of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 485, 2589-2616 (2019)

®

ihancing
oy ond

doi:10.1093/mnras/stz538

Advance Access publication 2019 February 26

The Auriga stellar haloes: connecting stellar population properties with
accretion and merging history

Antonela Monachesi ©,123< Facundo A. Gobmez,%3 Robert J. J. Grand ©,*° Christine
M. Simpson “,* Guinevere Kauffmann,® Sebastian Bustamante,*

Federico Marinacci ©,%7 Rudiger Pakmor ©,* Volker Springel ©,34° Carlos S. Frenk,?
Simon D. M. White “3 and Patricia B. Tissera “®19

Lnstituto de Investigacion Multidisciplinar en Ciencia y Tecnologia, Universidad de La Serena, Radl Bitran 1305, La Serena, Chile
2Departamento de Fisica y Astronomia, Universidad de La Serena, Av. Juan Cisternas 1200 Norte, La Serena, Chile
3Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, D-85748 Garching, Germany

“4Heidelberger Institut fiir Theoretische Studien, Schloss-Wolfsbrunnenweg 35, D-69118 Heidelberg, Germany

5Zentrum fiir Astronomie der Universitat Heidelberg, Astronomisches Recheninstitut, Monchhofstr. 12-14, D-69120 Heidelberg, Germany
6Department of Physics, Kavli Institute for Astrophysics and Space Research, MIT, Cambridge, MA 02139, USA

"Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

8lnstitute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DH1 3LE, UK
9Departamento de Ciencias Fisicas, Universidad Andrés Bello, Av. Replblica 220, Santiago, Chile

OMillennium Institute of Astrophysics, Av. Replblica 220, Santiago, Chile

Accepted 2019 February 11. Received 2019 January 21; in original form 2018 April 20

1 INTRODUCTION

ABSTRACT

We examine the stellar haloes of the Auriga simulations, a suite of 30 cosmological
magnetohydrodynamical high-resolution simulations of Milky Way-mass galaxies performed
with the moving-mesh code AREPO. We study halo global properties and radial profiles out
to 150 kpc for each individual galaxy. The Auriga haloes are diverse in their masses and
density profiles, mean metallicity and metallicity gradients, ages, and shapes, reflecting the
stochasticity inherent in their accretion and merger histories. A comparison with observations
of nearby late-type galaxies shows very good agreement between most observed and simulated
halo properties. However, Auriga haloes are typically too massive. We find a connection
between population gradients and mass assembly history: galaxies with few significant
progenitors have more massive haloes, possess large negative halo metallicity gradients, and
steeper density profiles. The number of accreted galaxies, either disrupted or under disruption,
that contribute 90 per cent of the accreted halo mass ranges from 1 to 14, with a median of
6.5, and their stellar masses span over three orders of magnitude. The observed halo mass—
metallicity relation is well reproduced by Auriga and is set by the stellar mass and metallicity
of the dominant satellite contributors. This relationship is found not only for the accreted
component but also for the total (accreted + in situ) stellar halo. Our results highlight the
potential of observable halo properties to infer the assembly history of galaxies.

Key words: methods: numerical —galaxies: haloes—galaxies: spiral—galaxies: stellar
content.

possess a large amount of substructure in the form of extended
stellar streams and small satellite galaxies, extending to large

Stellar haloes of large galaxies like our Milky Way (MW) are
thought to be formed primarily through the accretion and merger
of smaller satellite galaxies (Searle & Zinn 1978). As a result of
this merger and disruption activity, stellar haloes are expected to
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galactocentric radius (e.g. Johnston, Hernquist & Bolte 1996;
Helmi & White 1999; Bullock & Johnston 2005; Cooper et al.
2010; Gomez et al. 2013), as well as to exhibit large halo-to-halo
variations in their properties, due to stochastic variations in halo
merger history (e.g. Bullock & Johnston 2005; De Lucia & Helmi
2008; Cooper et al. 2010; Gomez et al. 2012; Tissera, White &
Scannapieco 2012). Their constituent stars are fossil records of the
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hierarchical merging process; their ages and metallicities reflect
the properties of the interstellar medium in the satellites at the
time of their formation. They thus provide a unique window into
reconstructing the mass assembly history of galaxies.

However, stellar haloes are faint (reaching surface brightnesses,
SBs, of py 35 magarcsec™?), very extended (out to a few
hundreds of kiloparsecs from the galactic centre), and represent
only a few per cent of the overall mass and light of a galaxy. Hence,
detecting them is an observationally expensive and challenging task.
Over the past few decades, integrated light studies have detected
the faint diffuse component of nearby galaxies uncovering several
stellar streams (Malin & Hadley 1997; Shang et al. 1998; Mihos
et al. 2005; Martinez-Delgado et al. 2010; Mihos et al. 2013;
Watkins, Mihos & Harding 2015; Merritt et al. 2016); more recently
significant progress has been made in controlling the scattered light
that limits our ability to measure the SB profiles of galactic haloes
(see e.g. D’Souza et al. 2014; van Dokkum, Abraham & Merritt
2014; Trujillo & Fliri 2016).

Nevertheless, one of the best approaches for mapping the struc-
ture and properties of stellar haloes is still to resolve their individual
stars. This allows us to obtain detailed age and metallicity informa-
tion and enables effective faint SB levels (y 34 mag arcsec™2) to
be reached. Due to their proximity, the individual stars of the MW’s
and M31’s haloes have been extensively studied (e.g. Newberg &
Yanny 2005; Carollo et al. 2007, 2010; Ivezic et al. 2008; Juric et al.
2008; Bell et al. 2008, 2010; Sesar, Juri¢ & Ivezit 2011; Deason
et al. 2013; Xue et al. 2015; Carollo et al. 2016; Slater et al. 2016;
Fernandez-Alvar etal. 2017 for MW halo studies; Kalirai et al. 2006;
McConnachie et al. 2009; Gilbert et al. 2012, 2014; Ibata et al. 2014
for M31 halo studies). While both stellar haloes are highly structured
and present similarities, such as steeply declining power-law-like
density profiles and large spatial extents, their detailed properties
are significantly different. The MW stellar halo appears to have a
broken power-law density profile (although see Slater et al. 2016),
has a weak or absent radial metallicity gradient and is rather light,
with an estimated mass of (4 —7) < 108 M . M31, on the other
hand, has a rather massive stellar halo ( 10*® M ) that can be best
described with a single power-law profile and its metallicity radial
profile shows a continuous negative gradient of —0.01dex kpc™*
over 100 kpc. These differences suggest that the two galaxies have
had very different accretion and merger histories (see e.g. Deason
et al. 2013; Gilbert et al. 2014; Harmsen et al. 2017; Amorisco
2017b; D’Souza & Bell 2018).

Clearly, information gained from just two galaxies is insufficient
to constrain galaxy formation models. Because of this, the study
of resolved stellar haloes in other large nearby galaxies outside the
Local Group has received increased attention during the last few
years (e.g. Harris & Harris 2002; Mouhcine et al. 2005b; Harris
et al. 2007a,b; Barker et al. 2009; Mouhcine, lbata & Rejkuba
2010; Bailin et al. 2011; Monachesi et al. 2013; Rejkuba et al.
2014; Greggio et al. 2014; Okamoto et al. 2015; Peacock et al.
2015; Monachesi et al. 2016a; Crnojevi¢ et al. 2016; Harmsen
et al. 2017; Tanaka, Chiba & Komiyama 2017, see also the review
by Crnojevic 2017). Detailed stellar population information is
obtained mostly with Hubble Space Telescope (HST) observations,
such as those from the GHOSTS (Galaxy Halos, Outer disks,
Substructure, Tick disks and Star clusters) survey (Radburn-Smith
et al. 2011; Monachesi et al. 2016a). These are, however, pencil-
beam observations and should be complemented by panoramic
views of the galaxies to understand and fully characterize features
that may provide information about their assembly histories (see
e.g. the panoramic view of M81 by Okamoto et al. 2015 and also
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the Panoramic Imaging Survey of Centaurus and Sculptor (PISCeS)
survey by Crnojevic et al. 2016).

One of the main results from the GHOSTS survey is that stellar
halo properties are very diverse among the sample of eight galaxies
studied (including the MW and M31) that are otherwise similar
in morphology, mass, and luminosity. There is a large range in the
median metallicities and radial metallicity profiles of these galaxies’
haloes (Monachesi et al. 2016a). A similar diversity is observed in
the slopes of their power-law SB profiles and inferred stellar halo
masses (Harmsen et al. 2017). Interestingly, the diversity in stellar
halo masses was also found in integrated light studies of a different
set of nearby galaxies from the Dragonfly survey (Merritt et al.
2016). Another important result from the GHOSTS survey is the
discovery of a tight correlation between the stellar halo mass and
halo metallicity at 30 kpc along the minor axis (Harmsen etal. 2017).
The more massive the stellar halo, the more metal rich it is; this
likely reflects the properties of the dominant satellite contributors
to the accreted halo (see e.g. Deason, Mao & Wechsler 2016; Bell
etal. 2017; D’Souza & Bell 2018). All these observed properties are
important probes of the physics of stellar halo formation and need
to be interpreted and contrasted against models in order to improve
our understanding of halo formation and help discriminate between
different formation scenarios.

Early theoretical models that only took into account the accreted
component of haloes predicted this observed diversity and attributed
it to stochasticity in the merger history (e.g. Bullock & Johnston
2005; De Lucia & Helmi 2008; Cooper et al. 2010; Tumlinson
2010; Gomez et al. 2012). However, these studies considered only

10 different simulations, thus undersampling the range of possible
merger histories. More recently, Amorisco (2017b) used a large
number of idealized dark-matter-only minor merger simulations
to link the halo assembly history of MW-mass galaxies to the
properties of their stellar haloes. He showed that the stellar halo
mass of a galaxy can inform us about its merger and accretion
history, but with significant scatter. On average, galaxies with low-
mass stellar haloes have experienced a phase of ‘fast growth’ at
early redshifts (z) and then have had a quiet accretion history
until the present day. On the other hand, large stellar haloes have
experienced, on average, a phase of ‘fast growth’ at intermediate
redshifts which maximizes the accreted stellar mass by z = 0.
Deason et al. (2016), using 45 cosmological dark-matter-only
N-body simulations showed that massive stellar haloes are primarily
built from a few large satellite galaxies rather than from many low-
mass satellites (see also Cooper et al. 2010; Amorisco 2017a).
Importantly, Deason et al. (2016) found a correlation between
the average metallicity of the accreted stellar material and the
mass-weighted average of its contributor satellites, which matches
remarkably well the relationship subsequently discovered in the
GHOSTS survey between the stellar halo mass and halo metallicity
at 30 kpc along the minor axis (Harmsen et al. 2017). This
relationship was further investigated by D’Souza & Bell (2018)
using the accreted component of 4600 galaxies from the Illus-
tris cosmological hydrodynamical simulations (Mogelsberger et al.
2014b,a; Genel et al. 2014), demonstrating it to exist over three
orders of magnitude in accreted stellar mass. Despite the insight
gained from all these studies, they either (i) lack statistical power
(Bullock & Johnston 2005; Cooper et al. 2010; Gomez et al. 2012);
(ii) are not based on fully hydrodynamical cosmological simulations
(Bullock & Johnston 2005; Cooper et al. 2010; Gomez et al. 2012;
Deason et al. 2016; Amorisco 2017a); or (iii) do not have the very
high resolution needed to analyse in detail the properties, especially
the gradients, of individual haloes (D’Souza & Bell 2018).
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Inaddition to the accreted stars, semi-analytical and hydrodynam-
ical simulations of the formation of MW-like galaxies predict that
the inner regions of stellar haloes host an in situ stellar component
composed both of stars born in the host’s galactic disc that are later
ejected into the halo due to interactions with subhaloes or molecular
clouds, and of stars formed in streams of gas stripped from infalling
satellites (e.g. Benson et al. 2004; Zolotov et al. 2009; Purcell,
Bullock & Kazantzidis 2010; Font et al. 2011; McCarthy et al.
2012; Tissera et al. 2013; Pillepich et al. 2014; Tissera et al. 2014;
Cooper et al. 2015; Monachesi et al. 2016b; Elias et al. 2018).
This component should be confined close to the disc plane and
more metal-rich than the accreted halo (e.g. Pillepich, Madau &
Mayer 2015; Monachesi et al. 2016b). However, the prominence of
this component in mass and extent can vary by large factors from
model to model ranging from being dominant at radii of as large as
30 kpc (e.g. Font et al. 2011; Monachesi et al. 2016b; Elias et al.
2018) to being significant only at <5 kpc (e.g. Zolotov et al. 2009;
Pillepich et al. 2015). This in situ halo diversity in simulations is
strongly driven by the details of the modelling of sub-grid physical
processes, such as star formation and feedback (see discussion on
this in Zolotov et al. 2009; Cooper et al. 2015), and is also partly
due to the definition of in situ halo, which varies between studies,
and to numerical resolution.

Inthis paper, we analyse the stellar haloes of the Auriga-simulated
galaxies introduced in Grand et al. (2017, hereafter G17). These
are 30 very high resolution cosmological magnetohydrodynamical
simulations performed with the moving-mesh code AREPO. The
main advantage of this work over previous numerical studies is
the very high resolution obtained for a relatively large number of
individual hydrodynamically simulated haloes; this is the largest
data set of currently available haloes at this mass resolution. The
high resolution allows us to study and analyse in detail the properties
of each individual halo, rather than averaging the properties of lower
resolution simulations. The relatively large number of haloes allows
us to start relating observable properties to the merger and accretion
history of each individual galaxy in a statistical manner, quantifying
a mean and scatter of stellar halo properties.

To provide a meaningful connection between the measured
observable properties of stellar haloes and the mass assembly history
of galaxies, in this work we consider not only spherically averaged
properties, but also other structural properties that can be readily
compared with observations, such as projected stellar halo shapes,
metallicities along one axis, projected power-law density slopes,
etc. A fair and detailed comparison with observations is important
in order to ensure that any mismatch is not a consequence of the
way the comparison is performed but rather due to the physics
implemented in the models. This is also an advantage over many
other studies, which give, for example, spherically averaged stellar
halo properties that cannot be obtained from observations.

We test predictions from this suite of simulations against the
available results for stellar haloes of nearby galaxies (e.g. GHOSTS,
M31, MW, and Dragonfly survey). The results and predictions
from this work should be useful for comparison with future
observations, such as those that are being carried out or planned
for current facilities e.g. Hyper Suprime-Cam (HSC)/Subaru or
Dark Energy Spectroscopic Instrument (DESI) and future facilities
such as Large Synoptic Survey Telescope (LSST), Extremely
Large Telescope (ELT), Giant Magellan Telescope (GMT), and
WFIRST (Wide-Field Infrared Survey Telescope). These will greatly
increase our knowledge of the stellar properties of galactic haloes
in the Local Universe, gained currently from only a handful of
galaxies.
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We describe the simulations and nomenclature we use in Sec-
tion 2. Section 3 presents the main properties of the Auriga stellar
haloes, such as SB, metallicity, age, and axial ratio profiles, as
well as accreted mass fractions. All the profiles are presented
as a function of spherically averaged radius as well as projected
along one direction to facilitate comparison with observations.
We analyse the mass assembly of the accreted stellar haloes in
Section 4 and connect observable properties of stellar haloes with
the mass accretion history of each galaxy. In Section 5, we compare
our results with observations of individual galaxies in a detailed
and quantitative way, highlighting both the agreements and the
mismatches that we find. We discuss our results in Section 6 and
summarize and conclude in Section 7.

Throughout the paper, we use the term ‘halo’ to refer to the stellar
halo, unless otherwise stated.

2 METHODOLOGY AND DEFINITIONS

2.1 The Auriga simulations

The Auriga simulations are a suite of 30 cosmological magnetohy-
drodynamical zoom simulations of MW-sized dark matter haloes.
A detailed description of these simulations can be found in G17.
Here, we briefly describe their main features.

Candidate haloes were first selected from a parent dark-matter-
only cosmological simulation of the Evolution and Assembly of
Galaxies and their Environments (EAGLE) project (Schaye et al.
2015), carried out in a periodic cube of side 100h~*Mpc. A
cold dark matter cosmology was adopted, with parameters ., =
0.307, , =0.048, = 0.693, and Hubble constant H, = 100
h km s™* Mpc™t and h = 0.6777 (Planck Collaboration et al.
2014). Haloes were selected to have a narrow mass range of
1 < Myp/10M < 2, comparable to that of the MW, and to
satisfy an isolation criterion at z = 0 (see G17 for details on the
process of host halo selection). By applying a multimass ‘zoom-in’
technique, each halo was resimulated at higher resolution with the
state-of-the-art N-body and moving-mesh magnetohydrodynamics
code AREPO (Springel 2010; Pakmor et al. 2016).

Gas was added to the initial conditions and its evolution was
followed by solving the equations of ideal magnetohydrodynamics
on an unstructured Voronoi mesh. The typical mass of a dark matter
particle is 3 x 10° M , and the baryonic mass resolution is

5 x 10* M . The physical gravitational softening length grows
with the scale factor up to a maximum of 369 pc, after which it is
kept constant. The softening length of gas cells is scaled by the mean
radius of the cell, with a maximum physical softening of 1.85 kpc.

The simulations include a comprehensive model for galaxy
formation physics which includes important baryonic processes,
such as primordial and metal-line cooling (Mogelsberger et al.
2013); a sub-grid model for the interstellar medium that utilizes
an equation of state representing a two-phase medium in pressure
equilibrium (Springel & Hernquist 2003); a model for the star
formation and stellar feedback that includes a phenomenological
wind model (Marinacci, Pakmor & Springel 2014; Grand et al.
2017) and metal enrichment from SNII, SNIa, and asymptotic giant
branch stars (Vogelsberger et al. 2013); black hole formation and
active galactic nucleus feedback (Springel, Di Matteo & Hernquist
2005; Marinacci et al. 2014; Grand et al. 2017); a spatially
uniform, time-varying UV background after reionization at redshift
six (Faucher-Giguére et al. 2009; Vogelsberger et al. 2013) and
magnetic fields (Pakmor & Springel 2013; Pakmor, Marinacci &
Springel 2014). The model was specifically developed for the AREPO
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code and was calibrated to reproduce several observational results
such as the stellar mass to halo mass relation, galaxy luminos-
ity functions, and the history of the cosmic star formation rate
density.

In this work, we analyse 28 out of the 30 Auriga galaxies, denoted
by ‘AuN’ with N varying from 1 to 30. We exclude from our analysis
Auland Aull, which are not isolated. Aul has a nearly equal mass
companion within Ry, the radius within which the halo’s mean
density is equal to 200 times the critical density of the universe,
and Aull is undergoing a major merger at redshift zero. All of the
Auriga galaxies are forming stars at z = 0 and most of them have a
disc; only three out of 30 (Au 13, 29, and 30) do not show extended
discs at z = 0, but rather a spheroidal morphology. Nevertheless,
they present a small disc component as shown by G17 in their figs
2and 3.

In Fig. 1, we show V-band maps of stellar SB for all the Auriga
galaxies analysed in this work, seen edge-on. Discs are aligned
with the XY-plane as in G17. Only star particles that at z = 0 are
gravitationally bound to the main galaxy are used to create the
maps and for the analysis presented in this paper, unless otherwise
stated; stars which are bound to a distinct satellite of the main
galaxy are excluded. Photometry was obtained using Bruzual &
Charlot (2003) stellar population synthesis models. We estimate the
luminosity of each stellar particle, treated here as a single stellar
population of a given age, mass, and metallicity, in several broad-
bands. We currently record luminosities for U, V, B, K, g, r, i,
andz bands without modelling the effects of dust extinction. A
visual inspection of Fig. 1 reveals differences between, e.g. disc
size (see Table 1 and G17 for a discussion on disc sizes origin)
and the amount of substructure and stellar halo shapes among the
Auriga galaxies. The diversity in morphological properties of these
simulated galaxies reflects the stochasticity inherent to the process
of galaxy formation and evolution (e.g. Bullock & Johnston 2005;
Cooper et al. 2010; Tumlinson 2010).

2.2 Definition of stellar halo

The definition of a galaxy’s stellar halo is not straightforward.
Several definitions have been used in previous work, both in
numerical and in observational studies. We will use here two
definitions: (1) a kinematic decomposition to allow comparison
with previous numerical work, and (2) an observationally motivated
definition for a more consistent comparison with observations, for
which kinematic decomposition of the data is not possible.

(1) Kinematic definition: theoretically, the stellar halo of a disc
galaxy is commonly defined as the kinematic component which
is not rotationally supported. This is usually characterized by the
orbital circularity parameter, defined as: = J,/J(E) (Abadi et al.
2003), where J; is the angular momentum around the disc symmetry
axis and J(E) is the maximum specific angular momentum possible
at the same specific binding energy, E. We selected the subset
of star particles with < 0.7 as the spheroidal component. We
note that this is done for all galaxies, including the three galaxies
mentioned in Section 2.1 that do not have extended discs. Although
perhaps in those cases it is more relevant to look at the haloes
globally, we decided to select the spheroidal component using the
same methodology for all galaxies for consistency in the analysis.
The chosen circularity value (< 0.7) was used by e.g. Marinacci
et al. (2014), Monachesi et al. (2016b), and Gomez et al. (2017b)
to isolate disc particles from the spheroidal component of the
galaxy. Other weaker (e.g. < 0.8) and more restrictive (i.e.
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< 0.65) constraints for the halo were adopted by Font et al. (2011),
McCarthy et al. (2012), Cooper et al. (2015), Monachesi et al.
(2016b) and by Tissera et al. (2013, 2014) and Monachesi et al.
(2016b), respectively. Following Cooper et al. (2015), particles in
the spheroidal component that lie within 5 kpc from the galactic
centre are defined as bulge. We note that the kinematic halo com-
ponent is selected regardless of the origin of the stellar populations,
i.e. whether the stellar particles are born in situ or in satellite
galaxies.

(2) Observational definition: observers have made several dif-
ferent selection criteria to isolate halo stars from the galactic disc.
Moreover, the criteria are generally different for the MW and for
external galaxy studies. For the MW, kinematic or photometric
selections can be made. For external galaxies, there is to date no
kinematic information available that allows the disc to be isolated
from the halo. Thus, the stellar halo is generally defined as the
population located beyond a certain galactocentric distance and
outside the disc plane (see e.g. Mouhcine et al. 2005a; Monachesi
et al. 2013; Rejkuba et al. 2014; Monachesi et al. 2016a). The
downside of this approach is that it is hard to define the end of the
disc. As a result, it is often questionable whether what is observed
is disc or halo. Studies of edge-on galaxies that confine their stellar
halo studies to the stars above 5 or 10 kpc from the disc plane are
safer. However if galaxies are significantly inclined, contamination
from the disc can be hard to account for. In these cases, photometric
cuts may be made in order to avoid, for instance, the most metal-
rich stars which are generally attributed to the disc. Note that,
observationally, it is only possible to obtain projected quantities
rather than spherically averaged quantities, as generally done in
numerical work (see Monachesi et al. 2016b).

Based on the previous discussion, we use a spatial selection
criterion to define our observationally motivated stellar halo. We
define the Z-axis as the direction perpendicular to the disc plane.
All stellar particles that, projected on the X-Z plane, are located
outside |X| = Rope and |Z| = 10 kpc (more than 5—10 times larger
than the typical scale height of all Auriga galaxies; see G17) are
considered to be part of the stellar halo. Here, Ry is the optical
radius, defined as the radius at which the SB in the B band reaches
Ug = 25 magarcsec™? when seen face-on.! We note that in some
cases, the discs are lopsided and thus the radius at which the galaxy
reaches this limiting SB on one side is not the same as on the
other side. We chose in these cases the maximum radius as the end
of the disc in order to minimize disc contamination as much as
possible. We note that beyond 10 kpc along the minor axis, all our
galaxies have pg > 25 mag arcsec™2 which assures us that we are
not looking at the disc component on the Z-axis either. The dashed
black rectangle superimposed on each galaxy in Fig. 1 indicates this
region. All stellar particles outside the rectangle are considered in
the observationally motivated definition of stellar halo.

This stellar halo definition has no dependence on  or the stellar
particle’s origin. Thus, itis readily comparable to observations. Note
that, except for Pillepich et al. (2015) and Monachesi et al. (2016b),
no other numerical work has used a spatially selected definition
of stellar halo, which is arguably the most useful definition if the
goal is to compare with observations of external galaxies with no
kinematic information.

1\We note that there is no significant difference in the optical radius when
calculating it using the edge-on SB maps. This is because the optical radius
mostly coincides with the truncation radius of the disc.
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Figure 1. SB maps in the V-band of the Auriga galaxies, seen edge-on at z = 0 in a (200 < 200) kpc? square. Only stellar particles that are gravitationally
bound to the main galaxy at z = 0 are plotted, i.e. particles bound to surviving satellite galaxies at z = 0 are not shown in this figure. The black dashed box
indicates our spatial identification of the disc component, with a 10 kpc distance above and below the disc’s plane and a length twice the disc optical radius.
Halo stars selected spatially include all stars outside this box. This selection is used when comparing with observations for which it is not possible to select
halo stars kinematically.
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2.3 Definition of accreted and in situ component

The accreted stellar component is defined as all stellar particles
born in satellite galaxies, i.e. particles that were bound to a satellite
galaxy in the first snapshot in which they are identified (‘birth time”)
and that at z = 0 are gravitationally bound to the main galaxy. This
definition disregards whether at ‘birth time’ the satellites are outside
or inside the host’s virial radius. We note that the stellar particles
called ‘endodebris’ in Tissera et al. (2013) and ‘commuters’ in
Snaith et al. (2016), defined as stars formed within the host’s virial
radius from gas brought in by satellites, are classified here in part
as accreted component (formed inside the orbiting satellites), and
in part as in situ component (formed in recently stripped streams
of gas).

All the other stellar particles that are bound to the host galaxy
at ‘birth time” are defined as the in situ component. As we show
in the following sections, the in situ stellar halo can reach large
galactocentric distances, in some extreme cases out to 100 kpc. This
is due to stars that are born from gas stripped from satellite galaxies.
These are included within our definition of the in situ component
(see a discussion on the ‘stripped-gas’ in situ component in Cooper
et al. 2015). However, their contribution to the in situ halo is not
very significant. We estimate how much of the in situ halo was
born within a spatially defined disc region, i.e. a cylinder covering
a X-Y region of one optical radius and 10 kpc height on the Z-axis.
Most of the in situ halo (75 per cent) located at distances of |Z|
= 10 kpc from the disc mid-plane at the present day has its birth
radius within the spatially defined disc. We note that Pillepich et al.
(2015) classified as “ex situ’ or accreted those stars formed from gas
that was stripped less than 150 Myr earlier than birth time.

The two definitions of stellar halo used in this work contain both
accreted and in situ stellar populations. It is none the less interesting
to highlight that some galaxies show a significant rotationally
supported accreted component, i.e. stellar particles that satisfy

> 0.7. These stellar particles are excluded from the kinematically
defined stellar halo and branded as an ‘ex situ’ disc component.
The properties of these ex situ discs are analysed in Gomez et al.
(2017D).

3 GENERAL PROPERTIES OF THE AURIGA
STELLAR HALOES

We describe in this section the main properties of the Auriga stellar
haloes. In what follows we show spherically averaged, azimuthally
averaged (2D projected), and projected along the minor axis
properties of each galaxy. The minor axis quantities are computed
in 15° projected wedges on the Z-coordinate (perpendicular to the
disc plane). To increase the numerical resolution and smooth out
sudden variations due to the presence of substructure, we include
stellar particles located within diametrically opposed wedges.

As we discuss below, some results, in particular halo metallicity
gradients, can significantly change if they are constructed from
spherical concentric shells around the galactic centre or from
projected wedges along the minor axis (see also Monachesi et al.
2016b). This difference is important when models are used to
compare with and interpret observations. Typically, azimuthally
averaged, let alone spherically averaged, quantities cannot be
obtained observationally, and thus these are measured along a given
direction.

We note that only the kinematically selected halo is shown when
plotting the spherically averaged profiles. Since the spatial selection
avoids the disc region, spherically (and azimuthally) averaged
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profiles for this selection can only be made beyond the optical
radius of each galaxy. Instead, the profiles along the minor axis are
presented both for the kinematical and spatial halo selection.

Unless otherwise stated, the line convention for all the figures
presented in this section is as follows. Black colours represent
spherical (or azimuthal in the case of the SB) profiles whereas red
colours represent minor axis profiles. Solid lines are used for the
overall (accreted + in situ) halo and dashed lines are accreted-only.
Dotted blue lines represent the minor axis profiles for the overall
(accreted + in situ) halo spatially defined, i.e. without circularity
constraint.

Table 1 lists the main properties of the Auriga stellar haloes that
we derive and discuss in this section.

3.1 Accreted mass fraction profiles

The total accreted mass fraction of the Auriga galaxies, %, is <0.2,
as expected for MW-mass galaxies whose stellar mass budget is
dominated by their in situ population (see e.g. D’Souza et al. 2014).
Aul7 and Au22 show the lowest values of £1%  0.02 (see G17 for
a list of £ for each galaxy).

For the kinematically defined stellar halo, the accreted mass
fraction £ is of course larger than 2! and it varies as a function
of galactocentric distance. Fig. 2 shows the spherically averaged
and projected minor axis FX? profiles, where the local fraction of
accreted mass, i.e. the fraction of stellar halo stars at a given radius
which are accreted, is shown at each radius. Given the different disc
sizes of the Auriga galaxies (see Table 1 and G17 for a discussion
on this), the extent of the in situ halo contribution will vary from
galaxy to galaxy. The blue vertical line on the bottom of each panel
indicates the galaxy optical radius. This figure shows that the Auriga
stellar haloes have an in situ population that typically dominates
out to the optical radius for the spherical profiles, beyond which
the accreted component begins to dominate. Interestingly, some
galaxies such as Au8, Au9, Aul0, Aul7, Aul8, Au22, and Au25
have a dominant in situ halo component (FX < 0.5) even beyond
Ropt- The reason for this is twofold. Au8 and Au25 have experienced
recent violent satellite interactions that ejected in situ material to
large galactocentric distances. On the other hand, as we show later
in Section 4, Aul0, Aul7, Aul8, and Au22 have had extremely
quiet late merger histories and thus have very low mass accreted
stellar haloes. In those cases, as we will show in Section 3.2, the in
situ halo material in the outer regions originates from disc—satellite
interactions at early times ( 8 Gyr ago) that ejected disc material
to large galactocentric distances.

Along the minor axis, the accreted component becomes dominant
(FX" > 0.5) at shorter distances, typically at 20 kpc and in several
cases it dominates beyond 10 kpc. This is not surprising since
most of the stellar halo material beyond Ry along this direction is
expected to be accreted. Note, however, that on those galaxies that
have experienced either strong interactions or very quiet merger
histories, the in situ halo dominates beyond Ry, even along the
minor axis. The spatially defined stellar halo accreted mass fraction
is not shown in Fig. 2. However, we note that, as we will show in
the next figures, the properties of the kinematically and spatially
defined stellar haloes along the minor axis overlap with each other.

We note that Fig. 2 shows that the accreted mass fraction does
not reach 100 per cent. The fraction of in situ material is generally
lower than 10-20 per cent beyond 100 kpc, which is nevertheless
a non-negligible fraction. The presence of in situ material at those
radii is mainly due to two effects: (1) stars formed at large distances
in streams of gas stripped from infalling gas-rich satellites; (2) in
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Figure 2. Local accreted mass fraction of the stellar halo as a function of R in spherical concentric shells (black) and on the minor axis (red) for halo particles
selected kinematically. The optical radius of each galaxy is indicated as a blue vertical line. The accreted stellar halo dominates typically beyond one optical
radius; in some extreme cases this happens only beyond two optical radii. Along the minor axis, the accreted stellar halo component dominates typically beyond
20 kpc; in several cases, it dominates beyond 10 kpc. The horizontal line in each panel indicates a local accreted stellar halo fraction of 50 per cent.

MNRAS 485, 2589-2616 (2019)

€202 |Udy 61 Uo Jasn AlsiaAlun s8I00|\ uyor [0odiaAlT AgQ ZE¥S9ES/6852/2/S8 /2 101E/SeIUW/WOoo dno olwapede//:sdily WOl PapEojuMO(]



situ stars that were born in the disc of the main galaxy and are then
scattered out to large radii because of major mergers. Effect (1) has
been studied in detail by Cooper et al. (2015, see their discussion
on the ‘stripped-gas’ in situ halo component). In addition, Cooper
et al. also find stars formed outside the disc from gas that has
been smoothly accreted on to the halo. These ‘smooth gas’ in situ
stars tend to form at the same time and place as the stripped-gas
population, suggesting that their formation is associated with the
same gas-rich accretion event. Effect (2) occurs in the event of a
major merger. This eventsignificantly perturbs and even destroys the
disc, generating tidal arms that populate the outer galactic regions
with in situ material, thus scattering in situ stars out to very large
radii. We see evidence of this in a few Auriga galaxies, like Au4,
Au25, and Au29, in which the fraction of in situ stars reaches 20
per cent at distances of 100 kpc.

Table 1 lists the total in situ and accreted masses of the kine-
matically defined stellar haloes. In general, we find that the Auriga
stellar haloes have a massive (1 > 10% M ) in situ population
which varies at most by a factor of six among the models, i.e. the
in situ haloes are all similar in mass. Nevertheless, it is a more
centrally concentrated component than the accreted one, with a
typical half-mass radius for the in situ halo of 10 kpc (with the
inner 5 kpc region excluded, as this is considered to be part of the
bulge), compared tothe 25 kpc for a typical half-mass radius of the
accreted haloes. The accreted haloes vary by an order of magnitude
in their masses (from  0.1to 2 < 10*° M ). A detailed analysis of
the different channels of in situ halo formation is deferred to future
work.

3.2 Surface brightness profiles

We show in Fig. 3 the azimuthally averaged SB profiles of
the kinematically defined Auriga stellar haloes. The profiles are
computed after orienting each galaxy to an edge-on view.

In all cases, the SB (2D) profiles can be approximately fitted by
a power law, with a slope varying between —2.5 and —4 (values
listed in Table 1); these are typical values found observationally
(see Section 5.3). Note that very similar slopes have been obtained
for the stellar density profiles in other numerical studies (Bullock &
Johnston 2005; Deason et al. 2013). For completeness, we note that
the spherically averaged (3D) stellar density profiles have slope
values between —3.5 and —5. In general, for both azimuthally and
spherically averaged, we find that these profiles do not present
strong breaks. Noticeable breaks can be seen in only 20 percent
of the Auriga galaxies (namely Au7, Au8, Aul7, Au20, Au25, and
Au30). These particular cases could be better fitted with a broken
power law.

We find significant variation in the slopes as well as in the
normalization values of the profiles (see Table 1). This translates
into large variations of SB of the stellar haloes at both small and
large galactocentric distances, with approximately three orders of
magnitude range in SB at any given radius.

The SB profiles of the kinematically defined haloes obtained
using only accreted stellar particles are generally flatter, with slopes
ranging from approximately —1.8 to —3. While the variation in the
slopes is similar to the one obtained with the overall stellar haloes,
their normalizations show a significantly larger scatter (see Table 1).
Even at 10 kpc, there is a four magnitude range in SB for the accreted
component, with values of i ranging from 25 to 29 mag arcsec™2.
This difference is, at most, one order of magnitude for the overall
haloes at 10 kpc, reflecting how dominant the in situ halo population
is in the inner galactic regions.
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From Fig. 3, it is thus possible to appreciate that the prominence
of the in situ stellar component, i.e. its total mass and extent, varies
significantly from halo to halo. The in situ stellar halo component
can dominate the light, and therefore mass, out to galactocentric
distances ranging between 5 and 30 kpc. As already highlighted
and discussed in Section 3.1, we note that even at 100 kpc the
contribution from the in situ component to the halo is small, but
non-negligible. Au25 presents an extreme case, in which the in situ
contribution dominates even at 50 kpc. As discussed in Gomez et al.
(2017h), this galaxy undergoes a violent interaction with a 101> M
companion 0.9 Gyr ago. This close interaction significantly perturbs
the host disc, generating two strong and radially extended tidal arms
that populate the outer galactic regions with in situ material.

In Fig. 3, we also present projected SB profiles obtained along
the minor axis (on the projected wedges). We show both the
kinematically and spatially selected stellar haloes for all particles.
As expected, very good agreement is found between these two halo
selection criteria. Note however that this is only valid for profiles
obtained along the disc minor axis since the material we see outside
the disc plane is dominated by particles with non-circular orbits.

In comparison with the azimuthally averaged profiles, the in
situ component extends to smaller distances along the minor axis.
However, we still find that it typically dominates out to 20 kpc.
As we already discussed in Section 2.3, most of these in situ star
particles formed within the spatially defined disc and thus are not
associated with star formation from gas recently stripped from
satellite galaxies. In some extreme cases, i.e. Aul7, Aul8, and Au22
the in situ component dominates the light (and mass) along the minor
axis out to larger distances. As already discussed in Sections 3.1
and later in Section 4, this is due to early major mergers ( 8 Gyr
ago) and a subsequent quiet merger history in these galaxies.

Both in the azimuthally averaged and in the projected minor axis
SB profiles, there are significant over- and underdense regions at
large distances. These wiggles are due to coherent substructure in
the stellar haloes produced by accretion events. Note that these
wiggles are less evident in the azimuthally averaged profiles than
along a given line of sight.

3.3 Metallicity profiles

Fig. 4 shows the median metallicity [Fe/H] profiles for the kine-
matically selected halo stars computed in spherical shells around
the galactic centre. The profiles are shown between 10 and 120 kpc
from the galactic centre. These are the regions generally targeted
by observations of external stellar haloes, given the difficulty of
isolating halo stars in the very inner regions of a disc galaxy (e.g.
Mouhcine et al. 2005a; Barker et al. 2009; Bailin et al. 2011,
Monachesi et al. 2013; Greggio et al. 2014; Monachesi et al. 2016g;
Gilbert et al. 2012; Harmsen et al. 2017).

As in the SB profiles, there is a great diversity in the [Fe/H]
profiles of the Auriga haloes. The median [Fe/H] values at a
given radius vary significantly, with differences of up to 0.8 dex
ate.g. 60 kpc. Shaded areas represent the values between the 10
and 90 percentiles. We can see that there is a large distribution
of [Fe/H] values at each radius. In general, the median halo
[Fe/H] values decrease as a function of galactocentric distance,
thus the spherically averaged profiles show negative gradients, in
agreement with previous results (Fontetal. 2011; Tisseraetal. 2014;
Monachesi et al. 2016b). However, when the accreted star particles
are considered separately (dashed lines), the profiles generally show
flatter behaviour and lower [Fe/H] values, especially in the inner
galactic regions. The contribution of the more metal rich in situ
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Figure 3. SB profiles, azimuthally averaged on a projected edge-on view (black) and on the minor axis (red) of each galaxy, for halo particles selected
kinematically. Solid (dashed) lines are the overall (only accreted) stellar halo profiles. The blue dotted lines are the overall minor axis profiles for the spatially
selected halo, i.e. without circularity constraint. Most total SB profiles can be approximately fitted with single power-law functions, with slopes between —2.5
and —4. The majority of these profiles do not present strong breaks; only in 20 per cent of cases these profiles require fitting with a broken power law. Note
that the total minor axis profiles from a kinematic and spatial selection are indistinguishable.
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Figure 4. Median [Fe/H] spherically averaged (black) and minor axis (red) profiles for halo stars. Line conventions are as in Fig. 3. Shaded areas indicate the
10 and 90 percentiles of the [Fe/H] values at each spherical radius. There is great diversity in the profiles and the median [Fe/H] at a given radius among the
Auriga haloes. There are also significant differences between the spherically averaged and minor axis profiles, due to the larger contribution of in situ halo
stars on the disc plane when computing the spherically averaged profiles. As in Fig. 3, the minor axis profiles for the overall spatially defined halo overlap with
those of the kinematic selection.
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