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A B S T R A C T 

The Dark Energy Spectroscopic Instrument Milky Way Surv e y (DESI MWS) will e xplore the assembly history of the Milky Way 

by characterizing remnants of ancient dwarf galaxy accretion events and improving constraints on the distribution of dark matter 
in the outer halo. We present mock catalogues that reproduce the selection criteria of MWS and the format of the final MWS data 
set. These catalogues can be used to test methods for quantifying the properties of stellar halo substructure and reconstructing 

the Milky Way’s accretion history with the MWS data, including the effects of halo-to-halo variance. The mock catalogues are 
based on a phase-space kernel expansion technique applied to star particles in the Auriga suite of six high-resolution lambda- 
cold dark matter magnetohydrodynamic zoom-in simulations. They include photometric properties (and associated errors) used 

in DESI target selection and the outputs of the MWS spectral analysis pipeline (radial velocity , metallicity , surface gravity , 
and temperature). They also include information from the underlying simulation, such as the total gravitational potential and 

information on the progenitors of accreted halo stars. We discuss how the subset of halo stars observable by MWS in these 
simulations corresponds to their true content and properties. These mock Milky Ways have rich accretion histories, resulting in 

a large number of substructures that span the whole stellar halo out to large distances and have substantial overlap in the space 
of orbital energy and angular momentum. 

Key words: stars: general – Galaxy: general – galaxies: evolution – galaxies: kinematics and dynamics – galaxies: spiral –
galaxies: structure. 
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 I N T RO D U C T I O N  

he Dark Energy Spectroscopic Instrument Milky Way Survey
DESI MWS) will observe nearly 7 million stars in our Galaxy
sing the DESI multi-object spectrograph installed on the Mayall 4-
 telescope at Kitt Peak National Observatory (Cooper et al. 2023 ).
WS will be carried out in bright sky conditions that are not used

or DESI’s concurrent cosmological redshift surv e ys (Schle gel et al.
015 ; DESI Collaboration 2016 ; Fagrelius et al. 2018 ; Martini et al.
018 ; Levi et al. 2019 ). The footprint of DESI co v ers approximately
4 000 sq. deg. on the sky, of which about 9800 sq. deg. are in the
orthern Galactic Cap and 4400 sq. deg. in the Southern Galactic Cap

Schlegel et al. 2015 ; DESI Collaboration 2016 ; Fagrelius et al. 2018 ;
artini et al. 2018 ; Levi et al. 2019 ). Over 5 yr from 2021, MWS will

bserve this footprint to a uniform (extinction-corrected) limiting
agnitude of 19 in the DESI Le gac y Imaging Surv e y (LS) r band.
 E-mail: namitha96@gapp.nthu.edu.tw 

2  

b  

(  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
hen complete, MWS will be the largest wide-area spectroscopic
urv e y of stars to this depth. The data will provide radial velocities
nd chemical abundances, primarily for stars in the thick disc and
tellar halo. When combined with Gaia ’s astrometry, such data can
onstrain the history of accretion of progenitor dwarf galaxies into
he Milky Way halo and the present-day distribution of Galactic dark
atter. The selection function of MWS, described in Section 2.1 ,

s simple and inclusive, which will simplify statistical interpretation
nd forward modelling of the data. A comprehensiv e o v erview of
WS is given in Cooper et al. ( 2023 ). 
The classical description of the stellar halo as a single ‘smooth’

omponent of Galactic structure (e.g. Eggen, Lynden-Bell & Sandage
962 ; Chiba & Beers 2000 ) has given way to a much more complex
icture, in large part revealed by large surv e ys like SDSS/SEGUE
Gunn et al. 2006 ; Ivezi ́c et al. 2008 ; Juri ́c et al. 2008 ; Rockosi
t al. 2009 , 2022 ; Yanny et al. 2009 ) and Gaia (Gaia Collaboration
016 , 2018 , 2021 ). Large-scale observations of the Milky Way
roadly support the theoretical predictions of the cold dark matter
CDM) model, in which gravitational clustering drives a succession
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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f mergers between galaxies like the Milky Way and numerous dwarf 
alaxy ‘progenitors’. Such progenitors are disrupted due to tidal 
orces from the dark matter halo and the central galaxy, gradually 
uilding up a diffuse, metal-poor accreted component comprising 
nly a tiny fraction of the total stellar mass bound to the central
alaxy (Bullock, Kravtsov & Weinberg 2001 ; Bullock & Johnston 
005 ; Cooper et al. 2010 ; Font et al. 2011 ; for recent re vie ws see
land-Hawthorn & Gerhard 2016 ; Helmi et al. 2018 ). This process

s inherently stochastic; variations in the masses, infall times, and 
rbits of the accreted progenitors from one system to another are 
herefore encoded in the properties of their accreted stellar haloes 
e.g. Deason, Mao & Wechsler 2016 ; Amorisco 2017 ). 

In this picture, the apparent smoothness of the classical ‘inner’ 
alo of the Milky Way is attributed, at least in part, to highly phase-
ixed debris from a small number of relatively massive accretion 
 vents. Most such e vents are expected to occur early in the history of
he Galaxy, and hence to result in debris confined to relatively small
pocentres. The broken power-law density profile of the stellar halo 
ay arise from the correlated apocentres of such an event (Bell et al.

008 ; Deason et al. 2013a ). This picture has received further support
rom the recent disco v ery of the ‘Gaia-Enceladus-Sausage’ (GES), 
 relatively metal-rich, kinematically hot component that appears 
o dominate the halo to a Galactocentric radius of at least 25 kpc
Belokurov et al. 2018 ; Helmi et al. 2018 ; Bonaca et al. 2020 ). Up
o 25 kpc, more than 50 per cent of halo stars may belong to GES;
eyond 30 kpc, where the density of the halo as a whole begins
o decline more steeply, the fraction of probable GES stars also 
ecreases (Deason et al. 2013b , 2018 ; Lancaster et al. 2019 ; Evans
020 ). This suggests, in broad terms, that GES may contribute to
he previously observed dichotomy in the metallicity and kinematics 
f ‘inner’ and ‘outer’ halo stars (e.g. Carollo et al. 2007 ; Nissen &
chuster 2010 ; Deason, Belokurov & Evans 2011 ; Battaglia et al.
017 ; Carollo & Chiba 2021 ). One or more ‘ in situ ’ formation
rocesses may also contribute ‘smooth’ halo components (Cooper 
t al. 2015 ; P ́erez-Villegas, Portail & Gerhard 2017 ), including
eriods of chaotic, kinematically hot star formation before the growth 
f the present-day Galactic disc (Bonaca et al. 2017 ; Belokurov &
ra vtsov 2022 ). Rob ustly distinguishing such in situ components 

rom the accreted stellar halo remains a significant challenge. 
The dynamical mixing timescale becomes longer in the outer 

egions of the Galactic potential, allowing stellar substructure from 

ccretion events to remain coherent in configuration space (De 
ucia & Helmi 2008 ; Helmi 2008 ; Zolotov et al. 2009 ; Deason et al.
012 ). Such structures have been observed, including the Sagittarius 
tream, the Orphan–Chenab stream, and many more, including very 
hin and coherent streams arising from the disruption of globular 
lusters (Ibata, Gilmore & Irwin 1995 ; Juri ́c et al. 2008 ; Watkins
t al. 2009 ; Mateu 2023 ). Several of these known substructures,
ncluding the Sagittarius stream, GD1, the Orphan–Chenab stream, 
nd the Virgo o v erdensity, are at least partly co v ered by the DESI
ootprint. The footprint also includes many surviving satellite 
alaxies, some of which may have undergone moderate tidal 
tripping in the past (Wang et al. 2017 ). 

Observ ations from ne w spectroscopic surv e ys lik e H3 (Conro y
t al. 2019 ), MWS (Cooper et al. 2023 ), WEAVE (Jin et al. 2024 ),
DSS-V (Kollmeier et al. 2017 ), 4MOST (de Jong et al. 2019 ),
nd Subaru Prime Focus Spectrograph (PFS; Greene et al. 2022 ), in
ombination with Gaia , will further impro v e our understanding of the 
tellar halo and its substructures. The disco v ery and characterization 
f these structures can reveal significant events in the formation 
f the Milky Way and hence enable more detailed comparisons 
ith accretion histories expected for similar galaxies in the � CDM
osmogony. The stellar populations of these structures potentially 
robe the earliest epochs of low-mass galaxy formation, a regime 
hat may not be well represented by surviving satellite galaxies or
warfs in the field (Naidu et al. 2022 ). 
Large surv e ys of stellar populations co v ering a significant fraction

f the virial volume of the Galaxy, such as MWS, are expected to be
omplex and difficult to interpret. Empirical synthetic star catalogues, 
uch as the Besan c ¸on model (Robin et al. 2003 ), are the most common
eans of interpreting large Galactic surv e ys. These attempt to ‘fit’ to

bservations of the real Milky Way using a small set of parametrized
unctions for the density and star formation histories of different 
alactic components. Predictions can be made by extrapolating these 
odels (e.g. to greater depth or different bandpasses). They can 

e refined and updated by adjusting their parameters or by adding
omponents to match new observations. These empirical models are, 
y construction, an accurate representation of the known Galaxy. 
o we v er, the y are not forward models and hence have no predictive
ower concerning the history of Galactic accretion events or the 
nteraction between those events and the growth of the central galaxy.

Forward modelling with ab initio simulations is, therefore, an 
mportant, complementary approach to understanding the features 
resent in the stellar halo and their cosmological context. Such 
imulations can also help to guide the robust reco v ery of those
eatures from the data. Ho we ver, forward models can only be
ompared to the Milky Way in a statistical sense. Although the
ange of cosmological initial conditions producing ‘Milky Way-like’ 
ystems can be narrowed down for greater efficiency and relevance, 
o models produced in this way are likely to match the Milky Way
n all respects. Moreo v er, techniques for simulating the baryonic
rocesses involved in galaxy formation, such as star formation and 
eedback, remain highly uncertain; two cosmological models of a 

ilky Way analogue, run from identical initial conditions but using 
ifferent state-of-the-art codes, are unlikely to produce the same star 
ormation histories for the central galaxy and all its satellites. This
ay be the dominant source of uncertainty in current models of

alactic stellar haloes (Cooper et al. 2017 ). 
To distinguish between alternative predictions and interpret new 

bservations, it is essential to compare existing models to the 
vailable data as directly and realistically as possible. In addition 
o the selection of suitably realistic initial conditions (Milky Way 
nalogues) and physical recipes, the production of synthetic (‘mock’) 
atalogues is an essential part of such comparisons. This technique 
as pioneered in the context of observational cosmology, in which 
ock catalogues of the cosmic galaxy population, produced by post- 

rocessing N -body simulations of the large-scale structure, have 
ro v ed invaluable for connecting observational statistics (e.g. the 
alaxy correlation function) to fundamental theoretical predictions. 
n the context of the Milky Way, the GALAXIA code (Sharma et al.
011 ) has provided, in addition to synthetic star catalogues derived
rom empirical models Milky Way, a means of producing such 
atalogues from Bullock & Johnston ( 2005 ) N -body simulations
f dwarf galaxy accretion. This was achieved with a phase-space 
ampling method based on the ENBID phase-space volume estimator 
Sharma & Steinmetz 2006 ). 

This method was developed further by Lowing et al. ( 2015 ),
ho produced synthetic star catalogues from the Aquarius suite of 

osmological N -body simulations (Springel et al. 2008 ; Cooper et al.
010 ). The Lowing et al. ( 2015 ) method assigns a clipped Gaussian
expansion kernel’ to each stellar N -body particle, into which individ- 
al stars are scattered, corresponding to the fraction of the associated
tellar population visible to a Solar observer (see Section 3.1.2 ).
imilar techniques have been applied to the Latte/FIRE-2 simulations 
MNRAS 531, 4108–4137 (2024) 



4110 N. Kizhuprakkat et al. 

M

(  

2
 

2  

m  

g  

h
g  

r  

(  

A  

T  

D  

A  

l  

l  

d  

g
 

c  

s  

a  

M  

c  

e  

(  

m  

A
 

s  

c  

s  

s  

c  

c  

t  

2  

c  

t  

a  

s  

m  

a
 

f  

a  

w  

t  

I  

g  

b  

c  

A  

t  

d  

s  

1

c
w
o

 

a  

m

2

B  

m  

t  

d

2

M  

m  

s  

s  

t  

w  

t  

s  

o  

v  

o

2

T  

c  

s  

i  

G  

T  

p  

t  

i

2

T  

c  

s  

i  

a  

m  

t  

a  

s  

m
 

0  

s  

M  

d  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/4108/7689770 by Liverpool John M
oores U

niversity user on 23 Septem
ber 2024
Wetzel et al. 2016 ) using the ananke framework (Sanderson et al.
020 ; Nguyen et al. 2024 ; Thob et al. 2023 ). 
Grand et al. ( 2018b ) applied this method to Auriga (Grand et al.

017 ), a suite of cosmological zoom simulations of 30 Milky Way
ass galaxies (described in more detail in Section 3.1 ). The Auriga

alaxies, which are mostly disc-dominated, have sizes, star formation
istories, and rotation curves spanning ranges characteristic of L � 

alaxies like the Milky Way. Auriga is one of the largest and highest
esolution sets of such simulations currently available. Grand et al.
 2018b ) constructed mock catalogues based on Auriga, called the
uriGaia ICC-MOCKS 

1 using the method of Lowing et al. ( 2015 ).
hese aimed to reproduce the content and error model of the Gaia
R2 data set (see Section 3.1 ). The Auriga galaxies, and hence the
uriGaia mocks, span a range of plausible realizations of Milky Way-

ike systems useful for exploring the capability and biases of a DESI-
ike surv e y, and for dev eloping algorithms to detect substructure,
istinguish different accretion histories and infer properties of the
ravitational potential from stellar kinematics. 
In this paper, we introduce AuriDESI, a new suite of mock

atalogues that provide mock realizations of the DESI MWS data
et based on the Auriga galaxies. To produce AuriDESI, we have
ugmented AuriGaia with Le gac y Surv e y photometry, applied the
WS target selection criteria, and added mock measurements that

orrespond to those made by the MWS reduction pipelines, with
mpirical error models derived from the DESI Early Data Release
EDR) (Cooper et al. 2023 ; Koposov et al., in preparation). These
ock catalogues enable direct comparisons between MWS and the
uriga simulations. 
Fig. 1 gives a schematic summary of the various mock data

ets discussed in this paper. Like all spectroscopic surv e ys, MWS
omprises both a ‘parent’ (or ‘input’) catalogue of photometrically
elected potential targets (obtained by applying selection criteria to
ources from the DESI Le gac y Imaging surv e y) and a spectroscopic
atalogue of measurements for the subset of stars in the parent
atalogue that are actually observed by the DESI spectrograph o v er
he course of the surv e y (see the following section and Myers et al.
023 ). For each Auriga galaxy, we apply comparable photometric
uts to produce a mock MWS photometric target catalogue, and
hen select a subset of those targets using the DESI fibre assignment
lgorithms to produce a mock MWS spectroscopic catalogue. The
pectroscopic catalogues reproduce the error model for the funda-
ental spectroscopic observables of MWS, such as radial velocity

nd metallicity. 
We proceed as follows. In Section 2 , we briefly describe the

ootprint and selection functions used in MWS, and the photometric
nd spectroscopic catalogues produced by the surv e y. In Section 3 ,
e re vie w the Auriga simulations, the existing AuriGaia mocks, and

he new AuriDESI photometric and spectroscopic mock catalogues.
n Section 4 , we explore the haloes from a ‘simulator’s perspective’ to
uide future interpretations of the mock catalogues. We focus on the
ulk properties of the stellar halo the dominant progenitors of the ac-
reted debris visible to DESI. Section 5 describes applications of the
uriDESI mocks, including forecasts for the complete MWS, valida-

ion of the mocks by comparison to the DESI Surv e y Validation (SV)
ata set, and a brief exploration of how surviving satellites are repre-
ented in the mocks. We discuss our results and conclude in Section 6 .
NRAS 531, 4108–4137 (2024) 

 Alongside the ICC-MOCKS, an alternative method using the SNAPDRAGONS 

ode (Hunt et al. 2015 ), referred to as HITS-MOCKS in Grand et al. ( 2018b ), 
as used to create an alternative set of AuriGaia mocks. In this paper, we 
nly use the ICC-MOCKS version of AuriGaia. 

d  

B  

a  

c  

a  

s  
We make the AuriDESI mock catalogues publicly available
t https:// data.desi.lbl.gov/ public/ papers/ mws/ auridesi/ v1 . The data
odel is described in Appendix C . 

 DESI  M W S  DATA  PRODUCTS  

efore describing the mock catalogues themselves, we briefly sum-
arize the real DESI MWS data products and note differences with

he mock catalogues we provide. A complete description of the MWS
esign and observing strategy is given in Cooper et al. ( 2023 ). 

.1 MWS photometric target catalogue 

WS is expected to yield spectroscopic observations for nearly 7
illion stars o v er the course of the five-year DESI survey. These

tars are drawn from a pool of potential targets (a parent sample) con-
tructed by applying astrometric and photometric selection criteria to
he DESI Le gac y Imaging Surv e y DR9 source catalogue, combined
ith Gaia EDR3 astrometry (Myers et al. 2023 ). In the case of MWS,

he resulting photometric target catalogue comprises 30.4 million
ources. Sources in this photometric target catalogue are assigned to
ne or more categories, as described below. Opportunities for obser-
ation with a DESI fibre are then allocated to a subset of targets, based
n priorities associated with the categories to which they belong. 

.1.1 Survey footprint 

he tiling strategy used to observe the DESI survey footprint is
ustomized for the dark and bright time science programs (defined by
ky brightness, seeing and other survey efficiency metrics measured
n real time). MWS shares the focal plane with the low-redshift Bright
alaxy Surv e y (BGS; Hahn et al. 2023 ) under bright sk y conditions.
he entire footprint is divided into 5675 tiles for the bright-time
rogram, arranged into four o v erlapping ‘passes’ with around 1400
iles in each pass. More details on the DESI tiling strategy are given
n Raichoor et al. (in preparation). 

.1.2 Main MWS sample 

he mock catalogues we describe in this paper address only the so-
alled MWS main sample, which comprises almost all the 7 million
tars to be observed by MWS. Main sample targets are divided
nto three mutually e xclusiv e cate gories, MAIN-BLUE , MAIN-RED ,
nd MAIN-BROAD , based on their colour, parallax ( π ), and proper
otion ( μ). The union of these three categories includes all stars in

he magnitude range 16 < r < 19, where r is the LS r -band magnitude
fter correcting for dust extinction. In Table 1 , we provide a simplified
ummary of these subsets and other target categories rele v ant to the
ock catalogues in this paper. 
Briefly, MAIN-BLUE comprises all stars with colour g − r <

.7, with no requirements on their astrometry. Redder stars are
elected either into the MAIN-RED or MAIN-BROAD samples.
AIN-RED stars must meet additional astrometric requirements
esigned to fa v our distant halo giants, whereas MAIN-BROAD stars
ither fail those astrometric cuts (indicating they are likely disc
warfs) or do not have well-measured Gaia astrometry. MAIN-
ROAD is gi ven lo wer fibre assignment priority than MAIN-BLUE
nd MAIN-RED . Within the DESI footprint, the spectroscopic
ompleteness is expected to be ∼30 per cent for the MAIN-BLUE
nd MAIN-RED samples and ∼20 per cent for the MAIN-BROAD
ample (completeness will vary with latitude). In addition, all DESI

https://data.desi.lbl.gov/public/papers/mws/auridesi/v1
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Figure 1. Schematic summary of the data sets discussed in this paper and their relationship to one another, with the corresponding sections indicated. Our work 
is based on the Auriga simulations (top panel) and the AuriGaia mock catalogues (middle panel). Here, we present AuriDESI (bottom panel) which comprises, 
for each Aurig a g alaxy, a mock photometric target catalogue (corresponding to stars that DESI is able to observe), and a mock spectroscopic catalogue (a 
realization of the final DESI MWS data set, including an error model for spectroscopic observables such as radial velocity and metallicity). In practice, we 
provide four sets of catalogues for each galaxy, corresponding to the different Solar positions used for the AuriGaia catalogues. We also provide supplementary 
catalogues to address the MWS SV3 data set and differences in the relative density of different DESI target classes between Auriga and the real Milky Way 
(‘resampled’ spectroscopic catalogues). The figure in the middle panel is taken from Grand et al. (2018b ). 
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bservations (including the dark time surv e ys) include spectropho- 
ometric standards, with colours and magnitudes corresponding to 
he metal-poor main-sequence turnoff. Standard stars are almost all 
AIN-BLUE targets as well, but they have a higher probability of
bservation o v er the course of the surv e y because a minimum number
f standards must be observed in each DESI field. This effect is
ncluded in the assignment of fibres to stars in the mock catalogue.
urther details of the main sample target selection criteria, including 

he specific astrometric cuts that separate MAIN-BROAD and MAIN- 
ED , are given in Appendix A . 
�
.1.3 Other MWS target categories 

WS will include several other target categories, as described in 
ooper et al. ( 2023 ). These mostly comprise rare but scientifically
aluable types of star. Of these additional categories, only MWS-BHB
nd MAIN-FAINT are included in the AuriDESI mock catalogues 
escribed here [see Section 3.3.4 for further details of the BHB (blue
orizontal branch) selection]. Among the target categories included 
n the mock catalogues, BHBs are given the highest priority for fibre
ssignment, yielding an estimated spectroscopic completeness of 
 50 per cent . MAIN-FAINT extends the MAIN-BLUE and MAIN- 
MNRAS 531, 4108–4137 (2024) 
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M

Table 1. Simplified summary of those MWS target categories that are 
included in the AuriDESI mock catalogues, with the (approximate) number of 
MWS spectra in the final MWS data set and the corresponding spectroscopic 
completeness (Cooper et al. 2023 ). Note that this does not include all 
target categories in the DESI MWS survey, for example the sparse, high- 
priority MWS-WD , MWS-RRLYR , and MWS-NEARBY samples. Categories are 
ordered by the priority with which they are assigned fibres for a given DESI 
observation, as indicated. See the text, Appendix A and Cooper et al. ( 2023 ) 
for further details. 

Category Description MWS spectra 

Highest priority (sparse; 16 < r < 19) 
MWS-BHB Blue horizontal branch 17 706 (55 per cent) 
Baseline priority (core MWS halo sample; 16 < r < 19) 
MAIN-BLUE Metal-poor turn-off, giants 3 693 518 (32 per cent) 
MAIN-RED Distant halo giants 805 794 (31 per cent) 
Lower priority (high π or μ, or without Gaia astrometry; 16 < r < 19) 
MAIN-BROAD Disc dwarfs (some giants) 2 077 222 (19 per cent) 
Lowest priority (fibre-filling, 19 < r < 20) 
FAINT-BLUE Metal-poor turn-off, giants 4 606 314 (7 per cent) 
FAINT-RED Distant halo giants 960 134 (11 per cent) 
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ED selection to the magnitude range 19 < r < 20 (after extinction
orrection). There is no faint equi v alent of MAIN-BROAD ; r > 19
tars having Gaia astrometry consistent with disc dwarfs, or no
strometric measurements, are not tar geted. MAIN-FAINT tar gets
ave the lowest fibre assignment priority of all MWS categories,
ence their spectroscopic completeness is � 10 per cent . 

MWS will observe other categories which, like MWS-BHB , com-
rise relatively small numbers of rare stars and have higher fibre
ssignment priority than the main sample. These target categories are
ot currently included in the AuriDESI mock catalogues; they include
tars within 100 pc of the Sun ( MWS-NEARBY ), RR Lyrae variables,
nd a highly complete sample of white dwarfs to the Gaia magnitude
imit. Finally, the DESI surv e ys include sev eral ‘secondary’ science
rograms, which use either dedicated pointings of the telescope or
pare fibres in regular survey pointings that have no available primary
cience target. None of these secondary programs are included in
uriDESI. 

.2 MWS spectroscopic catalogue 

he DESI spectra are processed by the REDROCK code (Bailey
t al., in preparation). REDROCK is optimized for redshift-fitting and
lassifying extragalactic spectra, rather than measuring stellar radial
elocities and atmospheric parameters at the accuracy needed for the
WS science cases. MWS has developed three dedicated pipelines

hat extend the data products provided by REDROCK . As described in
ection 3.3 , the mock spectroscopic catalogues we present here cor-
espond to results from one of these pipelines, RVS, which measures
adial velocities and other stellar atmospheric parameters ([Fe/H],
og g , [ α/Fe], and V sin i ), along with their uncertainties. 2 RVS is
ased on the algorithm for fitting to spectral templates introduced
n Koposov et al. ( 2011 ), specifically the publicly available PYTHON

mplementation, RVSpecfit (Koposov 2019 ). 
We currently do not produce mock observables for the MWS

P pipeline, an alternative, more detailed analysis of atmospheric
arameters and individual chemical abundances based on the FERRE

ode (Allende Prieto et al. 2006 ) or the MWS WD pipeline, which
s tailored to the measurement of parameters for white dwarfs. More
NRAS 531, 4108–4137 (2024) 

 We do not generate V sin i data for the mock stars. 

d
4

d

etails of RVS and the other pipelines are given in Cooper et al.
 2023 ), along with results of their validation against the DESI EDR.

 AURIDESI  M O C K  C ATA L O G U E S  

he following sections present in detail the data and processing
teps we use to create mock MWS data sets, as illustrated in Fig. 1 .
pecifically, we describe: 

(i) The Auriga simulations and AuriGaia mock catalogues (Sec-
ion 3.1 ): 

(a) The similarities and differences between the Auriga
galaxies and the Milky Way (Section 3.1.1 ). 

(b) The expansion of star particles into individual stars
(Section 3.1.2 ). 

(ii) The AuriDESI photometric target catalogues (Section 3.2 ): 

(a) Our updates to include LS photometry and the Gaia
EDR3 error model in AuriGaia (Section 3.2.1 ). 

(b) Comparison of the AuriDESI photometric target cata-
logue to the fiducial GALAXIA model used to benchmark the
real MWS target selection (Section 3.2.2 ). 

(c) The definitions and labels involved in separating stars
formed in situ in the host galaxy from those accreted from
progenitor satellites (Section 3.2.3 ). 

(iii) The construction the AuriDESI spectroscopic catalogues
Section 3.3 ): 

(a) The DESI fibre assignment algorithm (Section 3.3.1 ). 
(b) MWS targets not included in AuriDESI (Section 3.3.3 ). 
(c) Our treatment of BHB targets (Section 3.3.4 ). 
(d) Our empirical error model for spectroscopic observables,

based on early DESI observations (Section 3.3.5 ). 

As shown in Fig. 1 , alongside the AuriDESI mock photometric
atalogues and spectroscopic catalogues described in this section,
e also provide a set of ‘resampled spectroscopic mocks’ (Section
.3.6 ), which address a specific issue with the relative density of
ifferent types of MWS targets in Auriga and are not used for any
f the analysis in this paper, and a set of ‘SV3’ mocks (Section
.2 ),which select a subset of targets that correspond the DESI EDR.

.1 Auriga and the AuriGaia mock catalogues 

ur AuriDESI mocks are built on the AuriGaia ICC-MOCKS
hereafter referred to as ‘AuriGaia’), which in turn were derived
rom the Auriga simulation suite, comprising cosmological mag-
etohydrodynamical zoom simulations of Milky Way analogue dark
atter haloes 3 (Grand et al. 2017 , 2018b ). All the Auriga haloes were

hosen to be isolated at the present day (redshift z = 0) and to have
irial 4 masses in the range 1 – 2 × 10 12 M �. Table 2 summarizes
he properties of the six haloes for which AuriGaia mocks were
roduced. These are the Auriga simulations available at resolution
evel 3, which has a dark matter particle mass � 4 × 10 4 M � and a
aryonic (star) particle mass � 5 × 10 3 M � (Grand et al. 2018b ). 
AuriGaia provides four mock catalogues for each halo, differing in

he angular position of the solar observer in the plane of the galactic
escribed in Grand et al. ( 2024 ). 
 Virial mass is defined as the mass enclosed by a sphere with mean matter 
ensity 200 times the critical density, ρcrit = 3 H 

2 ( z)/(8 πG). 
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Table 2. Properties of the AuriGaia and AuriDESI mock catalogues. Columns: (1) halo number, (2) virial mass, (3) stellar mass within the virial radius 
(excluding satellites), (4) disc scale length, (5) circular rotation velocity at 8 kpc from the galactic centre, (6) accreted stellar mass, (7) total stellar mass of the 
top 10 most massive progenitors in the accreted halo visible to DESI, (8) stellar mass from the top 10 most massive progenitors visible to DESI (excluding 
satellites), (9)–(11) ratio of mass of MAIN-BLUE , MAIN-RED , and MAIN-BROAD targets, respectively, to the total stellar halo mass visible to DESI, and (12) 
ratio of in situ stellar mass outside 10 kpc to the total halo mass. The last ro w gi ves v alues for the Milky Way. Columns (1)–(5) are taken from Grand et al. 
( 2018b ) and values for the Milky Way are taken from Bland-Hawthorn & Gerhard ( 2016 ). The remaining columns are obtained from the mock catalogues 
described in this paper. 

Halo M vir 
(10 12 M �) 

M ∗
(10 10 M �) 

R d 
( kpc ) 

V c ( R �) 
( km s −1 ) 

M ∗, acc 
(10 9 M �) 

M ∗, top10 

(10 9 M �) 

M ∗, top10 , DESI 

(10 9 M �) 
f blue 

per cent 
f red 

per cent 
f broad 

per cent 
f ins ,> 10kpc 

per cent 

Au 6 1.01 6.1 3.3 224.7 7.86 7.66 1.40 71 26 2.6 18.03 
Au 16 1.50 7.9 6.0 217.5 9.34 8.67 1.81 71 27 2.5 38.01 
Au 21 1.42 8.2 3.3 231.7 19.37 19.06 3.54 75 23 2.1 26.74 
Au 23 1.50 8.3 5.3 240.0 14.35 13.71 2.20 71 25 3.9 33.25 
Au 24 1.47 7.8 6.1 219.2 12.54 11.89 1.84 76 28 2.3 34.97 
Au 27 1.70 9.5 3.2 254.5 15.40 14.38 2.54 72 25 3.7 23.66 
MW 1.3 ± 0.3 6 ± 1 2.6 ± 0.5 238 ± 15 
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5 Our definition of the in situ halo includes stars that form in streams of cold 
gas stripped from accreting satellites, because this gas is associated with the 
central potential at the time of star formation. 
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isc (30 ◦, 120 ◦, 210 ◦, and 300 ◦) with respect to the bar major axis. In
ll cases, the Sun is taken to be at a galactocentric radius of 8 kpc and
 height of 20 pc abo v e the galactic mid-plane. More details on how
he solar position is fixed with respect to the galactic centre are given
n Grand et al. ( 2018b ). As shown in fig. 2 of Grand et al. ( 2018b ),
he young thin disc scale heights in the six haloes at the solar radius
ange from 302 to ∼ 430 pc, and the thick disc scale heights range
rom 1103 to 1436 pc. The vertical structure of the Auriga discs near
he Sun is therefore broadly comparable to the Milky Way (thin and
hick disc scale heights of ∼300 ± 50 and 900 ± 180 pc respectively;
land-Hawthorn & Gerhard 2016 ). Although we provide AuriDESI 
atalogues for all the AuriGaia solar positions, the analyses in this
aper refer to the 30 ◦ version unless otherwise noted; we show later
hat many bulk properties of an MWS-like sample are not particularly 
ensitive to the choice of angle. 

Two variants of AuriGaia catalogue are available, with alternative 
reatments of dust extinction: one assuming an empirical Milky 

ay dust distribution and another which does not include any dust
xtinction. We use the latter as the base for AuriDESI. This gives
he user flexibility to impose a dust model of their choice. Because
he MWS 16 < r < 19 selection criterion is based on extinction-
orrected magnitudes, it is not necessary to impose a dust model to
elect an MWS-like sample (although this neglects any uncertainty 
n the extinction correction and possible incompleteness in regions 
f very heavy obscuration). 

.1.1 Similarities and differences between Auriga and the Milky 
ay 

f the six Auriga galaxies used here, Au 6 is the closest Milky Way
nalogue, based on the stellar mass within its virial radius, its star
ormation rate, and its morphology. The Au 6 disc scale length is
.3 kpc, comparable to that of the Milky Way ( ∼2.6 kpc; Bland-
awthorn & Gerhard 2016 ). Au 16 and Au 24 have larger discs, with

cale lengths of ∼6 kpc. Au 21, Au 23, and Au 27 have prominent
ngoing interactions with massive satellites (we discuss this further 
elow). 
The Auriga stellar haloes are more massive and metal-rich than the 

tellar halo of the real Milky Way, according to current observational 
stimates. Several factors contribute to this discrepancy. First, the 
ifferent galaxies have a range of accretion histories, and an average 
irial mass slightly larger than that of the Milky Way. Second, as
oted by Monachesi et al. ( 2019 ), the Auriga galaxies appear more
imilar to the Milky Way observations when the accreted component 
s considered in isolation, implying that the mismatch is due in
art to an e xtended, massiv e in situ halo component that forms in
uriga. 5 Third, the subgrid star formation and feedback models in 
uriga result in dwarf galaxies (including the progenitors of the 

tellar halo and the surviving satellites) that have stellar masses 
onsiderably higher than the average for their pre-accretion halo 
asses obtained from abundance matching (Behroozi, Wechsler & 

onroy 2013 ; Simpson et al. 2018 ; Monachesi et al. 2019 ). Moreo v er,
rand et al. ( 2021 ) used higher resolution simulations to show that
uriga satellite galaxies with luminosities L V � 10 5 L � are about 
.5 dex more metal rich at fixed luminosity (see fig. 13 in Grand
t al. 2021 ), relative to the observed mass–stellar metallicity relation
e.g. Kirby et al. 2013 ; Amorisco 2017 ). This apparent excess in both
ass and metallicity also contributes to the discrepancy between the 
uriga stellar haloes and that of the Milky Way (e.g. Deason et al.
016 ; Monachesi et al. 2019 ). 
These differences mean that our mock catalogues are not ‘fine- 

uned’ replicas of the real Milky Way in the manner of empirical
odels such as GALAXIA . In many cases, the Auriga galaxies may

e sufficiently Milky Way-like that differences between the total 
ass and metallicity of the Milky Way’s stellar halo and the mocks
ill be of secondary importance, although this will depend on the

pecific application. To some extent, such effects can be explored 
y comparing the six Auriga galaxies to one another. It may be
ossible to ‘adjust’ the mocks for consistency with the Milky 
ay (e.g. by subsampling a fraction of stars to better match the

ensity profile, or by re-scaling metallicities using observed mass–
etallicity relations). Although such post-hoc adjustments could 

rovide insight into sampling effects, they risk breaking the self- 
onsistency between the mix of halo stellar populations, orbits, 
ccretion histories, and other properties of the host galaxy, which 
s arguably the main advantage of using mock catalogues based on
orward models. We therefore present the mock catalogues without 
ny such adjustments. 

.1.2 Star particle expansion in AuriGaia 

imulations such as Auriga contain star particles : tracers represent- 
ng single-age, single-metallicity stellar populations. Making a mock 
atalogue involv es ‘e xpanding’ each of these massiv e star particles
MNRAS 531, 4108–4137 (2024) 
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nto a large number of individual mock stars (the number being
etermined by the total mass of the star particle). 
As described in Grand et al. ( 2018b ), the AuriGaia mocks were

reated using the phase-space kernel-sampling technique of Lowing
t al. ( 2015 ). Using a Chabrier initial mass function (as in the Auriga
imulations), the present-day mass function of the constituent stars
ssociated with each ∼ 5000 M � star particle is sampled in mass
ntervals of 0.08–120 M �. Using isochrones, these individual stars
re assigned atmospheric parameters according to their initial mass.
he stars are then distributed o v er the phase-space volume associated
ith their parent star particle using a 6D Gaussian smoothing kernel.
he extent and orientation of a star particle’s kernel in each dimension

s based on a measure of distance from its neighbours in phase
pace, computed separately for star particles associated with each
rogenitor galaxy. This multidimensional smoothing aims to preserve
orrelations between the positions and velocities of stars in the
riginal simulation. 6 

AuriGaia adopts the PARSEC model isochrones (release v1.2S). 7 

hese isochrones are sampled with a metallicity grid spanning 0.0001
Z ≤ 0.06 and ages 6.63 ≤log 10 (age/yr) ≤ 10.13 (Bressan et al. 2012 ;
hen et al. 2014 , 2015 ; Tang et al. 2014 ; Grand et al. 2018b ). Star
articles outside these ranges of metallicity and age are matched to
he nearest isochrone. The isochrones therefore do not accurately
epresent stellar populations with Z ∗ < 0.0001, equi v alent to [M/H]

[Fe/H] ≤ −2.2. We adopt the default treatment of post-asymptotic
iant branch and horizontal branch stars in these isochrones. Of
ignificance for our mock BHB sample, predictions for horizontal
ranch stars assume a constant mass loss on the red giant branch
orresponding to a Reimers parameter of 0.2 (Reimers 1975 ; Bressan
t al. 2012 ). Although the resulting stellar halo horizontal branch has
roadly similar magnitude to observations, its morphology differs in
etail, in particular having a less pronounced blue hook and lacking
he gap associated with the instability strip. As noted abo v e, we do not
nclude white dwarf stars in our mock catalogue, and the isochrones
o not account for the photometric (or spectroscopic) effects of
inaries. Finally, potentially significant uncertainties related to the
reatment of very low-mass stars in the v1.2S PARSEC isochrones are
escribed in Section 3.2.2 and discussed further in Appendix B . 
In this paper, we consider both the mock stars in our AuriDESI

atalogues and the properties of the underlying distribution of
imulated star particles, taking care to distinguish between the two.
ock stars can be matched to star particles using the unique identifier

or star particles, ParticleID , which we provide in our catalogues.
very mock star expanded from a given star particle has the same
articleID . Hereafter, we refer to mock stars simply as ‘stars’,
xcept where it is necessary to distinguish them from stars in the
eal DESI surv e y. We refer e xplicitly to ‘star particles’ from the
imulation where necessary. 

.2 AuriDESI photometric target catalogues 

e construct AuriDESI photometric target catalogues for each
uriGaia mock by selecting stars that meet the MWS selection
NRAS 531, 4108–4137 (2024) 

 F or e xample, where the tidal disruption of a progenitor has created a 
ong, thin stream of star particles, the aim is to preferentially ‘interpolate’ 
ock stars along the length of the stream, preserving an y v elocity gradient, 
ithout thickening it or artificially inflating its velocity dispersion. Treating 

tar particles from each progenitor separately a v oids ‘cross talk’ between 
 v erlapping streams. 
 Specifically, we use the isochrones as provided by CMD v3.0: http://stev. 
apd.inaf.it/ cgi-bin/ cmd 
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riteria (Section 2.1 and Appendix A ) and fall within the DESI
ootprint, defined by the union of the set of DESI surv e y tiles. In
his section, we compare the mock photometric target catalogues to
he fiducial GALAXIA Milky Way model used to benchmark the real

WS photometric target catalogue in Cooper et al. ( 2023 ). 

.2.1 Updated photometry and astrometry 

he MWS selection functions are magnitude dependent and are
ased on the Le gac y Surv e y photometric system. The AuriGaia
atalogues provide G , BP , RP , and UBVRI photometry. We therefore
upplement AuriGaia with mock photometry in this system, by
nterpolation of the PARSEC isochrones using the initial masses of
tars from AuriGaia. The MWS selection function also uses Gaia
hotometry and astrometric measurements from Gaia EDR3. We
ave therefore updated the error models in AuriGaia from DR2 to
R3, using PYGAIA . 8 In DR3, uncertainties are reduced relative to
R2 by ∼ 20 per cent in parallax and by a factor of 2 in proper
otion. 

.2.2 Comparison to a fiducial Milky Way model 

ig. 2 shows the sky distribution of stars in the AuriDESI target cata-
ogues. In all cases, as in the real MWS photometric target catalogue,
he stellar density increases towards lower galactic latitudes at the
dges of the footprint. The compact o v erdensities visible at large
alactocentric distance in Au 16, Au 21, and Au 27 correspond to
urviving satellites. 

We have compared the basic properties of these mock surv e ys to
 fiducial mock catalogue based on the GALAXIA model (Sharma
t al. 2011 ). As in Cooper et al. ( 2023 ), we modified the power-law
ensity profile of the GALAXIA stellar halo to introduce a break, which
mpro v es the agreement with recent constraints on the observed
urface density of stars at distances > 20 kpc. (Watkins et al. 2009 ;
eason et al. 2011 ; Sesar, Juri ́c & Ivezi ́c 2011 ). Since GALAXIA is an

mpirical model of the Milky Way, this comparison also illustrates,
pproximately, the large-scale differences between AuriDESI and
he real MWS photometric target catalogue. 

The top panel of Fig. 3 shows the number of stars beyond a
iven heliocentric distance in each mock catalogue. The distance
istribution is broadly similar in each halo up to ∼ 30 kpc , except for
u 21. The strong feature in that halo around 60 kpc corresponds

o a particularly massive satellite. Although the o v erall density
istributions of the mock catalogues are broadly similar to that of
he fiducial GALAXIA model, the mocks have an order of magnitude

ore stars at almost all radii. This is because, as noted abo v e, the
uriga stellar haloes are more massive compared to the real Milky
ay (Monachesi et al. 2016 ). 
The bottom panel of Fig. 3 separates the stars in Au 6 into the three

ifferent MWS main target classes. Again, we compare these profiles
o GALAXIA . This shows which target class (and hence which kind
f stellar population) dominates the sample at a particular distance.
he MAIN-BLUE selection dominates out to ∼ 10 kpc (dominated
y thick disc main-sequence turn-off, MSTO, stars in this region).
he MAIN-BLUE and MAIN-RED samples contribute equally in

he range 10 < d < 30 kpc . The MAIN-RED sample (predominantly
alo giants) dominates at larger distances. To first order, the shape
f this distribution is determined by the apparent magnitude range of

he MWS selection function. 

 https:// github.com/ agabrown/ PyGaia 

http://stev.oapd.inaf.it/cgi-bin/cmd
https://github.com/agabrown/PyGaia
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Figure 2. The DESI MWS footprint imposed on the six AuriGaia haloes, in equatorial coordinates, for a fiducial choice of Solar galactic longitude with the 
Sun’s position fixed at a galactocentric distance of 8 kpc and a height of 20 pc abo v e the galactic mid-plane. The colour scale shows the number of AuriDESI 
mock stars (those meeting the MWS selection criteria) per square degree. Localized patches of high density correspond to massive satellites, most prominent in 
Au 16, Au 21, and Au 27. The two red solid lines represent the galactic latitude limits of the DESI surv e y at | b | = ±20 ◦. 
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In the mock photometric target catalogues, the MAIN-BROAD 
ample (dominated by redder main-sequence stars in the thin disc) 
akes only a small contribution to the total counts. This is very

ifferent from the fiducial GALAXIA model, in which MAIN-BROAD 
tars dominate the sample up to ∼ 10 kpc (see also fig. 5 in Cooper
t al. 2023 ). Although differences in the star formation histories
f the galaxies may contribute to this discrepancy, we believe it is
ostly an artefact of the different PARSEC model versions used by 

ALAXIA and AuriGaia (hence AuriDESI). With the more recent 
ARSEC isochrones used by AuriGaia (release v1.2S, Chen et al. 
014 ), a significant fraction of the fainter, redder part of the thin
isc main sequence, which makes a large contribution to MAIN- 
ROAD , falls outside the MWS apparent magnitude range. Since the 
umber counts in the real DESI photometric target catalogue are in 
easonable agreement with those predicted by GALAXIA , this argues 
gainst the use of the 1.2S PARSEC isochrones for this purpose. We
iscuss this issue in more detail in Appendix B . We intend to impro v e
he treatment of these very low-mass stars in future work. Ho we ver,
he MWS science goals focus on the more distant stellar halo, where
his effect is less important; for the rest of this paper we concentrate
n the more distant stars in the sample. The main effect of this
iscrepancy between the PARSEC isochrones and observations on the 
ock photometric target catalogue is an underestimate of the number 

f MAIN-BROAD stars relative to MAIN-RED stars (the effect on the 
pectroscopic catalogue is discussed in Section 3.3 .) 

Fig. 4 shows the metallicity distribution of the stars within the 
WS footprint. All the AuriDESI catalogues have peaks at superso- 

ar metallicities and hence are substantially more metal-rich than both 
he GALAXIA model and the real Milky Way (Monachesi et al. 2016 ;
rand et al. 2018a ; Halbesma et al. 2020 ). As noted in Section 3.1.1 ,

he Auriga satellites have higher stellar mass than expected from 

bundance matching relations, and higher metallicity at fixed stellar 
ass than expected from the observed mass–metallicity relation. 
hese differences most likely originate from the particular subgrid 
odels used for star formation and feedback in Auriga. Another 

ossibility is that the virial masses of the Auriga galaxies (which 
etermine the typical in situ star formation history and accreted 
atellite mass function, and hence the history of chemical enrichment 
or both the stellar halo and the central galaxy) may not be matched
losely enough to the virial mass of the Milky Way. There is also
 possibility that the evolutionary history of the Milky Way is
ufficiently unusual that such differences would arise even if the 
ark matter halo mass was well matched in Auriga, particularly for
 small sample of simulations. 

Fig. 5 shows the distribution of stars in the proper motion–colour
pace that is used to define the MWS main target classes. There
s a very clear peak at blue colour, corresponding to MAIN-BLUE
the metal-poor stellar halo, with low proper motion). The density 
f this peak differs greatly between haloes. The redder peak on
he diagram, corresponding to thin disc stars in the MAIN-RED
nd MAIN-BROAD samples, is substantially weaker compared to 
he corresponding diagram for the real MWS photometric target 
atalogue (see fig. 3 in Cooper et al. 2023 ). This reflects the absence
f the lower disc main sequence in the AuriDESI catalogues, as
iscussed abo v e; in these diagrams it is made even more apparent
y the greater number of metal-poor halo stars in AuriDESI. The
iscreteness in colour is a result of choosing the nearest initial mass
ridpoint for a given star when computing the present-day luminosity 
istribution of each stellar population, rather than interpolating along 
he isochrone. 

.2.3 In situ stars, accreted progenitors, and satellites 

hen studying the mock catalogues, it is useful to know the identify
f the gravitational potential to which a star is bound (either the
ain halo, or one of its surviving satellites) and the identity of the

rogenitor object that brought a given star into the accreted halo –
uch of the analysis in this paper involves associating subsets of

alo stars with their progenitors. 
Star, gas, and dark matter particles in the Auriga simulations were

artitioned into self-bound haloes and subhaloes with the SUBFIND 

lgorithm (Springel et al. 2001 ). Each simulation contains a ‘main
alo’ (the host of the Milky Way analogue) and its satellite sub-
MNRAS 531, 4108–4137 (2024) 
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Figure 3. Distribution of heliocentric distances, d , for stars in mock MWS 
surv e ys(restricted to d > 300 pc). The top panel shows the distributions 
for stars in the six AuriGaia haloes, after imposing the MWS footprint and 
selection criteria. The light brown line shows the distribution of stars selected 
in the same way from a GALAXIA model (our broken power-law stellar 
halo variant, see the text). The bottom panel shows the separate distance 
distributions of the three MWS main surv e y target classes in AuriGaia Au 
6 (solid lines), which can be compared to the equi v alent predictions from 

GALAXIA (dashed lines). 
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aloes. 9 Stars have an integer label, SubhaloNr , which indicates
he halo to which their parent star particle is associated at the present
ime. Those with SubhaloNr = 0 are bound to the Milky Way
nalogue (including its accreted and in situ stellar halo, see below);
NRAS 531, 4108–4137 (2024) 

 The simulations also contain independent haloes close to the main halo 
analogues of the Local Group dwarf galaxies). Ho we ver, the AuriGaia mocks 
ere only constructed for particles in a sphere of ∼200 kpc around the 
ain halo, so these more distant neighbours are not included in our mock 

atalogues. 

f  

t  

B  

t  

c
 

t  
hose with SubhaloNr > 0 are bound to satellite subhaloes
hence are analogues of the surviving dwarf satellites of the Milky

ay, many of which are observed by MWS). Each surviving subhalo
s identified by a different positive value of SubhaloNr . 

We use merger trees constructed on the Auriga simulation to
urther partition star particles (and hence stars) bound to the main
alo into those formed in situ in the Milky Way analogue and those
ccreted from other progenitor galaxies (which, at z = 0, may be
ither fully disrupted or intact). The TreeID column provides this
nformation in the mock catalogue: stars with TreeID = 0 formed
n situ , whereas those with TreeID > 0 are accreted. The value
f TreeID for accreted stars identifies the progenitor branch of the
erger tree in which those stars formed. This label is defined by the

irect progenitor branches of the main halo: each of those branches
n turn will have many distinct hierarchical progenitors, all of which
in our scheme) will share the same TreeID . 

These direct progenitor branches end when they are tidally stripped
o the extent that no self-bound structure can be associated with them
n the simulation. For most subhalo branches, this end point occurs
ong after they have become satellites (i.e. fallen within the virial
adius of the main halo). Stars formed after a branch becomes a
atellite of the main halo are grouped under the same TreeID as
hose that formed when the branch was an independent halo, and
ence are still counted as ‘accreted’ if they are stripped into the stellar
alo of the Milky Way analogue. This simplifies the operational
efinition of the accreted and in situ stellar halo in our catalogues:
n situ star particles (and hence the stars they spawn) are those that
ere bound to the main halo at the time of their formation; all other

tars bound to the main halo at z = 0 were accreted. 

.3 AuriDESI spectroscopic catalogues 

o create mock spectroscopic data sets, we apply the full DESI
bre assignment algorithm to each AuriDESI photometric target
atalogue. We refer to the subset of stars that are assigned to a fibre
those that would actually be observed by DESI – as the AuriDESI

pectroscopic catalogue (distinct from the AuriDESI photometric
arget catalogue described abo v e). Since stars in the spectroscopic
atalogue are drawn from the photometric target catalogue, they
ecessarily have all the same quantities (photometric observations,
true’ simulated quantities, and labels) associated with them. For the
tars included in the spectroscopic catalogues, we compute additional
ock observables corresponding to the measurements made on DESI

pectra by the MWS RVS pipeline (see Section 2.2 ). 

.3.1 Fibre assignment 

he fibre assignment algorithm takes, as input, a list of DESI tiles
nd targets. The targets are assigned to fibres based on the state of the
ESI hardware and pre-determined relative priorities for the different

arget classes. Detailed descriptions of fibre assignment for the bright
ime program are given in Smith et al. ( 2019 ), Hahn et al. ( 2023 ),
nd DESI Collaboration ( 2023 , 2024 ). More information on MWS
argeting strategies and the expected fibre assignment completeness
or the MWS target classes can be found in Cooper et al. ( 2023 ). In
he real MWS, the algorithm assigns fibres to ∼30 per cent of MAIN-
LUE and MAIN-RED targets and ∼20 per cent of MAIN-BROAD

argets, av eraged o v er the footprint (see Table 1 ). The spectroscopic
ompleteness is higher for all targets at higher Galactic latitudes. 

In practice, we apply the DESI fibre assignment algorithm to
he union of the AuriDESI photometric target catalogue and the
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Figure 4. Metallicity distributions for stars in the six AuriDESI mock 
photometric target catalogues, compared with that of our GALAXIA model 
(light brown). 
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eal DESI BGS target catalogue. This combination accounts for the 
igher fibre assignment priority of BGS galaxies, which imprints the 
arge-scale structure of the low-redshift galaxy distribution on to the 
ky distribution of observed MWS targets. We assume the state of
he DESI focal plane on 2020January 01, prior to commissioning 
f the instrument, in which all fibre positioners are assumed to be
igure 5. The distribution of AuriDESI targets in the space of proper motion and
ample from the MAIN-RED and MAIN-BROAD samples. The horizontal lines sho
ROAD (green hatched region) depends on the magnitude of the source over the ran

lower line). 
orking with nominal properties (as opposed to being broken or 
tuck in position). In this respect, our mock catalogues are somewhat
dealized with respect to the final surv e y data set, because the
perational state of the positioners will evolv e o v er the course of the
urv e y (this may, e.g. produce correlations between completeness 
nd the time at which different areas of the sky are surv e yed). More
etailed modelling of these effects will be included in later updates to
he mock catalogues. We assign fibres to targets o v er all the tiles in the
ull five-year, four-pass bright time survey; the algorithm accounts 
or the completion of galaxy observations and hence the greater 
vailability of fibres for stellar targets on later surv e y passes. 

.3.2 Spectroscopic catalogue data model 

s described in Appendix C , the data file for each mock spectroscopic
atalogue comprises five FITS extensions: RVTAB (Table C1 ), which 
ncludes information on the measured parameters of stars, including 
adial velocity, metallicity and ef fecti ve temperature, and their 
ncertainties FIBERMAP (Table C2 ), which includes the targeting 
ata for the stars; GAIA (Table C3 ), which contains mock Gaia
bservables; TRUE VALUE (Table C4 ); and PROGENITORS (Table 
5 ). The latter two extensions provide additional information based 
n the star particles from the original Auriga simulation, including 
heir pro v enance as described later in this section. 
MNRAS 531, 4108–4137 (2024) 

 g − r colour. The vertical line (at g − r = 0.7) separates the MAIN-BLUE 
w how the separation between MAIN-RED (red hatched region) and MAIN- 
ge of magnitudes covered by the survey, from r = 16 (upper line) to r = 19 
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Figure 6. Panels from left to right show the precision of radial velocity , metallicity , surface gravity , and ef fecti ve temperature respecti vely, deri ved from 

measurements of DESI EDR spectra with the MWS RVS pipeline. We compute errors in these parameters for stars by interpolating their colour and magnitude 
onto these empirical grids. The limits of the grids are −0.3 < g − r < 1.8 and 16 < r < 20 (extinction-corrected magnitudes). 
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.3.3 MWS targets not included AuriDESI 

s noted previously, when assigning spectroscopic fibres, a relatively
mall number MWS targets with low density but high scientific
alue (such as white dwarfs, 10 BHBs, RR Lyraes, and stars within
00 pc of the Sun) are given higher priority than MWS-MAIN
tars, to ensure higher completeness. Furthermore, metal-poor F-
ype stars are selected as spectroscopic standards, which may receive
e veral observ ations o v er the course of the surv e y and hence higher
ompleteness than other MWS-MAIN targets. The white dwarf and
00 pc samples are not included in our mock catalogues; the small
umber of fibres that would otherwise be used for white dwarfs are
llocated to BGS targets, whereas those that would be assigned to the
00 pc sample are instead assigned to the main MWS target classes.

.3.4 BHB targets 

or AuriDESI, we use a BHB selection that reproduces the intent
f the corresponding MWS BHB selection, but does not use the
mpirical BHB selection criteria described Cooper et al. ( 2023 ).
his is because the PARSEC isochrones use a simple model for the
orizontal branch, which does not correspond in all respects to the
ocus of observed BHB stars in the Milky Way. The empirical MWS
HB selection is fine-tuned to the observed locus. In addition, the

eal BHB sample may be further contaminated by quasars and blue
tragglers. We cannot reproduce this aspect of the selection in the
ock catalogues at present, because we do not include those sources

f contamination, or the infrared photometry used to identify them. 
We therefore employ a different, idealized BHB selection based

n the (true, not mock-observed) values of surface gravity (2 . 2 <
og g < 3 . 5) and ef fecti ve temperature (5500 < T eff < 12 000) in the
ock catalogue. This picks out all stars along the horizontal branch

f the PARSEC isochrones – the assumption being that the real MWS
HB selection would pick out stars on the real BHB locus efficiently
nough to provide a near-complete sample. As in the real MWS,
he stars we identify as BHBs are given higher fibre priority than
ther MWS targets. We do not explicitly identify RR Lyrae stars in
NRAS 531, 4108–4137 (2024) 

0 White dwarfs are given higher priority than BGS galaxies. 

‘  

v  

(

he mocks, although these could be selected as subset of the mock
orizontal branch in a similar way to the BHBs. Since horizontal
ranch stars are important halo tracers, a more detailed treatment is
 priority for future impro v ement of the mock catalogues. 

.3.5 Errors for spectroscopic observables 

e obtain empirical error models for spectroscopic observables using
ata from the DESI SV program, carried out from 2019 No v ember
o 2021 May. The aim of SV was to understand the quality of the
ata and to verify that the target selection algorithms and analysis
ipelines met requirements for a range of scientific goals. This was
one in three stages (SV1, SV2, and SV3). SV3, also called the
ne percent surv e y, observ ed targets in a superset of the final DESI
arget selection function in a small number of densely sampled fields
o v ering a total of 100 sq. deg.. The DESI EDR includes spectra
rom all three SV programs (Cooper et al. 2023 ; DESI Collaboration
023 , 2024 ). 
From the SV3 data, we obtain the median error of radial velocity,
etallicity , surface gravity , and ef fecti ve temperature measurements

n bins of colour and magnitude. Fig. 6 shows these empirical median
rrors interpolated smoothly across the colour-magnitude diagram.
s discussed in Cooper et al. ( 2023 ), the MWS RVS pipeline delivers

adial velocities accurate to � 1 km s −1 for a large fraction of the
ample, with relatively higher radial velocity errors ( ≈ 10 km s −1 )
owards bluer colours and fainter magnitudes. A similar trend is
isible in the other parameters. Although SV3 contains only a small
raction of the number of stars expected in the final main surv e y
ample, it is highly complete and has good co v erage of the final
election function; we therefore expect these distributions to be
epresentative of the final sample (although future impro v ements
o the REDROCK and RVS pipelines are also expected, see Cooper
t al. 2023 ). For every star, we obtain deviations in each observed
uantity by mapping the star to a colour–magnitude bin and treating
he corresponding median empirical error as the width of a Gaussian
istribution, from which we draw randomly. The sum of the ‘true’
alue of the observable and the random perturbation is stored as the
measured’ value of the observable in our mock catalogue. The ‘true’
alue of the observable is also stored in the TRUE VALUE extension
see Appendix C4 ). 
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Figure 7. Top panel: points show, for each Auriga halo, the fraction of the 
total accreted stellar halo mass (shown on the horizontal axis) that is associated 
with its 10 most massive progenitor galaxies. Bottom panel: the fraction 
of mass associated with the 10 most massive progenitors (i.e. the quantity 
reported in the top panel) that is visible with an MWS-like surv e y footprint 
and selection function. For example, the 10 most massive progenitors in Au 
6 make up ∼ 97 per cent of accreted stellar halo mass. Of that 97 per cent, 
∼ 18 per cent is visible to a DESI-like surv e y. Symbol colours correspond to 
different Auriga galaxies as shown in the legend. 
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.3.6 Resampled spectroscopic mock catalogues 

n Section 3.2.2 , we noted that the photometric target catalogue 
ontains far fewer MAIN-BROAD stars than the real MWS photo- 
etric target catalogue. This is the result of a feature introduced 

n the PARSEC isochrones, starting from the 1.2S version which we 
dopt (Chen et al. 2014 ; Tang et al. 2014 , see also Appendix B ).
o we ver, in the spectroscopic catalogues, this effect is masked by

he fact that the Auriga haloes produce many more MAIN-RED and 
AIN-BLUE targets than exist in the real Milky Way. The greater 
ensity of these high priority targets means that MAIN-BROAD stars 
ould not be many assigned fibres, even if their number in the mock
hotometric target catalogues was similar to that of the real Milky
ay. The MAIN-BROAD targets are simply swamped by MAIN-RED 

nd MAIN-BLUE targets. 
To allow users to assess these sampling issues for themselves, at 

east in a simplistic way, we also provide a ‘re-sampled’ version of
he spectroscopic mock catalogue which, by construction, has the 
otal count for each of MAIN-RED , MAIN-BLUE , MAIN-BROAD ,
AINT-RED , FAINT-BLUE , and MWS-BHB as the real MWS spec- 

roscopic catalogue. To do this, we draw the required number of stars
or each category randomly from the AuriDESI photometric target 
atalogues, and compute mock spectroscopic observables for them. 
hese resampled spectroscopic catalogues may be useful in cases 
here a ‘realistic’ count of particular target types is required, but they

hould be used with caution – by design, they break the correspon- 
ence between the chemistry and structure of the Auriga haloes and 
he number of stars that appear in the mock surv e y. None of the results
hown in this paper use these resampled spectroscopic catalogues. 

 T H E  AU R I G A  G A L A X I E S  A S  SEEN  BY  

URIDESI  

n this section, we use the AuriDESI photometric target catalogues 
containing all stars that meet MWS selection criteria and fall 
ithin the DESI footprint) to show that the MWS selection yields 
 representative sample of the bulk of the stellar halo in the Auriga
alaxies. The consequences of sampling only a fraction of these 
hotometric target catalogues with spectroscopic observations will 
e explored in subsequent sections. 
The main issue that we address here is that incomplete sky

o v erage and finite-depth mean that MWS (or any similar survey)
as only a partial view of the accreted stellar halo. We can use
he mock catalogues to asses the extent to which the stars included
n the MWS selection function are representative of the halo as a
hole. Moreo v er, an important objectiv e of galactic archaeology in

he Milky Way is to quantify the masses and accretion times of its
ost significant progenitors. We can therefore ask the same question 

or each of the most significant progenitors in Auriga – what fraction 
f the debris from each progenitor does the mock MWS observe, and
o w representati ve are those stars of the progenitor as a whole? These
uestions are closely related because (at least in Auriga) a handful 
f the most massive progenitors account for the vast majority of the
otal mass of the accreted halo (Monachesi et al. 2019 ). 

.1 The composition of the accreted stellar halo 

or simplicity, we focus on the 10 progenitors that contribute the 
ost stellar mass to each AuriDESI surv e y. 11 These are the debris
1 Ranked according only to the stars selected as mock MWS targets. It makes 
ittle difference in practice if we consider the top 10 most massive progenitors 

i
t
a
o

ystems that would be found to dominate a surv e y like MWS, given
ufficient data and an accurate means of distinguishing the orbital 
nd chemical signatures of different progenitors. In the AuriDESI 
ock catalogues, stars associated with a given progenitor can be 

dentified using their TreeID label. 
The upper panel of Fig. 7 shows that, across the six Auriga

alaxies, the combined mass of the top 10 progenitors ranges from
3 per cent to 99 per cent of the total mass of the accreted halo.
he lower panel shows the fraction of the combined stellar mass
ssociated with these 10 progenitors that is visible to DESI, that
s, that falls within the MWS footprint and selection function (the
efinition of this quantity is not trivial, see below). We find this to
e approximately 15 per cent–20 per cent of the total in each galaxy.
ince the top 10 progenitors account for most of the mass of the halo
 v erall, an MWS-like surv e y in the Aurig a g alaxies has access to
 15 per cent of the total mass of the stellar halo. 
There is an important caveat associated with our definition of the

tellar mass that is ‘visible to DESI’. In general, only some fraction
f the total mass of each star particle from the original simulation will
e associated with stars in the mock catalogue. For example, a star
article at a distance of 100 kpc will be represented in the mock by
nly a handful of its brightest giants; most of the mass of the particle
ill correspond to main-sequence stars fainter than the limiting 
MNRAS 531, 4108–4137 (2024) 

n the simulation o v erall, rather than defining the ‘top 10’ according only to 
he stars in the mock surv e y. This choice does not change which progenitors 
re the ‘top 10’ in almost all cases; in a few cases it changes the rank order 
f individual progenitors by one or two places. 
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Figure 8. Stellar mass density profiles of star particles in the Auriga simulations. In each panel, the black line represents the density profile of all the accreted 
star particles and the blue line corresponds to only those star particles that contribute at least one star to the mock catalogue (i.e. to star particles visible within 
the MWS footprint and selection function; see the text). The f vis value quoted in each panel is the fraction of mass visible to DESI. Au 16 and Au 21 show strong 
bumps around 50 kpc, which correspond to massive substructures. The distance is galactocentric; since the DESI surv e y is conducted from the Solar position 
and a v oids low latitude sky, the centre of the galaxy is not visible. 
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agnitude of MWS. The sampling of the underlying distribution
f stellar mass is never complete (even near to the observer, faint
tellar remnants and brown dwarfs will not be included) and becomes
ore stochastic at larger distances. Of course, this effect has to be

aken into account to infer stellar density from real observations: for
xample, the underlying total stellar mass might be estimated from
ounts of a particular bright tracer, such as K-giants or BHB stars. 

Since our intention here is only to provide a broad o v erview of
he difference between the mock catalogues and the full simulations,
e assume that the total mass of a simulation star particle is fully

epresented in the mock catalogue if even just one of the stars it
pawns is included. We consider star particles as either ‘visible to
ESI’ in their entirety (one or more stars in the mock) or not at

ll (zero stars in the mock). When we quote the mass fraction of a
rogenitor visible to DESI, as in Fig. 7 and the other figures in this
ection, we use this all-or-nothing measure based on the full masses
f the simulation star particles, as opposed to the the masses of the
ndividual stars in the mock catalogue. 12 

Fig. 8 shows the (galactocentric) stellar mass density profiles of
ccreted star particles (black lines) in the six haloes. The density
rofiles of accreted star particles visible to DESI (following the
efinition abo v e) are shown in blue. Be yond ∼10 kpc, the density
rofile of stars visible to DESI follows that of the total mass up to
30 to 50 kpc (although an order of magnitude lower in amplitude),

nd in most cases reasonably closely to ∼100 kpc. The stellar mass
ampled by the MWS selection is therefore broadly representative of
NRAS 531, 4108–4137 (2024) 

2 This approach is less sensitive to the stochastic sampling of giants at large 
istances and technical choices in the construction of the mocks (e.g. how the 
ensity distribution is smoothed by the phase space kernel). 

h  

6  

f
 

p  
he bulk density structure of the stellar halo. The larger differences
t galactocentric distances � 5 kpc are dominated by the restriction
f the MWS footprint to high latitudes, | b | > 20 ◦, which excludes
ost of the mass in the thin disc (some of which, in these models, is

ccreted), as well as the innermost halo and bulge. The different
ccretion histories of the six galaxies are most apparent in the
ifferent slopes of their profiles beyond 30 kpc and the presence
f unmixed substructure, visible as small bumps in the profiles at
arger distances. We study how debris from individual progenitors
ontributes to these profiles in the next section. 

.2 Au 6 in detail 

o illustrate the content and application of the AuriDESI mock
atalogues, we now examine one Auriga halo in detail. We use
u 6, the closest analogue of the Milky Way based on properties
f the central galaxy (see Section 3.1 ). The mass of accreted
tars in this galaxy, 7 . 9 × 10 9 M �, is the lowest among the six
uriga simulations, although somewhat higher than the conventional
10 9 M � estimate for the Milky Way. The last major merger in Au

 occurred at a lookback time of 8 Gyr, comparable to estimates of
he time at which the GSE progenitor is thought to have merged into
he Milky Way (Grand et al. 2018b ; Naidu et al. 2021 ). Ho we ver,
attahi et al. ( 2019 ), in their study of the radial velocity anisotropy,
etallicity, and accretion time of progenitors across all the Auriga

aloes (using lower resolution simulation suite), concluded that Au
 does not have any kinematic substructure matching their criteria
or a close GSE analogue (see also table 3 in Grand et al. 2024 ). 

Throughout this section, we again refer to the 10 most massive
rogenitors of the accreted stellar halo as defined abo v e. We be gin by
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Figure 9. Galactocentric density distribution of star particles originating in the ten most massive accreted progenitors of Au 6. The black line (identical in each 
panel) shows the density profile of all the accreted star particles. The brown line shows the profile of all star particles from a given progenitor. The blue line 
shows the profile of star particles that contribute at least one star to the mock catalogue (i.e. to star particles visible within the DESI footprint and selection 
function). The f vis value quoted in each panel is the fraction of mass visible to DESI. 
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xamining the mock photometric target catalogue, as in the previous 
ection. 

Fig. 9 shows the density profiles of DESI targets associated with 
he top 10 progenitors, again measured in spherical galactocentric 
hells, as in Fig. 8 . The black lines show the total mass density
rofile for Au 6 (identical in each panel). Each panel corresponds to
 different progenitor. The brown lines show the total mass density 
f all the star particles associated with the progenitor, while the blue
ines correspond only to the subset visible to DESI. 

Most progenitors produce centrally concentrated debris extending 
rom the centre of the halo to � 100 kpc. In this example, progenitor
 stands out as a more concentrated peak in density from ∼10 to
0 kpc. This is a coherent tidal stream, reminiscent of the Sagittarius
tream in the Milky W ay. W e discuss this feature in more detail
elow. 
As in Fig. 8 , the profiles of total and visible debris in Fig. 9

re generally similar to each other. This implies that DESI can, in
rinciple, observe an almost unbiased sample of each of the major 
ontributors to the bulk structure of the accreted halo across its full
adial extent. In practice, as we discuss below, the finite number of
bre opportunities ( ∼7 million) that will be allocated to MWS targets
eans that only a fraction of those visible stars will be observed over

he course of the surv e y. This limits how well MWS can sample very
istant features with low surface brightness. 
Fig. 10 shows how the mass accreted from the top 10 most massive

rogenitors of Au 6, visible given the MWS footprint and selection 
unction, is distributed in the space of total energy and angular 
omentum (measured about the galactic rotation axis). Contours 

f individual colours (as shown in legend) enclose the distribution 
f each of these 10 progenitors, with dashed and solid contours 
nclosing regions of lesser and higher density of star particles, 
espectiv ely. The re gion of peak density for each progenitor is marked
y a star-shaped symbol with the same colour as the contours of the
orresponding progenitor. Few progenitors (P 1, P 6, P 8, and P 9)
an be seen with two distinct peaks, either with same energy and
pposite signs of angular momentum or at two different energies. 
ig. 11 shows these features in detail. Stars that have been tidally
tripped from their progenitors will eventually lose coherence in 
hase space as they mix along their orbits, but they are expected
o preserve approximately their original orbital integrals of motion. 
tructure in diagrams like Fig. 10 has therefore long been considered
ne of the most promising routes to identifying individual progenitors
n the Milky Way’s stellar halo (Helmi & de Zeeuw 2000 ; Morrison
t al. 2009 ; Carollo & Chiba 2021 ). Stars from a given progenitor are
lso expected to have similar chemical abundances, which may help 
o distinguish debris with o v erlapping inte grals of motion. Ho we ver,
bundance gradients within the progenitor and accretion spread o v er
ultiple pericentric passages may complicate this relationship and 

ose further difficulties in identifying chemodynamical groups with 
istinct progenitors (Amarante et al. 2022 ). 
Most progenitor debris does not show strong rotation; among the 

otating debris, there is a weak preference for prograde orbits. As
eflected in the relative concentrations of their density profiles (see 
ig. 9 ), the progenitors are widely distributed o v er different re gions
f the galactic potential well, with progenitor 5 the most strongly
ound and progenitors 1, 2, and 4 among the more weakly bound.
xcept at high energies, there is little apparent structure in this
iagram that would be visible without our idealized colour-coding. 
n reality, only uncertain approximations to progenitor labels (e.g. 
hemical abundances) would be available, and the distribution would 
lso be blurred by observational errors and uncertain knowledge of 
he Galactic potential. This highlights the fundamental challenge of 
MNRAS 531, 4108–4137 (2024) 
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Figure 10. Contours describing the distributions in the space of energy 
and angular momentum for accreted star particles visible to DESI (see 
the text) associated with each of the top 10 progenitors of Au 6. Dashed 
and solid contours (in different colours for each progenitor as shown in 
the legend) indicate regions with a density of 10 and 100 particles per 
bin, respectively. With the (arbitrary) choice of bin size in this figure, 
these correspond approximately to the ‘outer envelope’ and ‘peak’ of each 
progenitor distrib ution. Star -shaped symbols of different colours marks the 
positions of maximum density for each progenitor. Several progenitors (P1, 
P6, P8, and P9) have two distinct peaks (see also Fig. 11 ). Prograde rotation 
(i.e. in the same sense as the galactic disc) corresponds to ne gativ e angular 
momentum. Note that we use Auriga star particles rather than AuriDESI stars 
to make this figure, as discussed in the text. 
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13 In practice, distances for DESI stars will be estimated using a variety 
of spectrophotometric and astrometric methods, the accuracy of which will 
depend on the type of star as well as the distance. Such distances will be a 
value-added product of the DESI surv e y, rather than a primary spectroscopic 
measurement. 
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ecomposing the structure of the halo, and the importance of realistic
ock catalogues for interpreting surv e ys on the scale of MWS. 
Fig. 11 separates the ( E , L z ) diagram into the contribution of

ach of the top 10 progenitors, and also plots their associated age–
etallicity distributions (inset panels). The blue vertical line in each

nset panel shows the infall time, at which the progenitor crossed the
irial radius of the central galaxy. These separate diagrams provide
 detailed summary of the formation and dynamical history of each
rogenitor. F or e xample, in the case of progenitor 1, we see two
istinct peaks with similar a verage energies, b ut opposite signs of
ngular momentum. Star formation in this progenitor continued long
fter its infall into the main galaxy, extending from a very early
ime up to ∼6 Gyr before the present, with younger stars being
elatively more metal-rich. Similarly, in the case of progenitor 6,
e see a relaxed, deeply embedded, and non-rotating distribution,
ut also a more weakly bound, retrograde peak with a narrow range
f energy and angular momentum. This likely corresponds to the
ensity inflection at � 10 kpc in Fig. 9 . This progenitor is relatively
ld o v erall, with its star formation sharply truncated soon after its
nfall, at a lookback time of ∼10 Gyr. It is nevertheless relatively
etal-rich (the bulk of its stars have [Fe/H] > −1). 
Fig. 12 shows the colour–magnitude diagram of the individual stars

rom each progenitor in the AuriDESI photometric target catalogue.
if ferent e volutionary stages enter the DESI target selection at
ifferent distances. Most of the stars observable by DESI are close to
he MSTO. The full colour-magnitude diagram (CMD) is accessible
NRAS 531, 4108–4137 (2024) 
or all but progenitor 8, as expected given the wide radial range
f debris in each case (shown in Fig. 9 ). Progenitors 1, 2, 4, and
 appear with a clear red clump and MSTO; other progenitors are
epresented mainly by their MSTO. For progenitor 8, which co v ers a
uch smaller range of distance, stars fainter than the subgiant branch

all below the MWS magnitude limit. The CMDs are noticeably
arrower for the less-massive progenitors, which have a narrower
ange of ages and metallicities. 

Finally, Fig. 13 shows sky projections of the debris for the top
0 progenitors. In most cases, the debris is smoothly distributed.
he most ob vious e xception is the debris from progenitor 8. This
omprises a coherent stream on a polar orbit, somewhat resembling
he Sagittarius stream as noted abo v e (Figs 9 and 12 ). Like Sagit-
arius, the core of this progenitor is still intact, marked by a red star
ymbol in Fig. 13 . Progenitor 1 also shows a coherent o v erdensity in
onfiguration space, although (according to SUBFIND) this is not a
ound remnant of the progenitor. 
To illustrate halo-to-halo variations, Appendix D repeats some of

he plots in this section for Au 21. 

 APPLI CATI ONS  O F  T H E  AURIDESI  M O C K S  

.1 Spectr oscopic for ecasts for the complete Milky Way Sur v ey 

o far, we have discussed the scope of mock DESI observations for
ne Aurig a g alaxy, Au 6, based for the most part on the AuriDESI
ock photometric target catalogue. We now consider the mock

pectroscopic data. As described in Section 3.3 , stars are selected
or mock-spectroscopic observation by applying the DESI fibre
ssignment algorithm to the mock photometric target catalogue. The
esult is a mock data set corresponding to the stars that will be
bserved during the 5-yr DESI main survey, for which DESI will
btain radial velocities, atmospheric parameters, and metallicities.
his section forecasts, in broad terms, some of the results that may
e obtained from the full MWS data set, based on these mock
bservations of the Auriga galaxies. 
Fig. 14 shows the distribution of stars in the space of radial velocity

nd galactocentric distance, colour-coded by the progenitor (among
he 10 most massive) from which the star was accreted. We convolve
ll distances with a fiducial 15 per cent Gaussian error. 13 The left
anel shows the whole distribution, while the right panel shows a
oomed-in version for stars at distances less than 50 kpc. This plot
e veals dif ferent kinematic structures within the footprint of DESI. In
u 6, most of the progenitors are well mixed in this space, whereas

n Au 21, regions dominated by individual progenitors are apparent.
hese are due to satellites that are still in the process of being tidally
isrupted. The third most massive progenitor of Au 21 (in orange,
s in previous figures) has multiple orbital wraps (see right panel)
nd an infalling tail extending to large distances. We discuss the
roperties of this progenitor further in Appendix D . 
Fig. 15 shows the metallicity profile of stars in bins of galac-

ocentric radius. This shows the differences between true and
bserved metallicity profiles. The solid lines represent the metallicity
istribution of observed stars, while the dashed lines show the true
etallicity of star particles. Again, we have convolved the distances
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Figure 11. The separate energy–angular momentum distributions of accreted star particles from the top 10 progenitors. Colours indicate the relative density of 
stars in each part of the diagram for a giv en progenitor. F or reference, the grey-scale distribution in the background of each panel corresponds to the combined 
density of stars from all progenitors. The inset panels show the distribution of stellar ages (Gyr, horizontal axis) and metallicities (de x, v ertical axis). All inset 
panels have the same range of age and metallicity. The vertical blue line in each inset panel shows the infall time of the progenitor into the main galaxy. 

Figure 12. Colour–magnitude distributions of stars in the AuriDESI mock photometric target catalogue for Au 6. The colour scale indicates the relative weight 
of stars visible to DESI in different evolutionary stages for each progenitor. 
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ith a fiducial Gaussian error of 15 per cent. The peaks in the profiles

f Au 16, Au 21, and Au 27 correspond to satellite remnants. At all
istances, the true mean metallicity of the star particles is higher than
hat measured by our mock surv e ys (e xcept for Au 21, at the position
f its massive satellite remnant). 
To understand how this effect arises from the MWS selection 

unction, we consider one example in more detail. Fig. 16 is an
xtension of Fig. 15 , focusing on Au 6. The black dotted line
epresents the metallicity profile of all the star particles, while the 
lack dashed line represents that of all the stars in Au 6. The stars
re separated into MAIN-BLUE and MAIN-RED (the spectroscopic 
atalogue contains very few MAIN-BROAD stars, see Section 6 for 
etails), and the MAIN-RED targets are further subdivided based on 
heir colour (as indicated by red solid and dashed lines). Although
he true and observed metallicity profiles are very similar up to

75 kpc, the difference is much higher at larger distances. At
maller distances, the thin disc comprises a relatively metal-rich, 
oung stellar population. As seen in Fig. 3 , due to the relatively
MNRAS 531, 4108–4137 (2024) 
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Figure 13. Distribution of stars from the 10 most massive progenitors in equatorial coordinates in the Au 6 AuriDESI mock catalogue. Clear stellar substructures 
are visible for some progenitors. The red star marked on progenitor 8 represents the position of its bound satellite remnant (see Section 5.3 ). 
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ower number of thin disc stars in AuriDESI, stars selected by
he MAIN-BLUE sample dominate the mock spectroscopic surv e y
p to ∼10 kpc. In the ∼10–30 kpc region, both MAIN-BLUE
nd MAIN-RED stars make similar contributions, while at larger
NRAS 531, 4108–4137 (2024) 
istances MAIN-RED stars become dominant. The MAIN-BLUE
arget class primarily consists of metal-poor MSTO stars in the
hick disc and stellar halo (including metal-poor BHB stars up to

50 kpc), leading to an average metallicity for observed stars
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Figure 14. Radial velocity distribution of stars in AuriDESI Au 6 (top) and Au 21 (bottom) with galactocentric distance. The left panel shows the distribution 
for all the stars in the halo, while the right panel shows the distribution for stars within a distance of 50 kpc. Stars in the top 10 most massive progenitors are 
plotted with markers of different colours (the colour scheme is the same as previous figures). The black dashed line indicates 0 km s −1 radial velocity. The dense 
structures visible in Au 21 (left panel) are satellite remnants. The distances of stars have been convolved with a fiducial Gaussian error of 15 per cent. 

Figure 15. Metallicity in bins of galactocentric distance. Solid lines represent 
the metallicity profile of stars (referred to as ‘observed’), while dashed lines 
represent that of all simulation star particles (referred to as ‘true’). The 
distances of stars have been convolved with a fiducial Gaussian error of 
15 per cent. 

Figure 16. Metallicity in bins of galactocentric distance for AuriDESI Au 
6. The black dotted line represents all the star particles (referred to as ‘true’) 
in Au 6 (same as the blue dashed line in Fig. 15 ) and the black dashed 
line represents stars (referred to as ‘Obs’) in the spectroscopic catalogue of 
AuriDESI (same as the blue solid line in Fig. 15 ). Blue and red (dashed and 
solid) lines represent the metallicity distribution of MAIN-BLUE and MAIN- 
RED target classes. The distances of stars have been convolved with a fiducial 
Gaussian error of 15 per cent. 
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hat is lower than the underlying average for star particles at those
istances. At larger distances, the MAIN-RED targets that dominate 
he sample are predominantly metal-poor giants. From the figure, we 
ee that, at larger distances, the observed metallicity profile follows 
MNRAS 531, 4108–4137 (2024) 
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Figure 17. Two alternative views of the energy–angular momentum distribu- 
tion of stars in the Au6 AuriDESI spectroscopic catalogue. Left panel: stars 
from the top 10 most massive progenitors are plotted as individual points 
with different colours. Right panel: contours describing the distribution of 
stars shown in the left panel. Dashed (and solid) contours enclose regions of 
lesser (and higher) density (10 and 100 stars per bin, respectively) associated 
with each progenitor. In both panels, the distribution of in situ stars is shown 
in the background, with the majority distributed along the locus of prograde 
near-circular orbits in the galactic disc. 
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Figure 18. Distance distribution of BHB stars selected from the AuriDESI 
spectroscopic mock catalogues. The different line styles represent different 
angular positions of the Sun within the galactic disc (30 ◦, 120 ◦, 210 ◦, and 
300 ◦). 
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he profile of MAIN-RED stars. The significant difference at distances
reater than 100 kpc can therefore be attributed to the magnitude
imits imposed by the MWS selection function; metal-rich red giants
t these distances are typically fainter than the magnitude limit
f DESI. 
Fig. 17 shows the distribution of Au 6 stars from the mock

pectroscopic surv e y in energy-angular momentum space. In the
eft panel, stars from the 10 most massive progenitors are plotted
ndi vidually, with dif ferent colours. In the right panel, contours indi-
ate the distribution of stars from each progenitor. Every progenitor
ossesses its own characteristic orbital integrals of motion, which
re approximately conserved by its stars as they mix with those from
ther progenitors in configuration and velocity space. In principle,
his diagram therefore provides important insights into the assembly
istory of a galaxy (Helmi & de Zeeuw 2000 ; Grand et al. 2019 ;
impson et al. 2019 ). Ho we ver, Fig. 17 highlights the dif ficulty
f distinguishing individual progenitors in this space in practice.
rom both the panels it can be seen that multiple progenitors occupy
n y giv en re gion of the E-Lz space. In the mock catalogues, we
an ‘colour code’ stars according to their known progenitor; in real
ife, this coding can only be approximated, for example with labels
erived from kinematics and chemical abundances. The different
ersions of this diagram throughout this paper (Figs 10 , 11 , and
2 ) illustrate both the scientific potential of a large homogeneous
urv e y like MWS and the considerable challenge associated with the
eco v ery of individual progenitors. It is clear from these figures that
 surv e y like MWS can yield a dense sample of almost all the
ost significant accretion events that have contributed to the stellar

alo, although much remains to be understood about how to extract
nd interpret this information. The AuriDESI mock catalogues
rovide a realistic basis for developing such analyses in the context
f DESI. 
Finally, we make a simple estimate of the variance in a DESI-

ike surv e y due to the observ er’s azimuthal position in the Galaxy.
ig. 18 shows the distribution of BHBs (as defined in Section
.3 ) in the six AuriDESI spectroscopic mock catalogues, beyond
NRAS 531, 4108–4137 (2024) 
 heliocentric distance of 10 kpc. The different line styles represent
he four different angular positions of the Sun within the galactic
isc for which we provide mock realizations (30 ◦, 120 ◦, 210 ◦, and
00 ◦). From the figure, it is clear that, although there are minor
ifferences between the different observer locations, most obviously
t very large distances, the overall distribution is almost identical.
HBs are arguably one of the most useful tracers of the bulk structure
f the halo; although they are sparse, their distances can be measured
ccurately and they are selected by MWS over a broad range of
istance. From this figure we conclude that, at least in the mock
atalogues, MWS samples a wide enough area to ensure that the
 v erall spatial and kinematic structure of the metal-poor halo can be
easured robustly. 

.2 Comparison with DESI SV3 data 

n this section, we compare our AuriDESI Au 6 mock to real DESI
ata for stars observed in SV3, a program of observations o v er ∼100
q. deg. carried out prior to the start of the main DESI surv e y in order
o validate the target selection, surv e y design, and data quality (see
ection 3.3 ). Real data taken in SV3 and reduced with the MWS
ipeline are available in the DESI EDR (DESI Collaboration 2023 ,
024 ). 
The observing strategy for SV3 was quite different to that used in

he main surv e y. SV3 employed a large number of o v erlapping DESI
iles to densely sample small patches of sky. It would therefore not
e appropriate to construct a mock SV3 sample simply by drawing
argets from an AuriDESI mock spectroscopic catalogue in the areas
o v ered by SV3. The correct approach would be to pass the AuriDESI
hotometric target catalogue to the DESI fibre assignment algorithm
gain, for the specific set of tiles used for SV3, rather than the tiles
sed in the main surv e y. Ho we ver, the SV3 fields have � 90 per cent
pectroscopic completeness (see Cooper et al. 2023 ). For simplicity,
e therefore approximate the results of fibre assignment in SV3 by

andomly sampling AuriDESI targets in the SV3 areas to match the
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Figure 19. The radial velocity distribution of AuriDESI Au 6 stars within 
the DESI SV3 footprint (left panel) compared to that of stars observed by 
DESI during its SV3 program (right panel). Stars are divided into MWS-MAIN 
target classes (see Appendix A ). For each target class, the AuriDESI data have 
been randomly sampled to obtain the same total count as the SV3 data, as 
described in the text. 
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Figure 20. The metallicity distribution of AuriDESI Au 6 stars within the 
DESI SV3 footprint (left panel) compared to that of stars observed by DESI 
during its SV3 program (right panel). Stars are divided into MWS-MAIN 
target classes (see Appendix A ). The AuriDESI stellar haloes are more metal- 
rich than the stellar halo of the real Milky Way. The mock data have been 
downsampled to match the SV3 counts for each target class, as in Fig. 19 . 

Figure 21. A comparison of the metallicity distributions for stars in Au- 
riDESI Au 6 within the SV3 footprint (left) and real stars from DESI SV3 
program (right). Stars are divided into different target classes and further 
separated into giants (solid lines) and dwarfs (dashed lines). The top panels 
show absolute numbers of stars per metallicity bin on a logarithmic scale; 
and the bottom panels show the corresponding fractions of stars in a given 
category per bin, on a linear scale. The mock data have been downsampled 
to match the SV3 counts for each target class, as in Fig. 19 . 
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otal number of DESI SV3 stars observed in each of the MAIN-BLUE ,
AIN-RED , and MAIN-BROAD target categories. 14 

Fig. 19 shows the radial velocity distributions of different MWS 

arget classes, comparing AuriDESI Au 6 to MWS EDR data within 
he SV3 footprint. The distributions for AuriDESI look similar to 
hose in the real Milky Way o v erall. Ho we ver, their characteristic
idths differ: the standard deviations of the distributions from 

uriDESI are (117 , 79 , 103) km s −1 , for MAIN-BLUE , MAIN-RED ,
nd MAIN-BROAD respectively, whereas the corresponding values 
or SV3 are (157 , 55 , 49) km s −1 . This may be due to a difference
etween the potential of the Au6 system and that of the Milky Way,
lthough the virial mass of Au6 is close to typical estimates for
he Milky Way (see Table 2 ). Alternativ ely, the y may arise from
ifferences in the star formation and tidal mass-loss histories of 
ndividual satellites, both of which affect the number of stars on 
rbits with high radial velocity. The number of MAIN-BROAD stars 
n the AuriDESI SV3 fields is slightly lower than that observed by
ESI, despite our attempt to match the number in the real SV3
ata set by construction, due to the lack of low-mass stars in the
hin disc of the Auriga simulation (as shown in previous figures, see
ppendix B for more details). 
Fig. 20 shows the metallicity distribution for different MWS target 

lasses, again comparing AuriDESI Au 6 to MWS data within the 
V3 footprint. This plot clearly shows that AuriDESI is more metal- 
ich than the real Milky Way. MAIN-BLUE stars, which include the 
etal-poor halo, has a peak at ≈−0.2 dex for AuriDESI and ≈−0.8

ex for observed SV3 stars. MAIN-RED , which mainly targets the 
hick disc giants and turn-off stars, has a peak at ≈−0.1 dex for
uriDESI and ≈−0.6 dex for SV3. MAIN-BROAD , which targets 

he metal-rich thin disc, has a peak at ≈−0.2 dex for the mock and
−0.5 dex for SV3. 
The top panel of Fig. 21 again shows the metallicity distribution of

tars in different target classes, now separated into giants and dwarfs.
he bottom panel shows the relative distribution of metallicities, 
4 Since the Auriga haloes are more massive than the real MW, the number of 
tars in AuriDESI within the SV3 fields is an order of magnitude higher than 
hat in the real observations; were the DESI SV3 observations carried out 
n the AuriDESI haloes, they would have much lower completeness for the 
ame fibre budget. This is why we randomly sample to the same density as 
he real observations, rather than taking (say) 90 per cent of all the AuriDESI 
argets in the SV3 areas. 
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howing the percentage of samples in different categories with metal- 
icities in bins of 0.2 dex. Separating the metallicity distributions 
f dwarfs and giants provides a consistency check on the log g 
easurements: we expect giants in the MWS selection to be mostly

n the stellar halo, and hence more metal poor than dwarfs in the
ame selection, and we expect redder giants to be more metal rich
han bluer giants. These differences should also be apparent in the

ock data. Fig. 21 shows that MAIN-BLUE giants have a median
Fe/H] of ≈−1.5 (observed) and ≈−0.73 (mock). MAIN-RED giants 
re metal-rich compared to MAIN-BLUE and have a median [Fe/H] 
f −0.89 (observed) and −0.21 (mock). All three target classes show
imilar offsets between the metallicity distributions of AuriDESI and 
eal DESI data, apparent in Figs 20 and 21 . 
MNRAS 531, 4108–4137 (2024) 
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Figure 22. Contours describing the distribution in the energy and angular 
momentum space for stars associated with each of the top 10 most massive 
progenitors in Au 6, within the SV3 fields. Dashed (and solid) contours 
encloses regions of lesser (and higher) density of stars (10 and 100 stars 
per bin, respectively) associated with each progenitor (marked in different 
colours as shown in the legend). Stars from less massive progenitors (P 8, P 
9, and P 10) are shown with individual points. The distribution of in situ stars 
within the SV3 fields is shown in the background; the majority of the in situ 
mass is in the (prograde) galactic disc, which traces the minimum envelope 
of energy for ne gativ e angular momenta. In this figure, stars from the mock 
have been randomly sampled in order to reproduce the observed SV3 counts 
in each target class, as described in the text. 
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the DESI surv e y at | b | = ±20 ◦. 
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Fig. 22 shows the distribution in energy–angular momentum space
or stars in the SV3 footprint, restricted to those stars belonging to the
0 most massive progenitors in Au 6. For massive progenitors, we
se contours (with individual colours shown in the legend) to mark
he envelope of their distribution and the region(s) of their highest
ensity in this space. For the three least massive of these progenitors
P8, P9, and P10) we use individual points. The distribution of the
n situ population is shown in the background. Although the in situ
opulation has a similar distribution to the accreted stars o v erall, the
ajority of the in situ stars are concentrated along on the left edge of

he distribution (i.e. on approximately circular orbits, in the galactic
isc). This figure illustrates the substantial amount of information
vailable within the relatively small footprint of SV3 ( ∼100 sq. deg.
n total, distributed o v er the MWS footprint). In this halo, no single
rogenitor dominates this distribution; on the contrary, even an SV3-
ike surv e y samples man y of the major substructures in the halo.
he differences seen in the structure of this plot, when compared to
ig. 10 , could be the result of the placement of individual SV3 fields.

.3 Satellites in AuriDESI 

he morphology and kinematics of tidal streams and other coherent
eatures that arise from satellite accretion events are sensitive to the
ravitational potentials of the primary galaxy and the infall time
nd orbit of the progenitor (e.g. Amorisco 2017 ). In some cases,
rogenitor satellites may survive to the present day despite significant
idal stripping. The orbits and internal structure of these remnant
NRAS 531, 4108–4137 (2024) 
rogenitors may be different from those at infall, and they may not
how obvious signs of ongoing mass loss (Wang et al. 2017 ; Shipp
t al. 2023 ). 

The AuriDESI mock catalogues contain stars associated with
rogenitor satellites that survive to the present day. As mentioned
n Section 3.2.3 , bound satellites can be identified with a unique
on-zero values of the SubhaloNr column in the catalogue. All
tars that originate in a given satellite will, by construction, have the
ame TreeID value. Stars that have been tidally stripped from a
urviving satellite will have therefore have the same TreeID , and
an be identified as bound to the main halo rather than their parent
atellite by having SubhaloNr = 0 . Since the mock catalogue
nly contains stars targeted by DESI, it is possible that tidally
tripped stars associated with a surviving satellite may appear in
he catalogue even though their parent satellite does not (this may
appen, e.g. if the satellite falls outside the DESI footprint). For
 similar reason, the information available in the mock alone is
ot sufficient to compute, for example, the total stellar mass of a
rogenitor reliably, regardless of whether it survives as a satellite
r not (only the brightest stars will be included in the mock). We
herefore provide a table of properties for all the progenitors of each
alo, surviving and disrupted (described in Appendix C5 ). 
In Section 4.2 , we described the top 10 progenitors in Au 6,

ncluding one example of a tidal stream associated with a surviving
atellite (progenitor 8, marked with a red star symbol in Fig. 13 ).
his progenitor has a total stellar mass of 3 . 6 × 10 7 M �, of which
 . 16 × 10 6 M � is visible to DESI (according to the definition used
n Section 4.1 ) at the present day. Fig. 23 shows another example,
rogenitor 4 of Au 21 (similar figures for all the top 10 progenitors in
his halo are given in Appendix D1 ). The figure shows a very promi-
ent region of high overdensity in the DESI footprint, corresponding
o the satellite body (again marked with a star symbol) and a broad
tream extending across the footprint. This progenitor has a total
star particle) mass of 5 . 8 × 10 9 M �. The bound satellite remnant
etains approximately 84 per cent of this total, that is, 4 . 9 × 10 9 M �,
f which 2 . 7 × 10 9 M � is visible to DESI. In Au 21, 6 out of the 10
ost massive progenitors of the accreted stellar halo have surviving

atellite remnants within the DESI footprint, some with masses as
ow as 6 . 06 × 10 4 M � (progenitor 5 in Fig. D1 ). 

Results such as these, albeit only for a small sample of simulated
aloes, suggest that we might expect more than one prominent
 v erdensity in the Milky Way halo to be associated with a surviving
rogenitor galaxy, in addition to the well-known example of the
agittarius stream. Similar results are reported by Wang et al. ( 2017 ),
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ased on the APOSTLE simulations, and by Shipp et al. ( 2023 ), based
n mock Dark Energy Surv e y (DES) observations using the FIRE
imulations. Together with the Supporting Information we describe 
n described in Appendix C5 , the AuriDESI mock catalogues can 
e used to explore how DESI MWS can link debris structures to
urviving satellites and constrain the infall times and masses of 
isrupted progenitors. 

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

e have presented AuriDESI, a set of mock catalogues that match 
he observation footprint and selection functions of the DESI MWS. 
hese are based on the Auriga cosmological simulations of Milky 
ay analogues and build on the AuriGaia mocks catalogues of Grand 

t al. ( 2018b ). We provide AuriDESI mock catalogues for six haloes
nd four alternative solar positions in each halo. The data model of the 
ocks follows closely that of the real DESI data products (Koposov 

t al. in preparation): photometric target catalogues and tables of 
pectroscopic pipeline measurements for the subset of targets that 
ill be observed in the 5-yr DESI bright time survey. The six mock

atalogues presented in this paper will be made available to the 
ommunity upon submission of this article, alongside other value- 
dded data associated with MWS (full details are given in the data
vailability statement). The structure of these files is described in 
ppendix C . 
The AuriDESI mock catalogues can be used to test methods 

or inferring fundamental properties of the Milky Way thick disc 
nd stellar halo from the DESI data. Potential applications include 
earches for structure in the stellar halo, studies of the properties and
ynamical influence of satellites and their streams, radial trends in 
tellar populations and methods to reconstruct the assembly history 
f the Galaxy. The sample of six haloes, all with some resemblance
o the real Milky Way, allows investigations of how halo-to-halo 
ariations in accretion history may affect the observable properties 
f stellar haloes (and hence tests of methods to distinguish between 
ifferent accretion histories). Likewise, the four alternative solar 
ositions for each halo can be used to assess the impact of having
nly a partial view of the Galaxy. Ho we ver, we find that, with a DESI-
ike footprint and selection function, changing the solar position does 
ot produce significant differences in the large-scale content of the 
esulting mock surv e ys. Although there are small differences in the
otal stellar density profile of sparse tracers at large distances, the 
ame set of 10 most-massive progenitors is visible in each halo when
ie wed from dif ferent angular positions in the disc, with only small
ifferences in the rank order of the least massive. We conclude that
 surv e y on the scale of MWS pro vides a good sampling of the bulk
f the mass in a Milky Way-like stellar halo. 
AuriDESI is an attempt to provide realistic mock data sets for

he next generation of wide-area, densely sampled spectroscopic 
urv e ys. DESI MWS will soon be joined by 4MOST (de Jong et al.
019 ), WEAVE (Jin et al. 2024 ), SDSS-V (Kollmeier et al. 2017 ),
nd PFS (Greene et al. 2022 ). In view of the need to extend and
mpro v e the techniques for making catalogues that address all these
urv e ys, we briefly discuss several important caveats to the methods
sed to produce AuriDESI. 
First, on the technical side, the ICC-MOCKS method uses the 

NBID algorithm to estimate the phase-space volumes associated 
ith simulation star particles, o v er which their associated stars

re distributed. This is a form of adaptive kernel smoothing, in 
hich the kernel bandwidth in each dimension is proportional to the 

orresponding side length of the hypercubic volume estimated by 
NBID . As described in Lowing et al. ( 2015 ), this estimate of phase-
pace volume is necessarily approximate. When the local (6D) phase 
pace is sparsely sampled by the original star particles, the algorithm
esults in smoothed stellar distributions that are noisy near the kernel
andwidth. The consequence is an artificial clumping of stars in the
atalogues. These clumping artefacts needs to be kept in mind when
sing the catalogues to examine phase-space distributions at smaller 
cales. The scaling of the kernel bandwidth, and the shape of the
ernel (by default a hyper-ellipsoid) are also somewhat arbitrary. 
t is likely that other, more accurate techniques for smoothing 
he simulated stellar mass distribution can be developed (although 
ny smoothing is inevitably less accurate than a simulation with 
igher resolution). Lim et al. ( 2022 ) discuss a technique called
ALAXYFLOW , which they demonstrate can impro v e on ENBID -
ased kernel smoothing methods in certain applications. The ap- 
lications they describe are currently limited to the extended solar 
eighbourhood. Further technical impro v ement is necessary to apply 
his method efficiently to N -body simulations o v er the radial range
robed by DESI. 
Second, other limitations mentioned in Grand et al. ( 2018b )

oncerning the AuriGaia ICC mocks also apply to AuriDESI. For 
nstance, although the phase space density estimate uses merger tree 
nformation to a v oid cross-talk between stars associated with differ-
nt accreted progenitors, all star particles in the in situ component are
onsidered as potential phase-space neighbours of one another. This 
s a limitation, because the in situ component most likely comprises
e veral dif ferent populations in phase space (at minimum, an in situ
isc and stellar halo). In more detail, our present treatment potentially
mooths o v er distinct dynamical structures in the disc (although this
s a concern, we note that distinct spiral arms traced by young stars
re still seen in AuriGaia). 

Third, although the Auriga simulations have been shown to be 
ood representations of Milky Way-like galaxies in many respects 
Grand et al. 2017 ), there are some important ways in which they do
ot resemble the real Milky Way. In particular, the accreted stellar
aloes are too metal-rich and likely too massive. As discussed above,
uch discrepancies arise both from the subgrid models used in the
imulation and the criteria used to construct samples of Milky Way
nalogues. Future suites of simulations may define samples based on 
riteria other than host halo mass: for example, analogues of well-
nown features of the Milky Way such as the LMC or a GSE-like
ccretion event. This would provide a denser sampling of accretion 
istories resembling that of the Milky Way. 
Finally, mismatches between the mocks and the Milky Way in the

ensity of sources belonging to the different MWS target classes has
n important effect on the spectroscopic mock catalogues. A MAIN- 
LUE or MAIN-RED star has higher priority in fibre assignment, 

elative to a MAIN-BROAD or MWS-FAINT star. Since the Auriga 
tellar haloes are more massive than the stellar halo of the MW, there
re typically 10 times more MAIN-BLUE and MAIN-RED stars in 
he the AuriDESI photometric target catalogues than in the real DESI
hotometric target catalogue. When fibre assignment is carried out, 
his much larger pool of higher-priority MAIN-BLUE or MAIN- 
ED targets consumes a much larger fraction of the fibre budget,

esulting in a spectroscopic catalogue with a much lower fraction of
AIN-BROAD and MWS-FAINT stars compared to the real surv e y.
his is a faithful representation of what the DESI surv e y would
bserve in the Aurig a g alaxies (given the same total number of fibres
pportunities), but it may limit comparisons to these lower priority 
lasses. F or e xample, the larger number of intrinsically bright, low
roper-motion metal-rich halo stars ( MAIN-RED ) in the AuriDESI 
hotometric target catalogues means that very few intrinsically faint, 
igh-proper motion, metal-rich ( MAIN-BROAD ) disc stars receive 
MNRAS 531, 4108–4137 (2024) 
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ock fibres, which makes AuriDESI potentially somewhat less
seful for the study of disc kinematics (this can explored using the
resampled’ variants of the spectroscopic mock catalogues, described
n Section 3.3.6 ). 

We intend to address the technical limitations of these mocks in
uture work, and to provide updated versions of AuriDESI alongside
uture MWS data releases. The method can be readily applied to new
imulations, including variants assuming different phenomenology
or the dark matter. 
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PPENDI X  A :  MWS-MAIN A N D  MWS-FAINT SAMPLE  

ELECTI ON  CRI TERI A  

his section describes the exact criteria used to select stars in
he MWS MAIN-BLUE , MAIN-RED , and MAIN-BROAD target 
ategories. Identical criteria are used to generate the real MWS 

hotometric target catalogue from the combination of LS and 
aia photometry, and to generate the AuriDESI photometric target 

atalogue from AuriGaia, extended with LS photometry as described 
n the text. The only exception is the Gaia data column astromet-
ic params solved which, for the real Gaia data, indicates if

he position and astrometric quantities are solved for a particular 
ource). This criterion is used only when generating the real MWS
hotometric target catalogue. 
In the following definitions, f r is the r -band flux and f r, 19 =

0 (22.5 − 19)/2.5 . 

(i) MWS-MAIN : 16 < r < 19. All targets in this magnitude range
re classified into one of the following mutually e xclusiv e subsets: 

(a) MAIN-BLUE : 

(1) g − r < 0.7. 

(b) MAIN-RED : 

(1) g − r > 0.7; 
(2) π < (3 σπ + 0 . 3) mas AND | μ| < 

5 
√ 

f r /f r, 19 mas yr −1 . 
(3) astrometric params solved ≥31 

(c) MAIN-BROAD : 

(1) g − r > 0.7; 
(2) π > (3 σπ + 0 . 3) mas OR | μ| > 5 

√ 

f r /f r, 19 mas yr −1 .
(3) astrometric params solved <31 

(i) MWS-FAINT : 19 < r < 20. All targets in this magnitude range
re classified into one of the following mutually e xclusiv e subsets: 
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(a) FAINT-BLUE : 

(1) g − r < 0.7. 

(b) FAINT-RED : 

(1) g − r > 0.7 
(2) π < (3 σπ + 0 . 3) mas AND | μ| < 3 mas yr −1 . 
(3) astrometric params solved ≥31 

There is no equi v alent of the MAIN-BROAD subset in the faint
ample. 

In the AuriDESI mocks, the categories to which each star belongs
re encoded in the MWS TARGET bitmask. For example, the mask
MWS TARGET & MAIN RED)! = 0 selects MAIN-RED targets

n the mock. For more information on the use of these bitmasks, see
yers et al. ( 2023 ). 

PPENDIX  B:  AURIDESI  I S O C H RO N E S  

s mentioned in Sections 3.1.2 and 3.2.2 , when computing stellar
arameters for each star, the initial mass of the parent star particle is
nterpolated onto the nearest age and metallicity point of the available
sochrone grid. 

Fig. B1 , shows the resulting log g distributions of stars in the MWS
ootprint, comparing the AuriGaia haloes to the GALAXIA model. It
s quite clear that there a deficit of stars with log g > 4.5 in AuriGaia
elative to GALAXIA . This lack of low-mass stars (associated with the
hin disc of the galaxy) arises from the difference in the isochrones
NRAS 531, 4108–4137 (2024) 

igure B1. Surface gravity (log g ) distributions for all stars in the mock 
WS footprint, in each of the six AuriGaia haloes. The distributions are 

ormalized to have the same integral over the range 3 < log g < 6. For 
omparison, the light brown line shows the default GALAXIA model from 

harma et al. ( 2011 ) modified to have a broken power-law halo with a steeper 
uter slope that better approximates recent Milky Way results (see Cooper 
t al. 2023 ). 
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108/7689770 by Liverpool John
sed by GALAXIA and AuriGaia. The ICC mocks of AuriGaia use
ersion 1.2S of the PARSEC isochrones (Bressan et al. 2012 ; Chen
t al. 2014 , 2015 ; Tang et al. 2014 ; Grand et al. 2018b ). GALAXIA

ses an older version of the PARSEC models (generated from CMD
2.1 in 2008, Marigo & Girardi 2007 ; Marigo et al. 2008 ; Sharma
t al. 2011 ). In the more recent PARSEC models, fainter absolute
agnitudes are assigned to low-mass stars. This change is described

y Chen et al. ( 2014 ). We intend to address this apparent discrepancy
n future versions of AuriDESI. For this reason, we caution against
he use of the mock catalogues we provide here for applications
hat are sensitive to the density of low-mass stars in the nearby
hin disc. 

The differences between the distributions at high log g can be
ttributed to the halo-to-halo variation in the slope of the outer
alo density profile. The significant excess in the log g distribution
or Au 21 is due to the contribution of a single satellite (see
ection 5.3 ). 

PPENDI X  C :  M O C K  C ATA L O G U E  DATA  

O D E L  

his section describes the data model of the AuriDESI mock cata-
ogues. We provide each catalogue as a FITS file with fiv e e xtensions.
hese follow essentially the same data model as the real MWS
atalogue data products (Koposov et al. in preparation). Table C1
escribes the RVTAB extension, which includes stellar parameters
uch as radial velocity, ef fecti ve temperature, metallicity, and their
orresponding uncertainties. In the real MWS surv e y, these will be
btained from reductions of the observed spectra with the MWS
nalysis pipelines. Table C2 describes the FIBERMAP extension.
his includes the sky positions and other targeting information for
ach star. Table C3 provides Gaia observables, as in AuriGaia but
ere updated to the EDR3 error model used for DESI targeting.
ables C4 and C5 contain information propagated from the under-

ying Auriga simulation: respectively, the original (‘true’) simulated
alues of various quantities for the parent star particle of each star,
nd information concerning the bulk properties and orbital history of
ach accreted progenitor. 
able C1. Columns in the RVTAB extension of an AuriDESI catalogue file. 

ame Description Units 

RAD Radial velocity km s −1 

RAD ERR Error in radial velocity km s −1 

OGG Logarithm of surface gravity dex 
EFF Ef fecti ve temperature K 

LPHAFE Alpha abundance dex 
EH Metallicity dex 
OGG ERR Error in surface gravity dex 
EFF ERR Error in ef fecti ve temperature K 

LPHAFE ERR Error in alpha abundance dex 
EH ERR Error in metallicity dex 
ARGET RA Right ascension deg 
ARGET DEC Declination deg 
ARGETID Unique identifier for a star 
EALPIX HEALPIX value corresponding to sky positions 
URVEY DESI Surv e y program (Main/SV) 
ROGRAM DESI observing program (bright/dark) 
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Table C2. Columns in the FIBERMAP extension of an AuriDESI catalogue file. 

Name Description Units 

TARGETID Unique identifier for a star –
TARGET RA Right ascension deg 
TARGET DEC Declination deg 
PMRA Proper motion right ascension mas yr −1 

PMDEC Proper motion declination mas yr −1 

FATYPE Class of the star for fibre assignment 
OBJTYPE Type of the object –
MORPHTYPE Morphological type –
FLUX G Flux in DECam g band nanomaggies 
FLUX R Flux in DECam r band nanomaggies 
FLUX Z Flux in DECam z band nanomaggies 
GAIA PHOT G MEAN MAG Gaia G mag mag 
GAIA PHOT BP MEAN MAG Gaia BP mag mag 
GAIA PHOT RP MEAN MAG Gaia RP mag mag 
PARALLAX Parallax mas 
PHOTOSYS Photometric system –
DESI TARGET Target class of DESI the star belong to –
MWS TARGET Is the star an MWS target –
SV1 MWS TARGET Does the star come within DESI SV1 field –
SV2 MWS TARGET Does the star come within DESI SV2 field –
SV3 MWS TARGET Does the star come within DESI SV3 field –

Table C3. Columns in the Gaia extension of an AuriDESI catalogue file. 

Name Description Units 

RA Right ascension deg 
RA ERROR Error in right ascension deg 
DEC Declination deg 
DEC ERROR Error in declination deg 
PARALLAX Parallax mas 
PARALLAX ERROR Error in parallax mas 
PM Proper motion mas 
PMRA Proper motion in right ascension mas yr −1 

PMRA ERROR Error in proper motion in right ascension mas yr −1 

PMDEC Proper motion in declination mas yr −1 

PMDEC ERROR Error in proper motion in declination mas yr −1 

RADIAL VELOCITY Radial velocity km s −1 

RADIAL VELOCITY ERROR Error in radial velocity km s −1 

Table C4. Columns in the TRUE VALUE extension of an AuriDESI catalogue. 

Name Description Units 

PARTICLE ID Particle ID of the parent star particle –
RA Right ascension of the star deg 
DEC Declination of the star deg 
PARALLAX Parallax of the star mas 
PMRA Proper motion right ascension mas yr −1 

PMDEC Proper motion declination mas yr −1 

VRAD Radial velocity km s −1 

X PARENT Galactocentric X coordinate of the parent star particle kpc 
Y PARENT Galactocentric Y coordinate of the parent star particle kpc 
Z PARENT Galactocentric Z coordinate of the parent star particle kpc 
VX PARENT Velocity of parent star particle along galactocentric coordinate X km s −1 

VY PARENT Velocity of parent star particle along galactocentric coordinate Y km s −1 

VZ PARENT Velocity of parent star particle along galactocentric coordinate Z km s −1 

AGE Age of the star Gyr 
TEFF Ef fecti ve temperature of the star K 

LOGG Surface gravity of the star dex 
Z Metallicity of the star dex 
FEH Iron abundance of the star dex 
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M

Table C4 – continued 

Name Description Units 

ALPHAFE Alpha abundance of the star dex 
MASS Mass of the star M �
INITIAL MASS Initial mass of the star M �
GRAVPOTENTIAL Gravitational potential energy of the parent star particle km 

2 s −2 

APP GMAG Apparent magnitude in DECAM g band mag 
APP RMAG Apparent magnitude in DECAM r band mag 
APP ZMAG Apparent magnitude in DECAM z band mag 
POP ID 0: star formed in situ ; 1: star was accreted; 2: star is still bound to a satellite –
TREE ID Integer label for each unique progenitor system. 0: star formed in situ (i.e. in the main branch 

of the merger tree of the MW analogue); > 0: star formed in an accreted satellite. 
–

SUBHALO NR Integer label for the present-day subhalo to which the star is currently bound. 0: star bound to 
main halo; > 0: star is bound to a surviving satellite 

–

Table C5. Columns in PROGENITOR extension of AuriDESI catalogue. 

Name Description Units 

TREE ID Identifier of progenitor, corresponding to a specific merger tree at redshift 0 –
SUBHALO NR Subhalo the star particle belong to redshift 0 –
MSTAR TOT Total mass of star particles with a given TREE ID M �
MSTAR ACCRETED MAIN Stellar mass for a given TREE ID associated with the main halo (SUBHALO NR = 0) at z = 0 M �
MSTAR FUZZ Stellar mass for a given TREE ID associated with the fuzz (SUBHALO NR =−1) at z = 0 M �
HAS BOUND SAT Does the subhalo with a given TREE ID contain particles at z = 0 –
MSTAR SAT Stellar mass for a given TREE ID associated with any SUBHALO NR > 0 at z = 0 M �
Z INFALL Infall redshift for a given TREE ID –
HALO MSTAR INFALL Total stellar mass of the halo specified in the latest Auriga merger trees M �
HALO MGAS INFALL Total gas mass of the halo specified in the latest Auriga merger trees M �
HALO MDM INFALL Total dark matter mass of the halo specified in the latest Auriga merger trees M �
SUBHALO MSTAR SUBFIND stellar mass for subhalo for a given TREE ID at redshift 0 M �
SUBHALO MGAS SUBFIND gas mass for subhalo for a given TREE ID at redshift 0 M �
SUBHALO MDM SUBFIND dark matter mass for subhalo for a given TREE ID at redshift 0 M �
R GAL Present-day galctocentric distance ( −1 if no surviving subhalo) kpc 
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PPENDIX  D :  AU  2 1  P RO G E N I TO R S  

o illustrate variations between the different Auriga haloes, we repeat
ome of the plots shown for Au 6 in Section 4.2 in the context of Au
1. 
Fig. D1 shows the projected density of stars from the 10 most
assive progenitors in Au 21 o v er the DESI footprint. Some of

hese progenitors show clear stream-like features (progenitors 3, 4,
, and 8) while others are distributed smoothly (progenitors 1, 2, and
). Most of these progenitors (3, 4, 6, 7, 8, and 10) are associated
ith a region of high density, which indicates the positions of their

atellite remnants (see Section 5.3 ). The clumpiness seen in these sky
istributions is a result of kernel smoothing algorithm, as described
n the main text. 

Fig. D2 shows the radial density profiles of simulated star particles
n the 10 most massive progenitors of Au 21. In each panel, the black
ine shows the density profile of all the accreted star particles in
u 21, the brown line shows the profile of all the star particles
NRAS 531, 4108–4137 (2024) 
n a given progenitor, and the blue line shows the profile for only
hose star particles that contribute at least one star to the AuriDESI
ock catalogue. The brown and blue lines are similar, except at

ower galactocentric distances. This difference comes mainly from
he geometric effect of the DESI footprint, which is restricted to high
atitudes ( | b | > 20). 

Fig. D3 shows the distribution of star particles from the ten most
assive progenitors of Au 21 in the space of orbital energy and

ngular momentum. The inset plots in each panel show the age–
etallicity distribution of the same particles. These plots provide

n outline of the dynamical history of each progenitor. For ex-
mple, progenitors 1, 2, and 5 are distributed o v er a v ery broad
ange of energy; 2 and 5 have a more prograde rotation, while 1
eems to be more relaxed, with no bulk rotation. Star formation
n progenitors 1, 2, 5, 6, 9, and 10 extends up to ∼ 8 Gyr,
hile the others sustain star formation up to ∼ 6 Gyr before the
resent. 
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Figure D1. On-sky density distribution of stars from 10 most massive progenitors in the Au 21 AuriDESI mock catalogue. The densest regions typically 
correspond to the position of the remnant of the main body of the progenitor satellite. 
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M

Figure D2. Galactocentric density distribution of star particles in the 10 most massive progenitors of Au 21. The black line shows the density profile of all the 
accreted star particles in the halo (identical in each panel). The brown line shows the profile of all the star particles from a given progenitor and the blue line 
shows the profile of all star particles that contribute at least one star to AuriDESI mock catalogue. The f vis value in each panel is the fraction of mass visible to 
DESI. 

Figur e D3. Ener gy–angular momentum distributions of accreted star particles from the 10 most massiv e progenitors of Au 21. The gre y-scale distribution in 
the background corresponds to the distribution of all star particles from all the progenitors. The inset panels show the distribution of stellar ages (Gyr, horizontal 
axis) and metallicities (de x, v ertical axis). All inset panels have the same range of age and metallicity (the scale of each axis is shown on the last panel, and 
omitted in the others). 
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