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ABSTRACT

Motivated by upcoming data from astrometric and spectroscopic surveys of the Galaxy, we explore the chemical
abundance properties and phase-space distributions in hierarchically formed stellar halo simulations set in a ACDM
universe. Our stellar halo metallicities increase with stellar halo mass. The slope of the [Fe/H]-M, trend mimics that of
the satellite galaxies that were destroyed to build the halos, implying that the relation propagates hierarchically. All
simulated halos contain a significant fraction of old stellar populations accreted more than 10 Gyr ago, and in a few cases
some intermediate-age populations exist. In contrast with the Milky Way, many of our simulated stellar halos contain
old stellar populations that are metal-rich, originating in the early accretion of massive satellites (M, ~ 10° M). We
suggest that the (metal-rich) stellar halo of M31 falls into this category, while the more metal-poor halo of the Milky
Way is lacking in early massive accretion events. Interestingly, our hierarchically formed stellar halos often have
nonnegligible metallicity gradients in both [Fe/H] and [«/Fe]. These gradients extend a few tens of kiloparsecs, and
can be as large as 0.5 dex in [ Fe/H] and 0.2 dex in [/ Fe], with the most metal-poor halo stars typically buried within
the central ~5 kpc of the galaxy. Finally, we find that chemical abundances can act as a rough substitute for time of
accretion of satellite galaxies, and, based on this finding, we propose a criterion for identifying tidal streams spatially

by selecting stars with [«/Fe] ratios below solar.

Subject headings: cosmology: theory — galaxies: abundances — galaxies: evolution

1. INTRODUCTION

The stars in the halo hold important information about the for-
mation history of the Galaxy. Their spatial and velocity distribu-
tions can be used to retrace their dynamic origin, and their chemical
abundances can constrain the star formation histories of their
constituents. A major goal over the next decade is to obtain ki-
nematic and chemical information for a large number of stars in
our own Galaxy, thus providing a detailed reconstruction of its
formation history and a link to the underlying cosmology (e.g.,
Freeman & Bland-Hawthorn 2002). It is the goal of this work to
provide a first step toward the modeling needed to exploit these
observations to their fullest potential.

The combination of spatial, kinematic, and chemical data will
provide a powerful tool for testing different Galaxy formation
models. Historically, metallicity gradients have acted a primary
motivator in formulating hypotheses: large-scale metallicity gra-
dients are associated with a rapid, semicontinuous collapse (Eggen
et al. 1962, hereafter ELS62); homogeneous metallicity distri-
butions are associated with chaotic assembly from fragments
(Searle 1977; Searle & Zinn 1978, hereafter SZ78). While there
are no well-motivated models that predict these opposite ex-
tremes from first principles, the poles of debate set by ELS62
and SZ78 serve as important straw-man theories for shaping
ideas and testing data. Nevertheless, realistic models will always
fall into less idealized categories. For example, our ACDM-based
model relies entirely on a hierarchical origin for the stellar halo,
yet predicts some nonnegligible metallicity gradients (see be-
low). Likewise, models that allow significant “rapid” in situ star
formation necessarily contain some accreted stellar material as
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a result of having a background hierarchical cosmology (e.g.,
Renda et al. 2005). Clearly, only in combination with spatial and
kinematic data can chemical abundance data be used to its full
potential.

Numerous results over the past decades support the validity of
the hierarchical model of structure formation (White & Rees
1978; Blumenthal et al. 1984). In this model, the expectation for
stellar halos of galaxies like the Milky Way is that they form in
large part by phase mixing of tidal debris from the numerous
accreted satellites. Although the dynamical evolution of galaxy
halos has been extensively modeled, and we have now predic-
tions for the phase-space distribution of both dark matter and
stars in the halo of the Galaxy (e.g., Johnston 1998; Helmi et al.
1999, 2003; Bullock et al. 2001; Abadi et al. 2006; Bullock &
Johnston 2005; Diemand et al. 2005; Moore et al. 2006), cur-
rently there are no clear predictions for the associated phase-
space distribution of chemical elements.

Intuitively, one expects stochastic accretions to leave peculiar
signatures in both the kinematics and chemical abundances of
present-day stars. Some observational evidence in that respect is
indeed found in our Galaxy. The halo contains stars that stand
out in both metallicity and velocity (Carney et al. 1996; Nissen &
Schuster 1991, 1997; Majewski et al. 1996; Chiba & Beers 2000;
Altmann et al. 2005), as does the disk (Helmi et al. 1999, 2006;
Navarro et al. 2004). Similar evidence has been found in M31,
the only other spiral galaxy whose stellar halo has been studied at
a comparable level of detail as that of the Milky Way (Ferguson
etal. 2002, 2005; Reitzel & Guhathakurta 2002; Bellazzini et al.
2003; Guhathakurta et al. 2006b). The giant stellar stream in
M31, a merger debris extending more than 100 kpc to the south-
east of M31°s disk, stands out from the background halo not only
in stellar overdensities and kinematics (Ibata et al. 2001, 2004;
Guhathakurta et al. 2006a), but also in metallicity (Ferguson et al.
2002).

Over the next decade an immense amount of data will become
available for stars in the Galaxy from both astrometric and
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TABLE 1
PROPERTIES OF THE SIMULATED STELLAR HALOS

No. of Accreted No. of Surviving

M (<300 kpc)

80% Halo Accretion Time  Time of Last >10% Merger  No. of Particles

Halo Luminous Satellites ~ Luminous Satellites (10° M) (Gyr) (Gyr) in Stellar Halos
115 18 4.16 53 8.3 1908100
102 6 3.26 7.0 9.2 1890197
106 16 4.17 7.4 8.9 1689035

97 8 4.11 6.3 8.3 1628686
160 18 2.40 2.1 10.8 2531076
169 16 2.45 6.2 10.5 2873983
102 20 2.44 4.4 7.4 1797682
213 13 2.58 7.1 9.3 4246733
182 15 2.52 1.5 10.0 2528762
156 13 3.12 2.9 9.7 2785418
153 10 2.56 7.2 9.0 2598580

Note.— Times refer to look-back times.

spectroscopic surveys, e.g., from the astrometric satellite Gaia
(e.g., Perryman et al. 2001), the Radial Velocity Experiment
(RAVE,; e.g., Steinmetz 2003), and the Sloan Extension for
Galactic Underpinnings and Exploration (SEGUE).* Positions,
line-of-sight velocities, and proper motions will be measured for
millions of stars in the halo, enabling the full phase space to be
reconstructed. Similarly, high-accuracy, wide-field measure-
ments of stellar spectra will allow the mapping of the Galaxy in
chemical abundances. These studies will not only constrain cos-
mology and galaxy formation (e.g., Bullock et al. 2001) but also
test ideas about first light and reionization (e.g., Tumlinson et al.
2004). With the upcoming observational data, the goal of putting
together the history of our Galaxy is finally becoming feasible. It
is therefore important to have theoretical predictions for the
combined kinematic and chemical abundance distributions, as
well as to have a coherent theoretical framework for interpreting
the upcoming results.

Although future surveys promise to provide detailed maps of
the chemical and phase-space structure of the Galaxy, we may
worry that ours is but one among many galaxies of its size. How
typical is our galaxy? How can it be used to constrain general
ideas about cosmology and galaxy formation if it is atypical in
some way? Fortunately, in the context of ACDM, we have well-
defined expectations for variations in the formation times and
accretion histories of Milky Way—size galaxies, and this idea is
at the heart of our exploration. For example, Mouhcine et al.
(2005a, 2005b) recently have estimated the metallicities of the
inner halos of several nearby spiral galaxies and find that they are
quite metal-rich compared to the stellar halo of the Milky Way.
They go on to suggest that the Milky Way is not typical for a nor-
mal spiral galaxy of its luminosity. As discussed below, if this
result holds, then our models provide a straightforward interpre-
tation: that the Milky Way has experienced fewer-than-average
metal-rich accretion events, those being either massive (LMC-
size) objects or less massive but late-accreted ones. Indeed, phase-
space information could test ideas of this kind, specifically by
revealing few major accretion events and many more lower mass
accretions.

The modeling of the chemical evolution of the Galaxy in a
realistic cosmological context is just beginning to be explored
(e.g., Bekki & Chiba 2001; Brook et al. 2003, 2004). Recent
advances in modeling techniques, like the advent of “hybrid”
methods, allow us to address this problem with greater resolu-
tion. Hybrid methods enable the modeling of star formation and

4 See http://www.sdss.org.

chemical enrichment with detailed semianalytical prescriptions
and at the same time provide the detailed dynamics via the cou-
pled N-body simulations (e.g., Kauffmann et al. 1999; Springel
et al. 2001). In this study we use a previously developed hybrid
method (Bullock & Johnston 2005; Robertson et al. 2005; Font
et al. 2006b) to explore the phase-space distribution of chemical
abundances in a series of Milky Way—type galaxy halos formed in a
ACDM universe (£2,, = 0.3, Q4 = 0.7, h = 0.7, and o3 = 0.9).

A description of our sample of stellar galaxy models is given in
§2. In § 3 we present results on the spatial distribution of [Fe/H ]
and [«/Fe] chemical abundances in these stellar halos and pro-
pose a criterion for detecting cold stellar streams based on their
[a/Fe] abundances. In § 4 we discuss our results and compare
them with the available observations, and in § 5 we conclude.

2. THE SAMPLE OF MILKY WAY-TYPE
STELLAR HALOS

In a previous study Bullock & Johnston (2005) have presented
a sample of 11 stellar halos of Milky Way—type galaxies assem-
bled hierarchically from accreted satellite galaxies in a ACDM
cosmology. The physical properties of the simulated halos are
summarized in Table 1. The merger histories of these halos have
been specifically selected not to have high-mass recent mergers,
so as to maximize the probability that it will host a disk galaxy
like the Milky Way (e.g., Wyse 2001). Our model stellar halos
have mass, density profile, and total luminosity similar to the
Galactic halo. The models also obtain roughly the same number
of surviving satellite galaxies as in the Milky Way and match
their physical properties: the stellar mass—circular velocity re-
lation, M, -v.i, for Local Group dwarfs; and the distribution of
surviving satellites in luminosity, central surface brightness, and
central velocity dispersion.

In this paper we extend our models to include chemical evo-
lution with the prescriptions of Robertson et al. (2005). These
include enrichment from both Type II and Type Ia supernovae
and feedback provided by supernovae blow out and winds from
intermediate-mass stars. We follow the chemical evolution of
each satellite galaxy accreted onto the main Galaxy and trace the
buildup of a series of metals, such as Fe or a-elements. Each
star particle in the simulations has assigned a set of [Fe/H] and
[o/Fe] abundance’ ratios determined by the star formation his-
tory of the satellite in which the star originated. The coupled

> The [a/Fe] ratio is defined as the average of [Mg/Fe] and [0/ Fe] ratios and
used hereafter in the paper.
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N-body simulations resolve each Milky Way—type stellar halo
with a few million particles and allow us to explore the phase-space
distribution of chemical abundances in unprecedented detail.

3. RESULTS
3.1. Global Properties of the Simulated Halos

Tidal streams in the halo display various degrees of spatial
coherence, given their different times of accretion and orbital
properties. Similarly, we expect to see various degrees of co-
herence in the chemical abundance space, given the different star
formation and chemical enrichment histories of their progenitor
satellites.

Figure 1 shows the present-day (¢ = 0) spatial distribution of
[Fe/H] and [«/Fe] abundance ratios for halos HI-HS. The
maps span 300 kpc on a side (x- and z-directions, respectively)
and 300 kpc in depth (). Each pixel represents a color-coded
chemical abundance, calculated as the average [ Fe/H] or [a/Fe]
of all stars included in a volume 0.25 x 300 x 0.25 kpc®. Our
models show that inner regions of the halos (» < 50 kpc) are con-
sistently more homogeneous than the outer ones, both in terms of
the spatial distribution of stars and in the overall chemical abun-
dances. This is because the inner halo builds up rapidly, with
most of its stellar mass already in place in the first 4—5 Gyr of
Galaxy evolution (Bullock & Johnston 2005; Font et al. 2006b),
and at these times the dynamical timescales were shorter and
phase mixing more efficient. The spatial distribution of the stars
has been discussed in more detail by Bullock & Johnston (2005),
who also note a similar behavior in the surface brightness and
velocity distribution of halo stars. Here we concentrate on the
corresponding [Fe/H] and [«/Fe] distributions.

We find that the inner ~50 kpc regions are, on average, metal
enriched ([Fe/H] > —1.2), and we trace this to the metal contri-
bution of a few massive (M, ~ 10° M,,) satellites accreted early
on, which contribute a significant fraction (40%—60%) to the total
stellar mass of the halo (Font et al. 2006b). The rapid growth of
these satellites at early times fueled an intense star formation, and
therefore, at the time of accretion the satellites were already
enriched in [ Fe/H]. In the outer regions (» > 50 kpc) the streams
are more spatially separated, and their various chemical enrich-
ments are more distinct. Both metal-poor and metal-rich streams
are present, with the more metal-poor ones originating in satel-
lites with low star formation rates (these are typically low-mass
satellites). A more detailed discussion of radial distributions of
stars is given in § 3.3.

Figure 2 shows the average [Fe/H] and [«/Fe] for all our
Milky Way—type halos. The general trend in our simulations is
that the more massive a stellar halo, the more chemically evolved
itis, i.e., the higher [ Fe/H] and lower [/ Fe] it has [these relations
are independent of the cutoff radius assumed for M, (r)]. The
[Fe/H|-M., trend in Figure 2 is consistent with having the same
slope as that of the well-known relation between metallicity and
luminosity seen in low-mass galaxies, [Fe/H] o< M *" (dashed
line). We note that our chemical feedback model is normalized such
that surviving satellites at z = 0 match the observed metallicity-
luminosity relation for Local Group galaxies (Larson 1974; Dekel
& Silk 1986; Dekel & Woo 2003). It is interesting, however, that
a similar relation propagates to the stellar halos themselves. This
follows from the fact that the slope of the relation for satellite
galaxies is governed by their parent halo potential well depths.
Therefore, disrupted satellites also follow a [Fe/H] oc M2 re-
lation (see Fig. 4 in Font et al. 2006b), but with a lower [ Fe/H ]
normalization, because these systems tend to be accreted earlier
and are less evolved (Font et al. 2006b; Robertson et al. 2005).

Vol. 646

The same relation propagates to a stellar halo mass-metallicity
relation, because stellar halo mass correlates strongly with the
number of disrupted massive satellites (see § 3.2). The more mas-
sive disruptions a stellar halo contains, the more metal-rich the
stellar halo becomes. Similarly, because its progenitors are mas-
sive, they are more metal-rich, and the halo is higher metallicity
as a result.

Our results suggest that the hierarchical assembly is an impor-
tant factor in determining the metallicity-mass relation for stellar
halos. A similar argument can be extended to qualitatively un-
derstand the observed trend presented by Mouhcine et al. (2005b),
who show that low-luminosity spiral galaxies have more metal-
poor central stellar halos than do high-luminosity spirals. This
qualitative trend can be explained in a hierarchical scenario; low-
luminosity spirals tend to have accretion histories dominated
by correspondingly lower luminosity dwarfs. Lower luminosity
dwarfs are more metal-poor and thus produce lower metallicity
stellar halos. While one can derive the [Fe/H]-M, relation based
on simple scaling arguments that relate the metal loss to the depth
of'the central galaxy’s dark matter halo (e.g., Larson 1974; Tinsley
1980), this does not necessarily imply that the relation forms in
situ.

We caution that for a complete understanding of the origin of
the relation (both of its shape and normalization), one needs a
more accurate treatment of gas physics processes in satellites
after they are accreted onto the main halo. These effects are not
currently included in our models, but we expect them to be of
second order to the hierarchical mass assembly.

3.2. Mass Accretion Histories and Halo Metallicities

We can verify the hierarchical origin of the [Fe/H]-M, rela-
tion by investigating the mass accretion histories of the stellar
halos. Given that in a typical mass accretion history the few mas-
sive satellites contribute significantly to the final stellar mass, we
expect the overall halo metallicity (and hence the [Fe/H]-M,
trend) to be determined mainly by these massive accretions. The
time of accretion of massive satellites is also a related factor;
satellites accreted later are likely to be more metal-rich.

Figure 3 plots for each stellar halo in our sample the look-back
time of accretion of the most massive progenitors, specifically an
average over those satellites that contribute more than 10% to the
total stellar fraction. The general tendency is that more massive
halos assemble more recently. In addition, for halos of the same
mass, the spread in [ Fe/H] can be also explained by differences
in their formation time (e.g., the three halo models with M, ~
1.5 10° M.). Therefore, a protracted assembly of the higher
mass stellar halos seems to be at the origin of the [Fe/H]-M, re-
lation (see also similar results of Renda et al. 2005).

3.2.1. A Test Case: Milky Way and M31

We further illustrate the relation between mass accretion his-
tories and the overall metallicities with the case of Milky Way
and M3 1. These are two large galaxies with roughly the same lu-
minosity, but the Milky Way halo is more metal-poor than that
of M31, perhaps by as much as 1 dex. The metallicity distri-
bution function (MDF) in the Milky Way halo peaks around
[Fe/H] = —1.5 (Laird et al. 1988; Carney et al. 1996), whereas
the MDFs measured at several locations in the inner “halo” of
M31 peak at values between [Fe/H] ~ —0.4 and —0.7 (Reitzel
& Guhathakurta 2002; Bellazzini et al. 2003). Although, as dis-
cussed below, the outer halo of M31 at [Fe/H| ~ —1.2 may bea
more realistic estimate of the true underlying stellar halo com-
ponent of this galaxy (Guhathakurta et al. 2006b).
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Fic. 1.—The (x, z) projections of chemical abundances in halos H1—-H8 (top left to bottom right). For each halo we show side by side the star particles color-coded in [Fe/H]
(left subpanels) and in [a/ Fe] (right subpanels). The maps span 300 kpc on a side. Each pixel in these maps extends 0.25 kpc in the x- and z-directions and 300 kpc in the
y-direction (i.e., in depth). The [Fe/H] and [«/Fe] values are mass-weighted averages over all stars contained in each pixel.

Figure 4 shows the mass accretion patterns, expressed as the
fractional contribution of accreted satellites to the total stellar
mass of the inner halo, for two halo models similar to the inner
Milky Way and M31: halo H5, with ([Fe/H]) ~ —1.3, and halo
H4, with ([Fe/H])~ —0.9 (these are also the most extreme

cases in our sample). The more metal-poor halo has one major ac-
cretion of stellar mass, M, ~ 108—10° M., accreted about 11 Gyr
ago, while the more metal-rich halo has two major accretions,
both of masses M, ~ 10° M, and accreted about 8.5 Gyr ago.
Thus, the most massive, metal-rich halo had an assembly history
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N

Fi. 2.—Mass-weighted [Fe/H] and [/ Fe] average values vs. stellar mass for
halos HI-H11. Averages are calculated within » < 50 kpc, a cutoff value that
approximates the inner few tens of kiloparsecs currently probed by observations.
The dashed line in the top panel corresponds to the [Fe/H] ~ M 2" fit of Dekel
& Woo (2003). Error bars represent weight-averaged 25% and 75% values of the
absolute spread in abundance ratios.

that includes more massive progenitors that were accreted later.
The inference from these results is that the difference in metal-
licities between the two galaxies can be explained if M31 ex-
perienced one or two more massive accretions than the Milky Way
and/or a protracted merger history.

However, we note that the metallicity measurements in both
Milky Way and M31 are not yet completely reliable. One reason
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Fic. 3.—Look-back time of accretion of the most massive satellites (calcu-
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of'the stellar halo) vs. stellar mass of the inner halo, M, (50 kpc). Stars correspond
to the most metal-rich halos, triangles correspond to halos of intermediate [Fe/H],
and circles correspond to those of lowest [Fe/H] in our sample.
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is that most observations probe only the inner few tens of kilo-
parsecs and therefore may not be representative of the entire
halos or may include additional galactic components. For ex-
ample, recent observations in M31 extending further out into the
halo find [Fe/H] ~ —1.2 for stars beyond 60 kpc, suggesting
that the high metallicities measured in the inner regions include
the contribution from M31’s extended bulge (Guhathakurta et al.
2006b; Kalirai et al. 2006, Gilbert et al. 2006). Additional con-
tamination may come from the recently discovered disklike com-
ponent extending out to ~70 kpc (Ibata et al. 2005; Irwin et al.
2005). There are also differences in the measurement methods. In
the Milky Way metallicities are determined spectroscopically,
while in M31 they are mostly determined photometrically (but
see new spectroscopic measurements of Ibata et al. [2004] and
Guhathakurta et al. [2006a]). It is therefore unclear whether the
metallicity discrepancies between the two galaxies are real, but
ongoing wide-field spectral studies in these galaxies may be
soon able to answer this problem. Nevertheless, our results are
more general and suggest ways in which massive accretion events
can increase the average metallicities of halos (e.g., one mas-
sive dwarf galaxy, M, ~ 10° M, accretion is sufficient to in-
crease the average metallicity of a Milky Way—type halo by about
0.5 dex).

3.3. Radial Distributions

As explained in § 1, metallicity gradients are a powerful tool for
constraining the timescale of formation of galaxies. An often-cited
hypothesis is that hierarchical formation will result in a negligible
metallicity gradient. In detail, however, some variations may occur,
particularly in regions that continue to assemble until recent times.

The radial distributions of [ Fe/H] and [«/Fe] abundances for
all simulated halos are shown Figures 5 and 6. Indeed, the dis-
tributions show a systematic lack of large-scale gradients, yet
many show variations over scales of a few tens of kiloparsecs.
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The lack of large-scale gradients can be explained by exam-
ining the mass accretion patterns of our simulated halos. The
bulk of the stellar halos form early, both in the inner and outer
regions. The outer halos continue to accumulate stellar debris up
to more recent times (~5—6 Gyr ago), but this represents only a
small fraction of the total stellar mass (Bullock & Johnston
2005; Font et al. 2006b). Therefore, even if the later assembly of
the outer halo favors an influx of chemically enriched material,
this is not sufficient to create significant large-scale gradients.
Moreover, the chemical abundances are directly correlated with
the ages of the stars, rather than with the time of accretion. Figure 7
plots the distribution of look-back accretion times (/eff) and the
ages of stellar populations (right) versus the radial distance for all
halo models. As this figure shows, even if the stellar material is

-0.5

E gmﬂ IH e gﬁ;%ofmﬂ%mﬂ% fEra

E ;HMHEHHHHHI ; Efi | HHHHHHHHM )

5 el S 55%) Fithiyy Lt )

Rt | C

E # HHHHH;&HH g%&?ﬁm HHHEHH”“’

i S gE}?fﬁmﬂ ]
o ra

Fic. 6—Same as Fig. 5, but for halos H6—H11 (fop to bottom).

I 5:7AAAA1AAAA1AAAA1AAAA
mgiﬂﬂf {i; {IIIEIII

T

3

Y I R A
1oiiiiiiifiiii EEIIEI;

Y

JIIETER

H4
1 [ 5
{iili

‘ fﬂ ﬂ 11 IZ Hmﬂmﬂﬁﬁ%
;EII! Ere { .- UHH Fif. F[riC
AAlAAI“l‘ 5é E EEE H6
s 7E
R TR 0 mmmmimgm

“‘H P 1 Jﬂ “’HHIHWE{{HIH'IHB

il lu‘ 5 |

TR wi“”HﬂHHIm Hluo

B b b by 8 5
=1 . =3 i
B EIEISTEEE NI E I I 1°;HHEHHEHHEIH 10
E Ei A R LA Es;xxxxlxxxxlxxxxlxxxx
& Banonz, & Hifsgsisg i1
S 'IHHHHIII =10 PHHTHES
8 6Bt [ = B R A
_.Jn 0 50 100 150 200 <t 0 50 100 150 200
r [kpe] r [kpc]
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ratios are weighted averages within radial bins of 10 kpc. Error bars represent
weight-averaged 25% and 75% values of the absolute spread in abundance ra-
tios in each radial bin.

accreted recently, it usually contains a mixture of both young and
old stars that dilutes the metallicity differences.

Many of our halos do show distinct small-scale abundance
gradients. For example, in halos H5, H6, and H9 the average
[Fe/H] increases with r in the inner 100 kpc (similarly, [«/Fe]
decreases over the same distance). The gradients in these halos
arise from the spatial distribution of their stellar populations.
Figure 7 shows that the inner regions of these three halos contain
mostly old (~10 Gyr) stellar populations, whereas the outer re-
gions have on average stellar populations a few Gyr younger.
Perhaps the only systematic small-scale trend in our simulations
is the low [ Fe/H] in the inner 10 kpc (see the innermost radial bin
in Fig. 6). These results have implications for searches for the
“first” stars in the stellar halo and complimentary attempts to use
the metallicity distribution function to constrain the nature of re-
ionization and Population III star formation (e.g., Tumlinson et al.
2004; Beers et al. 2005). Specifically, we find that the lowest
metallicity stars, as well as the earliest formed stars, are expected
to inhabit the most central regions of the Galaxy. For example,
our simulations suggest that about 30%—50% of either the 1%
lowest [ Fe/H] stars or the 1% oldest stars lie within the inner
10 kpc of the Galaxy.® Thus, general attempts to use observed
metallicity distribution functions to constrain early chemical en-
richment must take special care to account for spatial biases in ob-
servational samples of stars.

The radial distributions of accretion times, ages, and chemical
abundances give an insight into the composition of stellar pop-
ulations in the simulated halos. Our results suggest that stellar
halos of galaxies like the Milky Way should contain a large frac-
tion of old (>10 Gyr) stellar populations that were accreted in the
first few Gyr of the mass assembly. In addition to the underlying

® The radial distribution of the 1% oldest stars is in general agreement with
that reported by White & Springel (2000); however, our results regarding the
distribution of the lowest metallicity stars disagree. White & Springel (2000) find
that about 60% of the 1% oldest stars are located within the inner 10 kpc, whereas
only 16% of the 1% lowest metallicity stars are within the same radius.
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satellites where stars originate from.

population of old stars, some halos contain small fractions of
intermediate-age (~7—10 Gyr) populations. Irrespective of their
age, stars can be either metal-poor or metal-rich, depending of
the mass and star formation rate of their progenitor satellite.

Interestingly, in terms of its age and metallicity distributions,
the Milky Way halo lies at the edge of our sample-simulated halos.
The stars in the Milky Way halo are mostly old and metal-poor,
whereas in our models a significant number of old stars are already
metal enriched. (Note, however, that the typical observations cover
only the inner ~10—20 kpc of the halo, and in this range some of
our halos are old and metal-poor.) Our results seem to suggest that
the Milky Way halo is an atypical case in the range of galaxies of
similar mass. The metallicity constraints rule out an accretion of a
massive (M, ~10° M) halo progenitor at early times when the
bulk of the halo formed. We also note that recent observations
show that many other bright spiral galaxies of similar mass have
more metal-rich halos than that of the Milky Way. A more de-
tailed discussion of these observations is given in § 4.1.

3.4. Mining the Halo for Stellar Streams

Tidal streams are fossil records of past accretions and therefore
can be used to reconstruct the merger histories of galaxies. Their

detection, however, is difficult due to their low surface brightness
and the loss in spatial coherence the longer they orbit in the Gal-
axy. The identification of stellar streams can be improved by
extending the parametric space to include new dimensions like
the kinematic parameters and chemical abundances.

If kinematic data are available from observations, one can use
the (E, L., L) space to identify stellar streams. This parametric
space is particularly useful for epochs of slow evolution, when
the time required for stars to exchange energy and angular mo-
mentum is long compared with the age of the Galaxy, and E, L.,
and L can be approximated as invariants of motion (e.g., Eggen
etal. 1962). In this case, the tidal debris from different accretions
is expected to clump in distinct locations in this space. Numer-
ical simulations of satellite accretions in a fixed potential (Helmi
& de Zeeuw 2000) and later extended to include a time-evolving
gravitational potential (Knebe et al. 2005) confirm that this is
indeed the case.

Our modeling also includes a time-evolving gravitational po-
tential that grows with the mass of the Galaxy (see Bullock &
Johnston 2005 for details). In agreement with Knebe et al. (2005),
we find that the tidal debris can still be recovered in the (E,
L., L)space. Figure 8 plots the distribution of halo H1 stars in
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the L,-L, E-L., and E-L planes at different ranges of look-back
accretion times of the progenitor satellites. This shows that the re-
cent accretions (fy.er < 7-9 Gyr) occupy relatively distinct loca-
tions in these planes and their identification is therefore possible.

The clumps in the low-£ and low-L regime are more difficult
to separate, in part because of their superposition, but also be-
cause this is also the regime of rapid growth of the Galaxy when
the energy and angular momentum of stars change significantly.
Additional effects like the interaction between satellites and the
nonaxisymmetric oscillations in the Milky Way potential, not
modeled in our study, will further disperse the stars in phase
space (Mayer et al. 2002).

The kinematic identification of stellar streams in the halo re-
quires high-accuracy measurements of proper motions over ex-
tensive areas of the sky. Future astrometric Galactic surveys such
as Gaia will be able to provide these data and identify some of
these clumps (Helmi & de Zeeuw 2000).

Chemical abundances can be used as an additional dimension
to the (E, L,, L) parametric space to investigate the origin of
stars (e.g., Bekki & Chiba 2001; Dinescu 2002). By separating
the available kinematic parameters in different metallicity ranges,
some observational studies have found stars that stand out from
the rest of the halo, implying a merger origin (e.g., Carney et al.
1996; Majewski et al. 1996). However, given that even stars from
the smooth halo may originate in mergers, it is instructive to
investigate whether chemical abundances can provide any new
information about the merger history of the Galaxy.

In particular, chemical abundances may be able to constrain
the merger time line of the Galaxy. In Figure 8 we have used the
time of accretion to separate the clumps in the (E, L., L) space.
This parameter is not easily measurable, but fortunately, we
can use the natural clock provided by the evolution of Fe and
«a-elements. Each satellite galaxy is expected to have a distinct
[a/Fe]-[Fe/H] evolution; however, it has some generic features
such as a plateau at high [a/Fe] and low [Fe/H] and then a
steady decrease toward high [Fe/H] (both the length of the pla-
teau and the slope of the decrease being modulated by the star
formation rate, hence the mass of the satellite). The plateau is
maintained by the enrichment in a-elements in Type II super-
novae operating on short timescales (of a few Myr), and the
[c/Fe] decrease is driven by the later enrichment in Fe produced
in Type Ia supernovae. Prolonged episodes of star formation will
tend to decrease the [«/Fe] ratios of stars in a satellite. This sug-
gests an association between the time of accretion of satellites
and their overall [a/Fe].

Figure 9 plots the weight-averaged [«/Fe] versus [Fe/H]
values for satellites accreted onto halo H1, highlighting the times
of accretion. This shows that the lowest [«/Fe] values are as-
sociated with recently accreted satellites, these systems having
more time available to form stellar populations with [«/Fe] below
solar. This is more clearly seen in Figure 10, where we plot the
distribution of stars in the E-L, and E-L planes, separated in
different [«/Fe] ranges. Most of the stars with [a/Fe] < 0.05 are
in the high-energy and high angular momentum regime, asso-
ciated with recent accretions.

This also suggests that by selecting an [a/Fe] < 0.05 cut, one
can effectively remove the bulk of the old, well-mixed halo and
identify only the recently accreted streams. Figure 11 illustrates
this with a comparison between the surface brightness maps of
some of the simulated halos, first by including all stars (left sub-
panels) and alongside including only those stars with [a/Fe] <
0.05 (right subpanels). With this cut, the central regions are ef-
fectively devoid of the well-mixed streams and contain only the
cold streams.
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How feasible is our selection method for detecting streams
in the halo? Figure 11 shows that even without the [«/Fe] cut
the tidal streams are faint. Only a few of these streams, typically
one or two per galaxy, can be detected with current capabili-
ties, which have a limiting surface brightness in V-band of 1), ~
30—31 mag arcsec 2. The proposed method can be used to high-
light a few cold streams of about this limiting magnitude in the
inner halo.

The prospects for detecting giant stars are also reasonable.
Assuming the luminosity of halo stars is similar to that of glob-
ular cluster M12 (Hargis et al. 2004), a 10° L, halo will contain a
few times 10° giants (out of these, 103 giants will be 1 F-band
mag above the horizontal branch [HB], or about 10* giants 2
V-band mag above the HB, respectively). According to our mod-
els, 1%—10% of the stars meet the [a/Fe] < 0.05 cut. This im-
plies, for example, that a halo survey of 103 giants with 1 mag
above the HB will contain ~10°~10* giants in cold streams.

4. COMPARISONS WITH OTHER STUDIES
4.1. Stellar Halo Metallicities

A series of recent observational studies have found evidence
in support of the idea that the metallicity/age of the Milky Way
stellar halo is peculiar. It seems that most other bright spiral gal-
axies are more metal-rich than the Milky Way (e.g., Mouhcine
et al. 2005a). M31 is a prime example, but recent observations
show that this is also the case for several spiral galaxies out-
side the Local Group (Mouhcine et al. 2005b), as it is for about
1000 spiral galaxies in the SDSS sample, as inferred from the
average of their colors (Zibetti et al. 2004). Similarly, in terms of
their stellar composition, the observations suggest that all halos
have an underlying, uniform population of old metal-poor stars
and that most luminous galaxies have additional metal-rich pop-
ulations, which can be either old or intermediate age (e.g., Harris
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etal. 1999; Harris & Harris 2002; Bellazzini et al. 2003; Mouhcine
et al. 2005b; Gallazzi et al. 2005). As a bright galaxy but with an
old and metal-poor stellar halo, the Milky Way may indeed be
somewhat rare. Indeed, none of our 11 simulated stellar halos have
metallicities as low as that of the Milky Way ([Fe/H]),w ~—1.5,
although our most metal-poor halo is close ([Fe/H]) ~ —1.3 (see
Fig. 2). Our interpretation would be that the Milky Way is un-
usually lacking in massive satellite mergers at early times. While
rare, this would not be unthinkable within the expectations of
ACDM,, since the average number of accreted massive satellites
is small (Zentner & Bullock 2003).

As shown in Figure 2, the metallicities of our simulated halos
have a spread of less than 1 dex. This disagrees somewhat with
the results of Renda et al. (2005), who report that their simulated
halos have a larger [ Fe/H] spread, about 1.5 dex, when restricted
to have Milky Way—type luminosities. More specifically, the
Renda et al. (2005) simulations produce Milky Way—type halos
as metal-poor as ([Fe/H]) ~ —2. We suspect that the difference
arises from the fact that Renda et al. (2005) allow stellar halo
stars to originate via in situ star formation in their simulations,
while our stellar halos form entirely from accreted dwarfs. Thus,
the metallicity spread in observed halos may provide an inter-
esting avenue for testing the idea of accreted versus in situ stellar

halo formation. The small spread in stellar halo metallicities seen
by Mouhcine et al. (2005b) may favor an accretion-dominated
model, although the evidence is weak as of now. A second differ-
ence may arise from the cosmological conditions in Renda et al.
(2005), which are set via a semicosmological top-hat sphere with
standard CDM fluctuations, while ours rely on extended Press-
Schechter within a ACDM framework. It is interesting to note
that our restriction on accretion histories to be those without re-
cent major mergers would (if anything) bias our distributions to
more metal-poor halos, just the opposite bias that would be re-
quired to match reconcile our results with those of Renda et al.
(2005).

4.2. Spatial Distributions

Our models predict that tidal streams from massive satellites
should stand out in stellar overdensities and be more metal-rich.
The available observational evidence seems to support our finding.
A wide survey of the inner M31 halo reveals an increase in metal-
licity in fields associated with the giant stellar stream (Ferguson
etal. 2002). Numerical modeling of the stream finds that the pro-
genitor satellite was indeed massive, M, ~ 10° M (Font et al.
2006a; Fardal et al. 2006). Inhomogeneities in color-magnitude
diagrams are also seen in the M31 halo and are believed to be
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FiG. 11.—The V-band surface brightness maps for halos H1, H,, H3, H4, H5, H7, H8, and H10 (top lefi to bottom right). Left subpanels show the surface brightness map
of all stars, and right subpanels show the corresponding surface brightness of stars with [«/Fe] < 0.05. All maps span 300 kpc on a side.

associated with satellite accretions (Brown et al. 2003; Ferguson
et al. 2005).

While metallicity inhomogeneities are commonly detected,
the observational evidence regarding radial gradients is so far
inconclusive. Studies of globular clusters (e.g., Searle & Zinn
1978; Zinn 1993) or of the low-metallicity stars in the Galaxy

(Beers et al. 2005) do not show obvious gradients in [ Fe/H].
However, some studies report a decline of [/ Fe] ratios of halo
stars with radial distance in the Galaxy (Nissen & Schuster 1997).
In M31, measurements in several fields extending up to 40 kpc
in the halo are consistent with a small, less than 1 dex, [Fe/H]
radial gradient (Bellazzini et al. 2003).
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Our results suggest that metallicity gradients of less than 1 dex
over distances of a few tens of kiloparsecs are consistent with the
hierarchical structure formation scenario. However, for a more
accurate comparison between our models and observations, we
have to take into account the methods of measurement used in
observations. For example, in external galaxies radial distances
cannot be currently determined. What observations generally mea-
sure are the separations from the centers of galaxies, which are
projected radii on the plane of the sky. Moreover, current obser-
vations probe small fields in the stellar halos at different pro-
jected radii (e.g., Bellazzini et al. 2003). We illustrate this with a
mock observation of one of our halos (H1). Figure 12 shows the
[Fe/H] and [«/Fe] distributions versus the projected radius R on
the plane (x, z). The large symbols are averages in cylindrical
shells, while the small symbols show the decomposition of these
values at equidistant azimuthal angles in each cylindrical shell.
Thus, each small symbol approximates a projected field of ob-
servation a few kiloparsecs on a side, similar to the size of ob-
servational fields. Figure 12 demonstrates that a large spread in
either [Fe/H] or [a/Fe] may exist at a given R, and therefore, a
random sampling with small fields over different projected radii
can result in a detection of spurious abundance gradients. Our re-
sults therefore caution that a wider spatial sampling of halos is
necessary in order to confirm the current detections of abundance
gradients.

5. CONCLUSIONS

The motivation of this work was to provide predictions of the
hierarchical formation paradigm that can be tested with the data
from current and upcoming astrometric and spectroscopic ob-
servations. In this study we have explored the global properties as
the phase-space distribution of the [Fe/H] and [«/Fe] chemical
abundances in a series of Milky Way—type stellar halos formed in
a ACDM universe. Our results are summarized below.

1. For a fixed dark matter halo mass, we predict that stellar
halo metallicities increase with stellar halo mass. The resulting

[Fe/H]-M, relation for stellar halos arises because high-mass
stellar halos tend to have accreted a larger number of metal-rich
satellite progenitors (more massive and/or accreted at later times).

2. Chemical abundance distributions provide important links
to the merger histories of galaxies. For example, the metallicity
differences between the metal-poor halos in our sample ([Fe/H] ~
—1.3) and the most metal-rich ones ([Fe/H] ~ —0.9) can be ex-
plained by the larger number of massive (metal-rich) satellite ac-
cretions in the latter case. This result suggests that the observed
metallicity differences between the (metal-poor) Milky Way and
the (metal-rich) M31 may arise because M31 destroyed one or
two more massive satellites than the Milky Way.

3. In agreement with observations, we find that all simulated
halos contain an underlying population of old metal-poor stars.
More massive halos contain additional intermediate-age popula-
tions accreted more recently.

4. In contrast with the Milky Way, some of our halo models
contain old stellar populations that are metal-rich, originating
in massive satellites (M, ~ 10° M) accreted early on. The me-
tallicity constraints seems to suggest that the Milky Way has an
atypical mass accretion history, lacking in massive early accretion
events, when compared with other galaxies of a similar mass.

5. We predict metallicity gradients in [Fe/H] and [a/Fe] in
our hierarchically formed stellar halos that are often non-
negligible. Gradients extend typically over a few tens of kilo-
parsecs and may be as large as 0.5 dex in [Fe/H] and 0.2 dex in
[a/Fe]. Thus, evidence for metallicity gradients alone in the
Milky Way stellar halo would not preclude its formation via a
hierarchical process. Only coupled with phase-space data can
metallicity information be used to test ideas about accreted ver-
sus in situ formation.

6. We predict that most metal-poor stars in the Galactic halo
are buried within the central ~5 kpc of the Galaxy. This will
likely be important for efforts to use the observed count of low-
metallicity stars to constrain models of cosmic reionization and
the transition from Population III to Population II star formation
(e.g., Tumlinson et al. 2004).
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7. We suggested a method for identifying cold tidal streams in
stellar halos by selecting stars with [a/Fe] < 0.05, which trace
streams from recently accreted satellites. If used to complement
the common kinematical identification methods, the proposed
selection criterion may improve the detection of tidal streams.

Combining kinematic and chemical abundance information
proves to be a powerful tool for understanding how galaxies form
and evolve. In anticipation to the wealth of data to be delivered by
current and future Galactic surveys, it is important to develop and
improve on numerical simulations of the chemical evolution of the
Galaxy in a realistic cosmological context, such as those presented
in our study, and to devise criteria to identify more tidal streams.

While our methods successfully reproduce the gross chemical
abundance properties of the Galactic halo and satellite dwarf
galaxies, our treatments of dissipational physics including star
formation, gas cooling, and energetic feedback mechanisms may
be too simplistic to recover the detailed properties of the modeled
systems with high accuracy. For instance, the assumed truncation
of star formation in dwarf systems after they accrete into their
host galaxy is very approximate. Gravitational torques applied
by the central galaxy and other satellite systems may induce epi-
sodes of efficient star formation in the dwarfs we model, especially
near-pericentric passage. Such bursts occurred in the LMC and
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SMC, as inferred from their stellar populations (e.g., Smecker-
Hane et al. 2002; Harris & Zaritsky 2004), and should be modeled
if more accurate chemical enrichment histories for dwarf systems
are to be achieved.

These complications speak to the need for high-resolution
hydrodynamical simulations of the formation of the Galactic
stellar halo and dwarf satellite population. While recent hydro-
dynamical simulations have begun to address this issue (e.g.,
Brook et al. 2004), they have not yet matched the mass resolu-
tion necessary to capture the entire population of dwarfs galaxies
we follow in our collisionless simulations nor the full com-
plexity of our chemical enrichment model. We acknowledge the
importance of the previous work and look forward to increas-
ingly sophisticated hydrodynamical simulations of the cosmo-
logical formation of the Galactic stellar halo.
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