be velocity measurements of the CR and OLR in that
in. Bootstrap resampling is used to repeat the KDE fitting and
eak finding 500 times for each bin. For each resonance (inde x ed
y l) we take the mean and standard deviation of the peak lo-
MNRAS 541, 214–233 (2025) 
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M

Figure 9. Data used for fitting orbits to the resonant streams in radial phase 
space ( R, v R ). The red and blue background shows kernel density estimations 
(KDEs) for the antisymmetric components n antisym 

( v R | R) of the distributions 
of stars in each R bin. Red (blue) indicates where there is an excess (deficit) 
compared to the corresponding positive value of v R . The grey dashed lines 
are manually selected boundaries around the Iphicles and Beret o v erdensities. 
The black data points are the most prominent peaks of n antisym 

( v R | R) in each 
of these two regions, with uncertainties calculated by bootstrap resampling. 
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ation across all samples as the measurement and its uncertainty,
 R,l,i and σl,i . 

This process is repeated in all 12 bins for the Beret ( l = 1),
ut in only 5 bins (those with R i ≤ 8 . 5 kpc) for Iphicles ( l = 0).
t larger radii the Iphicles stream becomes much broader as it

pproaches v R = 0, so there is no single well-defined peak that can
e fitted reliably. We therefore exclude measurements of Iphicles
t R > 8 . 5 kpc. The peak measurements and their uncertainties are
hown in black in Fig. 9 . 

Though we do not explicitly consider observational uncertainties
n this calculation, scatter in the points resulting from observational
rrors will contribute to the variance of the peak locations. Dis-
ance uncertainties outside the immediate Solar neighbourhood are
ypically ∼ 5 per cent in our selected data, resulting in velocity
ncertainties from proper motions of ∼ 0 . 05 v c0 ∼ 10 km s −1 . This
s comparable to the typical uncertainty we derive from bootstrap
esampling, so our error estimates are reasonable. Also, much of
he Galactocentric radial motion of stars in our sample is along
he line of sight, so estimates of v R are dominated by Gaia RVS

easurements. These do not rely on distance measurements, and
ave higher precision (typically σ � 6 km s −1 ; Katz et al. 2023 ). 

.2 Model 

ur potential model is based on the axisymmetric (i.e. azimuthally
veraged) Hunter et al. ( 2024 ) potential used throughout this paper.
e keep the baryonic components � baryon ( R, z) fixed, but allow the

otential to vary by replacing the Einasto dark matter halo with
 spherical Navarro–Frenk–White (NFW; Navarro, Frenk & White
997 ) potential described by two parameters, 

 NFW 

( r) = −4 πGρ0 a 
3 

r 
log 

(
1 + 

r 

a 

)
. (12) 
NRAS 541, 214–233 (2025) 
nstead of ρ0 and a we choose to parametrize the potential using the
otal circular velocity at the Sun’s position, 

 c0 ≡ v c ( R 0 ) = 

√ 

R 0 

(
∂ � baryon 

∂ R 

( R 0 , 0) + 

∂ � NFW 

∂ r 
( R 0 ) 

)
, (13) 

nd the total mass enclosed within a radius of r = 20 kpc, 

 20 ≡ M baryon (20 kpc ) + M NFW 

(20 kpc ) , (14) 

here M baryon ( r) and M NFW 

( r) are the masses enclosed within radius
 of the baryonic and dark matter components respectively. v c0 and
 20 set the slopes of the potential at the Sun’s position and near

he apocentres of the eccentric OLR orbits respectiv ely. The y are
herefore a suitable parametrization for the regions explored by those
rbits, and are more closely linked to observables than the NFW
arameters ρ0 and a. We choose to use an NFW rather than Einasto
alo because it has fewer parameters to fit (two instead of three),
hile remaining a good model for Milky Way-like galaxies (e.g.
cMillan 2017 ). 
Our third parameter is the bar’s pattern speed �b , which determines

 set of orbits in the potential � ( R, z| v c0 , M 20 ) for each resonance.
e restrict the orbits to the z = 0 plane but leave the angular
omentum L z,l as a free parameter to be marginalized o v er. This

llows the angular momenta of the fitted orbits to freely vary o v er the
 z range of the data. It ensures that the likelihood is not penalized by
ny incorrect assumptions about the L z distributions of the resonant
eatures. In practice the choice of L z has only a weak effect on the
rack of the orbit (particularly the OLR), and we reco v er similar
esults when using a fixed value of L z,l = 250 kpc km s −1 . 

Together, these four parameters define a single orbital track
n ( R, v R ) space for the exact planar orbit at each resonance,
 R ,l ( R| v c0 , M 20 , �b , L z,l ). This satisfies the equation, 

 

2 
R ,l ( R) = 2 [ E − � ( R, 0) ] − L 

2 
z,l 

R 

2 
, (15) 

here the energy E of the orbit depends on ( v c0 , M 20 , �b , L z,l ). We
alculate the track by directly integrating a grid of orbits, calculating
heir distances from the resonance −( �φ − �b ) /�R − l/ 2, and
ocating the gridpoints either side of the root of this curve. We then
epeat with a finer grid between these points, and linearly interpolate
o find the resonant orbit. 

The bottom-right panel of Fig. 6 shows that there is a slight offset
etween the exact resonant orbits in the axisymmetric potential and
he peaks of the v R asymmetry. Fig. 1 similarly shows that the low- L z 

xact resonant orbits are at slightly larger | v R | than the centres of the
rapped regions. This is likely because of the difference in frequencies
etween orbits in the barred and axisymmetrised potentials. To
ccount for this we include a linear R-dependent correction m l R + c l 
n the model track used to fit the data, where m l and c l are nuisance
arameters. The centroid of this model track is then 

v model ,l ( R| v c0 , M 20 , �b , L z,l , m l , c l ) = v R ,l ( R| v c0 , M 20 , �b , L z,l ) 

+ m l R + c l (16) 

Finally, we include one more nuisance parameter per resonance
model ,l , which is simply a Gaussian width of the model in v R . This
mooths the model such that its probability distribution function at
ach value of R is Gaussian instead of a delta function. Note that
model ,l does not describe the width of the resonance itself, but rather

he spread of the peaks about the model track. 
When fitting both the CR and OLR ( l ∈ { 0 , 1 } ), we therefore have

 total of 11 parameters in the model. Two ( v c0 and M 20 ) describe
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Table 1. Priors used for the MCMC fits. Units of m l and c l are km s −1 kpc −1 

and km s −1 , respectively. Their means and covariance matrices μ and � are 
derived by calibration with the simulation. 

Parameter Prior Range 

v c0 Normal (229 ± 6) km s −1 

M 20 Uniform (1 , 5) × 10 11 M �
�b Uniform (10,100) km s −1 kpc −1 

L z,l Uniform (0,500) kpc km s −1 

( m 0 , c 0 ) Normal μ = ( −2 . 01 kpc −1 , 34 . 2) km s −1 , 

� = 

( 

49 . 6 kpc −2 −346 kpc −1 

−346 kpc −1 2440 

) 

(km s −1 ) 2 

( m 1 , c 1 ) Normal μ = ( −1 . 32 kpc −1 , 21 . 9) km s −1 , 

� = 

( 

0 . 197 kpc −2 −1 . 61 kpc −1 

−1 . 61 kpc −1 13 . 6 

) 

(km s −1 ) 2 

σmodel ,l Uniform (0,100) km s −1 
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he potential; one ( �b ) describes the bar’s rotation; and eight ( L z,l ,
 l , c l , and σmodel ,l ) concern the tracks of the resonances. 

.3 Likelihood 

he log-likelihood for the data point ( R i , v R ,l,i ) with uncertainty σl,i 

s 

og L l,i = −1 

2 
log 

(
2 π ( σ 2 

l,i + σ 2 
model ,l ) 

)

− 1 

2 

(
v R ,l,i − v model ,l ( R i ) 

)2 

σ 2 
l,i + σ 2 

model ,l 

. (17) 

his is summed o v er all data points i and the two resonances l to
ive the total log-likelihood, 

og L = 

1 ∑ 

l= 0 

N l ∑ 

i= 1 

log L l,i , (18) 

here N l ∈ { 5 , 12 } is the number of data points for the resonance l. 

.4 Priors 

n order to provide independent constraints on the main parameters 
f our model, we use wide uniform priors for M 20 and �b . Since the
ircular speed at the Sun’s radius is better constrained by previous 
tudies, we instead use a Gaussian prior for v c0 . For our main
odel we take this from Eilers et al. ( 2019 ), derived from Gaia
R2 and APOGEE (Majewski et al. 2017 ) data. Their value is
 c0 = 229 km s −1 , with a systematic uncertainty of ≈ 2 –3 per cent .
e therefore use an uncertainty of 6 km s −1 as the standard deviation

f the prior. Other methods have yielded different measurements 
f v c0 ; in Section 6.7 we discuss how our results are affected if a
ifferent prior for v c0 is used. 
The angular momentum L z,l of the fitted orbits and model width 

model ,l are both given uniform priors. L z,l is allowed to range between 
 and 500 kpc km s −1 , the range used to produce the data points.
he priors on m l and c l must ho we ver be restricti ve, since they
dd a general linear function to the model track. We use normal
riors with covariance between m l and c l , obtained by calibrating 
ith the simulation as follows. We take three snapshots of the 

imulation which roughly match the data, with pattern speeds of 
b ∈ { 35 . 3 , 32 . 5 , 30 . 2 } km s −1 kpc −1 . In each snapshot we calculate

he exact CR and OLR orbits across a uniform grid of L z between
 and 500 kpc km s −1 . Using a similar approach to that described in
ection 6.1 (but without bootstrapping), we locate the antisymmetric 
eaks closest to these exact orbits. For each resonance, bin, snapshot
nd L z value we calculate the offset in v R between the peak and
he resonant orbit, �v R ,l,i ≡ v R ,l,i − v R ,l ( R i ). We then calculate the
ean and standard deviation of all �v R values in each bin for each

esonance. These are treated as a measurement and its uncertainty 
f the offset between the exact resonant orbit and the peak of
symmetry. To produce the priors on m l and c l , we use Markov
hain Monte Carlo (MCMC) to fit a straight line m l R + c l to the
easurements ( R i , �v R,i ). For this fit we use a Gaussian likelihood

nd wide uniform priors on m l and c l . We calculate the means and
ovariance matrices of the posterior distributions, which we use to 
efine the multi v ariate normal joint priors on m l and c l for fitting the
bservations. These are highly correlated due to the fact that c l is the
alue of the correction at R = 0, not the average R of the points. The
riors for all variables in the main fit are given in Table 1 . 
.5 MCMC set-up 

sing Bayes’ theorem we calculate the log-posterior from the 
otal log-likelihood and log-priors, and run MCMC with EMCEE 

F oreman-Macke y et al. 2013 ). We first maximize the log-likelihood
ith SCIPY.OPTIMIZE.MINIMIZE , and initialize the w alk ers in a small
olume around this solution. We use 50 w alk ers for a total of 15 000
teps, and discard the first 2000 steps as a burn-in ( ∼ 8 times the auto-
orrelation time). We present the results of this fit in Section 6.6 . 

.6 Results 

n Fig. 10 , we show the posterior probability distributions for all
1 parameters in the model. The posteriors for L z,l , m l and c l are
ominated by the priors; the L z,l samples are spread across the full
 –500 kpc km s −1 range, and there are tight correlations between m l 

nd c l . There is also a positive correlation between v c0 and �b . This is
ecause higher circular speeds result in higher orbital frequencies, so 
equire a higher �b for a given orbit to be in resonance. We check how
he prior on v c0 affects the inferred pattern speed in Section 6.7 . The
odel widths σmodel ,l are small compared to the v R,l,i measurements, 
ith the median less than 20 km s −1 for both resonances. 
The principal parameters ( v c0 , M 20 , and �b ) are all well con-

trained, each with fractional uncertainties of less than 10 per cent.
n Table 2 we give the medians of the posteriors for these parameters,
ith uncertainties denoting the 16th and 84th percentiles. The 
osterior for the local circular speed v c0 is somewhat higher than the
rior. The median is in fact almost equidistant between the estimates
f Eilers et al. ( 2019 ) (229 km s −1 ) and GRAVITY Collaboration
 2019 ) (236.9 km s −1 ), and both of these values are within our
ncertainty. The result of our fit for v c0 is therefore fully consistent
ith previous results. 
We estimate the mass enclosed within a radius of 20 kpc to

e M 20 = (2 . 17 ± 0 . 21) × 10 11 M �. This is consistent with the
maller value of 1 . 91 + 0 . 18 

−0 . 17 × 10 11 M � estimated from globular cluster
inematics by Posti & Helmi ( 2019 ). By contrast, Malhan &
bata ( 2019 ) measured a larger value of (2 . 5 ± 0 . 2) × 10 11 M �
y modelling the GD-1 stream. Also using globular cluster mo- 
ions, Watkins et al. ( 2019 ) measures the mass enclosed within a
adius of r = 21 . 1 kpc, finding M(21 . 1 kpc ) = 2 . 1 + 0 . 4 

−0 . 3 × 10 11 M �.
xtrapolating our fitted model gives a corresponding measure- 
ent of M(21 . 1 kpc ) = 2 . 28 + 2 . 4 

−2 . 3 × 10 11 M �, fully consistent with
hat of Watkins et al. ( 2019 ). K ̈upper et al. ( 2015 ) used the
MNRAS 541, 214–233 (2025) 
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Figure 10. Posterior distributions of the fit to the data. The black dashed lines in the diagonal panels indicate the medians and 16th and 84th percentiles. All 
parameters are well-constrained except for L z, 0 and L z, 1 , whose distributions are bounded by the L z range of the data. 

Table 2. Posteriors of the principal parameters of our model. The values 
shown are the medians, with the ranges indicating the 16th and 84th 
percentiles. 

Parameter Posterior 

v c0 (km s −1 ) 233 . 1 + 5 . 7 −5 . 8 

M 20 (10 11 M �) 2 . 17 + 0 . 21 
−0 . 21 

�b (km s −1 kpc −1 ) 31 . 9 + 1 . 8 −1 . 9 
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alomar 5 stream to measure the mass within 19 kpc, obtaining
(19 kpc ) = (2 . 1 ± 0 . 4) × 10 11 M �. Our corresponding estimate is
(19 kpc ) = (2 . 07 ± 0 . 19) × 10 11 M �, again in close agreement.

ur measurement of the total mass of the Milky Way within r ∼ 20
pc is therefore generally consistent with previous results. 
Our estimate for the pattern speed is �b = 31 . 9 + 1 . 8 

−1 . 9 km s −1 kpc −1 .
n Fig. 11 , we compare this to other recent measurements. Our
alue is lower than most of these previous results, the only ex-
eption being that of Horta, Petersen & Pe ̃ narrubia ( 2025 ) ( �b =
24 ± 3) km s −1 kpc −1 ). Our result is consistent with both Clarke &
erhard ( 2022 ) and Zhang et al. ( 2024b ), who measure �b = (33 . 3 ±
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Figure 11. Comparison of our result for the pattern speed �b with several 
recent w orks. The mark er type indicates whether the method employed direct 
observations of the inner Milky Way ( ×), modelling of resonant features ( •), 
or gas measurements ( + ). From oldest to newest, they are Portail et al. ( 2017 ), 
Sanders et al. ( 2019 ), Bovy et al. ( 2019 ), Binney ( 2020 ), Chiba & Sch ̈onrich 
( 2021 ), Clarke & Gerhard ( 2022 ), Li et al. ( 2022 ), Leung et al. ( 2023 ), Zhang 
et al. ( 2024b ), and Horta et al. ( 2025 ). With the exception of the latter, our 
fa v oured pattern speed is lower than these previous values, although it is 
consistent with both Zhang et al. ( 2024b ) and Clarke & Gerhard ( 2022 ). 
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 . 8) km s −1 kpc −1 and (34 . 1 ± 2 . 4) km s −1 kpc −1 , respectively. The
arlier results fa v our slightly higher pattern speeds, in the range
5 –41 km s −1 kpc −1 . The value shown for Sanders et al. ( 2019 ) was
erived using only observations of stars on the near side of the
ar; the authors report that including stars on the far side reduces
heir measurement to �b = (31 ± 1) km s −1 kpc −1 , which is fully
onsistent with our v alue. Ho we ver, the results using this larger
ample were inconsistent with observations of the Galactic centre, 
hough small systematic changes in the proper motion measurements 
ould change this. Chiba & Sch ̈onrich ( 2021 ) derived their precise
esult of �b = (35 . 5 ± 0 . 8) km s −1 kpc −1 using a metallicity gradient
ithin the Hercules stream. Ho we v er, the y note that there are

dditional sources of systematic error not included in the quoted 
ncertainty. F or e xample, the y assume a simple logarithmic potential
ith a flat circular velocity curve at v c = 235 km s −1 . They report that

ven a slightly inclined rotation curve can alter their measurement by 
1 km s −1 kpc −1 , thus making it consistent with our result within
he systematic uncertainty. 

Data from Gaia DR2 revealed that the Hercules stream is split into
hree branches at different values of v φ (Gaia Collaboration et al.
018 ). Binney ( 2020 ) demonstrated that the highest- v φ branches of
he stream (at v φ − v c0 ≈ −50 km s −1 ) coincide with the trapped
R region at �b ≈ 33 km s −1 kpc −1 , while the branch at lower v φ

at v φ − v c0 ≈ −80 km s −1 ) would correspond to the CR at higher
attern speeds. The pattern speed inferred from the Hercules stream 

herefore depends on the interpretation of the different branches. In 
eality they may correspond to different resonances near the CR (e.g.
sano et al. 2020 ). In this case, our results combined with Binney

 2020 ) suggest that the branch at v φ − v c0 ≈ −50 km s −1 is most
ikely to correspond to the CR. 

Fig. 12 shows the median and 16th–84th percentile range of the
t in three different spaces. The left-hand panel shows the fits in
 R, v R ) space compared to the antisymmetric distribution of stars
nd the data points ( R l,i , v R ,l,i ). The adjustment m l R + c l is included
n these tracks, but the uncertainty bands do not include the model
idth σmodel ,l . Apart from the systematic offsets already accounted 

or, the orbits are a reasonable fit to the data points, passing along or
lose to the Iphicles and Beret streams across a wide range of radii.
he largest discrepancy is that the observed points in the Beret would
e better fit by a steeper line; i.e. an OLR orbit with larger | d v R / d R| .
e discuss this difference further in Section 6.7 . 
The middle panel of Fig. 12 shows the rotation curve of our fitted
odel with associated uncertainties. For comparison, we show the 
easurements by Eilers et al. ( 2019 ), where the error bars denote

heir estimated systematic uncertainty of 3 per cent. We estimate a
lightly higher circular speed at r ∼ 20 kpc than Eilers et al. ( 2019 ),
hough the results are just about consistent. We also show the rotation
urves of two popular models for the Milky Way potential, namely
he McMillan ( 2017 ) potential and the MILKYWAYPOTENTIAL in GALA

Price-Whelan 2017 ). Similarly, the right-hand panel shows the mass 
nclosed M ( r ) as a function of radius. There is excellent agreement
etween our fit and these models, particularly the McMillan ( 2017 )
otential. 
In summary, our fitted model for the potential is in excellent

greement with previous results, while we fa v our a slightly slower
attern speed �b than most recent works. 

.7 Discussion 

e now consider some of the main sources of systematic uncertainty
n our fitting method, particularly from the informative priors used 
n v c0 , m l , and c l . We also perform tests of the fit on the simulation
o check that we can reco v er the correct parameters. 

.7.1 Choice of v c0 prior 

n our main fit presented abo v e, we use a normal prior taken
rom the measurement and uncertainty of Eilers et al. ( 2019 ),
 c0 = (229 ± 6) km s −1 . Ho we ver, in principle we should be able
o constrain v c0 from the value and slope of v R ( R) at R = R 0 .
ifferentiating equation ( 15 ), the gradient of an orbit in ( R, v R )

pace satisfies, 

 R ,l 
d v R,l 

d R 

= − d � 

d R + 

L 2 
z,l 

R 3 
(19) 

= − v 2 c 
R 

+ 

L 2 
z,l 
3 , (20) 
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M

Figure 12. Best-fitting models to the data using the prior on v c0 from Eilers et al. ( 2019 ). The black solid lines and grey bands indicate the medians and 
16th–84th percentile ranges respectively. Left-hand panel: fit to the data points in radial phase space. We include the m l R + c l correction, so these lines do not 
exactly correspond to the resonant orbits. The grey bands show the 16th–84th percentile ranges of the fits, not the model widths σmodel ,l . Middle panel: Circular 
v elocity curv e v c ( R) of the fit compared to previous w orks. We show tw o widely used potential models, that of McMillan ( 2017 ) and the MILKYWAYPOTENTIAL 

in GALA (Price-Whelan 2017 ). The scatter points with error bars are measurements of the rotation curve calculated by Eilers et al. ( 2019 ) with the reported 3 
per cent systematic uncertainties. Right-hand panel: The mass enclosed M ( r ) within a sphere of radius r , compared to the two other potential models. There is 
excellent agreement between our fit and these other works, particularly the McMillan ( 2017 ) potential. 

Figure 13. Posteriors on the three principal parameters on our model, from fits with different priors on v c0 . Using a uniform prior results in the posteriors for 
both v c0 and �b being shifted to larger value, while M 20 is more robust. 
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nd the circular speed at R = R 0 is given by 

 

2 
c0 = 

L 

2 
z,l 

R 

2 
0 

− R 0 v R ,l ( R 0 ) 
d v R ,l 
d R 

( R 0 ) . (21) 

ence, in theory, our measurements ( R i , v R ,l,i ) should be sufficient
o constrain v c0 using orbits with L z,l as free parameters, without
ven considering M 20 or the resonance condition. To test this we
epeat the fit described abo v e, but with a wide uniform prior on v c0 .

e show the posterior distributions for v c0 , M 20 and �b in Fig. 13 . 
The left-hand panel of Fig. 13 shows that when a uniform

rior is used, the posterior distribution for v c0 is shifted to v c0 ≈
260 ± 10) km s −1 . This is inconsistent with previous measurements
see e.g. Bland-Hawthorn & Gerhard 2016 ), and very likely results
rom the steep track of the Beret data points ( R i , v R , 1 ,i ) previously
entioned. This leads to a larger inferred value of v c0 via equation

 21 ). This discrepancy may indicate that the priors on m l and c l 
alculated from the simulation do not fully capture the behaviour in
he Milky Way. In the next section, we therefore test our method on
NRAS 541, 214–233 (2025) 
he simulation with different priors on m l and c l , in order to assess
he robustness of our M 20 and �b measurements. We should note
hat chevrons formed by phase mixing merger debris (as opposed to
esonances) do not exactly align with orbits in radial phase space,
ue to energy sorting as a function of phase (e.g. Dong-P ́aez et al.
022 ; Davies et al. 2023 ). Ho we ver, in that case energy decreases
ith increasing radial angle, so at v R < 0 the chevrons would have

hallower slopes than the orbits. This is the reverse of what we see in
ur fit. 
The large posterior on v c0 in the uniform prior case also leads to

 faster inferred pattern speed, �b ≈ (37 ± 3) km s −1 kpc −1 . This is
ecause larger circular speeds decrease the orbital periods, so the bar
ust rotate faster to maintain the resonance. Ho we ver, the posterior

n M 20 is more robust, only shifting by ∼ 6 per cent to M 20 ≈ (2 . 3 ±
 . 2) × 10 11 M �. This o v erlaps strongly with the posterior from the fit
ith the Eilers et al. ( 2019 ) prior. This is partly due to the relatively

arge fractional uncertainty on M 20 , but also implies that the track of
he OLR orbit strongly constrains the mass enclosed at large radii,
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Figure 14. Posteriors on the three principal parameters on our model from fits on the simulation. In each panel the two histograms show the fits using different 
priors on ( m l , c l ). The black vertical lines indicate the true values. With the ( m l , c l ) calculated from the simulation, the fitting procedure reco v ers the correct 
values of v c0 , M 20 , and �b . When these priors are manually altered by doubling the means of the Gaussians, v c0 is underestimated but M 20 and �b are still 
reco v ered accurately. 
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ith only weak dependence on the pattern speed and local circular 
peed. 

There is some variation between recent measurements of v c0 . 
RAVITY Collaboration ( 2019 ) report a value of v c0 = (236 . 9 ±
 . 2) km s −1 , based on their measurement of R 0 , the proper motion of
gr A ∗ from Reid & Brunthaler ( 2004 ), and the velocity of the Sun
elative to the local standard of rest (LSR) from Bland-Hawthorn & 

erhard ( 2016 ). This deri v ation assumes that the LSR is moving on
 circular orbit at speed v c0 , which may not be true given the non-
xisymmetry of the Galaxy. To estimate the systematic uncertainty 
esulting from our choice of prior, we again repeat the fit with
his normal prior, v c0 = (236 . 9 ± 4 . 2) km s −1 . These results are also
hown in Fig. 13 . 

The effect of using the v c0 = (236 . 9 ± 4 . 2) km s −1 is much milder,
hough as expected this also shifts the v c0 and �b posteriors to slightly
arger values. In this case they are v c0 = (239 ± 4) km s −1 and �b =
3 . 1 + 1 . 6 

−1 . 7 km s −1 kpc −1 . This would bring the pattern speed more in
ine with previous results (see Fig. 11 ). The posterior for M 20 is
nly slightly changed, to M 20 = (2 . 19 ± 0 . 20) × 10 11 M �. We can
se the shifts in the posteriors to roughly estimate the systematic 
ncertainties resulting from our choice of v c0 prior: ∼ 1 km s −1 kpc −1 

or �b , and ∼ 0 . 02 × 10 11 M � for M 20 . These are both smaller than
ur quoted uncertainties, so our results are reasonably robust to the 
hoice of prior. 

.7.2 Tests on the simulation 

e now test our fitting procedure on a snapshot of the simulation,
o check that it can reco v er the correct parameters. The simulation
as run using the potential model from Hunter et al. ( 2024 ), which
as a dark matter halo with an Einasto profile (Einasto 1965 ). We
an therefore also check whether our assumption of an NFW profile 
n the model biases the results. We first run the fit using an identical
ethod to that used for the data, with the same priors. We use the
ducial snapshot of the simulation, with �b = 32 . 5 km s −1 kpc −1 .
he posteriors on v c0 , M 20 , and �b are shown in Fig. 14 . 
The priors on m l and c l in the abo v e fit were derived from the

imulation we are testing on. Inherent features of the simulation such 
s the initial distribution function and bar time dependence are likely 
s  
o influence these priors. Hence we must also test the sensitivity of
he fit to these, and whether we can reco v er the correct values of M 20 

nd �b with incorrect priors on m l and c l . We therefore repeat the fit
n the simulation, but with the means of the m l and c l priors manually
oubled. The posteriors from this fit are also shown in Fig. 14 . 
With the correct priors on ( m l , c l ), all three parameters are

eco v ered with e xcellent accurac y. This demonstrates that with
orrect priors on m l and c l , our method is able to correctly infer
 c0 , M 20 , and �b , in spite of using a different model for the halo.
ven when the scaled priors are used, the medians of the M 20 and
b posteriors are very close to the true values. The only incorrectly

nferred parameter is v c0 , which is o v erestimated by ∼ 10 km s −1 .
his is because increasing the offsets shifts the fitted orbits to
igher | v R | and | d v R / d R| , which increases the inferred v c0 via
quation ( 21 ). While this would increase the orbital frequencies, the
tted orbits are also shifted to greater apocentres and hence lower
requencies. These opposite effects are likely why the inferred �b is 
ore robust than v c0 . This test provides assurance that our estimates

f M 20 and �b are not particularly sensitive to the ( m l , c l ) prior
sed. 

.7.3 Position and velocity of the Sun 

hroughout this paper, we have used a fixed value for the distance
o the Galactic centre, R 0 = 8 . 178 kpc (GRAVITY Collaboration
019 ), following Hunter et al. ( 2024 ). A more recent measure-
ent is R 0 = (8 . 277 ± 0 . 028) kpc (GRAVITY Collaboration 2021 ),

uggesting that the systematic uncertainty in the Sun’s position is 
0 . 1 kpc, or ∼ 1 per cent . This is somewhat smaller than both the

ractional uncertainty in our prior for v c0 , and the typical fractional
ncertainty in the data points used in the fit. The total uncertainties
n the Sun’s velocity quoted by Sch ̈onrich et al. ( 2010 ) are similarly
mall. Our fixed assumed values for these quantities are therefore 
nlikely to significantly contribute to systematic errors in our 
esults. 

 C O N C L U S I O N S  

n this paper, we have investigated the resonant structure in velocity
pace of the stellar halo in the Solar neighbourhood. This has allowed
MNRAS 541, 214–233 (2025) 
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s to constrain both the Milky Way’s potential and the current pattern
peed of the bar. Our principal conclusions are summarized below. 

(i) At low angular momentum (small | v φ | ), there are regions of
elocity space in which orbits are trapped in resonances with the bar.
ear the location of the Sun these are inward-moving (with v R < 0).
(ii) By calculating the component of ( v R , v φ) histograms which is

ntisymmetric in v R [i.e. n antisym 

( v R , v φ) ≡ n ( v R , v φ) − n ( −v R , v φ)],
e have shown that the observed velocity space near the Sun from
aia has multiple v R -asymmetric features. In addition to the well-
nown disc moving groups (such as the Hercules and Sirius streams,
nd the ‘Horn’ and the ‘Hat’), we reveal multiple asymmetries at
ow | v φ | . These are in the region of velocity space occupied by Gaia
ausage–Enceladus. 
(iii) The two most prominent asymmetric features peak at

 v R , v φ) ≈ ( −150 , 50) km s −1 and ( −300 , 25) km s −1 , which we re-
er to as Iphicles and the Beret respectively (due to their respective
ssociations with the Hercules stream and the Hat). These features
losely correspond to the regions of velocity space trapped by the
ow-angular momentum corotation and outer Lindblad resonances
espectively. Analogues of these two moving groups are produced
aturally in our simulation by trapping in these resonances. The
bserved asymmetries persist across a wide range of metallicities,
 ven do wn to [Fe/H] < −2 (as previously seen by Zhang et al.
024a ). We therefore conclude that these asymmetries are very
ikely dynamical streams produced by trapping halo stars in the bar’s
esonances. Nevertheless, most of the stars populating the streams
re likely to have originated in the GSE, due to its dominance at low
 z . 
(iv) We trace the Iphicles and Beret asymmetries across a range

f Galactocentric coordinates R, φ, and z. In radial phase space
 R, v R ) the asymmetries manifest as the ‘chevrons’ first disco v ered
y Belokurov et al. ( 2023 ). The Iphicles and Beret streams were there
eferred to as Chevrons 1 and 3 respectively. The resonant structure of
 R, v R ) space was previously investigated in detail by Dillamore et al.
 2024 ), where we showed that the observed overdensities at v R < 0
re a natural consequence of trapping eccentric orbits in resonances.
he streams can be traced spatially between R ≈ 6 –10 kpc, across
50 ◦ azimuthally, and up to | z| ∼ 4 kpc from the Galactic plane.

his is consistent with the predictions from the simulation. 
(v) We fit resonant orbits to the tracks of the asymmetries in

 R, v R ) space to simultaneously constrain the mass of the Milky
ay within 20 kpc M 20 , as well as the bar’s pattern speed �b . We

stimate the mass to be M 20 = (2 . 17 ± 0 . 21) × 10 11 M �, in excellent
greement with previous works (e.g. K ̈upper et al. 2015 ; McMillan
017 ; Malhan & Ibata 2019 ; Posti & Helmi 2019 ; Watkins et al.
019 ). Our value for the pattern speed is �b = 31 . 9 + 1 . 8 

−1 . 9 km s −1 kpc −1 ,
hough this can be increased by ∼ 1 km s −1 kpc −1 depending on the
rior used for the local circular speed v c0 . This estimate is consistent
ith but slightly lower than most other recent constraints, which

end to fa v our values of �b ≈ 33 –40 km s −1 kpc −1 (e.g. Portail et al.
017 ; Sanders et al. 2019 ; Binney 2020 ; Chiba & Sch ̈onrich 2021 ;
larke & Gerhard 2022 ; Zhang et al. 2024b ). 

This work is unique in providing quantitative constraints on both
he bar and the dark matter halo to radii beyond the edge of the
isc. Future Gaia data releases and upcoming ground-based surv e ys
uch as WEAVE (Jin et al. 2024 ), 4MOST (de Jong et al. 2019 ), and
SST (Ivezi ́c et al. 2019 ) will allow halo substructure to be detected
nd measured to even greater distances. This will help to achieve
he ultimate goal of a complete model of the Milky Way and its
eighbourhood. 
NRAS 541, 214–233 (2025) 
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