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ABSTRACT

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 — L;). 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 — L, 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.

Bars are known to drive the exchange of angular momentum
within galaxies (D. Lynden-Bell & A. J. Kalnajs 1972) and to thus
couple the evolution of stellar discs to their surrounding haloes.

1 INTRODUCTION
The notion that the Milky Way is a barred spiral galaxy was

first proposed by G. Vaucouleurs (1954) and further supported
by J. Binney et al. (1991), L. Blitz & D. N. Spergel (1991), and
P. Englmaier & O. Gerhard (1999), among others. The bar is a
feature the Milky Way has in common with around two thirds
of spiral galaxies in the local Universe (K. Menéndez-Delmestre
et al. 2007; K. Sheth et al. 2008), with similar fractions already
found in the 1960s by G. Vaucouleurs (1963).
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Early experiments with numerical simulations over half a cen-
tury ago by J. P. Ostriker & P. J. E. Peebles (1973) showed that a
stellar disc embedded in the potential of a massive halo can be sta-
bilized against the formation of a bar. Subsequent studies showed
that a ‘live’ dark matter halo (i.e. one in which dark matter is
modelled as N-body particles that self-consistently respond to
changes in the potential) can absorb angular momentum emitted
by the disc through the bar (E. Athanassoula 2002). This transfer
occurs most efficiently at the resonances. Orbits are said to be in
resonance with the bar when they satisfy the condition,

m(Qd) - Qbar) +1 QR =0, (1)
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where Q4 and Qp are the orbital azimuthal and radial frequency,
respectively, Q. is the pattern speed of the bar, and [ and m
are integers. Resonances are identified via combinations of [ and
m, with some of the most notable ones being the inner Lind-
blad resonance (ILR; [/m = —1/2), the corotation resonance (CR;
I = 0), the outer Lindblad resonance (OLR; [/m = 1/2), and the
1:1 resonance (I/m = 1). Stars trapped at the ILR are within the
bar; indeed it has been shown that the so-called x; bar-supporting
family of orbits are limited by the corotation radius in extent (G.
Contopoulos & P. Grosbol 1989). Stars trapped at the CR and
OLR are present outside the bar, while the 1:1 orbits have both
a prograde and retrograde component, and are found outside and
inside the corotation radius, respectively (G. Contopoulos & P.
Grosbol 1989). Angular momentum is emitted by stars trapped
at the ILR, while the CR and OLR absorb angular momentum
(D. Lynden-Bell & A. J. Kalnajs 1972). The amount of angular
momentum that can be exchanged at the resonances relies on a
delicate balance between this ‘absorbing’ and ‘emitting’ resonant
material (E. Athanassoula 2003).

While the aforementioned theoretical studies have explored
the interaction between the stellar disc and the dark matter halo
via the bar, little attention has been paid to the consequences of
this angular momentum transfer on the stellar halo. This changed
with the recent work by A. M. Dillamore et al. (2023); A. M.
Dillamore, V. Belokurov & N. W. Evans (2024), who used test par-
ticle simulations to show that stars in the stellar halo, which are
trapped in resonance by the bar, will form overdensities in phase
space and in the space of integrals of motion, such as energy,
E, and the vertical component of the angular momentum, L,.
Furthermore, by using data from Gaia DR3 (Gaia Collaboration
2023), they find an overdensity in E — L, in the stellar halo of
the Milky Way, which they deduce is caused by stars trapped in
corotation with the bar.

Previously, substructures in E — L, space in the stellar halo
have been associated with accretion of satellite galaxies, as estab-
lished by the work of A. Helmi & P. T. de Zeeuw (2000). These
authors used numerical simulations to show that in the case of
a static axisymmetric potential, overdensities in E — L, space are
largely conserved, even after several Gyrs and after the satellite
has been completely disrupted in configuration space. The last
decade has seen many advancements in the study of the Milky
Way’s stellar halo and the search for substructures in the Galaxy,
which have largely been made possible by the launch of the Gaia
satellite and its more than 1.8 billion measurements of positions
on the sky, parallaxes, and proper motions of stars in the Milky
Way (Gaia Collaboration 2016, 2023). In synergy with dedicated
large spectroscopic surveys such as APOGEE (S. R. Majewski
etal. 2017), DESI (A. P. Cooper et al. 2023), and upcoming surveys
such as 4MOST (R. S. Jong et al. 2019) among others, it is now
possible to study the dynamics and chemistry of the stellar halo
of the Milky Way on a star-by-star basis for a significant fraction
of stars. Among the first discoveries enabled by Gaia was the
discovery of a massive merger which dominates the halo of the
Milky Way within 15-20 kpc from the centre, dubbed the Gaia
Sausage/Enceladus (GSE) merger (V. Belokurov et al. 2018; M.
Haywood et al. 2018; A. Helmi et al. 2018; R. P. Naidu et al.
2020). In E — L, space, the GSE occupies a large region in the
area around L, = 0. Several other overdensities in E — L, space
have been associated with other merger events. Some examples
of these postulated mergers are Thamnos, a retrograde structure
(H. H. Koppelman et al. 2019), Kraken, a proposed early accretion
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event found at low energy (J. M. D. Kruijssen et al. 2020) and
Heracles (D. Horta et al. 2021; D. Horta & R. P. Schiavon 2024).

However, while E — L, are approximately conserved quanti-
ties, several studies have pointed out that caution needs to be
exercised when equating substructures in this space to accretion
events. For example, 1. Jean-Baptiste et al. (2017) showed that, in
simulations with a live potential, even a single accretion event can
cause multiple overdensities in E — L, space. As the merging pro-
genitor is redistributed in E — L, space, sinking to lower energies
due to dynamical friction, separate clumps form as it loses stars at
consecutive pericentric passages. Furthermore, in-situ stars can
also form overdensities by being redistributed after being heated
by a merger.

In addition to this, in non-axisymmetric potentials, such as a
galaxy with a bar, like the Milky Way, the energy and angular mo-
mentum are no longer conserved along a given orbit. However,
the combination of the two via the Jacobi Energy, Ej,

E; =E — QuaLy, 2

is conserved (J. Binney & S. Tremaine 2008). Thus, substructures
caused by mergers can be blurred by the bar, or indeed new
substructures can be induced, in the classical integrals of motion
space E — L,. This adds complications in identifying past mergers
of the Milky Way.

While previous works have used test particle simulations to
explore bar-induced resonances (A. M. Dillamore et al. 2023,
2024), these do not provide information on the assembly of the
galaxy. Cosmological simulations model the formation and evo-
lution of galaxies self-consistently within the ACDM context; we
can separate stars into those that are born in the main galaxy
(in-situ) as well as those that have been accreted over time (ex-
situ), while also incorporating information about the ages and
elemental abundances of stellar populations in the halo. We lever-
age these aspects in our current study, using a newly developed
high-resolution (800 M) cosmological zoom-in simulation of a
Milky Way analogue with a stellar bar. The bar in this simulation,
as we shall see, causes prominent overdensities in the stellar
halo of the system. We investigate which resonances cause these
overdensities in E — L, space and what they might tell us about
the evolution of our Galaxy and the search for substructures, both
secular and merger-induced.

The paper is structured as follows: Section 2 describes the simu-
lation and analysis tools we use; Section 3 shows the results of our
analysis, showing the origin of the substructures in E — L,, how
these relate to orbits in configuration space and their properties
in terms of chemical abundances; Section 4 discusses the impor-
tance of the 1:1 retrograde resonance and how orbits are scattered
by this resonance; Section 5 then concludes and summarizes our
results.

2 SIMULATION AND METHODS

2.1 Auriga Superstars Milky Way analogue

The simulated galaxy we explore in this work is part of the newly
developed Auriga Superstars suite of simulations (R. J. J. Grand
et al. 2023; R. Pakmor et al. 2025a; Fragkoudi et al., in prepa-
ration).The paper These are cosmological zoom-in simulations
based on the original Auriga suite of simulations R. J. J. Grand et
al. (2017, 2024) tailored for studies of stellar dynamics. They are
re-simulated with 64 times better resolution in terms of the stellar
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mass (800 My, resolution), and eight times better resolution for
the dark matter particles (5 x 10* Mg, resolution), as compared
to the original standard resolution Auriga simulations. A full
description of the Superstars method is presented in R. Pakmor
et al. (2025a) and the suite of simulations will be presented in
Fragkoudi et al. (in preparation). Here we give a brief summary
of the basic properties of the simulations.

The original Auriga simulations are sampled from a cubic
volume with side lengths of 100 Mpc taken from the EAGLE
project (J. Schaye et al. 2015). The simulations are run with
the AREPO code (V. Springel 2010; R. Pakmor et al. 2016), in a
standard ACDM cosmology, with parameters Q,, = 0.307, 2, =
0.048, Q4 = 0.693, and Hy= 67.77 km s~! Mpc™! (Planck Col-
laboration XVI 2014). They make use of the zoom-in technique
to achieve a baryonic mass resolution of ~5 x 10* My, with a
typical dark matter resolution of ~3 x 10° Mg, In this work, we
refer to the original Auriga simulations as the ‘fiducial’ or ‘Level 4’
Auriga simulations. The details of the Auriga suite of simulations
are 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
the same velocity and position as their parent gas cell with an
added random isotropic component based on a Gaussian distri-
bution with a width set by the minimum of the local sound speed
and the velocity dispersion of the neighbouring gas cells.! (R.
Pakmor et al. 2025a). Care is taken that these additional random
components do not affect the conservation of total momentum.
The chemical evolution of the stars is treated in the same way
as in the fiducial Auriga simulation. Re-simulating a halo using
the Superstars method keeps galaxy properties largely preserved,
with variations falling within the range of intrinsic variations
found among realizations run on a different machine or with
a different random number seed (R. Pakmor et al. 2025b). The
changes that do occur are smaller than the systematic shifts
caused by changing the mass resolution of the gas. For more
details on the method, we refer the reader to R. Pakmor et al.
(2025a2).

2.1.1 Halo 18

In this study we use halo 18 from the fiducial Auriga suite of
simulations, re-simulated using the Superstars method. The sim-
ulation produces full outputs every 50 Myr. Additionally, every
5Myr a ‘snipshot’ with the positions of all particles is created,
which we use for our orbital analysis, as well as our estimates of
the bar pattern speed. Metal abundances are extracted from the
simulation, and we use [Fe/H] values as a proxy for metallicity;
we reduce [Fe/H] by 0.5 dex to bring the metallicities in line with
the Milky Way in the Milky Way bulge. The dark matter halo
mass is ~1.3 x 10'2 My, with a stellar mass of ~7 x 10 M, It
is a useful analogue of the Milky Way in a number of ways: it
is a barred galaxy whose inner regions have chemodynamical
properties similar to the Milky Way (F. Fragkoudi et al. 2020), and
it has an analogue for the GSE merger, with a mass and accretion

I'We note that the simulation studied here uses a variation of the Super-
stars method, with a factor of ~2 larger kick to the birth velocity to stars.
However, we highlight that this does not have a significant impact on the
properties of the galaxy - see the discussion and Appendix A in R. Pakmor
et al. (2025a) for more details.
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time that fall within the estimates for GSE, and shared kinematic
properties (A. Fattahi et al. 2019).

The bar forms at a lookback time of ~8 Gyr (see also A. Merrow
et al. 2024), and has a length of ~5.6 kpc, based on the radius
at which the m = 2 Fourier mode of stars in the disc reaches
60 per cent of its maximum (see e.g. F. Fragkoudi et al. 2021 for
the method). This is close to recent estimates of the length of
the Milky Way’s bar of ~5Xkpc, which varies depending on the
method used (M. Portail et al. 2017; T. Hilmi et al. 2020; M. Lucey
et al. 2023). The pattern speed of the bar is 23.0 km s~ kpc™! at
the z = 0 snapshot, which we calculated from the difference in
the phase of the bar in the two most recent simulation snipshots.
The corotation radius is ~10kpc, which is slightly larger than
estimates for the Milky Way, which place its corotation radius
between 4.5and 9.6 kpc, albeit with significant uncertainty (J.
Bland-Hawthorn & O. Gerhard 2016; J. L. Sanders, L. Smith &
N. W. Evans 2019; R. Chiba & R. Schonrich 2021; D. Horta, M.
S. Petersen & J. Pefiarrubia 2025). The bar pattern speed, and
therefore the locations of the different resonances, such as the
corotation resonance, affect the regions that will be occupied by
different families of orbits — an important caveat to keep in mind
when interpreting our findings and how they might correspond
to the Milky Way. In Appendix C we show an alternative solar
neighbourhood at 11.5 kpc. This radius is chosen such that the
ratio of the corotation radius over the solar radius is around 8/7,
which is the ratio of these two radii in the Milky Way if we assume
that the corotation radius in our Galaxy is around 7 kpc and the
solar radius is 8 kpc.

In what follows, we explore two regions of the simulated
galaxy, as shown in Fig. 1: a solar neighbourhood-like region, i.e.
a sphere of radius 4 kpc at a cylindrical radius of R = 8kpc, in
the plane of the galaxy, and a sphere of 4 kpc at the centre of the
galaxy. We rotate the bar to have an angle of 30 degrees ahead
of the ‘Sun’-galactic centre line, similar to the Milky Way. The
scale radius of the disc of our simulated galaxy is 3.7 kpc, which
is 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.
Bland-Hawthorn & O. Gerhard 2016).

In what follows, stars are selected as in-situ or accreted, follow-
ing the methodology used in A. Fattahi et al. (2019). This makes
use of the friends-of-friends and SUBFIND algorithms (M. Davis
et al. 1985; V. Springel, N. Yoshida & S. D. M. White 2001a; V.
Springel et al. 2001b). Star particles are assigned to a progenitor
based on what subhalo they are bound to in the snapshot after
their formation. Thus, stars formed from gas stripped from a
progenitor will be flagged as in-situ if the star that forms is bound
to the main Milky Way-like progenitor. Additionally, stars which
were accreted before a redshift of z = 3.8 are also counted as in-
situ, because at redshifts earlier than this, identifying the main
halo is non-trivial as several progenitors have similar masses. In
this study, we explore the four most massive accretion events in
the galaxy, which combined make up more than 90 per cent of
the accreted stellar mass within 20 kpc of the centre of the halo
at z=0. In Table 1 we list their peak stellar mass, peak halo
mass, the fraction of stellar mass from each progenitor to the total
accreted population within 20 kpc, their mean metallicity, infall
time, and redshift.

2.2 Calculating orbital frequencies
We calculate the orbital frequencies of stars in the simulation

directly from the snipshot outputs of the simulation, which are
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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 Rjgo 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.

Infall
Peak stellar Peak halo Accreted Mean time Infall

Merger mass (Mg) mass(Mg) fraction [Fe/H|] (Gyr) redshift
M1 1.5 x 108 3.0 x 10° 0.1 —1.16 12.52 4.6
M2 1.9x 108 9.6 x 10° 0.1 -1.18 1211 3.7
M3 56x10% 1.6x10° 012 —0.89 947 1.5
M4 1.5%x10° 3.6x10° 061 —0.63 9.29 1.4

saved every 5Myr. This is done for stars within » = 20 kpc for a
time interval of 2 Gyr before z = 0. The time period is chosen to
make sure that several stellar orbits are captured for the majority
of stars in this region. The frequencies are calculated using the
scipy. fft fast Fourier transform (FFT) package from scipy
(P. Virtanen et al. 2020). An FFT is performed on the cylindrical
coordinates R, ¢, and z of the star in an inertial frame of reference
in order to obtain the orbital frequencies Qg, Q4, and ;. The
Fourier transform is performed using a window function of the
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form:
2t
x() =1+ cos (T)’ (3)

where ¢ is the time of each snipshot and T is the time period
over which the Fourier transform is performed, to account for the
fact that the FFT is carried out over a finite time interval (see L.
Beraldo e Silva et al. 2023 for a more detailed discussion on the
use of such a window function). Our frequency analysis is limited
by the number of snipshots and time period over which the FFT is
performed; at the high end this is given by the Nyquist frequency
of 628 rad Gyr~! and at the low end by a minimum frequency
of 3.1 rad Gyr~!. After performing the FFT, we then obtain the
frequency associated with the largest peak as a proxy for the
fundamental frequency of the orbit (J. Binney & D. Spergel 1982).
We consider peaks of frequencies larger than 3.1 rad Gyr—'. We
use a convention in which stars whose mean angular momentum
over the last 2 Gyr is predominantly negative, have a negative Q.
To identify orbital resonances, we use the variable rq,

Qq) - Qbar
Qr '

ro = @)
In this notation the ILR (I/m = —1/2) corresponds to ro = 0.5,
the corotation resonance (I = 0) to rg = 0, the OLR (I/m =1/2) to
ro = —0.5 and the 1:1 resonance (I/m = 1) to rq = —1. In what
follows, we refer to particular resonant families by either their
l/m notation or their rg value.

The pattern speed of the bar slows down slightly in the time
period of our frequency analysis. In the 2 Gyr interval of our
frequency analysis it changes from 26.8 to 23.5 rad Gyr~! at the
end of the simulation. For the purposes of determining the orbital
resonances, we take a bar pattern speed of 25.1 rad Gyr~!, which
is obtained by performing an FFT on the phase of the bar.

2.3 Integrals of motion space

In what follows, we explore how stars cluster together in both the
classical integrals of motion space, E — L,, and in action space,
i.e. Jg, Jr, J;. The specific energy, E = v*/2 + ®(x, y, z), is calcu-
lated for each particle in the simulation, where v is the modulus
of the velocity in a frame centred on the galaxy’s centre of mass,
subtracting the centre of mass motion of the halo. The potential,
®, of each particle is extracted from the simulation using a tree
code algorithm as described in V. Springel (2010). We additionally
shift the potential, such that the potential of particles at Ryqp (i.e.
at the virial radius), is equal to zero. The virial radius is defined
to be the radius of a sphere in which the mean matter density is
200 times the critical density, pci; = 3H?(z)/(87 G). The specific
angular momentum is calculated by k L; = ryy, x vy

In a time-independent and axisymmetric potential, the ax-
isymmetric actions, Jg, Js, J; are integrals of motion, meaning
they are conserved along a star’s orbit (J. Binney & S. Tremaine
2008). Each action is associated with a fundamental frequency,
Qr, 4, and Q,. The radial action Jz measures how eccentric an
orbit is, describing how much a star oscillates around a guiding
radius of a perfectly circular orbit with the same angular mo-
mentum. The vertical action J, measures how far a star deviates
from the plane of the galaxy, and the azimuthal action J, - which
is equal to L, by definition in an axisymmetric system - is a
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measure of the prograde and retrograde motion in the plane.>
We use these axisymmetric actions as approximate orbital labels,
calculated for an axisymmetric approximation of the potential in
the simulation, as in previous studies (see e.g. F. A. Gémez & A.
Helmi 2010; F. A. Gémez et al. 2010; W. H. Trick, J. Coronado &
H.-W. Rix 2019; W. H. Trick et al. 2021).

We calculate this axisymmetric potential approximation di-
rectly from the simulation snapshot using the AGAMA package (E.
Vasiliev 2019). The total potential is the sum of the contributions
from the dark matter, stars (separated into halo and disc compo-
nents), and gas. The potentials of the spherical components (dark
matter and stellar haloes) are modelled as the sum of different
multipole moments, which are expressed as the product of spher-
ical harmonics and an arbitrary function of radius, ®(r, 6, ¢) =
> k@ j.k(r)ij(G, ¢). The radial dependence of these terms is
described by an interpolation using a quintic spline, made up of
piecewise polynomials, defined by a series of grid nodes evenly
spread in log r. The flat components (gas and in-situ stars) are
modelled via an azimuthal harmonic expansion, using a sum of
Fourier terms in the azimuthal angle, i.e. sin(m;¢), cos(m;¢). The
coefficients of each term are interpolated on a 2D quintic spline in
the (R, z) plane. The actions themselves are then calculated using
an action finder in AGAMA, which makes use of the Stickel fudge
method to convert between position/velocity and action/angle
variables. For further details on how this is implemented, we
direct the reader to the AGAMA documentation (E. Vasiliev 2018).

3 RESONANCES IN THE STELLAR HALO

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

3.1 OverdensitiesinE — L,

In Fig. 2 we show all stars (i.e. both in-situ and accreted) in
the E — L, plane in the R = 0kpc region (top panels) and in a
‘solar neighbourhood’-like region at R = 8 kpc (bottom panels).
The first column shows the distribution of stars in this plane
with an unsharp-masking filter applied to make substructures in
this space more apparent, whereas the second column shows the
distribution of stars coloured by logarithmic density, without an
unsharp mask. The panels in the third column are colour-coded
by the average stellar metallicity in each bin, while the rightmost
panels are colour-coded by the average age of stars.

The arrow in the leftmost panels points towards an over-
density, or ridge, which is clearly seen in the retrograde part

2Strictly speaking, the formalism of computing axisymmetric actions,
using the Stickel fudge approach (J. Binney 2012), fails at resonances in a
non-axisymmetric system, such as that of a barred galaxy. This is because
the method relies on the existence of three integrals of motion that are
smooth, single-valued, and well-defined. At resonances, those motions
become coupled breaking the separability assumption. Because of this,
actions are not uniquely defined nor preserved along an orbit.

Bar-induced substructures in the stellar halo 5

of the distribution, starting at E ~ —1.5 x 10° km? s™% and
L, ~ —1 x 103 kpc km s~! and moving in a diagonal line towards
higher E and L;.* As the ridge becomes more prograde, it be-
comes more horizontal. This ridge-like feature is also clearly dis-
tinguishable in both metallicity and age. Interestingly, its stellar
populations are both younger and more metal-rich than the sur-
rounding regions of E — L.

As mentioned in Section 1, overdensities or substructures in
E — L, space of the stellar halo are frequently associated with
remnants from past mergers. To explore the accreted population
more explicitly, we plot the distribution of ex-situ starsin E — L,
in Fig. 3. The top panels show the region around R = 0 kpc and
the bottom panels at R = 8 kpc. The grey 2D histograms in all
panels shows the logarithmic density of the stars. As can be seen
in the left panels, the aforementioned prominent ridge is even
more pronounced in the accreted population. The red diagonal
line in the left panels shows a line of constant Jacobi energy, E;,
which we will return to below.

To determine whether the ridge could be caused by resonances
related to the bar, we perform a frequency analysis of the orbits
in the simulation, as described in Section 2. In the right panels,
we add insets that show histograms of rq (see equation 4) for the
accreted stars in the two regions of interest. In these insets, we
highlight the range of ro values that we use to select stars at the
different resonances.* We find prominent peaks at the corotation
(rq = 0) and 1:1 resonance (rqo = —1), with a small number of
stars at the OLR (rq = —0.5). The contours in the right-hand pan-
els indicate the distribution of stars at these different resonances:
the OLR orbits are outlined in yellow, corotation orbits in purple,
and orbits in the 1:1 resonance in red.

We see that the prominent ridge-like structure is largely made
up of stars trapped in the corotation and 1:1 resonances: the pro-
grade part of the ridge corresponds to stars in corotation, while
the retrograde part is made up of stars trapped at the 1:1 reso-
nance. We note that there are some stars labelled as corotation,
which are found in the retrograde part of the plot. These are stars
that have a mean positive L, over the Fourier time window that
is considered, but are instantaneously found at negative L, at
the final snapshot at z = 0. In the prograde part of the ridge, a
less prominent arm protrudes to higher energies to the region of
E — L, space traced by stars in the OLR. Comparing the promi-
nence of resonant stars in the two regions studied here, we note
that there is an increased contribution of 1:1 resonant stars in the
R = 0kpc region, as compared to the R = 8 kpc region. There is
also a slight increase in the contribution of stars at the OLR in the
R = 8kpc region as compared to the central region.

We can further see in the left panels of Fig. 3 that the slope of
the ridge in the section corresponding to the retrograde 1:1 reso-
nance, coincides with the line of constant E;, which corresponds
to a slope equal to the pattern speed of the bar. This suggests
that, were such a ridge to be detected in the Milky Way, it would
provide an independent measurement of the Milky Way’s bar

3For a comparison of the E — L, distribution between halo 18 in Auriga
Superstars and fiducial Auriga, see Appendix A.

“Note that we use different ranges of rq at the different resonances to
ensure that at least 2000 star particles are selected. Increasing or decreas-
ing the interval in rq used to identify the resonances does not shift the
location of the contours, but it does affect the size of the regionin E — L,
that is traced by the contours.
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Figure 2. This figure shows all stars in the simulation in the E — L, 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 — L, 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, X corresponds to the number of particles per bin, here in E and L,. In the panels in the third column, the binsin E — L,
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 x 10° km? s72 and L; ~ —1 x 103 kpc km s~ (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 — L, space.

pattern speed. In Section 4 we discuss in detail the origin of the
alignment between the 1:1 ridge and the Jacobi constant.

To further explore the origin of the ridge and its relation to
distinct accretion events, or to the bar, in Fig. 4, we show the
distribution of stars associated with the four most massive accre-
tion events in the galaxy in E — L, space. The contours in this
figure show the location of resonant stars (selected from intervals
in rq as before).® We see that the ridge is prominent in at least two
of the progenitors (M3 and M4), while it is also somewhat visible
in M1 and M2, albeit not as strongly (in M1 and M2 the ridge is
more clear in the prograde part). This lends further credence to
the fact that the ridge is not caused by one individual accretion
event, but is rather caused by a response of the stars to a global
dynamical perturbation. We also note that the ridge is a feature
that becomes stronger with time, after the formation of the bar,
as illustrated in Fig. B1 in Appendix B.

In terms of absolute numbers, the dominant contribution to
the ridge is from merger M4, which is the most massive of these
four mergers (see Table 1). It is likely that the preferential trap-
ping of stars from mergers M3 and M4 in the resonant ridge is
related to the timing and the orbital configuration of the mergers:
mergers with more radial orbits deposit stars at regions close to
L, = 0, which, as we will see in Section 4, allows these stars to be
trapped by the corotation and 1:1 resonances. To illustrate this, we
show the distribution of stars of the four most massive mergers

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

MNRAS 549, 1-19 (2026)

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

3.2 Connection to configuration space

We have seen previously in Fig. 3 that the distribution of reso-
nant stars differs between regions at R = 0 and R = 8 kpc. These
differences can be understood by examining the distribution of
resonant orbits in configuration space, as shown in Fig. 5. The
figure shows the spatial surface density distribution of stars, both
edge-on and face-on, at z = 0, which are trapped (from left to
right) at the retrograde 1:1, corotation and OLR resonances. Here
we select all (in-situ and accreted) resonant stars within 20 kpc
of the centre of the halo. For illustrative purposes we overplot an
example orbit for each of these resonances as a solid line, in the
reference frame rotating with the bar, where the colour-coding
corresponds to the lookback time (shown in the right colourbar).

We see in the left panel of the figure, that stars in the retrograde
1:1 resonance are most dense at the centre of the halo, with stars
found out to a radius of ~10kpc. Stars at this resonance have
an almost spherical distribution, with no visible disc plane and
a mean height above the plane of the disc of around 3.5 kpc. In
the middle panel, we see that stars in the corotation resonance
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Figure 3. The logarithmic density distribution of accreted starsin E — L, 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 L,. 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 rg 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.

have the highest density in two regions perpendicular to the bar
(in the vicinity of the L4 and L5 Lagrange points; e.g. J. Binney &
S. Tremaine 2008), at radii of ~8—10kpc. Corotation orbits are
more disc-like in their configuration than stars in the retrograde
1:1 resonance, but are also found at relatively large heights, away
from the plane of the disc. Lastly, as seen in the right panel, OLR
stars are found further out still, with densities highest at a radius
of ~15 kpc and extending beyond the 20 kpc region for which
we have calculated the orbital frequencies. OLR stars are disc-
like in configuration, with mean heights above and below the
plane of the disc of around 2 kpc. Since the stars at the retrograde
1:1 resonance are most dense at the centre, and their density

decreases with radius, as we probe regions out to larger radii,
the contribution from retrograde 1:1 resonant stars decreases,
while the contribution of stars in the corotation resonance and
the OLR increases. This explains why the retrograde part of the
ridge is seen more prominently in the top panels of Fig. 3, while
the contribution from the CR and OLR increases in the bottom
panels.

The regions where these orbits are found are likely to vary
compared to the Milky Way, since this simulation is not an exact
analogue of our Galaxy. As mentioned in Section 2, while the
length of the bar is similar between estimates of the Milky Way
and this simulated halo, the corotation radius is different; this
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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 — L, space.
¥ corresponds to the number of particles per bin, here in E and L. 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.

is approximately 10 kpc in this simulation, which is larger than
some of the most recent estimates of the corotation radius for the
Milky Way (J. Bland-Hawthorn & O. Gerhard 2016; J. L. Sanders
et al. 2019; R. Chiba & R. Schonrich 2021). The difference in the
spatial distribution of stars on these resonant orbits affects the
visibility of overdensities caused by these resonant starsin E — L,
space. In Fig. C1 in Appendix C, we show an example of how
the ridge would look if we selected a region at a larger radius of
11.5kpc.

3.2.1 Migration between resonant families

When investigating the orbital properties of resonant stars, we
find a subset of stars that are able to ‘migrate’ between differ-
ent resonant families. This is particularly prevalent in terms of
migration between the corotation and retrograde 1:1 resonances,
which are continuous and adjacent to each other in E — L, space.
An example of such an orbit is shown in Fig. 6. In the left panel
of the figure we show the position of the star along its orbit
in E — L, space. The colours of the points denote the lookback

MNRAS 549, 1-19 (2026)

time of the snapshot, as given in the colourbar at the top of the
figure. The middle and right panels show the star’s orbit over time
in a rotating and inertial frame of reference, respectively, with
the colour of the line also denoting the lookback time. Initially,
the star is found in the region of E — L, space associated with
corotation (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
changes direction, from prograde to retrograde. It is now found in
the region of E — L, space associated with stars in 1:1 resonance,
and its orbit in configuration space now looks like a typical 1:1
resonant orbit (as seen most clearly in the rotating frame of ref-
erence).

We find multiple orbits that behave in similar ways and move
similar distances in E — L, space. This suggests that this is a
potential pathway for stars to go from being prograde to retro-
grade, and vice versa, without the need of a merger - i.e. these
stars are made retrograde because of internal bar-driven resonant
processes. In the context of the Milky Way, H. C. Woudenberg &
A. Helmi (2025) have discussed the bar’s ability to push stars onto
chaotic 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 20kpc 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.

this process happens by using both cosmological and controlled
simulations in future work.

3.3 Chemistry of resonant ridges

We have seen so far that bar-induced resonances can create over-
densities in E — L, space. Additionally, as shown in the third and
fourth panels of Fig. 2, the ridge is distinct from its surroundings
in terms of its metallicity and ages. Since chemical tagging is
one of the ways employed to distinguish accreted from in-situ
populations (G. Gilmore, R. F. G. Wyse & K. Kuijken 1989; K.
Freeman & J. Bland-Hawthorn 2002; K. Hawkins et al. 2015), in
combination with stellar dynamics, it is important to understand
whether bar-induced resonances can also create such chemically
distinct substructures in the halo.

In Fig. 7 we show the accreted population in E — L, space in
bins coloured by the mean metallicity of stars. We do this in the
two regions we explore, i.e. the central region (left) and the ‘solar
neighbourhood’ region (right). The contours in this figure show
the location of resonant stars, as previously. We can see that
the stars inside the prominent ridge are more metal-rich than
stars outside the ridge (both above and below the ridge), with a
difference in [Fe/H] of around 0.5 dex. Thus, the ridge, which is
a dynamical feature formed because of the influence of the bar,
has a population of accreted stars with a chemistry that is distinct
from the accreted population outside the ridge.

To explore how this distinct chemistry arises, and how this
might relate to the accretion events in the galaxy - in addition to

the bar-induced resonances - in Fig. 8 we explore the metallicity
in E — L, of the four most massive mergers within 20 kpc of
the centre. We see that mergers M1 and M2 have quite uniform
metallicities, which are overall lower than for M3 and M4 (due
to its higher mass, M4 has the highest metallicity). On the other
hand, mergers M3 and M4 have a gradient in metallicity, in which
the metallicity is higher at lower energies. This is due to the fact
that these progenitors had negative radial metallicity gradients at
infall, with higher metallicity at the centre, which is mapped into
a negative metallicity gradient in energy, since the outer parts of
the galaxy are stripped first (M. D. A. Orkney et al. 2023). This
is 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
simulations, this initial metallicity gradient, while blurred, per-
sists until z = 0, with higher metallicities at lower energies (A.
Carrillo et al. 2025).

In addition to this overall negative metallicity gradient in en-
ergy, we see that the M3 and M4 remnants have a metallicity
distribution with a diagonal feature, which follows the 1:1 res-
onance. As we will discuss in the next section, this is due to
how stars are scattered and trapped in the bar-induced 1:1 res-
onance, with stars from regions of low angular momentum (i.e.
L, ~0) moving towards the retrograde part of the distribution (i.e.
L, < 0) and towards lower energies, i.e. scattering along the 1:1
resonance line. Since most of the high-metallicity stars in the
ridge originate from M4 (since it is the most massive of the four
mergers), this causes a ridge of higher metallicity, while at lower
energies the M1 and M2 progenitors contribute more (as they
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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 — L; 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.
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Figure 7. E — L; 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 rg 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 — L, 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 binin E — L,
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.

sink deeper into the potential well, since they are earlier merger
events).

4 ORBITAL SCATTERING AT THE
RESONANCES

One of the findings of our study is that the retrograde part of the
1:1ridge in E — L, space appears to have a slope equal to that of a
line of constant Jacobi Energy E; = E — Qs Ly, i.. with a slope
equal to Qp,r. Therefore, if the 1:1 retrograde ridge were to be
detected in the Milky Way, it could give us an independent mea-
surement of the bar pattern speed, which is still rather uncertain,
with studies placing it between ~25 and 50 km s~ kpc™! (e.g. F.
Fragkoudi et al. 2019; J. L. Sanders et al. 2019; J. Binney 2020;
J. P. Clarke & O. Gerhard 2022; H. Zhang et al. 2024; D. Horta
et al. 2025). We also showed in the previous section that the 1:1
retrograde ridge has a higher metallicity than its surroundings,
suggesting that stars scatter from regions of higher energy (and

therefore metallicity) towards more retrograde angular momen-
tum and lower energies.

In this section, we investigate how stars scatter at the 1:1 res-
onance, which can shed light on why the slope of the retrograde
1:1 resonant ridge is equal to Qu,,. First, we start by exploring
the slope along which stars are scattered at the 1:1 resonance
in E — L, and action space (Section 4.1). Subsequently, we ex-
plore whether stars gain or lose angular momentum during this
scattering process (i.e. determine the direction of scattering; Sec-
tion 4.2). We then discuss the overall changes in L, and J; at the
resonances in our simulation (Section 4.3), before commenting
on the role of the scattering of stars at the resonances on the
chemistry of the ridge (Section 4.4).

4.1 Slope of scattering in action space

We start by exploring the axisymmetric actions, i.e. the actions
calculated for an axisymmetric approximation of the potential.
We also look at the axisymmetric resonance lines (ARLs), as
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Figure 9. The top panel shows in the background the distribution of all
stars in the ‘solar neighbourhood’ region in E — L, 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 L;. The bottom panel
shows the same selection of accreted stars in action space (Jg —Jg) as
the grey background distribution, where X is the number of particles per
bin in Jg and L;. 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.

used by W. H. Trick et al. (2021), which are obtained from the
frequencies associated with a star’s axisymmetric actions, which
we label as Q. ;, where i denotes {R, ¢}.° These lines can give us a
sense of where in E — L, or action space the resonances would lie
in an axisymmetric potential. In Fig. 9 we show the distribution
of accreted stars in the ‘solar neighbourhood’ region as the grey
background in both the E — L, plane (top panel) and action space
J» — Jr (bottom panel). On top of these we plot contours outlining
the distribution of resonant stars from the simulation, as well as
the ARLs for the CR, 1:1, and OLR as differently coloured and
dotted lines.

One important difference between the Jz —J, and E — L,
spaces, is the way stars will move in these at the resonances:
in E — L, space, stars move along lines of constant E;, with a

6To obtain the ARLs, we select stars which are confined close to the plane,
withJ; < 40 kpc km s, whose orbits satisfy the resonance condition in
equation (1). See W. H. Trick et al. (2021) for more details.
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slope equal to Q.. On the other hand, in action space, stars
move along different slopes, depending on their location in this
plane, i.e. where they are related to the different resonances (J. A.
Sellwood & J. J. Binney 2002; J. Binney & S. Tremaine 2008). This
can be understood by examining the fact that the Jacobi Energy,
Ej, is constant:

E; = E — Qpar L; = constant (5)
which leads to,
dE = QuurdL,. (6)

Therefore, when E; is an integral of motion, stars move along
slopes of Qy,, in the E — L, plane. To understand how stars move
in action space, we can expand out dE into partial derivatives of
the actions, assuming that these are independent of each other
(see also J. A. Sellwood & J. J. Binney 2002). We further assume a
negligible change in the vertical action J;, i.e. 0E/0J, = 0. Thus,
the previous equation becomes:

o0E

a7, e @)

OFE
Qpar AL, = —dJ]
bar Z d JR R+
In the axisymmetric approximation, dE/dJr = Qaxr and
dE/dJ, = Qaxi,e (J. Binney & S. Tremaine 2008). Substituting the
orbital frequencies into the previous equation, we get,

Qbar sz = ani,R dJR + ani,d) quS- (8)
Rearranging this equation and using J, = L,, gives:
Qbar — Qaxi
CUR _ balrQ axi,¢ d.LZ. (9)
axi,R

Finally, we can now use the definitions in equation (1) to get a
relation for how stars move in the Jz — J4 plane:

!
Al = —AL,. (10)
m

Here AJg is the change in the radial action, and AL, the change
in angular momentum (or the azimuthal action J,). We thus
expect stars to move in the Jz — Js plane along slopes of I/m,
where [ and m are integers identifying the resonance (see also J.
A. Sellwood 2010; W. H. Trick et al. 2021). These slopes are shown
in the bottom panel of Fig. 9 as black arrows.

By examining the Jz — J; space, and the slopes of the arrows
(i.e. the way in which stars scatter at the resonances), we can be-
gin to see why there is a strong ridge forming at the 1:1 resonance,
with a slope equal to 1; for the retrograde 1:1 resonance, the
scattering vector coincides with the slope of the ARL. Thus, stars
in the retrograde 1:1 resonance experience strong scattering since
they remain on the resonance as they scatter in Jz — J, space.’
This is what drives the strong ridge feature at the retrograde 1:1
resonance. This is also reflected in the E — L, space: the slope of
the ARL at the 1:1 retrograde resonance is aligned with the slope
of E;, which corresponds to the slope along which stars scatter in
this space. Therefore, stars at the 1:1 resonance scatter along Ej,
staying on resonance as they scatter. On the other hand, stars at
the CR, OLR, and prograde 1:1 resonances, move away from their
ARLSs when they are scattered at these resonances.

7 A similar process has been suggested to occur for stars at the ILR by J. A.
Sellwood (2010). For these stars, the scattering vector is also aligned with
the location of the ILR in Jg — J; space, which allows for stars to remain
on resonance as they are scattered.
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4.2 Direction of scattering

In the above, we discussed the slope with which stars scatter
at the 1:1 resonance, and we showed that in Jz — J; space the
scattering of stars at the 1:1 resonance has the same slope as the
ARL. However, determining the direction of angular momentum
transport at this resonance (i.e. the direction in which the ar-
row points) is also relevant for understanding the shape of the
1:1 ridge: when stars scatter at the retrograde 1:1 resonance, do
they gain, or lose angular momentum? The change in angular
momentum at the ILR, CR, and OLR resonances is discussed in D.
Lynden-Bell & A. J. Kalnajs (1972); here we follow their steps to
understand whether one would expect stars at the retrograde 1:1
resonance to lose or gain angular momentum. D. Lynden-Bell &
A. J. Kalnajs (1972) show that the change in angular momentum
at the resonances is given by:

o 1 //“’ | OF N OF
m=—— mll—+m—
: 8w /) o o,
X Y |*8(1Q + mS2y + w)dJrdJy, (11)

where H is the change in angular momentum. The right-hand
side of the equation is an integral over the radial and azimuthal
actions of the distribution function, F, which itself is a func-
tion of Jz and J,. As previously, [ and m refer to the integer
values describing the resonances. The delta function inside the
integral stipulates that angular momentum exchange occurs at
the resonances, while v, are Fourier coefficients describing the
perturbing potential.

In order to understand whether angular momentum is gained
or lost at a given resonance, we need to determine the sign of the
following part of the equation,

(OF , OF W)
"o "™, )

If this expression is positive, then H is negative, and stars lose
angular momentum at a resonance. If it is negative, they gain
angular momentum. In the case of the 1:1 resonance, both m and
I are equal to 1. The overall sign of the expression depends on the
distribution function, F, and its partial derivatives.

More generally, as assumed by D. Lynden-Bell & A. J. Kalnajs
(1972), the partial derivative 0F/dJy is negative if the distribution
function decreases with increasing epicylic amplitude, i.e. we get
fewer orbits as they become less circular. 0F/dJ4 also tends to
be negative at positive Jy due to the radial decrease in surface
brightness in galaxies. For J, < 0, 0F/dJ, becomes positive, as
the distribution function decreases for larger absolute values of
J,. This is the case for reasonable distribution functions, as well
as for the case of a simple spherical halo.® Thus, as long as
|0F/0Jy| > |0F/dJg|, which is the case for most standard dis-
tribution functions, stars will lose angular momentum (i.e. the
angular momentum becomes more negative) at the retrograde 1:1
resonance. As a consequence, stars will in general be scattered
from L, ~ 0 to more retrograde orbits.

We note that the term in the parentheses in equation (12) is
proportional to the slope of the scattering in equation (10). This

81t is straightforward to create a spherical distribution function that satis-
fies this condition. All that is needed is a slight radial velocity anisotropy.
This is the case for the halo of our simulation, and is also the case for the
stellar halo of the Milky Way (A. J. Deason et al. 2013), as well as in other
cosmological simulations (L. V. Sales et al. 2007; J. F. Navarro et al. 2010).
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Figure 10. The top panel shows a plot of E — L, space with bins coloured
by the average change in the radial action Jg of accreted stars in each bin,
for all accreted stars within a radius of 20 kpc from the centre. The change
in Jg 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 Jg, which means that an orbit has become more circular, and
pink bins have seen an increase in Jg. 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 Jg 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 — L, plot in the bottom panel shows
the change in L, 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.

makes the direction of scattering a simple 1D diffusion process
along the slope defined by I/m. Stars move onto retrograde orbits
due to the lower value of the distribution function F in this space.

4.3 L, and Jg changes at the resonances

Now that we have an expectation about how stars will scatter
at the 1:1 retrograde resonance - i.e. we know that they will
move along a line with slope 1, towards more negative angular
momenta — we can explore how the actions of stars trapped in
different resonances change in our simulation. We explore this by
comparing the actions of stars at present day to an earlier snap-
shot (at a lookback time of 7 Gyr, z = 0.79) which corresponds to
a time just after bar formation. This is shown in Fig. 10, where we
show all accreted stars with r < 20kpc in the E — L, plane with
bins coloured by the mean change in the stars’ actions between
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the present day and the z = 0.79 snapshot. The top panel shows
the change in Jg, i.e. AJgr = Jr ;=0 — Jr. z=0.79 While in the bottom
panel we show the change in L,,i.e. AL, = Ly ;-0 — Lz z—0.79- The
contours in this figure show the location of resonant stars, as
previously.

Focusing first on the corotation resonance, we see that there is
no significant change in Jg, while Jy is increased over the bar’s
lifetime; this is in agreement with what we expect for stars at the
corotation resonance (J. A. Sellwood & J. J. Binney 2002). On the
other hand, as expected from the discussion above, the retrograde
1:1 resonance shows a decrease in Jr as well as a decrease in Ly,
i.e. stars at the retrograde 1:1 resonance become more circular
over time with a more pronounced retrograde motion. Thus, stars
that are currently in the retrograde 1:1 resonance were scattered
there from regions in E — L, space with less negative angular mo-
mentum and with higher Ji (and higher E). The ridge is drawing
stars from higher density regions of E — L, and depositing them
at more retrograde locations, increasing the density of stars there
compared to surrounding regions in E — L, space, thus creating
a prominent ridge.

A changing bar pattern speed has the potential to change how
stars disperse in E — L, space, as discussed by A. M. Dillamore &
J. L. Sanders (2025). If the bar is slowing down with time, the
gradient at which stars diffused can be steeper than the cur-
rent pattern speed of the bar. This is not seen in this particular
simulation, likely because the bar’s deceleration has been very
gradual. At its highest, shortly after bar formation, the bar pattern
speed is around 35 rad Gyr~!, which over 5Gyr is reduced to
23.5 rad Gyr~!.

4.4 Metallicity variationsin E — L,

The scattering of stars at the resonances can also help in under-
standing the distinct metallicity of the ridge seen in Figs 2 and
7. High-metallicity stars in the ridge originate overwhelmingly
from mergers M3 and M4, which are the most recent and massive
mergers. As discussed above, these mergers had progenitors with
radial metallicity gradients which translate into metallicity gra-
dients in energy (e.g. A. Carrillo et al. 2025), with higher metal-
licity stars populating lower energies. The scattering of stars both
towards the 1:1 retrograde and corotation resonances, creates a
diagonal ridge with high metallicity stars, visible in both Figs 8
and 7. The high metallicity ridge seen in Fig. 7 is accentuated
by the fact that the surrounding stars have lower metallicities: at
higher energies this is caused due to the metallicity gradient in
energy, and at lower energies this is because mergers M1 and M2
contribute more, since they sink lower into the host potential, and
have lower metallicities. We hypothesize that higher metallicity
stars may also be more prominent in the ridges because they tend
to have lower J;, which makes them more susceptible to being
trapped by bar-induced resonances (see also A. M. Dillamore et al.
2024). This is also commonly seen for disc stellar populations, in
which colder populations are more efficiently trapped by the bar
resonances (see e.g. V. P. Debattista et al. 2017; F. Fragkoudi et al.
2017).

A similar process leads to the distinct metallicity of the ridge in
Fig. 2 which includes both in-situ and accreted stars, in which the
ridge has a higher metallicity than the surrounding phase space.
In-situ, high metallicity stars are found mainly in the prograde
region close to the maximal L,. However, due to past mergers
some in-situ stars have had their orbits altered to lower L, -
for example, in the Milky Way, the ‘splash’ is a proposed in-situ
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Figure 11. We show E — L, space with bins coloured by the average
change in the angular momentum L, of in-situ stars in each bin, for all
in-situ stars within a radius of 20 kpc from the centre. The change in L, 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 alossin L,
and pink bins have seen an increase in L;. 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.

population heated by a merger (V. Belokurov et al. 2020). As seen
in Fig. 2, in our simulation we find a metallicity and age gradient
with respect to L, i.e. stars that are retrograde have on average
lower metallicities and older ages than prograde stars. When stars
get trapped at the retrograde 1:1 resonance, they are scattered
from regions with L, ~ 0, towards more retrograde values of L,
and lower energies. We note that this same behaviour is seen for
in-situ stars, as shown in Fig. 11. This highlights the importance
of this mechanism in scattering not only accreted but also in-situ
stars into retrograde orbits. Therefore, the stars that are scattered
by the resonance have higher metallicities than the population
that is already present in the surrounding retrograde phase space,
leading to ridge of resonant stars with higher metallicities.

While we will explore in future work the various mechanisms
that can give rise to the increased metallicity in the ridge, it is clear
that this is likely due to a combination of dynamical effects along
with the accretion history of the halo, which determines the dis-
tribution function of the halo at the time of bar formation. Thus,
the details of the metallicity of the ridge might look different to
those of the Milky Way, depending on the exact merger history of
the Galaxy. Nevertheless, we find that bar resonances can cause
distinct metallicity features in E — L, space; caution is therefore
needed when associating chemically distinct populations with
any single accretion event, since, at least in this simulation, such
a feature is caused by the bar resonances and combines different
accretion events.

5 CONCLUSIONS

While bars have long been known to induce resonances in their
surrounding dark matter haloes (e.g. E. Athanassoula 2002), little
is known about how they affect the stellar haloes of their host
galaxy. Recent studies of Gaia data and test particle simulations,

920z 8unp g} uo Jasn unjeq yeles Aq oy 12998/ 8be1S/ | /67S/a01le/seuw/woo dno olwapese//:sdiy Woll papeojumoc]



have suggested that bar resonances can induce substructures in
the stellar halo, visible in E — L, space (A. M. Dillamore et al.
2023, 2024). In this work, we use a high-resolution cosmological
zoom-in simulation from the Auriga Superstars suite, to show
that such bar-induced substructures are present in the accreted
stellar halo of a Milky Way analogue. This is the first such de-
tection in a cosmological simulation, which allows us to study
bar-induced substructures along with the assembly history and
chemical enrichment of the galaxy.
Our results can be summarized as follows:

(i) We find that the bar-induced resonances, such as the ret-
rograde and prograde 1:1, corotation and Outer Lindblad Reso-
nance, cause a number of overdensities or ridges in E — L, space.

(ii) The most prominent of these overdensities is a ridge
stretching from negative to positive angular momentum, and con-
sists of a retrograde part composed of stars at the 1:1 resonance,
while the prograde part is associated with stars at the corotation
resonance.

(iii) This overdensity is visible in both the central region of the
galaxy as well as in a ‘solar neighbourhood’-like region. There
are differences in appearance of the ridge in the two regions,
caused by how the various resonant families populate configu-
ration space.

(iv) Stars from several progenitors are found within the ridge,
clearly indicating that this cannot be associated with a single
accretion event.

(v) By exploring the orbits of resonant stars, we find that they
can migrate between orbital families, switching between the coro-
tation and retrograde 1:1 resonance and vice versa, thus changing
between being prograde and retrograde.

(vi) We explore the scattering of stars at the 1:1 retrograde
resonance, finding that stars become more circularized with more
negative angular momentum, i.e. they are scattered from regions
of L, ~ 0 towards more negative L, and lower energies. This is
confirmed by tracing the evolution of the radial action and angu-
lar momentum of resonant 1:1 stars since bar formation, finding
that their J and L, decrease.

(vii) We find that the retrograde part of the ridge, which corre-
sponds to the 1:1 resonance, has a slope equal to the bar pattern
speed. We explain the reason for this by exploring the scattering
of stars at the resonances in E — L, and action space. If such a
ridge were to be identified in the Milky Way, it could provide an
independent measure of the bar’s pattern speed.

(viii) The bar-induced ridge has a higher metallicity than the
surrounding stars. This is caused by the preferential trapping of
metal-rich stars in the resonances, which in turn is due to where
these are deposited in phase space by the various accretion events
taking place in the galaxy.

Exploring the stellar halo of the Milky Way in spaces of in-
tegrals of motion, such as E — L,, provides an opportunity to
uncover the accretion history of our Galaxy. Our study suggests
that this space can also be used to uncover information about the
Galaxy’s bar and its coupling with the stellar halo. However, our
results also suggest the need for caution when associating sub-
structures in E — L, space — even when combined with chemical
information - to distinct accretion events, since such features can
in fact be caused by internal perturbations in the galaxy.
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APPENDIX A: FIDUCIAL AURIGA
RESOLUTION COMPARISON

Shown in Fig. Al is the distribution of accreted stars in E — L,
space in the fiducial counterpart to the simulated halo we study
in this paper. We select accreted stars at the central and ‘solar
neighbourhood’ regions. This figure serves as a direct comparison
to the left-hand panels of Fig. 3. We note that the ridge, which is
very prominent in the Superstars halo, is not visible in the fiducial
halo. Although there are differences stemming from different sets
of random numbers in these two simulations, the complete ab-
sence of the ridge in the fiducial simulation is difficult to explain
through these small differences. The increased stellar resolution
in Superstars may bring out the ridge due to better sampling of
phase space. Additionally, the large increase in stellar resolution
leads to a more accurate potential in the inner regions of the halo,
where stars dominate the potential. For a more detailed analysis
of the effects of the Superstars method on the presence and nature
of substructures we refer the reader to R. Pakmor et al. (2025a).
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Figure Al. Astheleft panelsin Fig. 3 but for the fiducial (Level 4) Auriga
simulation of the same halo, these plots show the distribution of accreted
stars in E — L, 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 L. The stellar resolution
of the fiducial Auriga simulation shown here is 5 x 10* Mg, 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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APPENDIX B: THE EVOLUTION OF THE RIDGE
WITH TIME

An aspect of the ridge is that it becomes stronger with time.
We show this by plotting the total accreted population of the
simulation, with no spatial cut, in E — L, space at three different
simulation snapshots at z =0.79, z = 0.31, and z = 0. This is
shown in Fig. B1. The ridge is visibly getting stronger with time,
which is an indication that stars keep being trapped in resonance
and are scattered into the ridge. The earliest of these snapshots
is at a time around 1 Gyr after the formation of the bar in this
simulation, which occurred at a lookback time of 8 Gyr. Before
bar formation the ridge is not visible.

MNRAS 549, 1-19 (2026)
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Figure B1. The total accreted population of the simulation, with no spatial cuts, in E — L, space at three different simulation snapshots as logarithmic
density plots. X corresponds to the number of particles per bin, here in E and L,. The energy is normalized such that the minimum energy is —1 x
10° km? 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.

APPENDIX C: ALTERNATIVE SOLAR
NEIGHBOURHOOD AT R=11.5KPC

Since the corotation radius of the simulation, at 10 kpc, is larger
than most estimates for the Milky Way [putting the corotation ra-
dius at 4.5 — 7 kpc; J. Bland-Hawthorn & O. Gerhard (2016); J. L.
Sanders et al. (2019); R. Chiba & R. Schonrich (2021)], the spatial
distribution of resonant stars is likely different in this simulation
compared to the Milky Way. This will affect the visibility of the
ridge feature. Thus, in Fig. C1 we show the appearance of the

ridge for a 4 kpc sphere at a distance of 11.5 kpc from the centre,
30 degrees behind the bar. This gives an impression of how appar-
ent the ridge is in a region that may be more comparable to our so-
lar neighbourhood in terms of the spatial distribution of resonant
stars. We choose a radius of 11.5 kpc by scaling up our simulation
such that its corotation radius corresponds to a corotation radius
of 7kpc in the Milky Way, i.e. Roun, new = = x 8kpc ~ 11.5kpc.
‘We see that the ridge is still present as an overdensity; however,
it is less distinct.
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Figure C1. The ridge in E — L, space of the accreted population for a sphere placed at a radius of 11.5 kpc rather than at 8 kpc for our ’solar
neighbourhood’. The left panel shows the distribution of accreted stars without contours, the right panel shows the same distribution with contours
outlining the location of stars in resonance. The different colours denote three different resonances (CR: purple, 1:1: red, OLR: yellow). While the ridge
is still visible, it is less pronounced for this region. Due to the larger corotation radius in the simulation compared to the Milky Way, this may be a closer

resemblance of how this ridge may appear in observations.
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APPENDIXD: THEE—-L, DISTRIBUTION OF
THE FOUR MOST MASSIVE MERGERS

BEFORE BAR FORMATION

As a comparison to the distribution of stars of the four main
mergers in E — L, space in Fig. 4 at z = 0, we also show the distri-

Bar-induced substructures in the stellar halo 19

bution of stars of these four main mergers before bar formation
in Fig. D1. We select the same stars as in the figure at z = 0, but
select a snapshot at a lookback time of 7.9 Gyr (z = 1.0), which
is the snapshot before bar formation. M3 and M4 have only just

merged at this point, and we can thus see signatures of apocentre
and pericentre passages as ripples in E — L, space.

0.0/ I ] 2.5
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15
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=Y0]
2
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—0.8} 1t ,
M3 M4 10.0
-1.03 _1 0 1 3 2 _1 0 1 2 3
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Figure D1. The four panels show stars from the four main accreted progenitors in the simulation coloured by their logarithmic density in E — L, space,
as in Fig. 4. X corresponds to the number of particles per bin, here in E and L;. We show the distribution of stars at an earlier snapshot at a lookback
time of 7.9 Gyr (z = 1.0), which is the snapshot just before the bar formed in the simulation. We show the same selection of stars which are found within
20 kpc of the centre at z = 0. The mergers are in order of their infall times (left to right, top to bottom). Mergers M3 and M4 are still in the process of

merging at this time, which causes the ripples visible in E — L, space for these mergers.
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