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A B S T R A C T 

The stellar halo of the Milky Way contains the remnants of past accretion events, which could be detectable as substruc- 
tures in the classical integrals of motion space, such as energy and angular momentum ( E − Lz ). However, our Galaxy 
also contains a non-axisymmetric stellar bar, which traps stars in resonant orbits, leading to substructures in phase-space. 
Using a high-resolution magnetohydrodynamic cosmological zoom-in simulation of a Milky Way analogue, we explore 
the connection between the bar and the accreted stellar halo. We find that the bar induces prominent substructures, or 
‘ridges’, in E − Lz , caused by the resonances. The most pronounced of these is caused by the corotation and the retrograde 
1:1 resonances, with weaker ridges visible due to the prograde 1:1 and outer Lindblad resonance. The ridges are present 
across much of the stellar halo, with variations in radius due to the morphology of different orbital families. We explore the 
scattering of orbits at the resonances, finding that stars trapped at the 1:1 retrograde resonance become more circularized 
and have more negative angular momentum. Additionally, stars can move between the corotation and retrograde 1:1 
families, thus alternating between prograde and retrograde motion. Due to these scatterings and the pre-existing metallicity 
gradients in the accreted population, the bar-induced substructures have distinct metallicities compared to stars in the 
surrounding phase-space. Our results suggest the need for caution when searching the Milky Way stellar halo for accreted 
substructures in both integral of motions and chemical spaces, since these can be induced by internal perturbations. 

Key words: Galaxy: halo –Galaxy: kinematics and dynamics – galaxies: haloes – galaxies: kinematics and dynamics. 
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 INTRODUCTION  

he notion that the Milky Way is a barred spiral galaxy was
rst proposed by G. Vaucouleurs ( 1954 ) and further supported
y J. Binney et al. ( 1991 ), L. Blitz & D. N. Spergel ( 1991 ), and
. Englmaier & O. Gerhard ( 1999 ), among others. The bar is a
eature the Milky Way has in common with around two thirds
f spiral galaxies in the local Universe (K. Menéndez-Delmestre 
t al. 2007 ; K. Sheth et al. 2008 ), with similar fractions already
ound in the 1960s by G. Vaucouleurs ( 1963 ). 
 E-mail: thomas.j.tomlinson@durham.ac.uk 

b  

o  

r

m

The Author(s) 2026.
ublished by Oxford University Press on behalf of Royal Astronomical Society.
reative Commons Attribution License (https://creativecommons.org/licenses
eproduction in any medium, provided the original work is properly cited.
Bars are known to drive the exchange of angular momentum 

ithin galaxies (D. Lynden-Bell & A. J. Kalnajs 1972 ) and to thus
ouple the evolution of stellar discs to their surrounding haloes. 
arly experiments with numerical simulations over half a cen- 
ury ago by J. P. Ostriker & P. J. E. Peebles ( 1973 ) showed that a
tellar disc embedded in the potential of a massive halo can be sta-
ilized against the formation of a bar. Subsequent studies showed 
hat a ‘live’ dark matter halo (i.e. one in which dark matter is
odelled as N-body particles that self-consistently respond to 
hanges in the potential) can absorb angular momentum emitted 
y the disc through the bar (E. Athanassoula 2002 ). This transfer
ccurs most efficiently at the resonances. Orbits are said to be in
esonance with the bar when they satisfy the condition, 

 (�φ −�bar ) + l �R = 0 , (1) 
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here �φ and �R are the orbital azimuthal and radial frequency,
espectively, �bar is the pattern speed of the bar, and l and m
re integers. Resonances are identified via combinations of l and
 , with some of the most notable ones being the inner Lind-
lad resonance (ILR; l/ m = −1/2), the corotation resonance (CR;
 = 0), the outer Lindblad resonance (OLR; l/ m = 1/2), and the
:1 resonance ( l/ m = 1). Stars trapped at the ILR are within the
ar; indeed it has been shown that the so-called x1 bar-supporting
amily of orbits are limited by the corotation radius in extent (G.
ontopoulos & P. Grosbol 1989 ). Stars trapped at the CR and
LR are present outside the bar, while the 1:1 orbits have both
 prograde and retrograde component, and are found outside and
nside the corotation radius, respectively (G. Contopoulos & P.
rosbol 1989 ). Angular momentum is emitted by stars trapped
t the ILR, while the CR and OLR absorb angular momentum
D. Lynden-Bell & A. J. Kalnajs 1972 ). The amount of angular
omentum that can be exchanged at the resonances relies on a
elicate balance between this ‘absorbing’ and ‘emitting’ resonant
aterial (E. Athanassoula 2003 ). 
While the aforementioned theoretical studies have explored

he interaction between the stellar disc and the dark matter halo
ia the bar, little attention has been paid to the consequences of 
his angular momentum transfer on the stellar halo. This changed
ith the recent work by A. M. Dillamore et al. ( 2023 ); A. M.
illamore, V. Belokurov & N. W. Evans ( 2024 ), who used test par-
icle simulations to show that stars in the stellar halo, which are
rapped in resonance by the bar, will form overdensities in phase
pace and in the space of integrals of motion, such as energy,
, and the vertical component of the angular momentum, Lz .
urthermore, by using data from Gaia DR3 (Gaia Collaboration
023 ), they find an overdensity in E − Lz in the stellar halo of 
he Milky Way, which they deduce is caused by stars trapped in
orotation with the bar. 
Previously, substructures in E − Lz space in the stellar halo
ave been associated with accretion of satellite galaxies, as estab-
ished by the work of A. Helmi & P. T. de Zeeuw ( 2000 ). These
uthors used numerical simulations to show that in the case of 
 static axisymmetric potential, overdensities in E − Lz space are
argely conserved, even after several Gyrs and after the satellite
as been completely disrupted in configuration space. The last
ecade has seen many advancements in the study of the Milky
ay’s stellar halo and the search for substructures in the Galaxy,
hich have largely been made possible by the launch of the Gaia
atellite and its more than 1.8 billion measurements of positions
n the sky, parallaxes, and proper motions of stars in the Milky
ay (Gaia Collaboration 2016 , 2023 ). In synergy with dedicated
arge spectroscopic surveys such as APOGEE (S. R. Majewski
t al. 2017 ), DESI (A. P. Cooper et al. 2023 ), and upcoming surveys
uch as 4MOST (R. S. Jong et al. 2019 ) among others, it is now
ossible to study the dynamics and chemistry of the stellar halo
f the Milky Way on a star-by-star basis for a significant fraction
f stars. Among the first discoveries enabled by Gaia was the
iscovery of a massive merger which dominates the halo of the
ilky Way within 15–20 kpc from the centre, dubbed the Gaia
ausage/Enceladus (GSE) merger (V. Belokurov et al. 2018 ; M.
aywood et al. 2018 ; A. Helmi et al. 2018 ; R. P. Naidu et al.
020 ). In E − Lz space, the GSE occupies a large region in the
rea around Lz = 0 . Several other overdensities in E − Lz space
ave been associated with other merger events. Some examples
f these postulated mergers are Thamnos, a retrograde structure
H. H. Koppelman et al. 2019 ), Kraken, a proposed early accretion
NRAS 549, 1–19 (2026)
vent found at low energy (J. M. D. Kruijssen et al. 2020 ) and
eracles (D. Horta et al. 2021 ; D. Horta & R. P. Schiavon 2024 ). 
However, while E − Lz are approximately conserved quanti-

ies, several studies have pointed out that caution needs to be
xercised when equating substructures in this space to accretion
vents. For example, I. Jean-Baptiste et al. ( 2017 ) showed that, in
imulations with a live potential, even a single accretion event can
ause multiple overdensities in E − Lz space. As the merging pro-
enitor is redistributed in E − Lz space, sinking to lower energies
ue to dynamical friction, separate clumps form as it loses stars at
onsecutive pericentric passages. Furthermore, in-situ stars can
lso form overdensities by being redistributed after being heated
y a merger. 
In addition to this, in non-axisymmetric potentials, such as a
alaxy with a bar, like the Milky Way, the energy and angular mo-
entum are no longer conserved along a given orbit. However,
he combination of the two via the Jacobi Energy, EJ , 

J = E −�bar Lz , (2) 

s conserved (J. Binney & S. Tremaine 2008 ). Thus, substructures
aused by mergers can be blurred by the bar, or indeed new
ubstructures can be induced, in the classical integrals of motion
pace E − Lz . This adds complications in identifying past mergers
f the Milky Way. 
While previous works have used test particle simulations to
xplore bar-induced resonances (A. M. Dillamore et al. 2023 ,
024 ), these do not provide information on the assembly of the
alaxy. Cosmological simulations model the formation and evo-
ution of galaxies self-consistently within the�CDM context; we
an separate stars into those that are born in the main galaxy
 in-situ ) as well as those that have been accreted over time (ex-
itu), while also incorporating information about the ages and
lemental abundances of stellar populations in the halo. We lever-
ge these aspects in our current study, using a newly developed
igh-resolution (800 M�) cosmological zoom-in simulation of a
ilky Way analogue with a stellar bar. The bar in this simulation,
s we shall see, causes prominent overdensities in the stellar
alo of the system. We investigate which resonances cause these
verdensities in E − Lz space and what they might tell us about
he evolution of our Galaxy and the search for substructures, both
ecular and merger-induced. 
The paper is structured as follows: Section 2 describes the simu-

ation and analysis tools we use; Section 3 shows the results of our
nalysis, showing the origin of the substructures in E − Lz , how
hese relate to orbits in configuration space and their properties
n terms of chemical abundances; Section 4 discusses the impor-
ance of the 1:1 retrograde resonance and how orbits are scattered
y this resonance; Section 5 then concludes and summarizes our
esults. 

 SIMULATION  AND  METHODS  

.1 Auriga Superstars Milky Way analogue 

he simulated galaxy we explore in this work is part of the newly
eveloped Auriga Superstars suite of simulations (R. J. J. Grand
t al. 2023 ; R. Pakmor et al. 2025a ; Fragkoudi et al., in prepa-
ation).The paper These are cosmological zoom-in simulations
ased on the original Auriga suite of simulations R. J. J. Grand et
l. ( 2017 , 2024 ) tailored for studies of stellar dynamics. They are
e-simulated with 64 times better resolution in terms of the stellar
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ass ( 800 M� resolution), and eight times better resolution for 
he dark matter particles ( 5 × 104 M� resolution), as compared 
o the original standard resolution Auriga simulations. A full 
escription of the Superstars method is presented in R. Pakmor 
t al. ( 2025a ) and the suite of simulations will be presented in
ragkoudi et al. (in preparation). Here we give a brief summary
f the basic properties of the simulations. 
The original Auriga simulations are sampled from a cubic 
olume with side lengths of 100 Mpc taken from the EAGLE
roject (J. Schaye et al. 2015 ). The simulations are run with
he arepo code (V. Springel 2010 ; R. Pakmor et al. 2016 ), in a
tandard �CDM cosmology, with parameters �m 

= 0 . 307 , �b = 

 . 048 , �� = 0 . 693 , and H0 = 67 . 77 km s−1 Mpc−1 (Planck Col-
aboration XVI 2014 ). They make use of the zoom-in technique 
o achieve a baryonic mass resolution of ∼5 × 104 M�, with a 
ypical dark matter resolution of ∼3 × 105 M�. In this work, we 
efer to the original Auriga simulations as the ‘fiducial’ or ‘Level 4’
uriga simulations. The details of the Auriga suite of simulations 
re described in detail in R. J. J. Grand et al. ( 2017 ). 
The Superstars method creates a larger number of lower mass 

∼800 M�) star particles from a single gas cell. These stars have
he same velocity and position as their parent gas cell with an
dded random isotropic component based on a Gaussian distri- 
ution with a width set by the minimum of the local sound speed
nd the velocity dispersion of the neighbouring gas cells. 1 (R. 
akmor et al. 2025a ). Care is taken that these additional random
omponents do not affect the conservation of total momentum. 
he chemical evolution of the stars is treated in the same way
s in the fiducial Auriga simulation. Re-simulating a halo using 
he Superstars method keeps galaxy properties largely preserved, 
ith variations falling within the range of intrinsic variations 
ound among realizations run on a different machine or with 
 different random number seed (R. Pakmor et al. 2025b ). The
hanges that do occur are smaller than the systematic shifts 
aused by changing the mass resolution of the gas. For more
etails on the method, we refer the reader to R. Pakmor et al.
 2025a ). 

.1.1 Halo 18 

n this study we use halo 18 from the fiducial Auriga suite of 
imulations, re-simulated using the Superstars method. The sim- 
lation produces full outputs every 50 Myr. Additionally, every 
 Myr a ‘snipshot’ with the positions of all particles is created,
hich we use for our orbital analysis, as well as our estimates of 
he bar pattern speed. Metal abundances are extracted from the 
imulation, and we use [Fe/H] values as a proxy for metallicity; 
e reduce [Fe/H] by 0.5 dex to bring the metallicities in line with
he Milky Way in the Milky Way bulge. The dark matter halo
ass is ∼1 . 3 × 1012 M� with a stellar mass of ∼7 × 1010 M�. It
s a useful analogue of the Milky Way in a number of ways: it
s a barred galaxy whose inner regions have chemodynamical 
roperties similar to the Milky Way (F. Fragkoudi et al. 2020 ), and
t has an analogue for the GSE merger, with a mass and accretion
 We note that the simulation studied here uses a variation of the Super- 
tars method, with a factor of ∼2 larger kick to the birth velocity to stars. 
owever, we highlight that this does not have a significant impact on the 
roperties of the galaxy – see the discussion and Appendix A in R. Pakmor 
t al. ( 2025a ) for more details. 

a
t

2

W
d

ime that fall within the estimates for GSE, and shared kinematic
roperties (A. Fattahi et al. 2019 ). 
The bar forms at a lookback time of ∼8 Gyr (see also A. Merrow
t al. 2024 ), and has a length of ∼5.6 kpc, based on the radius
t which the m = 2 Fourier mode of stars in the disc reaches
0 per cent of its maximum (see e.g. F. Fragkoudi et al. 2021 for
he method). This is close to recent estimates of the length of 
he Milky Way’s bar of ≈5 kpc, which varies depending on the
ethod used (M. Portail et al. 2017 ; T. Hilmi et al. 2020 ; M. Lucey
t al. 2023 ). The pattern speed of the bar is 23 . 0 km s−1 kpc−1 at
he z = 0 snapshot, which we calculated from the difference in
he phase of the bar in the two most recent simulation snipshots.
he corotation radius is ∼10 kpc, which is slightly larger than 
stimates for the Milky Way, which place its corotation radius 
etween 4 . 5 and 9 . 6 kpc, albeit with significant uncertainty (J.
land-Hawthorn & O. Gerhard 2016 ; J. L. Sanders, L. Smith &
. W. Evans 2019 ; R. Chiba & R. Schönrich 2021 ; D. Horta, M.
. Petersen & J. Peñarrubia 2025 ). The bar pattern speed, and
herefore the locations of the different resonances, such as the 
orotation resonance, affect the regions that will be occupied by 
ifferent families of orbits – an important caveat to keep in mind
hen interpreting our findings and how they might correspond 
o the Milky Way. In Appendix C we show an alternative solar
eighbourhood at 11.5 kpc. This radius is chosen such that the
atio of the corotation radius over the solar radius is around 8 / 7 ,
hich is the ratio of these two radii in the Milky Way if we assume
hat the corotation radius in our Galaxy is around 7 kpc and the
olar radius is 8 kpc. 
In what follows, we explore two regions of the simulated 
alaxy, as shown in Fig. 1 : a solar neighbourhood-like region, i.e.
 sphere of radius 4 kpc at a cylindrical radius of R = 8 kpc, in
he plane of the galaxy, and a sphere of 4 kpc at the centre of the
alaxy. We rotate the bar to have an angle of 30 degrees ahead
f the ‘Sun’-galactic centre line, similar to the Milky Way. The
cale radius of the disc of our simulated galaxy is 3.7 kpc, which
s on the high end of estimates for the Milky Way scale length
for which studies find values between 2 . 6 and 3 . 9 kpc; see e.g. J.
land-Hawthorn & O. Gerhard 2016 ). 
In what follows, stars are selected as in-situ or accreted, follow-

ng the methodology used in A. Fattahi et al. ( 2019 ). This makes
se of the friends-of-friends and subfind algorithms (M. Davis 
t al. 1985 ; V. Springel, N. Yoshida & S. D. M. White 2001a ; V.
pringel et al. 2001b ). Star particles are assigned to a progenitor
ased on what subhalo they are bound to in the snapshot after
heir formation. Thus, stars formed from gas stripped from a 
rogenitor will be flagged as in-situ if the star that forms is bound
o the main Milky Way-like progenitor. Additionally, stars which 
ere accreted before a redshift of z = 3 . 8 are also counted as in-
itu , because at redshifts earlier than this, identifying the main
alo is non-trivial as several progenitors have similar masses. In 
his study, we explore the four most massive accretion events in
he galaxy, which combined make up more than 90 per cent of 
he accreted stellar mass within 20 kpc of the centre of the halo
t z = 0 . In Table 1 we list their peak stellar mass, peak halo
ass, the fraction of stellar mass from each progenitor to the total
ccreted population within 20 kpc, their mean metallicity, infall 
ime, and redshift. 

.2 Calculating orbital frequencies 

e calculate the orbital frequencies of stars in the simulation 
irectly from the snipshot outputs of the simulation, which are 
MNRAS 549, 1–19 (2026)
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M

Figure 1. Logarithmic stellar surface density projection in x-y and x-z 
of the simulated halo, Auriga 18. In this and following figures, � corre- 
sponds to the number of particles per bin, here in x and y (top) and x and 
z (bottom). We define a solar neighbourhood in this simulation following 
observations, where the sun is located at x = −8 kpc, 30 degrees behind 
the bar. The circles around the centre of the galaxy and the sun indicate 
the two regions studied, each with a radius of 4 kpc. 

Table 1. Properties of the four main mergers in simulation. The peak 
stellar and halo mass is given by subfind . The accreted fraction describes 
how many accreted stars within 20 kpc of the centre of the main halo 
come from each merger. The mean metallicity given is for stars found 
within 20 kpc of centre of the main halo at z = 0 , calculated as the mean 
of values of [Fe/H] after taking the logarithm. The infall time (and red- 
shift) refers to the first time the satellite crossed R200 of the main halo. 
The time is given as the lookback time. The start of the simulation occurs 
at a lookback time of 13.83 Gyr. 

Merger 
Peak stellar 
mass ( M�) 

Peak halo 
mass ( M�) 

Accreted 
fraction 

Mean 
[Fe/H] 

Infall 
time 
(Gyr) 

Infall 
redshift 

M1 1 . 5 × 108 3 . 0 × 109 0.1 −1.16 12.52 4.6 
M2 1 . 9 × 108 9 . 6 × 109 0.1 −1.18 12.11 3.7 
M3 5 . 6 × 108 1 . 6 × 1010 0.12 −0.89 9.47 1.5 
M4 1 . 5 × 109 3 . 6 × 1010 0.61 −0.63 9.29 1.4 
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aved every 5 Myr. This is done for stars within r = 20 kpc for a
ime interval of 2 Gyr before z = 0 . The time period is chosen to
ake sure that several stellar orbits are captured for the majority
f stars in this region. The frequencies are calculated using the
cipy.fft fast Fourier transform (FFT) package from scipy
P. Virtanen et al. 2020 ). An FFT is performed on the cylindrical
oordinates R , φ, and z of the star in an inertial frame of reference
n order to obtain the orbital frequencies �R , �φ , and �z . The
ourier transform is performed using a window function of the
NRAS 549, 1–19 (2026)
orm: 

(t ) = 1 + cos 
(
2 πt 
T 

)
, (3) 

here t is the time of each snipshot and T is the time period
ver which the Fourier transform is performed, to account for the
act that the FFT is carried out over a finite time interval (see L.
eraldo e Silva et al. 2023 for a more detailed discussion on the
se of such a window function). Our frequency analysis is limited
y the number of snipshots and time period over which the FFT is
erformed; at the high end this is given by the Nyquist frequency
f 628 rad Gyr−1 and at the low end by a minimum frequency
f 3.1 rad Gyr−1 . After performing the FFT, we then obtain the
requency associated with the largest peak as a proxy for the
undamental frequency of the orbit (J. Binney & D. Spergel 1982 ).
e consider peaks of frequencies larger than 3.1 rad Gyr−1 . We
se a convention in which stars whose mean angular momentum
ver the last 2 Gyr is predominantly negative, have a negative �φ .
o identify orbital resonances, we use the variable r�, 

� = �φ −�bar 

�R 
. (4) 

n this notation the ILR ( l/m = −1/2) corresponds to r� = 0.5,
he corotation resonance ( l = 0) to r� = 0 , the OLR ( l/m = 1/2) to
� = −0 . 5 and the 1:1 resonance ( l/m = 1) to r� = −1 . In what
ollows, we refer to particular resonant families by either their
/m notation or their r� value. 
The pattern speed of the bar slows down slightly in the time
eriod of our frequency analysis. In the 2 Gyr interval of our
requency analysis it changes from 26.8 to 23.5 rad Gyr−1 at the
nd of the simulation. For the purposes of determining the orbital
esonances, we take a bar pattern speed of 25.1 rad Gyr−1 , which
s obtained by performing an FFT on the phase of the bar. 

.3 Integrals of motion space 

n what follows, we explore how stars cluster together in both the
lassical integrals of motion space, E − Lz , and in action space,
.e. Jφ , JR , Jz . The specific energy, E = v2 / 2 + 	(x, y, z) , is calcu-
ated for each particle in the simulation, where v is the modulus
f the velocity in a frame centred on the galaxy’s centre of mass,
ubtracting the centre of mass motion of the halo. The potential,
, of each particle is extracted from the simulation using a tree
ode algorithm as described in V. Springel ( 2010 ). We additionally
hift the potential, such that the potential of particles at R200 (i.e.
t the virial radius), is equal to zero. The virial radius is defined
o be the radius of a sphere in which the mean matter density is
00 times the critical density, ρcrit = 3 H2 (z) / (8 πG ) . The specific
ngular momentum is calculated by ˆ k Lz = r xy × v xy . 
In a time-independent and axisymmetric potential, the ax-

symmetric actions, JR , Jφ , Jz are integrals of motion, meaning
hey are conserved along a star’s orbit (J. Binney & S. Tremaine
008 ). Each action is associated with a fundamental frequency,
R , �φ, and �z . The radial action JR measures how eccentric an
rbit is, describing how much a star oscillates around a guiding
adius of a perfectly circular orbit with the same angular mo-
entum. The vertical action Jz measures how far a star deviates
rom the plane of the galaxy, and the azimuthal action Jφ – which
s equal to Lz by definition in an axisymmetric system – is a
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easure of the prograde and retrograde motion in the plane. 2 
e use these axisymmetric actions as approximate orbital labels, 
alculated for an axisymmetric approximation of the potential in 
he simulation, as in previous studies (see e.g. F. A. Gómez & A.
elmi 2010 ; F. A. Gómez et al. 2010 ; W. H. Trick, J. Coronado &
.-W. Rix 2019 ; W. H. Trick et al. 2021 ). 
We calculate this axisymmetric potential approximation di- 

ectly from the simulation snapshot using the agama package (E.
asiliev 2019 ). The total potential is the sum of the contributions
rom the dark matter, stars (separated into halo and disc compo- 
ents), and gas. The potentials of the spherical components (dark 
atter and stellar haloes) are modelled as the sum of different
ultipole moments, which are expressed as the product of spher- 
cal harmonics and an arbitrary function of radius, 	(r, θ, φ) =

 

j,k 	 j,k (r) Y k 
j (θ, φ) . The radial dependence of these terms is

escribed by an interpolation using a quintic spline, made up of 
iecewise polynomials, defined by a series of grid nodes evenly 
pread in log r. The flat components (gas and in-situ stars) are 
odelled via an azimuthal harmonic expansion, using a sum of 
ourier terms in the azimuthal angle, i.e. sin( mi φ), cos( mi φ). The
oefficients of each term are interpolated on a 2D quintic spline in
he ( R, z) plane. The actions themselves are then calculated using
n action finder in agama , which makes use of the Stäckel fudge
ethod to convert between position/velocity and action/angle 
ariables. For further details on how this is implemented, we 
irect the reader to the agama documentation (E. Vasiliev 2018 ). 

 RESONANCES  IN  THE  STELLAR  HALO  

e start by exploring the overdensities in the distribution of all 
tars (i.e. both accreted and in-situ ) in the E − Lz plane, before
oving on to explore the accreted stellar halo in more detail 
Section 3.1 ). We connect the overdensities seen in E − Lz to the
nderlying bar-induced resonant orbital structure (Section 3.2 ), 
xploring how these orbits are distributed in configuration space 
nd how they change over time. We then explore the chemical 
atterns in E − Lz and how these relate to the resonant ridges
Section 3.3 ). 

.1 Overdensities in E − Lz 
n Fig. 2 we show all stars (i.e. both in-situ and accreted) in
he E − Lz plane in the R = 0 kpc region (top panels) and in a
solar neighbourhood’-like region at R = 8 kpc (bottom panels). 
he first column shows the distribution of stars in this plane 
ith an unsharp-masking filter applied to make substructures in 
his space more apparent, whereas the second column shows the 
istribution of stars coloured by logarithmic density, without an 
nsharp mask. The panels in the third column are colour-coded 
y the average stellar metallicity in each bin, while the rightmost
anels are colour-coded by the average age of stars. 
The arrow in the leftmost panels points towards an over- 
ensity, or ridge, which is clearly seen in the retrograde part
 Strictly speaking, the formalism of computing axisymmetric actions, 
sing the Stäckel fudge approach (J. Binney 2012 ), fails at resonances in a 
on-axisymmetric system, such as that of a barred galaxy. This is because 
he method relies on the existence of three integrals of motion that are 
mooth, single-valued, and well-defined. At resonances, those motions 
ecome coupled breaking the separability assumption. Because of this, 
ctions are not uniquely defined nor preserved along an orbit. 

3

S
4

e
i
l
t

f the distribution, starting at E ≈ −1 . 5 × 105 km2 s−2 and 
z ≈ −1 × 103 kpc km s−1 and moving in a diagonal line towards 
igher E and Lz . 3 As the ridge becomes more prograde, it be-
omes more horizontal. This ridge-like feature is also clearly dis- 
inguishable in both metallicity and age. Interestingly, its stellar 
opulations are both younger and more metal-rich than the sur- 
ounding regions of E − Lz . 
As mentioned in Section 1 , overdensities or substructures in 

 − Lz space of the stellar halo are frequently associated with 
emnants from past mergers. To explore the accreted population 
ore explicitly, we plot the distribution of ex-situ stars in E − Lz 
n Fig. 3 . The top panels show the region around R = 0 kpc and
he bottom panels at R = 8 kpc. The grey 2D histograms in all
anels shows the logarithmic density of the stars. As can be seen
n the left panels, the aforementioned prominent ridge is even 
ore pronounced in the accreted population. The red diagonal 
ine in the left panels shows a line of constant Jacobi energy, EJ ,
hich we will return to below. 
To determine whether the ridge could be caused by resonances 

elated to the bar, we perform a frequency analysis of the orbits
n the simulation, as described in Section 2 . In the right panels,
e add insets that show histograms of r� (see equation 4 ) for the
ccreted stars in the two regions of interest. In these insets, we
ighlight the range of r� values that we use to select stars at the
ifferent resonances. 4 We find prominent peaks at the corotation 
 r� = 0) and 1:1 resonance ( r� = −1), with a small number of 
tars at the OLR ( r� = −0.5). The contours in the right-hand pan-
ls indicate the distribution of stars at these different resonances: 
he OLR orbits are outlined in yellow, corotation orbits in purple,
nd orbits in the 1:1 resonance in red. 
We see that the prominent ridge-like structure is largely made 
p of stars trapped in the corotation and 1:1 resonances: the pro-
rade part of the ridge corresponds to stars in corotation, while
he retrograde part is made up of stars trapped at the 1:1 reso-
ance. We note that there are some stars labelled as corotation,
hich are found in the retrograde part of the plot. These are stars
hat have a mean positive Lz over the Fourier time window that
s considered, but are instantaneously found at negative Lz at 
he final snapshot at z = 0 . In the prograde part of the ridge, a
ess prominent arm protrudes to higher energies to the region of 
 − Lz space traced by stars in the OLR. Comparing the promi-
ence of resonant stars in the two regions studied here, we note
hat there is an increased contribution of 1:1 resonant stars in the
 = 0 kpc region, as compared to the R = 8 kpc region. There is
lso a slight increase in the contribution of stars at the OLR in the
 = 8 kpc region as compared to the central region. 
We can further see in the left panels of Fig. 3 that the slope of 

he ridge in the section corresponding to the retrograde 1:1 reso-
ance, coincides with the line of constant EJ , which corresponds 
o a slope equal to the pattern speed of the bar. This suggests
hat, were such a ridge to be detected in the Milky Way, it would
rovide an independent measurement of the Milky Way’s bar 
MNRAS 549, 1–19 (2026)

 For a comparison of the E − Lz distribution between halo 18 in Auriga 
uperstars and fiducial Auriga, see Appendix A . 
 Note that we use different ranges of r� at the different resonances to 
nsure that at least 2000 star particles are selected. Increasing or decreas- 
ng the interval in r� used to identify the resonances does not shift the 
ocation of the contours, but it does affect the size of the region in E − Lz 
hat is traced by the contours. 
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Figure 2. This figure shows all stars in the simulation in the E − Lz plane in two regions of the simulation, which are used throughout the paper, a 4 kpc 
sphere around the centre of the halo (top) and a 4 kpc sphere around a ‘solar neighbourhood’ (bottom) as illustrated in Fig. 1 . The leftmost panels show 

the density of stars in E − Lz space with an unsharp mask applied, the panels in the second column show a logarithmic density projection of the same 
selection of stars. As previously, � corresponds to the number of particles per bin, here in E and Lz . In the panels in the third column, the bins in E − Lz 
space are coloured by the mean metallicity of stars inside the bin, and in the rightmost panels the bins are coloured by the mean ages of the stars. In all 
panels a ridge feature stands out starting at E ≈ −1 . 5 × 105 km2 s−2 and Lz ≈ −1 × 103 kpc km s−1 (also indicated by arrows in the leftmost panels). 
Stars inside the ridge tend to have lower ages and higher metallicities than surrounding stars in the same region in E − Lz space. 
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attern speed. In Section 4 we discuss in detail the origin of the
lignment between the 1:1 ridge and the Jacobi constant. 
To further explore the origin of the ridge and its relation to
istinct accretion events, or to the bar, in Fig. 4 , we show the
istribution of stars associated with the four most massive accre-
ion events in the galaxy in E − Lz space. The contours in this
gure show the location of resonant stars (selected from intervals
n r� as before). 5 We see that the ridge is prominent in at least two
f the progenitors (M3 and M4), while it is also somewhat visible
n M1 and M2, albeit not as strongly (in M1 and M2 the ridge is
ore clear in the prograde part). This lends further credence to
he fact that the ridge is not caused by one individual accretion
vent, but is rather caused by a response of the stars to a global
ynamical perturbation. We also note that the ridge is a feature
hat becomes stronger with time, after the formation of the bar,
s illustrated in Fig. B1 in Appendix B . 
In terms of absolute numbers, the dominant contribution to

he ridge is from merger M4, which is the most massive of these
our mergers (see Table 1 ). It is likely that the preferential trap-
ing of stars from mergers M3 and M4 in the resonant ridge is
elated to the timing and the orbital configuration of the mergers:
ergers with more radial orbits deposit stars at regions close to
z = 0 , which, as we will see in Section 4 , allows these stars to be
rapped by the corotation and 1:1 resonances. To illustrate this, we
how the distribution of stars of the four most massive mergers
NRAS 549, 1–19 (2026)

 The contours shown correspond to all resonant accreted stars within the 
0 kpc spatial selection that we use for this figure. 

f  

a  

a  

t  
t a snapshot before bar formation in Fig. D1 in Appendix D . The
ack of a prominent ridge in M1 and M2 is likely a combination
f a lower density of stars in orbital configurations that allow
hem to be trapped in the 1:1 and corotation resonances, as well
s a flatter gradient in their distribution function. We will explore
n detail the factors contributing to the trapping of stars in the
esonances in future work (Gherghinescu et al., in preparation). 

.2 Connection to configuration space 

e have seen previously in Fig. 3 that the distribution of reso-
ant stars differs between regions at R = 0 and R = 8 kpc. These
ifferences can be understood by examining the distribution of 
esonant orbits in configuration space, as shown in Fig. 5 . The
gure shows the spatial surface density distribution of stars, both
dge -on and face -on, at z = 0 , which are trapped (from left to
ight) at the retrograde 1:1, corotation and OLR resonances. Here
e select all ( in-situ and accreted) resonant stars within 20 kpc
f the centre of the halo. For illustrative purposes we overplot an
xample orbit for each of these resonances as a solid line, in the
eference frame rotating with the bar, where the colour-coding
orresponds to the lookback time (shown in the right colourbar).
We see in the left panel of the figure, that stars in the retrograde
:1 resonance are most dense at the centre of the halo, with stars
ound out to a radius of ∼10 kpc. Stars at this resonance have
n almost spherical distribution, with no visible disc plane and
 mean height above the plane of the disc of around 3.5 kpc. In
he middle panel, we see that stars in the corotation resonance
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Figure 3. The logarithmic density distribution of accreted stars in E − Lz space is shown for a central region (top) and a ‘solar neighbourhood’ (bottom), 
as shown in Fig. 1 . � corresponds to the number of particles per bin, here in E and Lz . The plots on the left show these distributions without contours to 
clearly show the presence of a ridge overdensity, in both spatial regions. Additionally, a line of constant Jacobi energy is plotted in dark red. On the right 
the same plots are shown with added contours (90th percentile) which show the distribution of stars in three different resonances (corotation – purple, 
OLR – yellow, 1:1 – red). These colours are used to denote the different resonances throughout the paper. The histogram insets in the two right-hand 
panels show the distribution of stars according to their r� resonance value; the colours indicate our selection of the resonances, identical to the colours 
of the contours. We can see that the ridge overdensity is traced mainly by stars in corotation and 1:1 resonance. 
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ave the highest density in two regions perpendicular to the bar

in the vicinity of the L4 and L5 Lagrange points; e.g. J. Binney &
. Tremaine 2008 ), at radii of ∼8−10 kpc. Corotation orbits are 
ore disc-like in their configuration than stars in the retrograde 
:1 resonance, but are also found at relatively large heights, away 
rom the plane of the disc. Lastly, as seen in the right panel, OLR
tars are found further out still, with densities highest at a radius
f ∼15 kpc and extending beyond the 20 kpc region for which
e have calculated the orbital frequencies. OLR stars are disc- 
ike in configuration, with mean heights above and below the 
lane of the disc of around 2 kpc. Since the stars at the retrograde
:1 resonance are most dense at the centre, and their density
ecreases with radius, as we probe regions out to larger radii,
he contribution from retrograde 1:1 resonant stars decreases, 
hile the contribution of stars in the corotation resonance and 
he OLR increases. This explains why the retrograde part of the
idge is seen more prominently in the top panels of Fig. 3 , while
he contribution from the CR and OLR increases in the bottom
anels. 
The regions where these orbits are found are likely to vary
ompared to the Milky Way, since this simulation is not an exact
nalogue of our Galaxy. As mentioned in Section 2 , while the
ength of the bar is similar between estimates of the Milky Way
nd this simulated halo, the corotation radius is different; this 
MNRAS 549, 1–19 (2026)
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Figure 4. The four panels show stars from the four main accreted progenitors in the simulation coloured by their logarithmic density in E − Lz space. 
� corresponds to the number of particles per bin, here in E and Lz . Shown are all stars from these progenitors within a radius of 20 kpc, not just the 
central or ‘solar neighbourhood’ regions shown previously. Differently coloured contours (90th percentile) show the distribution of resonant stars for all 
accreted stars (CR: purple, OLR: yellow, 1:1: red). The mergers are in order of their infall times (left to right, top to bottom). Mergers M1 and M2 merged 
several Gyrs before bar formation, mergers M3 and M4 merged around the same time shortly before the bar is formed. M4 dominates in terms of its 
contribution in the region where the ridge is found. However, it is important to note that all four mergers are present inside the ridge. 
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s approximately 10 kpc in this simulation, which is larger than
ome of the most recent estimates of the corotation radius for the
ilky Way (J. Bland-Hawthorn & O. Gerhard 2016 ; J. L. Sanders
t al. 2019 ; R. Chiba & R. Schönrich 2021 ). The difference in the
patial distribution of stars on these resonant orbits affects the
isibility of overdensities caused by these resonant stars in E − Lz 
pace. In Fig. C1 in Appendix C , we show an example of how
he ridge would look if we selected a region at a larger radius of 
1.5 kpc. 

.2.1 Migration between resonant families 

hen investigating the orbital properties of resonant stars, we
nd a subset of stars that are able to ‘migrate’ between differ-
nt resonant families. This is particularly prevalent in terms of 
igration between the corotation and retrograde 1:1 resonances,
hich are continuous and adjacent to each other in E − Lz space.
n example of such an orbit is shown in Fig. 6 . In the left panel
f the figure we show the position of the star along its orbit
n E − Lz space. The colours of the points denote the lookback
NRAS 549, 1–19 (2026)
ime of the snapshot, as given in the colourbar at the top of the
gure. The middle and right panels show the star’s orbit over time
n a rotating and inertial frame of reference, respectively, with
he colour of the line also denoting the lookback time. Initially,
he star is found in the region of E − Lz space associated with
orotation (see Fig. 3 ) and its orbit is typical of corotation orbits
see e.g. Fig. 5 ). At a lookback time of around 1.4 Gyr, the star
hanges direction, from prograde to retrograde. It is now found in
he region of E − Lz space associated with stars in 1:1 resonance,
nd its orbit in configuration space now looks like a typical 1:1
esonant orbit (as seen most clearly in the rotating frame of ref-
rence). 
We find multiple orbits that behave in similar ways and move
imilar distances in E − Lz space. This suggests that this is a
otential pathway for stars to go from being prograde to retro-
rade, and vice versa, without the need of a merger – i.e. these
tars are made retrograde because of internal bar-driven resonant
rocesses. In the context of the Milky Way, H. C. Woudenberg &
. Helmi ( 2025 ) have discussed the bar’s ability to push stars onto
haotic orbits. We will further quantify the exact extent to which
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Figure 5. The face-on (top panels) and edge on (bottom panels) density distribution of all stars within 20 kpc in the retrograde 1:1 resonance (left), 
corotation resonance (middle), and OLR (right). � corresponds to the number of particles per bin, here in x and y ( x and z). Overplotted are examples of 
orbits from each family, in the reference frame rotating with the bar, with colours corresponding to lookback time. In all panels the bar is located along 
the x-axis. We see that the 1:1 resonant stars are concentrated in the central regions, while the corotation stars have a peak in density at larger radii. 
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his process happens by using both cosmological and controlled 
imulations in future work. 

.3 Chemistry of resonant ridges 

e have seen so far that bar-induced resonances can create over- 
ensities in E − Lz space. Additionally, as shown in the third and 
ourth panels of Fig. 2 , the ridge is distinct from its surroundings
n terms of its metallicity and ages. Since chemical tagging is
ne of the ways employed to distinguish accreted from in-situ 
opulations (G. Gilmore, R. F. G. Wyse & K. Kuijken 1989 ; K.
reeman & J. Bland-Hawthorn 2002 ; K. Hawkins et al. 2015 ), in
ombination with stellar dynamics, it is important to understand 
hether bar-induced resonances can also create such chemically 
istinct substructures in the halo. 
In Fig. 7 we show the accreted population in E − Lz space in
ins coloured by the mean metallicity of stars. We do this in the
wo regions we explore, i.e. the central region (left) and the ‘solar
eighbourhood’ region (right). The contours in this figure show 

he location of resonant stars, as previously. We can see that
he stars inside the prominent ridge are more metal-rich than 
tars outside the ridge (both above and below the ridge), with a
ifference in [Fe/H] of around 0.5 dex. Thus, the ridge, which is
 dynamical feature formed because of the influence of the bar, 
as a population of accreted stars with a chemistry that is distinct
rom the accreted population outside the ridge. 
To explore how this distinct chemistry arises, and how this 
ight relate to the accretion events in the galaxy – in addition to
he bar-induced resonances – in Fig. 8 we explore the metallicity 
n E − Lz of the four most massive mergers within 20 kpc of 
he centre. We see that mergers M1 and M2 have quite uniform
etallicities, which are overall lower than for M3 and M4 (due
o its higher mass, M4 has the highest metallicity). On the other
and, mergers M3 and M4 have a gradient in metallicity, in which
he metallicity is higher at lower energies. This is due to the fact
hat these progenitors had negative radial metallicity gradients at 
nfall, with higher metallicity at the centre, which is mapped into
 negative metallicity gradient in energy, since the outer parts of 
he galaxy are stripped first (M. D. A. Orkney et al. 2023 ). This
s also found in observations of dwarf galaxies in the local group
e.g. S. Taibi et al. 2022 ). In GSE-like progenitors in the Auriga
imulations, this initial metallicity gradient, while blurred, per- 
ists until z = 0 , with higher metallicities at lower energies (A.
arrillo et al. 2025 ). 
In addition to this overall negative metallicity gradient in en- 
rgy, we see that the M3 and M4 remnants have a metallicity
istribution with a diagonal feature, which follows the 1:1 res- 
nance. As we will discuss in the next section, this is due to
ow stars are scattered and trapped in the bar-induced 1:1 res-
nance, with stars from regions of low angular momentum (i.e. 
z ∼0) moving towards the retrograde part of the distribution (i.e. 
z < 0) and towards lower energies, i.e. scattering along the 1:1
esonance line. Since most of the high-metallicity stars in the 
idge originate from M4 (since it is the most massive of the four
ergers), this causes a ridge of higher metallicity, while at lower
nergies the M1 and M2 progenitors contribute more (as they 
MNRAS 549, 1–19 (2026)
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Figure 6. An example of an orbit that changes between being prograde and retrograde and in doing so changes its orbital class from corotation to the 
retrograde 1:1 resonance. The left panel shows this in E − Lz space with points taken from 40 different snapshots coloured by their lookback time, as 
shown in the colourbar at the top. The middle panel shows the orbit in face-on spatial coordinates in the reference frame rotating with the bar. The line 
is coloured by the lookback time of the star in the same manner as the points in the left panel. The right panel shows the orbit in the inertial frame, 
coloured in the same manner. The orbit starts out as prograde and becomes retrograde at a lookback time of around 1.4 Gyr. 

Figure 7. E − Lz plots showing the accreted population in two spatial regions, a 4 kpc sphere around the centre of the galaxy (left) and a 4 kpc sphere 
around a ‘solar neighbourhood’ (right). The bins are coloured by the mean [Fe/H] value in each bin. The differently coloured contours (90th percentile) 
indicate stars trapped in Corotation, OLR, and 1:1 resonances (CR: purple, OLR: yellow, 1:1: red), with an inset in each panel of the r� resonance value 
distribution for stars of each selection. Stars in the region of the ridge, which is traced by stars in the retrograde 1:1 resonance and corotation, have higher 
metallicities than stars in the surrounding E − Lz space. 
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Figure 8. The four panels show stars from the four main accreted progenitors in the simulation coloured by their mean metallicity in each bin in E − Lz 
space. All stars from these progenitors within 20 kpc are selected. Differently coloured contours (90th percentile) show the distribution of resonant stars 
for all accreted stars (CR: purple, OLR: yellow, 1:1: red). The mergers are in order of their infall times (left to right, top to bottom). Mergers M1 and 
M2, which merged several Gyrs before bar formation, show only slight trends in metallicity, with higher metallicity at lower energy, but the ridge is not 
apparent in metallicity. Stars from mergers M3 and M4, which merged just before bar formation, have higher metallicities than stars from the two earlier 
mergers and have higher metallicities in the region of the ridge compared to stars at larger energies. In combination with the densities shown in Fig. 4 
this suggests that the distinct metallicity of the ridge as seen in Fig. 7 is caused by stars from these two later mergers. 
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ink deeper into the potential well, since they are earlier merger
vents). 

 ORBITAL  SCATTERING  AT  THE  

ESONANCES  

ne of the findings of our study is that the retrograde part of the
:1 ridge in E − Lz space appears to have a slope equal to that of a
ine of constant Jacobi Energy EJ = E −�bar Lz , i.e. with a slope
qual to �bar . Therefore, if the 1:1 retrograde ridge were to be
etected in the Milky Way, it could give us an independent mea-
urement of the bar pattern speed, which is still rather uncertain,
ith studies placing it between ∼25 and 50 km s−1 kpc−1 (e.g. F. 
ragkoudi et al. 2019 ; J. L. Sanders et al. 2019 ; J. Binney 2020 ;
. P. Clarke & O. Gerhard 2022 ; H. Zhang et al. 2024 ; D. Horta
t al. 2025 ). We also showed in the previous section that the 1:1
etrograde ridge has a higher metallicity than its surroundings, 
uggesting that stars scatter from regions of higher energy (and 
herefore metallicity) towards more retrograde angular momen- 
um and lower energies. 
In this section, we investigate how stars scatter at the 1:1 res-
nance, which can shed light on why the slope of the retrograde
:1 resonant ridge is equal to �bar . First, we start by exploring
he slope along which stars are scattered at the 1:1 resonance
n E − Lz and action space (Section 4.1 ). Subsequently, we ex-
lore whether stars gain or lose angular momentum during this 
cattering process (i.e. determine the direction of scattering; Sec- 
ion 4.2 ). We then discuss the overall changes in Lz and JR at the
esonances in our simulation (Section 4.3 ), before commenting 
n the role of the scattering of stars at the resonances on the
hemistry of the ridge (Section 4.4 ). 

.1 Slope of scattering in action space 

e start by exploring the axisymmetric actions, i.e. the actions 
alculated for an axisymmetric approximation of the potential. 
e also look at the axisymmetric resonance lines (ARLs), as 
MNRAS 549, 1–19 (2026)
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M

Figure 9. The top panel shows in the background the distribution of all 
stars in the ‘solar neighbourhood’ region in E − Lz space with contours 
showing the 90th percentile of distributions of stars in corotation (pur- 
ple), OLR (yellow), and 1:1 resonance (red). In addition to the contours, 
three sets of lines (with the colours the same as for the contours) show the 
locations of the axisymmetric resonance lines (ARLs), which are calcu- 
lated from the axisymmetric potential fit to the simulation. � corresponds 
to the number of particles per bin, here in E and Lz . The bottom panel 
shows the same selection of accreted stars in action space (JR − Jφ) as 
the grey background distribution, where � is the number of particles per 
bin in JR and Lz . The contours here show the distribution of stars in the 
corotation, OLR, and 1:1 resonances (66th, 50th, 33rd percentiles). The 
three sets of lines show the ARLs in this plane as in the upper panel. 
Additionally, the arrows demonstrate the slopes along which individual 
stars should move at the different resonances (see the text). For the 1:1 
retrograde stars this slope aligns with the slope of the ARL. 
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sed by W. H. Trick et al. ( 2021 ), which are obtained from the
requencies associated with a star’s axisymmetric actions, which
e label as �axi ,i , where i denotes { R , φ}. 6 These lines can give us a
ense of where in E − Lz or action space the resonances would lie
n an axisymmetric potential. In Fig. 9 we show the distribution
f accreted stars in the ‘solar neighbourhood’ region as the grey
ackground in both the E − Lz plane (top panel) and action space
φ − JR (bottom panel). On top of these we plot contours outlining
he distribution of resonant stars from the simulation, as well as
he ARLs for the CR, 1:1, and OLR as differently coloured and
otted lines. 
One important difference between the JR − Jφ and E − Lz 
paces, is the way stars will move in these at the resonances:
n E − Lz space, stars move along lines of constant EJ , with a
NRAS 549, 1–19 (2026)

 To obtain the ARLs, we select stars which are confined close to the plane, 
ith Jz < 40 kpc km s−1 , whose orbits satisfy the resonance condition in 
quation ( 1 ). See W. H. Trick et al. ( 2021 ) for more details. 

7

S
t
o

lope equal to �bar . On the other hand, in action space, stars
ove along different slopes, depending on their location in this
lane, i.e. where they are related to the different resonances (J. A.
ellwood & J. J. Binney 2002 ; J. Binney & S. Tremaine 2008 ). This
an be understood by examining the fact that the Jacobi Energy,
J , is constant: 

J = E −�bar Lz = constant (5) 

hich leads to, 

 E = �bar d Lz . (6) 

herefore, when EJ is an integral of motion, stars move along
lopes of �bar in the E − Lz plane. To understand how stars move
n action space, we can expand out d E into partial derivatives of 
he actions, assuming that these are independent of each other
see also J. A. Sellwood & J. J. Binney 2002 ). We further assume a
egligible change in the vertical action Jz , i.e. ∂ E/∂ Jz = 0 . Thus,
he previous equation becomes: 

bar d Lz = ∂ E 
∂ JR 

d JR + ∂ E 
∂ Jφ

d Jφ. (7) 

n the axisymmetric approximation, d E/ d JR = �axi ,R and
 E/ d Jφ = �axi ,φ (J. Binney & S. Tremaine 2008 ). Substituting the
rbital frequencies into the previous equation, we get, 

bar d Lz = �axi ,R d JR + �axi ,φ d Jφ. (8) 

earranging this equation and using Jφ = Lz , gives: 

 JR = �bar −�axi ,φ

�axi ,R 
d Lz . (9) 

inally, we can now use the definitions in equation ( 1 ) to get a
elation for how stars move in the JR − Jφ plane: 

JR = l 
m 

�Lz . (10) 

Here �JR is the change in the radial action, and �Lz the change
n angular momentum (or the azimuthal action Jφ). We thus
xpect stars to move in the JR − Jφ plane along slopes of l/m ,
here l and m are integers identifying the resonance (see also J.
. Sellwood 2010 ; W. H. Trick et al. 2021 ). These slopes are shown
n the bottom panel of Fig. 9 as black arrows. 
By examining the JR − Jφ space, and the slopes of the arrows

i.e. the way in which stars scatter at the resonances), we can be-
in to see why there is a strong ridge forming at the 1:1 resonance,
ith a slope equal to 1; for the retrograde 1:1 resonance, the
cattering vector coincides with the slope of the ARL. Thus, stars
n the retrograde 1:1 resonance experience strong scattering since
hey remain on the resonance as they scatter in JR − Jφ space. 7 
his is what drives the strong ridge feature at the retrograde 1:1
esonance. This is also reflected in the E − Lz space: the slope of 
he ARL at the 1:1 retrograde resonance is aligned with the slope
f EJ , which corresponds to the slope along which stars scatter in
his space. Therefore, stars at the 1:1 resonance scatter along EJ ,
taying on resonance as they scatter. On the other hand, stars at
he CR, OLR, and prograde 1:1 resonances, move away from their
RLs when they are scattered at these resonances. 
 A similar process has been suggested to occur for stars at the ILR by J. A. 
ellwood ( 2010 ). For these stars, the scattering vector is also aligned with 
he location of the ILR in JR − Jφ space, which allows for stars to remain 
n resonance as they are scattered. 
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Figure 10. The top panel shows a plot of E − Lz space with bins coloured 
by the average change in the radial action JR of accreted stars in each bin, 
for all accreted stars within a radius of 20 kpc from the centre. The change 
in JR is between the snapshot at redshift 0 and an earlier snapshot at a 
redshift of 0.79, corresponding to a lookback time of 7 Gyr. Green denotes 
a loss in JR , which means that an orbit has become more circular, and 
pink bins have seen an increase in JR . Contours (90th percentile) show the 
distribution of stars in corotation (purple) and 1:1 resonance (red), as well 
as the OLR (yellow). From this plot we can see that stars in the retrograde 
1:1 resonance have significantly lower JR now than they initially started 
out with. This agrees with the scattering of stars proposed in the lower 
panel of Fig. 9 . Additionally, the E − Lz plot in the bottom panel shows 
the change in Lz for the same selection of accreted stars over the same 
time period. Stars at the retrograde 1:1 resonance have gained a significant 
amount of negative angular momentum, whereas stars at corotation, the 
OLR, and the prograde 1:1 resonance have slightly gained positive angular 
momentum. 
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.2 Direction of scattering 

n the above, we discussed the slope with which stars scatter
t the 1:1 resonance, and we showed that in JR − Jφ space the
cattering of stars at the 1:1 resonance has the same slope as the
RL. However, determining the direction of angular momentum 

ransport at this resonance (i.e. the direction in which the ar-
ow points) is also relevant for understanding the shape of the
:1 ridge: when stars scatter at the retrograde 1:1 resonance, do 
hey gain, or lose angular momentum? The change in angular 
omentum at the ILR, CR, and OLR resonances is discussed in D.
ynden-Bell & A. J. Kalnajs ( 1972 ); here we follow their steps to
nderstand whether one would expect stars at the retrograde 1:1 
esonance to lose or gain angular momentum. D. Lynden-Bell & 

. J. Kalnajs ( 1972 ) show that the change in angular momentum
t the resonances is given by: 

˙ lm = − 1 
8 π

∫ ∫ ∞ 

0 
m

(
l
∂ F 
∂ JR 

+ m
∂ F 
∂ Jφ

)

× | ψlm |2 δ(l�R + m �φ + ω)d JR d Jφ, (11) 

here Ḣ is the change in angular momentum. The right-hand 
ide of the equation is an integral over the radial and azimuthal
ctions of the distribution function, F , which itself is a func-
ion of JR and Jφ . As previously, l and m refer to the integer
alues describing the resonances. The delta function inside the 
ntegral stipulates that angular momentum exchange occurs at 
he resonances, while ψlm are Fourier coefficients describing the 
erturbing potential. 
In order to understand whether angular momentum is gained 
r lost at a given resonance, we need to determine the sign of the
ollowing part of the equation, (

l
∂ F 
∂ JR 

+ m
∂ F 
∂ Jφ

)
. (12) 

If this expression is positive, then Ḣ is negative, and stars lose 
ngular momentum at a resonance. If it is negative, they gain 
ngular momentum. In the case of the 1:1 resonance, both m and
 are equal to 1. The overall sign of the expression depends on the
istribution function, F , and its partial derivatives. 
More generally, as assumed by D. Lynden-Bell & A. J. Kalnajs 

 1972 ), the partial derivative ∂ F /∂ JR is negative if the distribution
unction decreases with increasing epicylic amplitude, i.e. we get 
ewer orbits as they become less circular. ∂ F /∂ Jφ also tends to 
e negative at positive Jφ due to the radial decrease in surface
rightness in galaxies. For Jφ < 0 , ∂ F /∂ Jφ becomes positive, as 
he distribution function decreases for larger absolute values of 
φ . This is the case for reasonable distribution functions, as well 
s for the case of a simple spherical halo. 8 Thus, as long as
∂ F /∂ Jφ | > |∂ F /∂ JR | , which is the case for most standard dis-
ribution functions, stars will lose angular momentum (i.e. the 
ngular momentum becomes more negative) at the retrograde 1:1 
esonance. As a consequence, stars will in general be scattered 
rom Lz ∼ 0 to more retrograde orbits. 
We note that the term in the parentheses in equation ( 12 ) is
roportional to the slope of the scattering in equation ( 10 ). This
 It is straightforward to create a spherical distribution function that satis- 
es this condition. All that is needed is a slight radial velocity anisotropy. 
his is the case for the halo of our simulation, and is also the case for the 
tellar halo of the Milky Way (A. J. Deason et al. 2013 ), as well as in other 
osmological simulations (L. V. Sales et al. 2007 ; J. F. Navarro et al. 2010 ). 

m  

d
c  

s  

a  

s  

b  
akes the direction of scattering a simple 1D diffusion process 
long the slope defined by l/m . Stars move onto retrograde orbits
ue to the lower value of the distribution function F in this space.

.3 Lz and JR changes at the resonances 
ow that we have an expectation about how stars will scatter
t the 1:1 retrograde resonance – i.e. we know that they will
ove along a line with slope 1, towards more negative angular
omenta – we can explore how the actions of stars trapped in
ifferent resonances change in our simulation. We explore this by 
omparing the actions of stars at present day to an earlier snap-
hot (at a lookback time of 7 Gyr, z = 0 . 79 ) which corresponds to
 time just after bar formation. This is shown in Fig. 10 , where we
how all accreted stars with r < 20 kpc in the E − Lz plane with
ins coloured by the mean change in the stars’ actions between
MNRAS 549, 1–19 (2026)
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Figure 11. We show E − Lz space with bins coloured by the average 
change in the angular momentum Lz of in-situ stars in each bin, for all 
in-situ stars within a radius of 20 kpc from the centre. The change in Lz is 
between the snapshot at redshift 0 and an earlier snapshot at a redshift of 
0.79, corresponding to a lookback time of 7 Gyr. Green denotes a loss in Lz , 
and pink bins have seen an increase in Lz . Contours (90th percentile) 
show the distribution of stars in corotation (purple) and 1:1 resonance 
(red), as well as the OLR (yellow). As in the bottom panel of Fig. 10 , which 
shows the same plot for accreted stars, in-situ stars at the retrograde 1:1 
resonance have gained a significant amount of negative angular momen- 
tum, whereas stars at corotation, the OLR, and the prograde 1:1 resonance 
have slightly gained positive angular momentum. 
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he present day and the z = 0 . 79 snapshot. The top panel shows
he change in JR , i.e. �JR = JR, z=0 − JR, z=0 . 79 while in the bottom
anel we show the change in Lz , i.e. �Lz = Lz, z=0 − Lz, z=0 . 79 . The
ontours in this figure show the location of resonant stars, as
reviously. 
Focusing first on the corotation resonance, we see that there is
o significant change in JR , while Jφ is increased over the bar’s
ifetime; this is in agreement with what we expect for stars at the
orotation resonance (J. A. Sellwood & J. J. Binney 2002 ). On the
ther hand, as expected from the discussion above, the retrograde
:1 resonance shows a decrease in JR as well as a decrease in Lz ,
.e. stars at the retrograde 1:1 resonance become more circular
ver time with a more pronounced retrograde motion. Thus, stars
hat are currently in the retrograde 1:1 resonance were scattered
here from regions in E − Lz space with less negative angular mo-
entum and with higher JR (and higher E). The ridge is drawing
tars from higher density regions of E − Lz and depositing them
t more retrograde locations, increasing the density of stars there
ompared to surrounding regions in E − Lz space, thus creating
 prominent ridge. 
A changing bar pattern speed has the potential to change how
tars disperse in E − Lz space, as discussed by A. M. Dillamore &
. L. Sanders ( 2025 ). If the bar is slowing down with time, the
radient at which stars diffused can be steeper than the cur-
ent pattern speed of the bar. This is not seen in this particular
imulation, likely because the bar’s deceleration has been very
radual. At its highest, shortly after bar formation, the bar pattern
peed is around 35 rad Gyr−1 , which over 5 Gyr is reduced to
3 . 5 rad Gyr−1 . 

.4 Metallicity variations in E − Lz 
he scattering of stars at the resonances can also help in under-
tanding the distinct metallicity of the ridge seen in Figs 2 and
 . High-metallicity stars in the ridge originate overwhelmingly
rom mergers M3 and M4, which are the most recent and massive
ergers. As discussed above, these mergers had progenitors with
adial metallicity gradients which translate into metallicity gra-
ients in energy (e.g. A. Carrillo et al. 2025 ), with higher metal-
icity stars populating lower energies. The scattering of stars both
owards the 1:1 retrograde and corotation resonances, creates a
iagonal ridge with high metallicity stars, visible in both Figs 8
nd 7 . The high metallicity ridge seen in Fig. 7 is accentuated
y the fact that the surrounding stars have lower metallicities: at
igher energies this is caused due to the metallicity gradient in
nergy, and at lower energies this is because mergers M1 and M2
ontribute more, since they sink lower into the host potential, and
ave lower metallicities. We hypothesize that higher metallicity
tars may also be more prominent in the ridges because they tend
o have lower Jz , which makes them more susceptible to being
rapped by bar-induced resonances (see also A. M. Dillamore et al.
024 ). This is also commonly seen for disc stellar populations, in
hich colder populations are more efficiently trapped by the bar
esonances (see e.g. V. P. Debattista et al. 2017 ; F. Fragkoudi et al.
017 ). 
A similar process leads to the distinct metallicity of the ridge in
ig. 2 which includes both in-situ and accreted stars, in which the
idge has a higher metallicity than the surrounding phase space.
n-situ , high metallicity stars are found mainly in the prograde
egion close to the maximal Lz . However, due to past mergers
ome in-situ stars have had their orbits altered to lower Lz –
or example, in the Milky Way, the ‘splash’ is a proposed in-situ
NRAS 549, 1–19 (2026)
opulation heated by a merger (V. Belokurov et al. 2020 ). As seen
n Fig. 2 , in our simulation we find a metallicity and age gradient
ith respect to Lz , i.e. stars that are retrograde have on average
ower metallicities and older ages than prograde stars. When stars
et trapped at the retrograde 1:1 resonance, they are scattered
rom regions with Lz ≈ 0 , towards more retrograde values of Lz 
nd lower energies. We note that this same behaviour is seen for
n-situ stars, as shown in Fig. 11 . This highlights the importance
f this mechanism in scattering not only accreted but also in-situ
tars into retrograde orbits. Therefore, the stars that are scattered
y the resonance have higher metallicities than the population
hat is already present in the surrounding retrograde phase space,
eading to ridge of resonant stars with higher metallicities. 
While we will explore in future work the various mechanisms

hat can give rise to the increased metallicity in the ridge, it is clear
hat this is likely due to a combination of dynamical effects along
ith the accretion history of the halo, which determines the dis-
ribution function of the halo at the time of bar formation. Thus,
he details of the metallicity of the ridge might look different to
hose of the Milky Way, depending on the exact merger history of 
he Galaxy. Nevertheless, we find that bar resonances can cause
istinct metallicity features in E − Lz space; caution is therefore
eeded when associating chemically distinct populations with
ny single accretion event, since, at least in this simulation, such
 feature is caused by the bar resonances and combines different
ccretion events. 

 CONCLUSIONS  

hile bars have long been known to induce resonances in their
urrounding dark matter haloes (e.g. E. Athanassoula 2002 ), little
s known about how they affect the stellar haloes of their host
alaxy. Recent studies of Gaia data and test particle simulations,
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ave suggested that bar resonances can induce substructures in 
he stellar halo, visible in E − Lz space (A. M. Dillamore et al.
023 , 2024 ). In this work, we use a high-resolution cosmological
oom-in simulation from the Auriga Superstars suite, to show 

hat such bar-induced substructures are present in the accreted 
tellar halo of a Milky Way analogue. This is the first such de-
ection in a cosmological simulation, which allows us to study 
ar-induced substructures along with the assembly history and 
hemical enrichment of the galaxy. 
Our results can be summarized as follows: 

(i) We find that the bar-induced resonances, such as the ret- 
ograde and prograde 1:1, corotation and Outer Lindblad Reso- 
ance, cause a number of overdensities or ridges in E − Lz space. 
(ii) The most prominent of these overdensities is a ridge 

tretching from negative to positive angular momentum, and con- 
ists of a retrograde part composed of stars at the 1:1 resonance,
hile the prograde part is associated with stars at the corotation
esonance. 
(iii) This overdensity is visible in both the central region of the
alaxy as well as in a ‘solar neighbourhood’-like region. There 
re differences in appearance of the ridge in the two regions,
aused by how the various resonant families populate configu- 
ation space. 
(iv) Stars from several progenitors are found within the ridge, 
learly indicating that this cannot be associated with a single 
ccretion event. 
(v) By exploring the orbits of resonant stars, we find that they 
an migrate between orbital families, switching between the coro- 
ation and retrograde 1:1 resonance and vice versa, thus changing 
etween being prograde and retrograde. 
(vi) We explore the scattering of stars at the 1:1 retrograde 

esonance, finding that stars become more circularized with more 
egative angular momentum, i.e. they are scattered from regions 
f Lz ∼ 0 towards more negative Lz and lower energies. This is 
onfirmed by tracing the evolution of the radial action and angu-
ar momentum of resonant 1:1 stars since bar formation, finding 
hat their JR and Lz decrease. 
(vii) We find that the retrograde part of the ridge, which corre-
ponds to the 1:1 resonance, has a slope equal to the bar pattern
peed. We explain the reason for this by exploring the scattering
f stars at the resonances in E − Lz and action space. If such a
idge were to be identified in the Milky Way, it could provide an
ndependent measure of the bar’s pattern speed. 
(viii) The bar-induced ridge has a higher metallicity than the 
urrounding stars. This is caused by the preferential trapping of 
etal-rich stars in the resonances, which in turn is due to where
hese are deposited in phase space by the various accretion events
aking place in the galaxy. 

Exploring the stellar halo of the Milky Way in spaces of in-
egrals of motion, such as E − Lz , provides an opportunity to
ncover the accretion history of our Galaxy. Our study suggests 
hat this space can also be used to uncover information about the
alaxy’s bar and its coupling with the stellar halo. However, our
esults also suggest the need for caution when associating sub- 
tructures in E − Lz space – even when combined with chemical 
nformation – to distinct accretion events, since such features can 
n fact be caused by internal perturbations in the galaxy. 
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PPENDIX  A:  FIDUCIAL  AURIGA  

ESOLUTION  COMPARISON  

hown in Fig. A1 is the distribution of accreted stars in E − Lz 
pace in the fiducial counterpart to the simulated halo we study
n this paper. We select accreted stars at the central and ‘solar
eighbourhood’ regions. This figure serves as a direct comparison
o the left-hand panels of Fig. 3 . We note that the ridge, which is
ery prominent in the Superstars halo, is not visible in the fiducial
alo. Although there are differences stemming from different sets
f random numbers in these two simulations, the complete ab-
ence of the ridge in the fiducial simulation is difficult to explain
hrough these small differences. The increased stellar resolution
n Superstars may bring out the ridge due to better sampling of 
hase space. Additionally, the large increase in stellar resolution
eads to a more accurate potential in the inner regions of the halo,
here stars dominate the potential. For a more detailed analysis
f the effects of the Superstars method on the presence and nature
f substructures we refer the reader to R. Pakmor et al. ( 2025a ). 
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Figure A1. As the left panels in Fig. 3 but for the fiducial (Level 4) Auriga 
simulation of the same halo, these plots show the distribution of accreted 
stars in E − Lz space in two spheres of radius 4 kpc at the centre of the 
halo and for a ’solar neighbourhood’ as defined in Fig. 1 . � corresponds 
to the number of particles per bin, here in E and Lz . The stellar resolution 
of the fiducial Auriga simulation shown here is 5 × 104 M�, which is 
64 times less than Superstars. The overdensity caused by bar resonance, 
which is clearly visible in Fig. 3 , is completely absent at L4 resolution. The 
overdensity is absent as well in the in-situ population of L4 Auriga. 
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PPENDIX  B:  THE  EVOLUTION  OF  THE  RIDGE  

ITH  TIME  

n aspect of the ridge is that it becomes stronger with time.
e show this by plotting the total accreted population of the
imulation, with no spatial cut, in E − Lz space at three different
imulation snapshots at z = 0 . 79 , z = 0 . 31 , and z = 0 . This is
hown in Fig. B1 . The ridge is visibly getting stronger with time,
hich is an indication that stars keep being trapped in resonance
nd are scattered into the ridge. The earliest of these snapshots
s at a time around 1 Gyr after the formation of the bar in this
imulation, which occurred at a lookback time of 8 Gyr. Before
ar formation the ridge is not visible. 
MNRAS 549, 1–19 (2026)
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M

Figure B1. The total accreted population of the simulation, with no spatial cuts, in E − Lz space at three different simulation snapshots as logarithmic 
density plots. � corresponds to the number of particles per bin, here in E and Lz . The energy is normalized such that the minimum energy is −1 ×
105 km2 s−2 for all snapshots. The leftmost panel is at z = 0 . 79 , the centre panel at z = 0 . 31 , and the right panel at z = 0 . This corresponds to lookback 
times of 7, 3.6, and 0 Gyr, respectively. The ridge is visible in all plots, as all snapshots are after bar formation, however the ridge is getting stronger with 
time. 
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PPENDIX  C:  ALTERNATIVE  SOLAR  

EIGHBOURHOOD  AT  R = 11 .5  KPC  

ince the corotation radius of the simulation, at 10 kpc, is larger
han most estimates for the Milky Way [putting the corotation ra-
ius at 4 . 5 − 7 kpc; J. Bland-Hawthorn & O. Gerhard ( 2016 ); J. L.
anders et al. ( 2019 ); R. Chiba & R. Schönrich ( 2021 )], the spatial
istribution of resonant stars is likely different in this simulation
ompared to the Milky Way. This will affect the visibility of the
idge feature. Thus, in Fig. C1 we show the appearance of the
NRAS 549, 1–19 (2026)

igure C1. The ridge in E − Lz space of the accreted population for a sph
eighbourhood’. The left panel shows the distribution of accreted stars witho
utlining the location of stars in resonance. The different colours denote three 
s still visible, it is less pronounced for this region. Due to the larger corotation 
esemblance of how this ridge may appear in observations. 

40
idge for a 4 kpc sphere at a distance of 11.5 kpc from the centre,
0 degrees behind the bar. This gives an impression of how appar-
nt the ridge is in a region that may be more comparable to our so-
ar neighbourhood in terms of the spatial distribution of resonant
tars. We choose a radius of 11.5 kpc by scaling up our simulation
uch that its corotation radius corresponds to a corotation radius
f 7 kpc in the Milky Way, i.e. Rsun , new = 10 

7 × 8 kpc ≈ 11 . 5 kpc .
e see that the ridge is still present as an overdensity; however,
t is less distinct. 
ere placed at a radius of 11.5 kpc rather than at 8 kpc for our ’solar 
ut contours, the right panel shows the same distribution with contours 
different resonances (CR: purple, 1:1: red, OLR: yellow). While the ridge 
radius in the simulation compared to the Milky Way, this may be a closer 
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PPENDIX  D:  THE  E − Lz DI STR IBUT ION  OF  

HE  FOUR  MOST  MASS IVE  MERGERS  

EFORE  BAR  FORMATION  

s a comparison to the distribution of stars of the four main
ergers in E − Lz space in Fig. 4 at z = 0 , we also show the distri-
igure D1. The four panels show stars from the four main accreted progenitor
s in Fig. 4 . � corresponds to the number of particles per bin, here in E and L
ime of 7.9 Gyr ( z = 1 . 0 ), which is the snapshot just before the bar formed in the
0 kpc of the centre at z = 0 . The mergers are in order of their infall times (lef
erging at this time, which causes the ripples visible in E − Lz space for these 

his paper has been typeset from a TE X/LA TE X file prepared by the author. 

The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
ution of stars of these four main mergers before bar formation
n Fig. D1 . We select the same stars as in the figure at z = 0 , but
elect a snapshot at a lookback time of 7.9 Gyr ( z = 1 . 0 ), which
s the snapshot before bar formation. M3 and M4 have only just
erged at this point, and we can thus see signatures of apocentre
nd pericentre passages as ripples in E − Lz space. 
MNRAS 549, 1–19 (2026)

s in the simulation coloured by their logarithmic density in E − Lz space, 
z . We show the distribution of stars at an earlier snapshot at a lookback 
 simulation. We show the same selection of stars which are found within 
t to right, top to bottom). Mergers M3 and M4 are still in the process of 
mergers. 

Access article distributed under the terms of the Creative Commons Attribution License 
nd reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/1/stag841/8667140 by Sarah D
akin user on 12 June 2026

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 SIMULATION AND METHODS
	3 RESONANCES IN THE STELLAR HALO
	4 ORBITAL SCATTERING AT THE RESONANCES
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	A FIDUCIAL AURIGA RESOLUTION COMPARISON
	B THE EVOLUTION OF THE RIDGE WITH TIME
	C ALTERNATIVE SOLAR NEIGHBOURHOOD AT R11.5KPC
	D The  distribution of the four most massive mergers before bar formation


