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ABSTRACT

We present a new technique for creating mock catalogues of the individual stars that make
up the accreted component of stellar haloes in cosmological simulations and show how the
catalogues can be used to test and interpret observational data. The catalogues are constructed
from a combination of methods. A semi-analytic galaxy formation model is used to calculate
the star formation history in haloes in an N-body simulation and dark matter particles are tagged
with this stellar mass. The tags are converted into individual stars using a stellar population
synthesis model to obtain the number density and evolutionary stage of the stars, together with
a phase-space sampling method that distributes the stars while ensuring that the phase-space
structure of the original N-body simulation is maintained. A set of catalogues based on the
A cold dark matter Aquarius simulations of Milky Way mass haloes have been created and
made publicly available on a website. Two example applications are discussed that demonstrate
the power and flexibility of the mock catalogues. We show how the rich stellar substructure
that survives in the stellar halo precludes a simple measurement of its density profile and
demonstrate explicitly how pencil-beam surveys can return almost any value for the slope of
the profile. We also show that localized variations in the abundance of particular types of stars,
a signature of differences in the composition of stellar populations, allow streams to be easily

identified.
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1 INTRODUCTION

Extensive diffuse stellar haloes are known to surround both the
Milky Way and M31 (e.g. Deason, Belokurov & Evans 2011; Ibata
etal. 2014). The A cold dark matter (ACDM) model of hierarchical
structure formation predicts that these haloes should be a ubiqui-
tous outcome of galaxy formation resulting from the accretion of
satellite galaxies that fall into the potential of the larger host galaxy
and are subsequently disrupted (Bullock & Johnston 2005; Cooper
etal. 2010). The dynamical time of the stellar halo is very long com-
pared to the age of the host galaxy and so it preserves a memory
of its initial conditions. From the identification of distinct popula-
tions within haloes, and the study of properties such as kinematics
or chemical composition, a vast amount of information about the
assembly history of the galaxy can be inferred.

The outer regions of stellar haloes are dominated by multiple,
extensive tidal streams, while the inner regions, where dynamical
time-scales are shorter, experience a more complete destruction of
substructure and therefore have a smoother stellar distribution. In
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addition to the accreted component, stellar haloes are thought to
contain a second component made up of stars that formed in situ.
Recent observational claims of a two-component halo in the Milky
Way have focused attention on this possibility (e.g. Carollo et al.
2010; Beers et al. 2012; Kafle et al. 2013), while the evidence for
two components is disputed by Schonrich, Asplund & Casagrande
(2014). From a theoretical perspective, there is a wide variety of pos-
sible formation mechanisms for in situ halo stars, many of which
overlap with possible origins of the Galactic thick disc. These in-
clude the scattering of stars from the thin disc, the collapse of the
disc at high redshift, star formation in gaseous tidal streams and
thermal instabilities in a hydrostatic gas halo (e.g. Abadi, Navarro
& Steinmetz 2006; Zolotov et al. 2010; Font et al. 2011a; Tissera
et al. 2013; Parry et al., in preparation). Most of these mechanisms
result in in situ components that dominate in the inner few kilopar-
secs of the galaxy and remain important out to ~30 kpc.

Over the last few years there has been much effort dedicated to
modelling stellar haloes (e.g. Bullock & Johnston 2005; Cooper
et al. 2010; Zolotov et al. 2010; Font et al. 2011a; Tissera, White
& Scannapieco 2012) motivated by improvement in observations.
Recent surveys such as SDSS SEGUE (Yanny et al. 2009) and
PanSTARRS (Kaiser et al. 2010) have started to probe deeper into
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the Milky Way halo and are starting to build up a picture of its
complex structure. The Gaia mission will lead to further major
improvements in the Milky Way data (Jordi et al. 2010; de Bruijne
2012) and new photometric surveys are extending these studies to
other nearby galaxies (McConnachie et al. 2009; Martinez-Delgado
et al. 2010). We are now at the point where careful comparisons
between the haloes predicted by theory and those observed in the
Universe are becoming possible.

In order to make a direct comparison of theoretical predictions
with observations of stellar haloes, a model of stellar halo forma-
tion is required, along with a way to convert the output into ob-
servable quantities. Furthermore, to obtain realistic accretion his-
tories, a complete model of galaxy formation in a cosmological
context is essential. Various studies have focused on supplementing
N-body simulations with analytical modelling of star formation and
chemical enrichment (e.g. Bullock, Kravtsov & Weinberg 2001;
Robertson et al. 2005; Font et al. 2006; De Lucia & Helmi 2008;
Johnston et al. 2008; Tumlinson 2010). Alternatively, cosmologi-
cal hydrodynamical simulations have also been used to study the
overall structure and assembly of stellar haloes (e.g. Crain et al.
2009; Zolotov et al. 2010; Libeskind et al. 2011; Tissera et al. 2012;
Pillepich et al. 2014), although these do not yet have the capability
to resolve the detailed kinematic and spatial structure of individ-
ual halo stellar populations. Even ‘zoom’ simulations of individual
galaxies represent the stellar halo with a relatively small number of
star particles, since this component amounts to only a few per cent
of the total stellar mass.

In this paper, we employ the particle tagging method developed by
Cooper et al. (2010, hereafter C10) to construct stellar halo models.
The method is based on high-resolution dark matter simulations
in which the star formation occurring in haloes is calculated using
a semi-analytic galaxy formation model. At every output time in
the simulation, an appropriate set of dark matter particles is tagged
with the stellar mass that formed since the previous output time.
The advantages of this technique are that it can create models of
much higher resolution and at a much lower computational cost
than full hydrodynamical simulations. C10 demonstrated that the
method produces complex stellar haloes containing tidal streams,
shells and other substructure, whose ages and metallicities are in
broad agreement with recent observations.

A limitation of the C10 tagging method is that ‘star particles’
are not individual stars but rather represent entire stellar popula-
tions which can contain thousands of solar masses of stars. The
challenge is to compare these sparsely sampled haloes to actual
observational surveys which often focus on a particular type of star,
such as blue horizontal branch (BHB) stars. These may not trace
the overall stellar mass distribution in an unbiased way. To over-
come this limitation, we use a method similar to that employed in
GALAXIA (Sharma et al. 2011) to construct customizable mock
catalogues of halo stars. Each star particle is treated as a separate
simple stellar population using theoretical isochrones to determine
the abundance of each type of star expected in a population of the
corresponding age and metallicity. To create positions and velocities
of individual stars, the star particle distribution is oversampled us-
ing a phase-space kernel method based on the ENBID code (Sharma
& Steinmetz 2006) which maintains the underlying phase-space
structure.

Our mock catalogues allow us to compare the structure of sim-
ulated stellar haloes to observational data in a more realistic way.
For example, obscuration by the Milky Way disc, survey limits im-
posed by the high cost of deep photometry and spectroscopy and
the low surface density of halo tracers mean that the structure of the
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Galactic stellar halo is only well sampled to large distances in small
patches of the sky. Nevertheless, attempts are often made to infer
the profile of the Milky Way stellar halo from these limited-area
observations (e.g. Watkins et al. 2009; Sesar, Juri¢ & Ivezi¢ 2011;
Akhter et al. 2012). In this paper, we show how the complicated
uneven structure of the outer accreted stellar halo results in large
fluctuations among measurements of its global properties based on
observations of small sky patches. We also show how different satel-
lites that build up the halo create observable variations in the stellar
populations across the sky, for example in the ratio of stellar types.
This variation can potentially help to detect new halo substructures
in the Milky Way.

In Section 2, we outline the methods used to create stellar halo
models. The final output of the process, a set of mock catalogues of
individual stars and their properties, is described in further detail in
Section 3. Sections 4 and 5 present two simple example applications
of the mock catalogues to study the overall structure of stellar haloes
in our simulations and the distribution of different stellar types over
the sky. Finally, in Section 6 we discuss some potential advanced
applications of the mock catalogues and how they can be used to
interpret and test observational strategies.

2 METHOD

Creating a model of stellar haloes based on a consistent theory of
galaxy formation in a cosmological context requires a combina-
tion of various techniques. The foundation of our models is a set of
N-body dark matter only ‘zoom’ cosmological simulations of Milky
Way mass haloes on to which we have grafted the Durham semi-
analytic model of galaxy formation, caLrForm (Cole et al. 2000).
GALFORM predicts the amount of stars that form in every halo and
subhalo at each output time, along with an estimate of the metallic-
ity of each stellar population. This stellar mass is then assigned to
dark particles within the N-body simulations using the C10 particle
tagging technique, which allows us to track the accretion and dis-
ruption of satellites and follow the fate of the stripped stars. Finally,
to convert the massive simulation particles into mock catalogues
(mocks for short) of individual stars, we use a method based on
stellar population modelling and phase-space sampling. Each of
these steps is briefly outlined in the following subsections.

2.1 N-body simulations

For this work, we use the haloes from the Aquarius project, which
simulates six dark matter haloes of mass ~10'> M at multiple
resolution levels (Springel et al. 2008a,b; Navarro et al. 2010). The
simulations assume the standard ACDM cosmology with parame-
ters chosen to be consistent with the results from the WMAP 1-year
data (Spergel et al. 2003) and the 2dF Galaxy Redshift Survey
data (Colless et al. 2001): matter density parameter, Qy = 0.25;
cosmological constant, 2, = 0.75; power spectrum normalization,
oy =0.9; spectral index, ns = 1; and Hubble parameter # = 0.73. The
six haloes were selected randomly from a set of isolated ~10'2 Mo
haloes identified in a lower resolution (9003-particle) parent simula-
tion of a 1004~! Mpc cubic volume (Gao et al. 2008). The isolation
criterion requires a halo to have no neighbours exceeding half its
mass within 1 #~' Mpc. This weak selection criterion ensures that
the haloes are not members of any massive groups or clusters.

The Aquarius simulations are labelled Ag-A to Ag-E; in each
case we use the second highest resolution (‘level-2’ in the Aquarius
notation) simulation, with a particle mass of at most 10* 7~' M.
We have used only five of the six Aquarius haloes, omitting halo
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Ag-F which undergoes two major mergers at z ~ 0.6 and is thus
highly unlikely to host a disc galaxy at z = 0. For each simulation,
we have 128 output times, with a constant spacing of 155 Myr after
z~2.5.

2.2 Galaxy formation model

Dark matter N-body simulations are ideal for following the non-
linear growth of cosmic structure, including the detailed accretion
history of a halo. However, including a separate, realistic treatment
of baryons in a cosmological simulation at sufficient resolution
for stellar halo studies is still computationally prohibitive. Semi-
analytic galaxy formation modelling permits baryonic physics to
be included in much higher resolution N-body simulations at low
computational cost, and is thus ideal for this purpose. Based on sim-
ple theoretical treatments and empirical prescriptions, semi-analytic
models can provide a good match to a remarkable number of obser-
vations of the local and distant galaxy populations (Baugh 2006).
These models, however, are not designed to follow the internal
structure of galaxies in detail, hence the need for the particle tag-
ging extension described below.

The Durham semi-analytic model, GALFORM, is used in this work
to post-process the Aquarius N-body simulations. GALFORM com-
putes the mass of stars that forms in each halo between every two
successive simulation outputs, along with the properties of these
stars, such as their metallicity. Rather than using the Bower et al.
(2006) model on which C10 was based, we use the more recent Font
etal. (2011b) model, which includes a modified treatment of physics
relevant to satellites. The only significant changes compared to the
C10 model are the use of a higher yield, a modified feedback model
for supernovae in which the mass ejection efficiency saturates in
haloes with circular velocity V. < 65kms~', and an earlier epoch
of hydrogen reionization. The Font et al. (2011b) model produces a
satellite luminosity function that matches that of Milky Way and also
generates stellar populations in satellites which match the observed
luminosity—metallicity relation. This eliminates a shortcoming of
C10 where the overall metallicity of the stellar halo was found to
be significantly lower than that of the Milky Way’s stellar halo.

2.3 Particle tagging

The C10 particle tagging method is a means to associate the stellar
mass calculated by GaLForm with six-dimensional phase-space vol-
umes, defined by carefully chosen sets of representative particles
in high-resolution dark matter only simulations. This allows the 3D
spatial distribution and kinematics of stellar populations to be fol-
lowed, albeit approximately, without including gas physics in the
original simulation.

After applying GALFORM to the outputs of the Aquarius simula-
tions, C10 associated each newly formed stellar population (dis-
cretized in age by simulation output times) with the 1 per cent most
tightly bound dark matter particles in their corresponding dark mat-
ter haloes. These sets of ‘tagged’ dark matter particles are chosen
at the time when the population forms. Their diffusion in config-
uration and velocity space can then be tracked to the present day.
This method is ideal for studying the formation of the outer accreted
component of stellar haloes, which are thought to be created by the
tidal disruption of satellites. The fraction of most-bound particles
tagged, the free parameter introduced by the method, has an effect
on the scale radii of the resulting galaxies. C10 fixed this value at
1 per cent in order to reproduce the distribution of observed half-
mass radii for surviving satellites. Having fixed this scale, satellite
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profiles and velocity dispersions also match well to observations
(see C10).

Most surviving satellites are highly dark matter dominated (e.g.
Walker et al. 2007). Since the N-body potential is not altered by the
gravity of the ‘stars’ represented by the tags, the technique is likely
to be much less accurate in baryon-dominated systems, such as the
centre of the Milky Way analogue (see C10, Cooper et al. 2013
and Cooper et al. 2014 for further details and discussion). Satellite
growth rates, survival times and orbits may also be affected by a
more self-consistent treatment baryons (e.g. Sawala et al. 2013).
The relative importance of these effects is uncertain, however. For
example, supernova feedback can create dark matter cores in haloes
(e.g. Navarro, Eke & Frenk 1996; Pontzen & Governato 2013). This
reduction in central density may reduce their survival time when
they are subjected to tidal stripping (e.g. Pefiarrubia et al. 2010).
On the other hand, the central concentration of stars may also bind
these galaxies more tightly in a self-consistent simulation — in this
context we note that numerical softening of the gravitational force
between particles creates artificial cores in our simulated haloes on
scales of ~100 pc.

To explore the consequences of such limitations, Bailin et al.
(2014) compared tagged dark matter particles in hydrodynamical
simulations to star particles formed self-consistently in the same
simulations. They found moderate disagreement in the distribu-
tions of halo stars represented by these two sets of particles, and
concluded that tightly bound dark matter is not a reliable proxy for
the dynamics of stars in satellite galaxies. However, there is a funda-
mental difference between the tagging method tested by Bailin et al.
(2014) and that used by C10. Bailin et al. (2014) carried out a single
tagging procedure for each satellite at the time of its infall into the
main halo, whereas C10 tag each stellar population at the time of
its formation. Star particles undergo considerable diffusion in en-
ergy over time, particularly if their host halo is disturbed, and hence
would not be expected to occupy the same region of phase space as
tightly bound dark matter chosen long after they form. Dark mat-
ter particles with similar binding energy chosen at the time of star
formation, on the other hand, will undergo similar diffusion to star
particles. This diffusion is therefore captured in the C10 approach,
but not in the method used by Bailin et al. (2014). Two forthcoming
papers will test the tagging technique of C10 in a similar way (Le
Bret et al., in preparation; Cooper et al., in preparation). Within the
limitations and approximations of the method, mentioned above and
in C10, these new studies find good correspondence between stars
and tagged dark matter particles in hydrodynamical simulations.

2.4 Mock catalogue construction

The final step is to turn the output of the tagged simulations into
full mock catalogues of individual stars. The output of the model is
a collection of N-body particles, each tagged with some amount of
stellar mass, and having both an age for when the stars were born
and a metallicity at that time. When a single dark matter particle
is tagged multiple times, multiple ‘tags’ are created with the same
phase-space trajectory. Turning these tags into a full mock catalogue
requires two steps. The first is to determine the total number of stars
of different types that each tagged particle represents by considering
each as a single-age stellar population, and the second step is to
distribute the stars over the phase-space volume represented by
the corresponding dark matter particle. The following subsections
discuss each step in detail.

ST0Z ‘ST |udy uo weyng Jo AseAun e /B10's [euinolpaoxo'seuw//:dny woJy pepeojumod


http://mnras.oxfordjournals.org/

2.4.1 Stellar population synthesis

Unfortunately, even with the high-resolution Aquarius simulations
we are a long way from being able to represent each individual star
by a single N-body particle. Instead, in the C10 simulations, each
stellar particle can represent up to ~10° M@ . In order to convert
these massive stellar particles into individual stars we consider each
tagged particle as a stellar population (SSP), in which all the stars
formed at the same time from gas with the same metallicity; the
theoretical justification of this is discussed in detail in Pasetto,
Chiosi & Kawata (2012). The abundances of the different star types
that make up the population can then be obtained using stellar
population synthesis modelling.

The initial mass function (IMF) determines the number of stars
forming within each stellar population as a function of initial stellar
mass. Here we adopt a Kennicutt IMF with no correction for brown
dwarfs (Kennicutt 1983), just as was used in the semi-analytical
model, to ensure consistency. Theoretical stellar isochrones then
specify whether each type of star still survives at the final time,
along with the current properties of these stars.

Stellar isochrones allow us to assign properties such as tem-
perature, magnitude and colour to stars of a given initial mass,
age and metallicity. We employ the PARSEC isochrones (Bressan
et al. 2012), as these are recent, up-to-date isochrones that ex-
tend over a wide range of metallicities (0.0001 < Z < 0.06). We
create a grid of isochrones spanning the range of ages between
6.63 < logot/yr < 10.13, with a step size (Alog (r) = 0.0125), and
a range of metallicities between 0.0001 < Z < 0.005. Interpolat-
ing between ages and metallicities would require matching different
evolutionary points along the isochrones, so instead we simply iden-
tify the nearest isochrone in the grid and associate that with a tag. A
finer grid could be used if required, but the adopted resolution was
found to be adequate for our current purposes.

The method can be summarized as follows: for each tag, split the
population into a range of initial stellar mass bins. Use the IMF to
determine the fractional weighting of each bin. Then find the closest
isochrone in age and metallicity and use that to assign properties
to the stars in each bin. Finally, multiply the mass of the tag by
the weight of the bin to obtain the total mass and, from that, the
number of stars in that bin. Since the lifetimes of massive stars are
much shorter than the age of the Universe, only a fraction of the
initial stellar mass of the tag will be converted to stars in the mock
catalogue, the balance being returned to the interstellar medium or
locked in stellar remnants.

2.4.2 Phase-space sampling

The next step is to split the massive stellar particles representing
SSPs into stars with individual positions and velocities. Although
the massive stellar particles provide a coarse sampling of the phase-
space distribution of the stellar halo, it is desirable to smooth the
distribution and increase the sampling. This is done by distributing
stars over the entire phase-space volume that each tagged particle
represents. Using the phase-space volume rather than just the real-
space volume preserves coherent structures such as tidal streams.
It must be noted that increasing the sampling does not increase the
resolution and cannot reveal any more detailed structure than was
in the original simulation.

To estimate the phase-space volume each stellar mass particle
occupies, we have used the entropy-based binary decomposition
(enBID) code of Sharma & Steinmetz (2006). ENBID numerically
estimates the densities of discretely sampled data based on a binary
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space partitioning tree. ENBID uses an entropy-based node splitting
criterion to decide which subspace (real or velocity space) to split
next. This makes the method metric free, as there is no need to
specify in advance how velocity and configuration spaces relate
to each other, and ensures the subspace with greater variation is
subdivided more.

Once the binary tree has been built, the leaf nodes can be used
to estimate the phase-space volume of each particle. The volume of
the hypercube of the leaf nodes can vary significantly even between
close neighbours due to Poisson sampling noise of the original
particle distribution. Simply using the volumes of raw nodes would
result in a large dispersion, but this can be reduced by using a
smoothing scheme. We have modified ENBID’S anisotropic kernel
density estimation scheme to return a volume as well as a density.
The scheme works by first calculating a local metric about each
particle based on the shape of the hypercube of each leaf node
and using the length of the six sides to scale the phase space in
each direction. A covariance matrix is then calculated based on
the nearest 64 neighbours in the scaled space. Diagonalizing the
covariance matrix gives a set of eigenvalues and eigenvectors that
can be used to perform a further transformation to a coordinate
system in which the eigenvectors define the principal axes. In this
new rotated and scaled space, the local particle distribution will have
unit covariance in each direction. Finally, the phase-space volume
of the particle is defined as a hypersphere with 1/40 of the volume of
a hypersphere based on the distance to the 40th nearest neighbour,
Ry. It therefore has a radius R; of

1\ /6
RIZ(E) Ryo. (D

The modified version of ENBID returns a 6 x 6 matrix that describes
the phase-space volume of each particle.

The actual sampling is performed by choosing points from an
6D isotropic Gaussian distribution in which each component has
zero mean and variance o> = y R?. Each generated point is then
transformed by applying the inverse operations to convert from the
sampled space back to positions and velocities in the original sim-
ulation. Some care has to be taken with the choice of the scale
parameter y which relates the scale of the Gaussian kernel to the
scale of the hypersphere returned by EnsIiD. Choosing too large a
value of y will result in the phase-space structure of each compo-
nent of the halo being made hotter and too diffuse. Choosing too
small a value of y will result in an artificially clumpy phase-space
distribution. As a compromise we have chosen y = 1/48. In a
separate study (Wang et al., in preparation), we have developed a
maximum likelihood method for modelling the distribution func-
tion of the stellar halo in order to estimate the mass of the host dark
matter halo. Using this approach, we have found that the recovered
halo mass is biased high if y is too large. With y = 1/48 the level
of the bias is controlled to be less than about 10 per cent, which
is much smaller than typical measurement errors. Smaller values
of ¥ would remove this bias entirely, but would negate the benefit
of distributing stars over a phase-space kernel, because in the limit
y — 0 one is merely placing all the stars at the same phase-space
location as the tagged particle from which they arise.

In order to test our ENBID sampling method and demonstrate that
we have made a suitable choice for the parameter y, we attempt
to reconstruct a debris stream from one of our simulations after
artificially degrading its resolution by sampling only a fraction of
its particles. We extracted from the simulation a satellite in the pro-
cess of undergoing significant tidal stripping, such that its particles
have an extended distribution in both configuration and velocity
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Figure 1. Real-space projection of an example satellite (upper row) and velocity-space projection (bottom row). The left-hand column shows the original set
of satellite particles, while middle column is the down-sampled version with just 10 per cent of the number of particles. The right-hand column shows the
result of resampling 10 per cent of the particles back to the original resolution using phase-space kernels based on ENBID density estimates.

space. This object comprises 15 250 particles. A lower resolution
version was created by randomly selecting 10 per cent of the parti-
cles. Finally, the low-resolution version was then resampled using
our ENBID method, with each particle being converted back into 10
particles, thus creating an object with the same resolution as the
original satellite. A comparison between the two then demonstrates
the success of our phase-space sampling method.

Fig. 1 shows projections of phase space for the different versions
of the satellite. The top row is a real-space projection and the bottom
row a velocity projection. The original satellite (left-hand column)
has a large amount of structure in both real and velocity space,
with several complete wraps of the tidal tails visible. In the down-
sampled version (the second column from the left), the primary
features are still present but the subtle ones are missing, while
the remnant of the satellite core is more prominent. The ENBID up-
sampled version (the third column from the left) is remarkably
similar to the original satellite, though the subtle features tend to be
smoothed out. In particular, the arc in velocity space corresponding
to an orbital apocentre at vy ~ 400km s~!, while still present, is
less well resolved. This is expected, as information is lost during
down-sampling and no resampling scheme will be able to recover
it perfectly.

A further test of how well the original and ENBID versions match
is a comparison between the volume distribution function of phase-
space density, v(f), as shown in the upper panel of Fig. 2. We have
used the technique of Arad, Dekel & Klypin (2004), based on Delau-
nay tessellation, as an independent measurement of the phase-space
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density. The phase-space volume distribution function is found to
be similar in all three cases, suggesting that it is robustly defined by
even a small subset of the particles and that the ENBID resampling
process does not significantly alter it. The differences can be seen
more clearly in the bottom panel of Fig. 2. The relative difference
between the down-sampled volume distribution function and the
original is shown by the red curve, while the relative difference
between the ENBID up-sampled version and the original is show by
the green curve. We have also tested how much noise is introduced
to v(f) simply by randomly sampling the phase-space distribution
defined by the original particles (as estimated by ENBID) at a ratio
of 1 : 1 (grey line). The relative difference in all these cases is
mostly within 10-50 per cent, as indicated by the two horizontal
black dashed lines. There is no systematic trend in the relative dif-
ference across nine orders of magnitude in phase-space density. A
few spikes correspond to larger differences in particular regions,
which appear to be almost entirely due to the shot noise introduced
by the discreteness of the particle distribution.

We also notice that at the low-density end of Fig. 2, the red
dashed curve based on the down-sampled particles starts to plunge
at f~ 10~ whereas the blue curve based on the original sample
continues to increase down to f~ 107!>3, The down-sampled par-
ticles are more sparsely distributed in phase space and thus sample
low density regions poorly, as well as increasing the Poisson noise.
The green dot—dashed curve, which is based on the particles re-
sampled with ENBID, recovers the same small-scale behaviour of the
original particle distribution. The grey curve, where each particle is
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Figure 2. Top: comparison of the volume distribution function of phase-
space density, v(f), for different phase-space sampling schemes applied to a
single satellite. Both axes have arbitrary units. Blue (labelled ‘original’): the
original high-resolution particle distribution. Red (‘sampled’): a sample of
1/10 of the original distribution. Green (‘ENBID’): the same number of parti-
cles as the original distribution, drawn from the phase-space kernels defined
by the down-sampled (red) distribution. Grey(‘1-to-1"): each particle resam-
pled once from the phase-space kernels defined by the original distribution.
Bottom: relative difference between the volume distribution functions of the
‘sampled’, ‘ENBID” and ‘1-to-1’ results to the ‘original’ volume distribution
function. Black dashed lines mark the 10 and 50 per cent level of difference.

o -

logyg [Av(f)]/v(f)

resampled once from the phase-space kernel of the original sample,
have almost the same small scale behaviour of the original sample
as well.

When applying this resampling technique to the tagged particles
an important consideration is how the particles are divided into
subsets on which to run Exsip. The particular subset that is chosen
defines which particles are considered as phase-space neighbours.
We choose to apply the ENBID volume estimation to all the tagged
particles that form along a given branch of the halo merger tree.
This separates the tagged particles into sets based upon the halo
they formed in.

It is also possible to split the tagged particles by individual as-
signments, i.e. only particles from an individual single-age stellar
population are considered as potential phase-space neighbours. This
has the advantage that the phase-space volumes of particular pop-
ulations are not diluted by stars forming in the same halo at later
times. The problem with this method is that sets of particles from
individual assignments can be very small in many cases, such that
their phase-space volumes are too poorly sampled to accurately
constrain the structure in six dimensions. While our implementa-
tion allows either method to be used, we have chosen to use the first
method in the rest of this paper.

ENBID requires a minimum of 64 particles for the covariance ma-
trix calculation. We therefore exclude assignments with smaller
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numbers of particles than this. We have checked that this eliminates
a negligible amount of stellar mass.

3 MOCK CATALOGUES

In this section, we describe the range of information provided by
our mock catalogues, and present a set of example mocks generated
from the Aquarius simulations. The combination of the various
techniques used results in a rich data set.

3.1 Public catalogues

Five complete mock catalogues for the Aquarius haloes A—
E are publicly available at the following website http://galaxy-
catalogue.dur.ac.uk:8080/StellarHalo. Each mock is stored in a
separate table within the StellarHalo data base and can be accessed
via the web interface using sQL queries. The data base will contain
all stars with absolute magnitude M, < 7. This cut is intended to
select bright stars most useful to studies of the distant halo, includ-
ing main-sequence turn-off (MSTO) stars, red giant branch stars
and BHB stars (see Section 3.4). It excludes a very large number of
faint main sequence stars which are not accessible to surveys of the
outer halo of the Milky Way.

Table 1 lists the information that is provided. Positions, velocities
and apparent magnitudes' are given relative to both the centre of
the halo and to an observer placed in a position similar to that of the
Sun. In order to do this, we first define a plane that a galactic disc
would likely lie in and then choose a position for the Sun within
that plane. We choose to orient the disc plane perpendicular to the
minor axis of the moment of inertia of the dark matter in the inner
10 kpc, as the minor axis is a stable orbital axis. While the inclusion
of baryons might be expected to change the shape of the centre of
the halo due to adiabatic contraction (Kazantzidis et al. 2004), their
presence is unlikely to alter the halo’s orientation. We have taken
the Sun to be 8 kpc from the centre of the galaxy and moving with
avelocity (U, V, W) = (11, 232, 7) km s~! (Schonrich, Binney &
Dehnen 2010). The observer has been placed on the x-axis, though
any orientation on the solar circle would be an equally valid choice.

In addition to the magnitudes, we provide a few intrinsic prop-
erties of stars, such as their age, metallicity, stellar mass, surface
gravity and effective temperature. The semi-analytical galaxy for-
mation model GaLForM uses physically motivated prescriptions to
follow the evolution of the galaxies within each halo. While GAL-
FORM outputs many properties for each galaxy, it is only the star
formation and chemical history that are used to build the mocks.
These two model predictions for the baryonic components of satel-
lites are essential quantities required to populate the halo with stars.
The final input are the theoretical isochrones that provide the de-
tailed properties of the stars. For a given age and metallicity, to-
gether with an IMF, the isochrones provide a breakdown of these
stellar properties. The type column is the original ‘stage’ flag in the
PARSEC isochrones that denotes different phase of stellar evolution
(see Table 1).

Beyond the spatial and kinematical information for individual
stellar populations, the underlying dark matter N-body simulations
provide the history of halo mass assembly. Each star is associated
with a dark matter particle and the subhalo to which that particle
is currently bound, through the dark matter ID and Subhalo ID.
This information allows the dynamical history of the particle to be

' The magnitudes are based on spss u, g, r, i, z filters.
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Table 1. Information provided in our online mock catalogues that may be accessed at http://galaxy-catalogue.dur.ac.uk:8080/

StellarHalo. sqQL can be used to query any of these fields.

Field Data type  Unit Description
1D long ID of the star, unique within the mock catalogue
Position (x, y, z) float kpc Star position, relative to halo centre
Velocity (vy, vy, v;) float kms™! Stars velocity, relative to halo rest frame
Galactic coordinates (/, b) float °© Galactic longitude and latitude relative to solar observer
Radial distance (r) float kpc Distance from solar observer
Relative velocity (v, vg) float km s~! Radial and tangential velocity relative to solar observer
logjo(Age) float logio(yr)  Age of star
Metallicity float Fraction of star mass in metals
Mass float Mo Current mass of star
logio(g) float log(cgs)  Surface gravity of the star
log0(Tefr) float logio(K)  Effective temperature of the star
Type int The original PARSEC evolutionary stage flag that labels the type of star
(0=Pre-MS, 1=Main sequence, 2=Subgiant branch, 3=Red giant branch,
4,5,6=stages of core He burning, 7,8=stages of asymptotic giant branch)
M, g, ri,2) float Absolute rest-frame (u, g, r, i, z) band (spss) magnitude of the star
M, g, r,i,2) float Apparent rest-frame (u, g, r, i, z) band (spss) magnitude of the star
as seen by the solar observer
Dark matter ID long The tagged dark matter particle this star was spawned from
Subhalo ID long The current subhalo to which the associated dark matter particle
belongs to. —1 if not currently a member of any subhalo, 0 if part
of the main halo
Tree ID long The subhalo tree that this star came from. All stars that arrive in the
main halo via the same satellite have the same ID
Infall redshift float Accretion redshift of the subhalo this star once belonged to. Defined as the

redshift at which the satellite reaches its maximum mass (see the text).

traced back through the simulation. The satellite which brought the
star into the main halo can be identified, along with the time of
accretion of that satellite and the time at which the particle was
stripped from the satellite. It is possible to find stellar structures
and streams easily by grouping stars according to their satellite of
origin, using the Tree ID field. The ‘infall’ redshift of the parent
satellite has been provided, defined as be the redshift when the
satellite reached its maximum mass (for most objects this correlates
closely with the actual time of entry into the main FOF group and
hence with crossing the virial radius of the central halo).

3.2 Errors and extinction

For generality and simplicity, the observables presented in our cata-
logue have not been convolved with sources of observational error.
In order to simulate a particular survey, the user should therefore
convolve physical quantities such as magnitude, velocity and metal-
licity with appropriate error functions. The user may also wish to
impose a foreground dust extinction model, and superpose addi-
tional source distributions to account for contaminations of halo
star selections by faint foreground stars and the extragalactic back-
ground.

3.3 Limitations

While the mock catalogues we have generated are based on so-
phisticated cosmological models, they are not without limitations.
The biggest limitation is that our model only generates the accreted
component of the stellar halo. It does not include processes that cre-
ate in situ halo components in hydrodynamical simulations, such
as the scattering of disc stars or star formation in gaseous streams.
This means that the model is most suitable for studying the outer
regions of a galaxy (r > 20kpc). There are various possible ways
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to add in additional components to create a more complete model
of the entire galaxy, and we will explore these in future papers.

Stars belonging to the galactic disc are not included in the mocks
and the effect of having a disc present within the halo during its
evolutionary history is also missing. Subhaloes that pass near or
through a disc are likely to be disrupted more rapidly (D’Onghia
et al. 2010). The importance of such effects is unclear because the
disc has been growing as the halo grows; even today, it presents
a small cross-section to infalling satellites. This effect is therefore
most relevant to the small number of satellites that pass close to
the centre of the halo at late times. The consequences of neglecting
enhanced disruption by the galactic disc are likely to vary among
our five simulations, according to their particular mass assembly
histories and subhalo orbital distributions. While the properties of
individual streams may change significantly, we expect that, in most
cases, the overall properties of the halo should be robust to the
inclusion of a realistic disc.

As discussed in Section 2.3, the C10 technique uses dark matter
particles to trace the distribution and dynamics of stars. In reality,
stars may form on phase-space trajectories that are not well sampled
in collisionless simulations (for example, centrifugally supported
discs). For this reason, the spatial configuration of stars within
surviving satellites may not be reliable in detail. The importance of
the initial configuration is greatly diminished once a satellite has
been disrupted and the stars phase-mixed into the halo, but studies
of chemical and kinematic gradients along coherent streams should
keep this limitation in mind.

3.4 Example mocks

We now describe a set of example mock catalogues generated from
the Aquarius simulations and use them to illustrate how particular
samples of stars can be easily selected. Each sample is defined by a
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Figure 3. Colour-magnitude diagram for the overall stellar population of
the accreted stellar halo of Ag-A. Stars still bound to satellites are not in-
cluded. The colours encode the number of stars within a bin and the boxes
illustrate the approximate regions covered in our three mock catalogue se-
lection functions (see the text for details of the actual selection criteria,
which make use of additional photometric bands and metallicity informa-
tion). Box 1 marks our selection for MSTO stars, box 2 marks the Bell et al.
(2010) selection for BHB stars and box 3 the Xue et al. (2014) selection for
K giants. Photometric magnitudes are given in the SDSS ugriz filter system.

set of colour and magnitude cuts that selects a particular stellar type
commonly used for surveying the stellar halo. The overall colour—
magnitude diagram for all the stars in the stellar halo of Aq-A
(with the contribution from stars still bound in satellites removed)
is shown in Fig. 3. The selections for our three samples of halo
tracers are marked by boxes.

The vast majority of stars are low mass stars that have not yet
evolved off the main sequence and account for a significant fraction
of the total stellar mass. However, as mentioned above, these are
very faint. They can only be observed in the solar neighbourhood
and are of little interest to studies of the distant halo or its global
properties. A clear red giant branch and horizontal branch are vis-
ible; these contain the older, brighter stars which can be observed
to large galactocentric distances and which are thus are most useful
when studying the structure of the halo.

3.4.1 MSTO

Main-sequence turn-off (MSTO) stars can be unambiguously se-
lected using the colour cut 0.2 < g — r < 0.4 (e.g. Bell et al. 2010),
and an absolute magnitude cut M, > 4, in order to only select dwarf
stars and remove giants. MSTO are relatively numerous and there-
fore serve as a good proxy for the general stellar content of the stellar
halo. Approximately 4050 per cent of the stellar mass brighter than
M, =7 is found in MSTO stars and there are 81 506 853 such stars
in the Ag-A halo. The volume currently accessible using MSTO
stars is a relatively small fraction of the total halo, but their high
surface density in this volume allows a great deal of information
to be gathered by wide-field photometric surveys such as SDSS
(e.g. Juri¢ et al. 2008).

3.4.2 BHB

Blue horizontal branch (BHB) stars are very often used as tracers
of the distant stellar halo. They are luminous and have a very nearly
constant magnitude, M, ~ 0.7, so they can be located accurately to
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very large distances along the line of sight even with photometry
alone. Unfortunately, the conditions under which BHB stars form
are still not well understood. This makes their abundance in our
mock catalogues highly sensitive to the assumptions made by the
theoretical isochrones we use.

To select BHB stars in our mock catalogues we use the colour
criteria proposed by Bell et al. (2010): 098 < u — g < 1.28,
—0.27 < g — r < —0.06 and excluding the region ([u — g —
0.98]/0.215)> + ([g — r + 0.06]/0.17)> < 1. With this selection,
BHB stars make up a small fraction of the total mass in stars brighter
than M, = 7, ranging from 1 to 3 per cent in the five mocks. There
are 239 950 BHBs in the Aq-A halo.

The main source of stellar contamination in photometric BHB
selection is fainter blue straggler (BS) stars. The formation of BS is
also not well understood, and they are not included in the PARSEC
isochrones. Hence, even halo BS (and white dwarfs) are not a source
of contamination in the mocks. This should be kept in mind when
comparing to observed photometric BHB counts, as should the
absence of quasar contamination at faint magnitudes.

3.4.3 K giants

K giants are another stellar type frequently used to map the Milky
Way’s stellar halo (Morrison, Flynn & Freeman 1990; Morrison
et al. 2000; Starkenburg et al. 2009). They have the advantage that
they are found in predictable numbers in old populations of all
metallicities. However, unlike other standard candles, their lumi-
nosities range by two orders of magnitude, which makes obtaining
accurate distances more challenging. K giants are one of the types
that have been targeted for spectroscopy by the Sloan Extension
for Galactic Understanding and Exploration (SEGUE, Yanny et al.
2009) and recently, Xue et al. (2014) have estimated distances to
a sample of 6036 K giants using a combination of observed g — r
colours and spectroscopic metallicity.

In order to isolate K giants in our stellar halo models we
have used the colour cuts 0.5 < g — r < 1.3 and 0.5 < u —
g < 3.5 from Xue et al. (2014), along with their proposed em-
pirical polynomial relation between (g — r) and [Fe/H] to remove
red horizontal branch and red clump (RC) giants. All stars with
(g —r) > 0.087 [Fe/H]2 + 0.39 [Fe/H] + 0.96 is excluded from
the selection. An additional cut of M, < 4 removes faint dwarf
stars of the same colours. Our selection results in the subset of stars
contained within box 3 of Fig. 3, with a large fraction of the stars
at the fainter end removed as being either red horizontal branch or
RC giants. About 67 per cent of the total stellar halo mass in stars
brighter than M, = 7 is found as K giants and there are 956 246 K
giants in the Ag-A halo.

4 DENSITY PROFILE OF THE STELLAR HALO

4.1 Spherically averaged radial profiles and breaks
in the stellar halo

One of the most basic, but still unanswered, questions in galactic
structure is the density profile and shape of the Milky Way stellar
halo. While there is now general consensus that the stellar halo is
oblate and follows a broken power-law density profile, the exact
form is still ill constrained. Evidence for a break has been found
by studies using RR Lyrae variables as standard candle tracers of
the distant metal-poor halo, with measured break radii of ~25 kpc
(Watkins et al. 2009), ~30 kpc, (Sesar et al. 2010) and ~45 kpc
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Figure 4. The spherically averaged density profiles of the five Aquarius
stellar haloes. The arrows show the location of the break in a best-fitting
broken power law. Three out of the five haloes have clear breaks, a fourth
has a weak break while Aq-E is well fitted by an unbroken power law.

(Keller et al. 2008; Akhter et al. 2012). Measurements using other
types of tracers have also suggested the existence of a break. Deason
etal. (2011), using a large sample of BHB and BS stars from SDSS
Data Release 8 (DRS), again found the profile to follow a broken
power law, with a break radius at ~27 kpc. Similarly, from a sample
of near MSTO stars from the Canada—France-Hawaii Telescope
Legacy Survey (CFHTLS), Sesar et al. (2011) measured the break
to be at ~28 kpc. In contrast, no break or slope steepening was seen
by De Propris, Harrison & Mares (2010), who analysed a sample of
666 BHB stars in two different directions separated by about 150°
on the sky. Instead they found a smooth stellar distribution obeying
a power-law density profile of index ~—2.5. Akhter et al. (2012)
suggested that an explanation for these differences in the measured
location of the break could be that, at larger distances, the outer halo
is not be smooth but dominated by clumps and debris. Other studies
of the power-law index (or indices) of the Milky Way halo include
Chiba & Beers (2000), Miceli et al. (2008) and Carollo et al. (2010).

In Fig. 4, we show the density profiles of the accreted stellar
haloes in our five simulations, and we have excluded stars in sur-
viving bound subhaloes. Three of them show clear breaks, although
generally at larger distances than estimated for the Milky Way. To
check whether the type of tracer makes a difference, we also show
in Fig. 5 the stellar density profile of the Aquarius A halo measured
from MSTO, BHB and K giant stars. The overall density profile is
that of all stellar mass in the tags from the C10 method, while the
tracer profiles are from samples taken from the mock catalogued
described in Section 3.4. All of the curves have the same shape,
with the break occurring at the same radius, but with differing nor-
malizations, depending on the abundance of the stellar type.

It has been suggested that the presence of a break in the Milky
Way’s density profile occurs at the transition between an inner
region where the halo is dominated by in situ stars and an outer
region which is primarily composed of accreted halo stars. However,
this cannot be the case for the breaks seen in the profiles of the
mock catalogues, since they do not contain any in sifu component.
Recently, Deason et al. (2013) have proposed that the breaks in
stellar halo profiles are related to the satellite accretion history
of their galaxies and that a massive accretion event occurring 6—
9 Gyr ago is likely to have caused the break in Milky Way density
profile. Satellites that are just falling into the halo and are still
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Figure 5. The spherically averaged density profile of the Ag-A stellar halo
obtained using different types of tracer stars as indicated in the legend. The
black line shows the density profile of all stars in the halo.
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Figure 6. The density profile of the Aq-A stellar halo broken down into the
five satellites which each contribute the largest amount of mass to the stellar
halo. Numbers next to the legend show the look-back infall time of the five
satellites.

in the process of being tidally disrupted, may have already lost a
significant fraction of their stars through tidal stripping. Although
these stripped stars are unbound and now form part of the halo,
their tidal debris is still in the form of large coherent structures
roughly tracing the orbits of their progenitor satellites. The merit of
constructing a galactocentric, spherically averaged density profile
for these debris streams and clouds is questionable, as they are far
from being spherical or dynamically relaxed. Such profiles generally
appear flat in the central regions and break to a very rapid falloff at
their outer edge.

In Fig. 6, we show the density profiles of the stars that were
brought in by the five largest contributors to the Ag-A stellar halo.
Numbers beside the legends correspond to the look-back time of
infall for these satellites. Except for the very largest contributor,
the profiles of the others all have very strong breaks. A visual in-
spection reveals that the largest contributor was accreted earliest at
about 12.7 Gyr ago. By the end of the simulation, it has been com-
pletely disrupted and mixed, with a correspondingly smooth profile.
In contrast, the fourth largest contributor has fallen in more recently
9.73 Gyr ago and is still in the form of a coherent, massive stream.
It has a sharp break around ~80 kpc. The other three contributors
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are in intermediate stages of disruption; all show clear caustic/shell
structures (visible as localized density peaks). Notice the fifth most
massive contributor shows these structures despite having been ac-
creted at roughly the same time as the largest contributor, which is
well mixed. The largest contributor has about 4.5 times the mass
of the fifth most massive, and hence the decay of its orbit through
dynamical friction may have been more rapid.

In Ag-A, breaks in the individual contributor profiles correspond
to these caustic structures (this is true also for the other four haloes,
which we do not plot here). This finding is consistent with the results
of Deason et al. (2013), that breaks are related to the apocentres of
accreted satellites. These few most massive contributors determine
the overall profile — over certain ranges of radius, almost the entire
stellar mass comes from a single progenitor. For example, around
50 kpc the overall density profile is almost entirely determined by
the second largest contributor. It is clear that the break in the overall
profile in this region is driven by stars from this object. It can be
clearly seen that the number of breaks in the overall profile, and
their sharpness, will depend strongly on the relative distribution of
stars from the few satellites that contribute significant amounts of
debris to the halo.

It can be argued that when measuring the spherically averaged
stellar halo density profile, coherent structures such as those just
described should be removed. However, while a massive stream
such as the Sagittarius stream in the Milky Way might be easy
to exclude, objects in later stages of disruption are more difficult
to identify. In the simulations, we are able to use the suBFIND halo
finder to identify bound structures and follow the accretion histories
of stars in order to find candidate streams but this cannot be done
with observational data. In addition, even if structures have been
identified, the question is then how to decide whether they should
be excluded from the halo. For these reasons, as the overall profile
is so sensitive to individual accretion events, and thus is likely to
change rapidly with time, it is not clear how useful it is to measure
the density profile of a stellar halo, other than for the purpose of
gaining information about recent large accretion events.

4.2 Pencil-beam surveys

As shown in Fig. 5, the spherically averaged density profile is not
sensitive to the type of tracer used. What is much more important
is the area of the sky over which the profile is measured. In order
to measure the profile to large radii, narrow pencil-beam surveys of
bright tracers are often used, probing deep into the stellar halo over
a limited area of sky. In order to quantify the intrinsic differences in
the slope of the profile in different directions we employ a similar
observational strategy to Sesar et al. (2011) and measure the den-
sity the simulated halo stars over in patches of small solid angle.
Sesar et al. (2011) used four ‘pencil beams’ from the CFHTLS to
select MSTO stars in order to measure the slope of the stellar halo
density profile between 5 and 35 kpc in heliocentric radius. A direct
comparison with Sesar et al. (2011) is limited by the lack of in situ
halo stars in our model; it may be that these dominate the inner part
of the halo. Moreover, Sesar et al. (2011) attempted to excise the
most obvious accreted substructures from their analysis (the Sagit-
tarius and Monoceros streams). This is a subjective procedure and
implicitly assumes an underlying ‘smooth’ halo. We do not try to
excise visible streams, or even bound satellites.> Our aim in this
section is to demonstrate how substructure in the halo affects the

2 Note that we remove bound satellites from the analysis in all other sections.
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determination of the density profile, rather than to compare directly
with the results of Sesar et al. (2011).

We select stars in the same colour—apparent magnitude range as
Sesaretal. (2011) (0.2 <g—r<0.3,g>17,17<r<22.5,i>17),
and measure their galactocentric radial density profile in patches of
8 x 8 deg?®. Note that the Sesar et al. colour selection criteria is
slightly different from our own (simpler) ‘MSTO’ criterion used
in all other sections of this paper (shown in box 1 of Fig. 3), and
also that the apparent magnitudes used for this selection are those
for an observer at our fiducial solar position (see Section 3.1). We
focus on the slope of the profile for stars in the range 5-35 kpc from
the Sun. Although the selection of stars is based on heliocentric
distance, ry,, the density profiles are expressed in terms of galacto-
centric radius, r,, hence pencil beams in different directions sample
different ranges of r,. We tile the entire sky with equal-area pencil
beams and compute the parameters of the best-fitting power-law
density profile, p o 1", in each beam. The top panel of Fig. 7 shows
a sky map of Aq-A with pixels colour-coded by the value of n along
a given beam. There are large variations in n across the sky, with
profiles ranging from very steep (n ~ —5) in some areas to flat (n
~ 0) in others.

The large-scale gradient in the value of n with galactic latitude
is likely to result from the non-spherical overall distribution of halo
stars. This is seen clearly in the projected number density of MSTO
stars (including those bound to satellites) shown in the lower panel
of Fig. 7. The surface density of accreted stars is high towards the
galactic centre and falls off towards the galactic poles. This panel
also shows that variations of n on smaller scales (hundreds of square
degrees) correspond to localized density substructures in the halo.
Some of the most dramatic fluctuations occur around surviving
galaxies that are being tidally stripped; for example the density ‘hot
spots’ in the lower panel, labelled ‘A’ and ‘B’, correspond to regions
in the upper panel with n ~ 0. However, in general there are very few
massive satellites in the range 5 < r, < 35 kpc; we have overplotted
black circles on Fig. 7 to highlight all those in Ag-A, with relative
diameters scaled to 10 times the angular size of their subhaloes (as
seen by our fiducial solar observer). Most small-scale fluctuations
in the measured density slope, are due to inhomogeneities in the
stellar halo itself rather than bound substructures.

In order to quantify how much the slope varies over the sky, the
distributions of n are shown in Fig. 8 for all five haloes. These are
‘area weighted’ distributions, in that each bin shows the fraction of
the total number of 8 deg x8 deg tiles with a given slope. In each
panel, a vertical dashed line marks the overall slope of the spheri-
cally averaged density profile in the same radial range (effectively
the mass weighted average slope). For Ag-A, B and C, the overall
slope is close to either the median or mode of the distribution, but for
Ag-D and E the overall slope is significantly different, lying at the
steep end of the distribution. This can be explained by the fact that,
as we saw earlier, a substructure or stellar stream can completely
dominate the overall profile, making it radically different from that
measured in a typical patch of the halo. It should be noted that, so
far, we have been considering the slope of the profile to no more
than 35 kpc from the Sun. In the Milky Way, it has been suggested
that an in situ component makes a significant contribution to the
halo out to galactocentric distances of r, ~ 20 kpc. This component
may also be much smoother than the accreted halo originating from
disrupted satellites. A smooth in situ component may reduce the
variation in the density profile.

To investigate the structure of the outer halo, we take all stars
brighter than M, = 7 in the mock catalogue with galactocentric
radii in the range 20 < r, < 80 kpc. This upper limit is chosen
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Figure 7. Top: a heliocentric all-sky map in which the colour of each 8 deg? pixel corresponds to a value of n, the best-fitting (dimensionless) power-law
slope of the galactocentric density profile of stars from our mock catalogues, selected according to the MSTO colour-magnitude criteria of Sesar et al. (2011,
see the text) in the heliocentric distance range 5 < r, < 35 kpc. The Galactic Centre is at the centre of this map and our fiducial disc plane is oriented along
the equator. Unlike previous figures, bound satellites have not been excised in this analysis, although there are only three in this distance range (black circles,
diameter equal to 10 times the apparent angular size of the corresponding subhalo). Bottom: the logarithm of the projected surface number density of stars
selected and observed in the same way as the top panel. Labels A and B mark the location of satellites discussed in the text.

because the overall density profiles of Fig. 4 do not show breaks
out to 80 kpc. We again construct pencil beams to a fixed distance
from the Sun and measure the slopes of the density profiles from
the galactic centre. The all sky map of slopes is presented in the top
panel of Fig. 9 and the surface density of stars in the lower panel.
Compared with the top panel of Fig. 7, the fluctuations across
the sky in Fig. 9 are more numerous and pronounced. The large-
scale variations in n no longer trace large-scale variations in the
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surface density of stars (bottom plot). However, we can see many
of the small-scale variations in these two maps correspond. Since
stars within 20 kpc to the galactic centre are excluded, the central
overdensity in Fig. 7 disappears.

The more complex fluctuations in Fig. 9 arise because there
are more substructures at these larger galactocentric radii, and the
local variations in the stellar halo are more pronounced. Again, we
mark all subhaloes that are more massive than 108 Mg with black
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Figure 8. The distribution of volume density profile power-law slope mea-
sured for halo stars in our mock catalogue selected using the criteria of
Sesar et al. (2011, see the text) in patches of area 8 deg? tiling the whole sky.
Each panel shows a different mock catalogue. Bound subhaloes and other
overdensities have not been removed; they contribute a small fraction of the
pixels in these area-weighted distributions. The dashed vertical lines mark
the overall slope from a power-law fit to the (mass-weighted) spherically
averaged density profile in the same volume.

circles. Most of these subhaloes are distant and are thus small in their
apparent size. The three most prominent local patches are associated
with three massive and extended substructures. Interestingly, the
two patches that are close to the North Galactic Pole and on the left-
hand side of the map, which can also be identified in Fig. 7, now
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give very steep slopes in contrast to their flat slopes in Fig. 7. This
is because the associated subhaloes are close to the solar observer.
The radial range of 5-35 kpc from the Sun has a very flat density
distribution, beyond which the density profile drops very quickly.

5 TRACER DISTRIBUTION

In Section 4.1, we showed that the shape of the spherically averaged
density profiles of different stellar tracers in our mock catalogues
are similar when averaged over the whole sky. In this section, we
examine the sky distribution of different stellar tracers in more
detail. We first look at the ellipsoidal shape of different populations,
and then consider the degree of variation amongst different tracers
in small patches of the sky.

5.1 The overall shape of tracers and dark matter

In this section, we aim to quantify the overall ellipsoidal shape of the
stellar halo. The degree of ‘flattening’ (or triaxiality) of the stellar
halo is of great interest, although to be meaningful, measurements
based on ellipsoidal fits to the 3D distribution of stars require that a
significant fraction of the halo be ‘smooth’ and symmetric.

Fig. 10 gives the ratio between the ellipsoidal minor and major
axes, c/a, obtained by diagonalizing the standard inertia tensor of
different stellar populations (coloured lines, see the legend) and
dark matter particles (black lines) in each simulation. We consider
stars and dark matter in four cumulative radial bins, the outer edges
of which correspond to 1/4, 1/3, 1/2 and 1 x Ryp. We exclude
stars within 20 kpc of the galactic centre and we do not include stars
in any bound satellites.

The overall shape of dark matter particles and stars are somewhat
different from each other. In the outer halo, with the exception of
Aq-E, the distribution of stars is significantly flatter than that of the
dark matter. This reflects the tendency for stars even in the outer
stellar halo to be concentrated towards the main symmetry plane
of the halo, as noted by Cooper et al. (2011). As particles at larger
radii are included in the measurement, c/a remains approximately
constant for stars and dark matter. The large change in the outermost
point for Ag-E is likely to be because the stellar distribution at large
radius is dominated by only one coherent tidal stream. Interestingly,
we find that BHB stars have a slightly more isotropic distribution
than the other tracers.

Fig. 11 illustrates how the major axes of stellar tracers correlate
with the major axes of dark matter particles. For all the five haloes,
we see the misalignment angle is typically small (less than ~20 deg)
particularly within Ryy9/4. Ag-E is distinguished by a sudden jump
in this angle as the outer limit of the distribution is increased, which
is related to the dominant stream mentioned above. Aq-C shows
a notable misalignment between the BHB stars and other tracers,
particularly in our innermost bin. A systematic offset between BHBs
and the other tracers (such that BHBs are slightly more misaligned
with the dark matter) is also evident in Ag-A, Ag-B and Ag-C.
In Ag-D, on the other hand, all tracers of the stellar halo are very
well aligned with the dark matter out to R,(, despite the significant
differences in the flattening of these components seen in Fig. 10.

3 We have checked the direction of the major axis of dark matter particles is
almost constant with radius.
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Figure 9. Heliocentric sky map similar to Fig. 7, but showing the power-law density slope (top) and surface number density (bottom) of all stars in our mock
catalogue with galactocentric distance 20 < r, < 80 kpc. Bound satellites and other overdensities have not been excised. Black solid circles mark subhaloes
that host satellites, with the angular size of circle equal to 10 times the half-mass radius of the subhalo as viewed from our fiducial solar position.

5.2 Tracer distribution over the sky

It has been proposed that localized variations in the mix of stellar
populations may provide a method for discovering new stellar struc-
tures in the Milky Way halo (e.g. Ibata et al. 2007; McConnachie
et al. 2009). Significant fluctuations in the ratio of BHB to MSTO
stars have been found in the stellar halo (Bell et al. 2010). Some of
these, such as the ‘low-latitude stream’ are almost devoid of BHB
stars, while other structures are rich in them. The Sagittarius tidal
stream even shows a variation in the BHB/MSTO ratio along its
extent (Bell et al. 2010), possibly related to a variation in mean
metallicity that has been interpreted as the result of a population

MNRAS 446, 2274-2290 (2015)

gradient in the progenitor dwarf galaxy (e.g. Chou et al. 2007). In
this section, we perform a similar test with the BHB, MSTO and K
giant samples from our mock catalogues and attempt to understand
the origin of the differences.

The simplest test is to search for variations by comparing sky
maps of the projected map for our different tracers as seen by a
hypothetical observer located on the solar circle. Fig. 12 (left-hand
column) shows a number of such maps for the Aq-C halo. (Aq-D
and Aq-B show similar features; to avoid repetition we focus on Ag-
C only.) It contains many clearly defined streams that are visible
in all the tracers. What is most interesting, however, is that there
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Figure 11. The angle (in units of degrees) between the major axis of stellar
tracers and the major axis of dark matter particles reported for four shells
centred on the galaxy with inner radius 20 kpc in all cases and outer radii of
1/4,1/3,1/2 and 1 x Rygo, respectively.

are two streams that do not appear in the BHB map but appear in
the two other maps. In particular, the large continuous horizontal
stream lying close to the equatorial plane that are clearly seen in
the MSTO and K giant map is partially missing in the BHB map,
while the shorter stream located near the top of the MSTO map,
towards the galactic north pole, is totally absent in the BHB map.
The absence of these streams in the BHB map helps to explain why
BHB stars show distinct features in the behaviour of axis ratio and
major axis at large radii.

Comparing the ratio of BHBs/MSTO stars (Fig. 12 right-hand
column), the two missing streams are easily identifiable. While the
large, equatorial stream is at least partially present in the BHB
map, it has a lower than average abundance resulting in a higher
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MSTO/BHB ratio. In contrast, the stream near the top of the MSTO
map is almost completely absent in the BHB map and has a huge
MSTO/BHB ratio. Other streams with more standard stellar popu-
lations have BHB to MSTO ratios similar to that of the overall halo
and thus do not show up in the ratio maps. There are also differ-
ences in the MSTO/K giant ratio, but in the opposite sense. From
the MSTO/K giant map it can be seen that the two streams have a
higher than average abundance of K giants. One other feature is that
the BHB stars are slightly more abundant in the galactic centre.

These differences in the relative abundance of the three types of
tracer can be explained by differences in the age and metallicity
of the stellar populations that make up the features. In Fig. 13, we
show a map of the average age (left) and the average metallicity
(right) of the Ag-C stellar halo. These have been generated from
the mean age/metallicity of all stars within each equal-area patch of
the sky. It is immediately obvious that the streams missing from the
BHB map are composed of the very youngest stars in the halo. As
well as being a few gigayears younger than the mean, they are also
slightly more metal rich. In these populations BHB stars have not
yet had time to form, which explains their deficit. The actual age of
these structures may be even younger, but the average is increased
by the other non-associated halo stars along the same line of sight.
Interestingly, there is a patch of intermediate-age stars that stands
out in the lower-right corner of the age map, but is not visible in
any of the tracer maps. This suggests that while differences in the
make-up of stellar populations will help identify some structures,
not all will be found with this technique.

6 CONCLUSIONS

In this paper, we have described a new way to construct mock cata-
logues of stellar haloes based on cosmological N-body simulations.
We have adopted the particle tagging method of C10 and extended
it to turn the output into a catalogue of individual stars that can be
directly compared to observations.

Using the Aquarius N-body simulations of galactic haloes as the
basic framework, we employed the semi-analytical galaxy forma-
tion model, GALFORM, to calculate the evolution of the baryonic
component of the Universe. This predicts the amount and proper-
ties of the stars forming in each halo throughout the simulation.
These stellar populations were used to tag dark matter particles in
the N-body simulation. Finally, these tags are turned into a mock
catalogue using theoretical isochrones to convert the fundamental
properties of the stellar populations, such as age and metallici-
ties, into a set of observables such as colour and magnitudes. A
phase-space sampling technique was applied to ‘explode’ the mas-
sive particles into numerous individual stars while maintaining the
phase-space structure of the original simulation.

The output of our method represents, within the limitations of the
model, a perfect data set containing precise information about the
entire galaxy. Actual observations usually provide an incomplete,
limited view of a galaxy. They may be subject to selection criteria,
be limited in coverage, or, in the case of surveys of the stellar
halo, be obstructed by other structures such as the galactic disc.
To make a fair comparison between simulations and observations,
it is necessary to convert the simulation data into a form that also
reproduces the limitations and biases of the observational data. The
selection criteria of an actual survey, encoded in a mask or selection
function, can be readily applied to our mocks. Observational errors,
foreground dust extinction and contaminating sources can also be
included easily. Thus, in principle, the mock catalogues can be
viewed and analysed in a manner that mimics the observational
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Figure 12. The distribution of different stellar tracers over the sky for the Ag-C stellar halo as seen by our fiducial heliocentric observer. The Galactic Centre
is at the centre of the map and the disc plane is oriented along the equator. Stars within 20 kpc of the galactic centre have been excluded. Left: the projected
logarithmic number of BHBs, K giants and MSTO stars. Right: the ratio of K giants/BHBs, MSTO/BHBs and MSTO/K giant stars.

data. In this paper, we have used the Aquarius simulations to make
mock catalogues of galactic stellar haloes that can be used to help
interpret data from upcoming surveys such as those to be carried out
by the Gaia mission. However, there is no reason why this technique
could not be applied to other simulations of both smaller haloes,
such as dwarfs, or larger haloes, such as clusters.

Using our mock catalogues we carried out simple analyses to
explore whether current observations of the Milky Way halo provide
an accurate picture. We have found that:

(1) The accreted stellar halo is mainly built up from a few massive
objects. Those that are in early stages of disruption still maintain
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a coherent structure and are locally concentrated. They dominate
the spherically averaged density profile at their corresponding radii.
Since the overall density profile is so sensitive to these few sub-
structures it provides limited information about the structure of the
underlying dark matter halo. Instead, it tells us more about the re-
cent accretion history (Deason et al. 2013). Three of the five haloes
we have investigated show clear breaks in their spherically aver-
aged density profiles while two are well described by a power law.
In our model, these breaks have nothing to do with the distinction
between accreted and in sifu components, as has often been claimed
for the Milky Way halo. Rather, they are produced by the accretion
of satellites, although not necessarily by a single one.
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Figure 13. All-sky maps of the mean properties of the Ag-C stellar halo when averaged along the line of sight. Left map: average age. Right map: average

metallicity map. Stars within 20 kpc of the galactic centre have been excluded.

(i) The structure of the accreted stellar halo is clumpy and thus
varies considerably over the sky. Attempts to measure properties
of the halo, such as its density profile, based on limited regions
of the sky, provide biased estimates. For example, if the profile is
modelled as a power law, the slopes measured in different pencil-
beam surveys through our mock stellar haloes vary from very steep
to flat depending on the direction of the survey.

(iii) Beyond 20 kpc, the flattening of dark matter and halo stars
(as measured by c/a, the major to minor axis ratio of an ellipsoidal
fit) is approximately constant out to R,p. The stellar distribution
is significantly flatter than the dark matter. The minor axis of the
stellar distribution is approximately aligned with that of the inner
dark matter halo, which we have also assumed to be the normal
vector to the main symmetry plane.

(iv) Differences in the ages and metallicities of the satellites that
build up the stellar halo are visible as local variations in the compo-
sition of stellar halo populations. These are reflected in differences
in the abundance of different stellar types. For example young, more
metal rich objects tend to lack BHB stars. Searching for such fluc-
tuations in halo star surveys offers a way to identify streams and
structure in the halo.

In this paper, we have developed a method of converting massive
stellar particles into stars based on the output of the C10 N-body
particle tagging method. However, with only minor modification it
should be possible to use the same conversion technique on hydro-
dynamical galaxy formation simulations. By combining these two
approaches, components that are missing from our treatment, such
as the galactic disc or bulge, could be included, while other compo-
nents, such as the stellar halo, could be followed with much higher
resolution than is attainable with current hydrodynamic simulations.

The five complete mock catalogues for the Aquarius haloes
A-E, are publicly available at http://galaxy-catalogue.dur.ac.
uk:8080/StellarHalo, in a data base that can be queried via sQL.
The properties that are available in each catalogue are described in
the Table 1.
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