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ABSTRACT
We explore the predictive power of cosmological, hydrodynamical simulations for stellar
phase-space substructure and velocity correlations with the AURIGA simulations and AURIGAIA

mock Gaia catalogues. We show that at the solar circle the AURIGA simulations commonly
host phase-space structures in the stellar component that have constant orbital energies and
arise from accreted subhaloes. These structures can persist for a few Gyr, even after coherent
streams in position space have been erased. We also explore velocity two-point correlation
functions and find this diagnostic is not deterministic for particular clustering patterns in phase
space. Finally, we explore these structure diagnostics with the AURIGAIA catalogues and show
that current catalogues have the ability to recover some structures in phase space but careful
consideration is required to separate physical structures from numerical structures arising from
catalogue generation methods.

Key words: methods: numerical – catalogues – Galaxy: kinematics and dynamics – solar
neighbourhood – Galaxy: structure – cosmology: theory.

1 IN T RO D U C T I O N

The hierarchical assembly of galaxies, driven by the evolution
of a cosmic web of dark matter, is a cornerstone prediction of
the Lambda Cold Dark Matter (�CDM) paradigm. Observational
evidence for this process has been found in the local Universe in the
form of stellar streams and moving groups and has been the focus
of studies empirically probing the assembly history of galaxies
(Helmi et al. 1999; Belokurov et al. 2006; Martı́nez-Delgado et al.
2010). Theoretical work in this area has focused on the dynamical
evolution of this debris and used numerical simulations to make
predictions for its connection to galaxy assembly histories (e.g.
Helmi & White 1999; Bullock & Johnston 2005; Cooper et al.

� E-mail: csimpson@astro.uchicago.edu

2010; Gómez & Helmi 2010; Buist & Helmi 2015; Maffione et al.
2018).

A new era in this field has arrived, driven by the Gaia mission
(Gaia Collaboration et al. 2018) that has identified many new
streams and structures in the Galaxy (Antoja et al. 2018; Helmi
et al. 2018; Malhan, Ibata & Martin 2018; Myeong et al. 2018;
Fragkoudi et al. 2019). Cosmological simulations, the main tool for
making theoretical predictions in the �CDM paradigm, have also
made advances, and multiple simulation codes can now produce
realistic stellar discs with baryon physics at high resolutions (Grand
et al. 2017; Hopkins et al. 2018). In this Letter, we seek to highlight
this advance and demonstrate the ability of simulations to produce
realistic stellar phase-space structures in solar neighbourhood-like
volumes; we will focus on structures arising from cosmological
accretion events. These models can now be used as a theoretical
platform to test ideas about galaxy evolution and dark matter
structure. Previous studies focusing on this volume have either
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Phase-space substructure in Auriga L33

considered models with an analytic galactic potential (Helmi & de
Zeeuw 2000; Gómez et al. 2010) or dark matter-only cosmological
simulations (e.g. Helmi, White & Springel 2003; Vogelsberger et al.
2009; Gómez et al. 2013).

This Letter is structured as follows: first, we describe the AURIGA

simulations and AURIGAIA mock Gaia catalogues used for this study;
second, we explore the typical properties of phase-space structures
at solar-like positions within AURIGA; third, we consider mock
observations, what aspects of phase space they are able to recover,
and quantify their limitations; and finally, we conclude and discuss
future directions for making predictions for stellar catalogues from
simulations.

2 TH E AU R I G A S I M U L AT I O N S A N D T H E
AU R I G A I A M O C K S T E L L A R C ATA L O G U E S

The AURIGA simulations are a suite of cosmological, magnetohydro-
dynamical zoom simulations of Milky Way (MW)-like disc galaxies
(Grand et al. 2017). The AURIGA model includes many of the relevant
physics for galaxy formation, including gravity, gas cooling, star
formation, and stellar feedback effects in the form of energy and
metal feedback. A set of zoom haloes was selected in the mass range
1–2 × 1012 M�, giving a set of systems that have variations in their
assembly histories, but yield similar final galaxies. The zoom halo
forms hierarchically from the accretion smaller haloes and hosts
a population of surviving satellite dwarf galaxies at redshift zero
(Simpson et al. 2018). We study the six highest resolution AURIGA

haloes that have a typical star particle mass of 6 × 103 M� and a
gravitational force softening of 184 pc after z = 1. This high mass
resolution enables exquisite sampling of the gravitational potential
and the dynamics of stars, which is crucial to capture complex
phase-space structures like moving groups, streams, and satellite
debris.

The AURIGA simulations were used to create the AURIGAIA

catalogues, a suite of mock catalogues of the Gaia mission’s Data
Release 2 (DR2; Grand et al. 2018b). The AURIGAIA catalogues
contain ‘child’ stars generated from ‘parent’ star particles in the
AURIGA simulations. Two sets of catalogues were created indepen-
dently using different codes for four observer positions within each
AURIGA halo. Both methods include the DR2 errors and selection
function and empirical dust extinction from maps of the MW’s dust
distribution. The HITS-MOCKS were created with a parallel version
of the publicly available SNAPDRAGONS code.1 The ICC-MOCKS were
created following the method of Lowing et al. (2015). In addition to
the effects in the HITS-MOCKS, the ICC-MOCKS distribute stars over
a 6D kernel approximating the phase-space volume of their parent
particles. We use the mock catalogues to understand how simulated
phase-space substructure is affected by the biases and errors of Gaia
DR2 and by the methods of mock catalogue creation.

3 AC C R ETED P HASE-SPAC E STRUCTURES IN
T H E AU R I G A SIMULATIONS

We begin by looking at star particles in solar neighbourhood-like
volumes in the AURIGA simulations. Star particles are selected within
2.5 kpc radius spheres, centred at a mid-plane position in the stellar
disc (defined following Grand et al. 2017) 8 kpc from the galaxy
centre. The AURIGA discs vary in size and mass, and so 8 kpc
corresponds to different normalized disc scale lengths between

1Available at https://github.com/JASHunt/Snapdragons

Figure 1. E–Lz space distributions of accreted star particles inside a 2.5-kpc
sphere positioned 8 kpc from the galactic centre in the discs of five AURIGA

haloes at redshift 0. The number of particles in each panel is indicated (N acc
p )

and the fraction of the accreted material that is counter-rotating (fret).

galaxies (Grand et al. 2018b). The volumes discussed here have
comparable mass surface density and circular velocity to the solar
neighbourhood, although the exponential scale lengths of the discs
tend to be larger than the MW. We do not find any of the structures
discussed here correlate with this variance. Particle specific energies
and angular momenta are computed in a galactic rest frame aligned
with the disc. Fig. 1 shows accreted star particles in four example
volumes.

The total specific energy of a particle is E = 0.5v2 + u, where
v is the magnitude of the particle’s velocity vector v and u is the
specific potential energy of the particle computed from the mass
density field truncated at the radius where the average density of
the halo equals 200 times the critical density of the universe. The
specific angular momentum is L = r × v, where r is the particle’s
position vector. The component of L along the disc rotational axis
is Lz.

The E–Lz phase space is well suited to reveal signatures of
accretion. Indeed, satellite debris of common origin tends to clump
in this space because E and Lz are close to true integrals of motion of
the system (and would be perfectly so for an axisymmetric system;
Helmi & de Zeeuw 2000). For the first time in a hydrodynamical
cosmological simulation, we show clear signatures of stellar phase-
space substructure in a solar neighbourhood-like volume. Previous
works in this area (e.g. Sanderson et al. 2018) have mapped
structures in position space on halo scales. There is a diversity
of structures from halo-to-halo and volume-to-volume, with some
structures presenting a narrow range in E and others showing larger
spreads. Some volumes have very little structure and others have
substantial accreted discs. The fraction of accreted material that
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L34 C. M. Simpson et al.

Figure 2. Top: E–Lz phase space of star particles from Au-23. Particles within a 2.5-kpc sphere centred 8 kpc from the disc centre are shown. This volume is
separated by 180◦ from the Au-23 volume in Fig. 1. All particles, accreted particles, and particles meeting a set of chemical and dynamical cuts described in
the text (called the ‘CHDYN’ sample) are shown separately. The number of particles (Np), the fraction of retrograde particles (fret), and the fraction of prograde

and retrograde particles that are accreted (f ret,pro
acc ) are indicated. Two constant-energy accretion features at large E are boxed in the CHDYN sample. Bottom:

chemical and dynamical properties of particles in the volume. Particles in the boxed accretion features are plotted with the corresponding colour from above.
Left: velocities in the direction of the disc rotation (vcirc) versus velocities in the radial direction (vrad). Middle: [Mg/Fe] versus [Fe/H]. Right: [Mg/Fe] versus
the orbital circularity ε. The CHDYN sample cuts are shown with dashed lines ([Fe/H] < 0, [Mg/Fe] >−0.3, and ε < 0.7).

is ‘counter-rotating’ (i.e. Lz < 0) varies greatly (10–40 per cent),
however, the overall amount of counter-rotating material is small
(less than 5 per cent) due to the dominance of the in situ disc.

Fig. 2 shows a detailed look at one volume. This volume has
several structures apparent by eye as bands of constant E. In position
space, particles in these bands do not have any obvious structure.
In velocity space, they have a wide spread in radial velocity and
a narrower spread in circular velocity. These structures originated
from the same accreted satellite that had several pericentric passages
before destruction, which occurred 3 Gyr before redshift 0. The
satellite had a peak stellar mass of 5 × 109 M� and its interaction
with the host lasted for more than 3 Gyr. The two most prominent
phase-space structures (boxed in Fig. 2) originated from the final
pericentric passage and their energy difference is due to their asso-
ciation with the leading and trailing tidal debris of the interaction.
These structures have masses of 8.3 × 105 and 4.0 × 105 M� and
the total mass of debris from their parent system in this volume is
greater than 107 M�.

Overall, 8 per cent of star particles in the volume shown
in Fig. 2 are accreted. Fig. 2 shows that many structures are
accreted, including a disc component (Gómez et al. 2017). Some
disc structures appear to be in situ, likely the result of secular
disc dynamics. Counter-orbiting particles (Lz < 0) have a larger
accreted fraction, 44 per cent. The overall fraction of counter-
rotating material, however, is small, only 2 per cent.

Selecting stars by their chemical and orbital properties is a
common technique used to eliminate in situ disc stars and isolate
accreted and halo populations. We experimented with this technique
by using the abundances of H, Fe, and Mg tracked by the AURIGA

simulations. We compute for each star particle an iron abundance
relative to hydrogen and a magnesium abundance relative to iron
in solar units ([Fe/H] and [Mg/Fe]). Separating particles by these
abundances probes material from stellar populations with different

star formation histories (SFHs). Dwarf satellite galaxies (the origin
of cosmologically accreted stellar populations) with lower star
formation rates and truncated or bursty SFHs will tend toward lower
[Fe/H] and higher [Mg/Fe], due to the different time-scales of iron
production in Type Ia supernovae (SNe) and α-element production
in Type II SNe (Tinsley 1979; Ruchti et al. 2014).

AURIGA captures the qualitative trend of [Mg/Fe] with [Fe/H]
observed in the MW (Grand et al. 2018a), however, the quantitative
values for [Mg/Fe] are approximately 0.3 dex, too low, an offset due
to the choice of chemical yield tables. We apply chemical cuts to the
simulated data based on the qualitative trend. We find 62 per cent
of accreted material in the volume has [Mg/Fe] >−0.3 and [Fe/H]
< 0. There is also a significant population of in situ material with
these abundances, so overall, only 28 per cent of material meeting
these cuts is accreted.

To isolate a halo population, we also apply a limit on the orbital
circularity of star particles. We determine as a function of E the
maximum Lz available within the potential by examining the Lz of
all star particles within 50 kpc. We define the orbital circularity to
be εi = Lz, i/max(|Lz(Ei)|) (Cooper et al. 2015). We apply a limit of
0.7 in ε as shown in Fig. 2.

We call the combination of these chemical and dynamical cuts the
CHDYN sample ([Mg/Fe] > −0.3, [Fe/H] < 0, and ε < 0.7), shown
in Fig. 2. It has a higher fraction of accreted material (38 per cent
versus 8 per cent) and prominent phase-space structures remain.
Table 1 gives some properties of the CHDYN sample. The accreted
material in this volume is mostly part of the disc, so the ε cut
means that the CHDYN sample contains just 39 per cent of accreted
particles. The fraction of counter-rotating material in this sample
is larger than in the accreted sample, reflecting a contribution
from the in situ stellar halo. These cuts rely only on observable
quantities, and we will therefore use them in our analysis of mock
observations.
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Table 1. Median statistics of solar spheres in AURIGA.

Halo Particle number Accreted Retrograde (Lz < 0)
number (×104) fraction fraction

Au-6 18.44/1.93 0.03/0.24 0.02/0.21
Au-16 15.51/1.57 0.04/0.18 0.02/0.15
Au-21 25.71/2.53 0.07/0.44 0.03/0.26
Au-23 22.7/2.13 0.09/0.38 0.02/0.21
Au-24 17.16/1.7 0.1/0.34 0.05/0.43
Au-27 32.32/3.13 0.05/0.39 0.04/0.36

Note. Quantities presented are the median of values for four 2.5-kpc radius
spheres positioned 8 kpc from the disc centre and separated by 90◦. The first
value in each column is the median over all particles and the second is the
median over particles in the CHDYN sample.

4 MOC K O BSERVATIONS

Fig. 3 shows the E–Lz phase space in the AURIGAIA mocks for the
same volume shown in Fig. 2 with the CHDYN sample selection
cuts. Potential energies for stars in the mocks are computed using
a three-component fit to the galactic potential following Maffione
et al. (2018). For AURIGAIA stars we assign the [Fe/H] and [α/Fe]
abundances of parent particles to all child stars. We restrict analysis
to stars that meet the radial velocity measurement criteria in DR2:
3 < G < 14 and 3550 < Teff < 6900, where G is the mean G-band
magnitude and Teff is the effective temperature. We also require the
error in parallax to be less than 10 per cent.

The appearance of phase space between the two catalogues in
Fig. 3 is different despite the fact that they are generated from
the same simulation, demonstrating the helpfulness of multiple
approaches. The ICC-MOCKS utilize a phase-space smoothing tech-
nique that fills regions of phase space that are otherwise sparsely
populated (while conserving the overall phase-space density distri-
bution). The HITS-MOCKS allow for discontinuities and gaps in phase
space. Both mocks show spurious structures, seeded by correlated
sibling stars with the same parent particle. Child stars’ astrometric
quantities are drawn from the same error distribution, resulting in
correlated tracks in the E–Lz plane.

To eliminate sibling star correlations, Fig. 3 shows a random
subsampling of stars from the mock catalogues with unique parent
particles, i.e. no single parent particle contributes more than one
child star to this sample. We subsample at a number not exceeding
the underlying resolution of the parent simulation. Both mocks
show clear overdensities associated with the phase-space structures
found in Fig. 2, but that are stretched diagonally in this plane. The
overdensities are greatly reduced in the subsampled space, but are
still visible by eye, especially in the ICC-MOCKS.

The structures are visible in distributions of energy shown in
Fig. 3. The number of mock stars at the energies of the structures
exceeds the background by a factor of 2 (ICC-MOCKS) to 10 (HITS-
MOCKS). The true overdensity in the simulation data is 4–6. There
is an energy offset between the simulations and mocks due to an
imperfect fit of the analytic gravitational potential. The broadening
in energy of the structures is primarily due to the displacement
in velocity applied to catalogue stars from the GAIA errors and
the phase-space smoothing algorithm in the ICC-MOCKS. For an
applied velocity difference εv , the kinetic energy of a particle will
be displaced by εv · v + 0.5ε2

v .
We also characterize the degree of coherent motions with a

two-point velocity correlation function (VCF). Following Helmi
et al. (2017), we define the two-point correlation function
ξ (�v) = DD/〈RR〉 − 1, where ξ is a function of �v, which

Figure 3. Top: E–Lz phase-space distributions of stars in the mock GAIA

catalogues of the Au-23 volume shown in Fig. 2 for both the HITS-MOCKS and
ICC-MOCKS. CHDYN cuts are applied along with cuts particular to the mock
catalogues (see text). All stars meeting the selection cuts (left) and a random
subsample of 3 × 104 stars with unique parent particles (right) are shown.
The number of parent star particles (Np), child stars (Ns), and the accreted
fraction are indicated. Bottom: distributions of E for stars and star particles
in the CHDYN sample in this volume in the mocks and simulation (top
histogram) and normalized distributions (bottom histogram). To normalize,
we take the velocities of particles in the sample and randomize each velocity
component independently. E is then computed with the new velocities. This
is repeated 100 times and an average E distribution is computed from these
trials. The result is a distribution of E that preserves the original distribution,
but is free of particle–particle correlations. The normalized distribution is
the original distribution divided by this average, randomized distribution.

is the magnitude of the velocity difference of a pair of particles
(i.e. |vi − vj |), DD is the number of particles that have a velocity
difference of �v, and 〈RR〉 is the average number of random pairs
with velocity difference �v. The average 〈RR〉 is computed by
randomizing two components of the velocity vectors of particles in
the subsample being considered and computing the number of pairs
in �v. This procedure is repeated 10 times and 〈RR〉 is the average
value over these iterations.

Computing VCFs with the mock data presents some of the same
challenges as the phase-space maps. Fig. 4 demonstrates that sibling
stars can create a spurious low velocity difference excess. However,
by restricting the mock sample to unique parent stars, Fig. 4 shows
that it is possible to recover the same VCFs as seen in the true
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L36 C. M. Simpson et al.

Figure 4. Top: velocity correlation functions (VCFs) of simulated and
mock catalogue data for the Au-23 volume shown in Figs 2 and 3. Curves
for the accreted simulation sample and the CHDYN simulation and mock
samples are shown. An accreted halo simulation subsample is also shown
that includes accreted particles in the volume with ε < 0.7 more than 0.5 kpc
above the disc. The mock data are subsampled by 3 × 104 as in Fig. 3. Mock
subsampling is done in two ways: one sample randomly selects from all stars
(non-UP) and one ensures unique parents (UP). Bottom: VCFs for the ICC-
MOCKS catalogues created for all the haloes. A number of CHDYN selected
stars are randomly chosen with unique parents; the number selected is fixed
to the number of unique parents contributing to the sample. The range of
results among the four curves is shown for each simulation as a shaded
region.

simulation data and achieve a result largely insensitive to the mock
generation method.

The ultimate utility of VCFs is uncertain. Previous work has
interpreted excess at both high and low velocity differences as
indicative of the dynamical state of accreted material (Helmi
et al. 2017). The CHDYN selection cuts were chosen to select
a halo sample with a higher fraction of accreted stars. The pure
accreted sample has a large VCF excess at large and small velocity
differences due to a massive accreted disc. Low velocity difference
excess does not always correlate with the types of structures shown
in Figs 1 and 2, e.g. Au-23 has many structures and has a low
velocity difference excess, but Au-16 does not and also has a high
excess. In the case of Au-16, this excess appears to arise from
contamination from the in situ disc; the CHDYN sample in Au-16
has an accreted fraction of only 18 per cent. Table 1 shows that high
velocity difference excess inversely correlates with the counter-
rotating fraction, however, this may be due to the low number of
haloes.

5 D I S C U S S I O N A N D C O N C L U S I O N S

We have explored phase space and velocity correlations in both
simulations and mock stellar catalogues. We find that cosmological
simulations with baryon physics can produce stellar phase-space
structures from accretion events that persist for many Gyr. We have
also shown that current state of the art mock catalogues can be
used to detect and interpret simulated phase-space structures in the
observational plane, but care is needed to account for correlations
between stars generated from the same simulation particle. VCFs
can be recovered, but the underlying physical reasons for features

in VCFs are non-unique. By demonstrating the quantitative dimen-
sions of these issues, this Letter points toward numerical paths for
improving observational predictions from simulations. For example,
resolution for this use case is needed primarily in the gravitational
dynamics of star particles; current state of the art simulations tie
this resolution to the gas resolution, but this need not be the case.

This Letter also hints at interesting physics captured in the
AURIGA discs for future study. The pattern in circular and radial
velocities shown in Fig. 2 is reminiscent of the observed velocity
pattern (Fragkoudi et al. 2019) perhaps indicating the influence of
the Galactic bar or of a minor merger (Gómez et al. 2012). Prominent
phase-space structures are dependent on the volume considered
and may incompletely sample the dynamics of the full debris field
(Gómez & Helmi 2010); this can result in differing Galactic mass
estimates from high-velocity stars (Deason et al. 2019; Grand et al.
2019).

The Gaia mission has expanded our understanding of the MW’s
accretion history. Cosmological simulations will be an important
tool for interpreting these data and this Letter has provided the first
proof of concept of this strategy. We have described notable caveats
to working with mock data, but we anticipate further improvements
to simulations and mock generation methods will result in a robust
tool for theoretical interpretation of the mission’s data in this regime.

AC K N OW L E D G E M E N T S

We thank the anonymous reviewer for their helpful comments
that improved this Letter. FAG receives financial support from
CONICYT through the project FONDECYT Regular Nr. 1181264.
FAG and IG receive financial support from the Max Planck
Society through a Partner Group grant. APC is supported by the
Taiwan Ministry of Education Yushan Fellowship. JH and CF were
supported by the Science and Technology Facilities Council (STFC)
[grant number ST/F001166/1, ST/I00162X/1, ST/P000541/1]. CF
acknowledges European Research Council (ERC) Advanced Inves-
tigator grant DMIDAS (GA 786910). This Letter used the DiRAC
Data Centric system at Durham University, operated by the ICC
on behalf of the STFC DiRAC HPC Facility (www.dirac.ac.uk).
This equipment was funded by BIS National E-infrastructure capital
grant ST/K00042X/1, STFC capital grant ST/H008519/1, and STFC
DiRAC Operations grant ST/K003267/1 and Durham University.
DiRAC is part of the National E-Infrastructure. FM acknowledges
support through the Program ‘Rita Levi Montalcini’ of the Italian
MIUR.

REFERENCES

Antoja T. et al., 2018, Nature, 561, 360
Belokurov V. et al., 2006, ApJ, 642, L137
Buist H. J. T., Helmi A., 2015, A&A, 584, A120
Bullock J. S., Johnston K. V., 2005, ApJ, 635, 931
Cooper A. P. et al., 2010, MNRAS, 406, 744
Cooper A. P., Parry O. H., Lowing B., Cole S., Frenk C., 2015, MNRAS,

454, 3185
Deason A. J., Fattahi A., Belokurov V., Evans W., Grand R. J., Marinacci

F., Pakmor R., 2019, MNRAS, 485, 3514
Fragkoudi F. et al., 2019, MNRAS, 488, 3324
Gaia Collaboration et al., 2018, A&A, 616, A1
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