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1 INTRODUCTION

ABSTRACT

The age distribution, and chemical elemental abundances, of stars in the halo of the
Milky Way provide constraints on theories of galaxy formation. As one specific example,
the accretion of satellite galaxies similar to the present retinue of dwarf spheroidals
(dSphs) would provide an observable metal-poor, intermediate-age population. This
paper presents a quantitative assessment of any contribution made by such stars to the
stellar halo. The bulk of the stellar populations in the halo show a well-defined turn-
off, at B—V~ 0.4, implying that the vast majority of the stars are old. The fraction
of stars which lie blueward of this well-defined turn-off, with metallicities similar to
that of the present dSphs, is used in this paper to place limits on the importance of
the recent accretion of such systems. Very few ( < 10%) stars are found to be bluer
(and by implication, younger) than this limit, with the highest value found for the
more metal-rich halo ([Fe/H] 2 — 1.5 dex). Direct comparison of this statistic with
the colour distribution of the turnoff stars in the Carina dwarf allows us to derive an
upper limit on the number of mergers of such satellite galaxies into the halo of the
Milky Way. This upper limit is ~ 40 Carina-like galaxies. The higher metallicity data
constrain satellite galaxies like the Fornax dwarf; only < 5 of these could have been
accreted within the last < 10 Gyr. We note that the low star-formation rates inferred
for dSphs predict distinctive elemental abundance signatures; future data for field halo
stars, including candidate younger stars, will provide a further robust test of accretion
models.

Key words: Galaxy: evolution — Galaxy: halo — Galaxy: stellar content — extraterres-
trial intelligence — Galaxy: abundances — galaxies: interactions — Local Group

in these ‘building-blocks’ can be very varied, and at present
cannot be predicted with any level of certainty by theory.

Observational evidence has been accumulating that merging
of smaller systems has played a role in the evolution of the
Milky Way and other galaxies. For example, age spreads in
globular clusters have been derived (e.g. Searle 1977; Zinn
1993), kinematic ‘moving groups’ have been tentatively iden-
tified in the Galactic halo (e.g. Arnold & Gilmore 1992; Ma-
jewski 1993) and disturbed morphology suggestive of inter-
actions and merging is seen in many high redshift galaxies
(Griffiths et al. 1994). This is at least qualitatively consistent
with hierarchical-clustering scenarios for the growth of struc-
ture in the Universe (e.g. review by Silk & Wyse 1993). In
those theories the masses of the first objects to turnaround
and collapse under self-gravity are approximately equal to
those of present-day dwarf galaxies, which then cluster to
form larger-scale structure, with this process likely contin-
uing on galactic scales today. The star formation histories

Quantification of the importance of merging is compli-
cated by the fact that even for purely dissipationless sys-
tems (to which we restrict the discussion in this paper),
the many parameters that are needed to describe a merger
event give rise to many different outcomes. Thus one must
be rather specific about the type of merger. Accretion of a
dense, fairly massive satellite onto a pre-existing thin stel-
lar disk can inflict significant damage to the disk, during
the many passages through the disk that the satellite makes
(e.g Toth & Ostriker 1992). Quinn, Hernquist & Fullagar
(1993) find that accretion of a stellar satellite galaxy with
10% of the mass of the disk, and mean density within its
half-mass radius equal to fully 75% of the central density of
the disk, can produce a thick disk with scale-height similar
to that of the Galactic thick disk. However, this is a rather
extreme satellite, and less robust galaxies are more likely
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to be tidally disrupted early in the accretion process (e.g.
Ostriker & Tremaine 1975).

The discovery of the Sagittarius dwarf spheroidal galaxy
(Ibata, Gilmore & Irwin 1994), apparently in the process of
being digested by the Milky Way, argues quite irrefutably
for on-going accretion, albeit of fluffy objects. Further, the
Small Magellanic Cloud appears to be significantly dis-
tended along the line of sight, suggestive of strong tidal inter-
action with the Milky Way. The Magellanic Stream is plausi-
bly also a tidal effect (Lin & Lynden-Bell 1977). Stars which
become unbound from the outer regions of satellite galaxies,
beyond the tidal radius set by the Milky Way gravitational
potential, will remain on orbits close to that of the satel-
lite galaxy at the time of their evaporation. Thus, provided
that the satellite is tidally disrupted prior to significant or-
bital decay through dynamical friction, shredded stars may
be expected to contribute to the stellar halo. Probably all
of the satellite galaxies to the Milky Way contain a signif-
icant intermediate-age ( < 10 Gyr) metal-poor population
(e.g. Aaronson 1986); as we discuss below, this provides a
distinctive signature of their contribution to the field halo.

Globular clusters are a traditional tracer of the stellar
halo, even though they amount to only a few percent of
the luminous mass. The Sagittarius dwarf spheroidal shares
with the Fornax dwarf spheroidal the characteristic of hav-
ing its own system of globular clusters (e.g. Ibata et al. 1994;
Da Costa & Armandroff 1995). The search for Galactic halo
globular clusters which are significantly younger than the
dominant population, and which could have been accreted
from a parent dwarf galaxy with an intermediate-age stellar
population, is producing several strong candidates in addi-
tion to these Sagittarius clusters (e.g. Fusi Pecci et al. 1995)
We here will focus on the field halo itself.

One of the defining characteristics of the field popula-
tion II is its clear lack of massive main sequence stars (Lind-
blad 1926; Bok & McRae 1941; Baade 1944; Elvius 1962;
Upgren 1963; Sandage 1969). The distinct turn-off of the
stellar halo, at B—V2~ 0.4, is a striking feature of deep star
counts (e.g. Gilmore & Wyse 1987, their Fig. 3). This turn-
off colour corresponds to an age, derived from comparison
with stellar isochrones, of 2 15Gyr, for a population with
the mean metallicity of the stellar halo, <[Fe/H]>~ —1.6
dex. Thus, any halo stars significantly younger than this are
restricted to a tracer population.

However, it has been realised for many years that such
a tracer population may exist. A few high-velocity dwarf
stars bluer than the halo turn-off were identified in early
surveys (e.g. Bond & MacConnell 1971).* Preston, Beers &
Schectman (1994) analysed their sample of stars, selected
on the basis of the weakness of their Calcium H and K lines,
and concluded that a significant fraction were dwarf stars
bluer than the halo turnoff. The absolute normalisation is
difficult to quantify given the selection criteria of the sample,
but they suggest that perhaps 4%-10% of the stellar halo is

* More recently, a very few ( < 10 in the whole Galaxy) young
main sequence B stars, which apparently have formed in situ in
the halo, have been identified (Conlon et al. 1992). These B-stars
are however very metal-rich, and are unrelated to the halo field
population which is the subject of this paper.

in this component, which they attribute to the accretion of
dwarf spheroidal satellites.

Quantification of the fraction of the stellar halo that
is younger than the dominant population requires careful
analysis of samples where the selection effects are under-
stood. We here discuss the distribution of main sequence
field halo stars in the [Fe/H]-(B—V) plane, exploiting the
contrast between the stellar population of a typical dSph —
a metal-weak, [Fe/H] < —1 dex, intermediate-age < 8 Gyr,
population — and a background, old, halo population.

More qualitative limits only can be placed at present us-
ing other tracers of intermediate-age population, such as car-
bon stars. We make predictions for the distinctive element
ratios that are possible for stars in the younger populations
of dSph — and thus stars from this population accreted into

the halo.

2 THE AGES OF THE HALO

Searches for tracer populations obviously work best when fo-
cussed on large, representative samples. The low local nor-
malisation of the field halo has led naturally to two main
approaches to the study of the halo, each of which has its ad-
vantages and disadvantages — (i) identification of halo stars
by virtue of their current large distance from the disk plane
and (ii) identification of local halo stars by their high veloc-
ities with respect to the Sun.

The major disadvantage of the in situ approach is that
the fraction of the halo studied is in general rather small,
and one may be sensitive to local fluctuations, especially in
light of the fact that dynamical times in the outer Galaxy
are longer. Quantification of the fraction of the halo that
lies beyond a given radius and/or height above the plane is
given in Fig. 1, which is based upon the Hernquist (1990)
density profile. This is an analytic approximation to the de-
projection of a de Vaucouleurs profile, and has half of the
total mass contained within a (deprojected) radius equal to
1.33 times the (projected) de Vaucouleurs effective radius.
As seen in the figure, for the stellar halo, which has de Vau-
couleurs effective radius of ~ 2.75 kpc, the half-mass radius
is ~ 3.7 kpc.]L

Star count data and models suggest that the thick disk
makes a significant contribution out to 2 5 kpc above the
disk plane, so that a ‘pure halo’ sample is better isolated
beyond this. However, as shown in the figure, even an all-sky
survey out to infinity would only sample < 10% of the halo,
defined this way. A typical pencil-beam survey towards the
Galactic Pole, of < 1 deg?, samples only a few times 107° of
the halo when restricted to z > 5 kpc (e.g. Majewski 1992).
Of course one assumes that this represents a fair sample of
the distant halo, but its relation to the total halo is not so
obvious.

Kinematically-selected local samples of high-velocity
stars lack those stars with space motions too close to that of
the Sun, and also stars on orbits which do not intersect the
solar circle. However, solar-neighbourhood surveys of high

i By comparison, the half mass radius of an exponential disk is
~ 1.7 times the disk scalelength, and for the Milky Way disk this
is then 1.7 x 3 — 4kpc, or 5 — 7 kpc.



Figure 1. The mass fraction of the halo which lies (a) beyond
galactocentric distance r — upper panel — and (b) outside the
galactocentric distance r associated with a height z above the
galactic plane at the solar circle (ro = 7.8kpc) — lower panel. In
each case the solid line represents a spherical halo model, and the
dotted line represents an oblate halo, with axial ratio of 0.6, both
based on Hernquist (1990) density profiles.
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proper-motion stars provide a reasonable sampling of the
halo, with 2 30% of the stars in a plausible halo distribu-
tion function being observable (e.g. May & Binney 1986).

Direct age estimations for individual field halo stars
are available only for the samples of Schuster & Nissen
(1989) and Marquez & Schuster (1994). These surveys de-
rive ages through comparison of Stromgren photometry and
isochrones. While the overall conclusions of these surveys
are consistent with the bulk of the halo being old, the un-
certainty associated with any individual age determination
is still too great for an analysis of the type we now pursue.

The recent survey by Carney et al. (1994 and refer-
ences therein) contains the largest sample of halo stars (1447
stars), selected on the basis of proper motions, for which ac-
curate abundances and photometry are available. This sur-
vey provides reliable B—V photometry and metallicity es-
timates, in addition to the space motions (radial velocities
and proper motions), for all except the reddest stars. Metal-
licities and colours are given for 1229 of these stars. All stars,
including those few in Common Proper Motion pairs, have
been used in this investigation. The data of most interest for
present purposes are those for the metal-poor halo, which for
this sample we will initially define by the condition [Fe/H]
< — 1. This gives a sample of 477 stars, representing the
population of the metal-poor halo. The relationship between
B —V colour and [Fe/H] for this sub-sample is indicated in
Fig. 2.

The colour distribution in Fig. 2 shows clearly the
turnoff of an old, metal-poor population, with the turnoff
colour being a function of [Fe/H]. In order to quantify the
number of stars which may lie to the blue of this turnoff,
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Figure 2. The distribution of B—V colour and [Fe/H] for metal-
poor stars from the proper-motion selected sample of Carney et al.
(1994). Uncertainties have been ignored in the interests of clarity,
and are of order 0.1 dex in [Fe/H] and 0.05 in B—V. Superposed
are turn-off isochrones (Revised Yale Isochrones) with ages given
in Gyr. The vast majority of stars have colours consistent with
ages 2 15 Gyr. The three metallicity ranges delineated by the
dashed lines are discussed separately.
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we employ isochrones as an objective measure of the colour-
dependence of the edge of the distribution. We have super-
posed the Revised Yale Isochrones (Green et al. 1987) in-
terpolated to Y=0.24. The Vandenberg & Bell (1985) and
Vandenberg (1985) isochrones lie parallel to these, differing
only by a colour offset of about 0.06 in B-V, with the Yale
isochrones being redder for a given age. We emphasise that
the absolute age scale of the isochrones is not relevant here,
only their shape is relevant. The 2 15 Gyr isochrones ade-
quately represent the cut-off colour for the majority of the
stars; bluer stars are rare. There is clearly room for a cou-
ple of Gyr scatter about the age of the isochrone defining
the dominant population, especially since the B—V turn-off
colours of the old isochrones crowd together. Indeed, a re-
cent determination of the ages of 43 halo globular clusters
(Chaboyer et al. 1995) indicates a dispersion in the age of
the old, metal-poor globular clusters of about 2 Gyr. Our
alm here is to determine a firm wupper limit to the number
of field halo stars that are much younger than the dominant
old population, with ‘old’ encompassing the ~ 2 Gyr scatter
in age that this population appears to have.

In order to quantify the number of stars which are sig-
nificantly bluer than the dominant turnoff, we proceed, pre-
empting the discussion of Section 3.1 below, by dividing
the metallicity range into three regions: [Fe/H] < —1.95,
—1.95 < [Fe/H] < —1.55, —1.55 < [Fe/H] < —1.0. We il-
lustrate the calculation for the intermediate abundance in-
terval. This sub-sample is indicated on Fig. 2 by vertical
dashed lines, and is shown enlarged in Fig. 3. The observa-
tional uncertainties in B—V from Carney et al. are indicated,
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while the uncertainties in [Fe/H], typically of order 0.1 dex,
are not indicated, in the interests of clarity of the figure.
The slope of the relationship between turn-off colour and
metallicity is such as to minimise the effects of these un-
certainties on a given star’s location relative to the turn-off
isochrone. We have chosen the 16 Gyr Yale isochrone as fidu-
cial. It is clear that though two points lie blueward of this
isochrone, it is not possible to assign them with certainty
to the class of ‘younger’ stars. Assuming Gaussian errors,
there remains a 9% probability that both are not too blue,
and a 45% probability that one of the two is not too blue.
Weighting these possibilities appropriately, and allowing for
the errors in slightly redder stars, we deduce an expected
value of 2.2 stars out of the 147, or 1.5%, as being signifi-
cantly bluer than the bulk of the population, in the range
—1.95 < [Fe/H] < —1.55

Assuming now that these stars are indeed younger, and
have an associated luminosity function, this number must
be multiplied by an appropriate factor to take account of
the redder, lower-mass main-sequence stars that would be
part of this younger generation. Taking the globular cluster
M5 as typical of a metal-poor population (to translate B—V
to corresponding absolute magnitudes) the range of colours
in Fig. 2 which contains the 147 stars in the metallicity
range under study, corresponds to My = 44 and My ~
+7.5, while the bluer stars of interest have My < + 4. The
luminosity functions for both globular clusters and for the
solar neighbourhood are quite flat over this range, with an
approximately equal number of stars in each interval of unit
absolute magnitude. Thus we can estimate the number of
lower main-sequence stars which should be associated with
each blue star by applying a correction factor of ~ 4. Thus
~ (2.2 x4)/147 or < 6% of the field halo, in the metallicity
range —1.95 < [Fe/H] < —1.55 plausibly have younger age
than the dominant old population.

The bluest stars in Fig. 2 are predominantly more
metal-rich than —1.5 dex. The six bluest of these stars were
in fact identified in Table 5 of Carney et al. (1994) as ‘blue
straggler candidates’, although they did not comment fur-
ther on their significance. A similar calculation to that il-
lustrated above, again allowing for the probable errors in
the colours of the sample, and assuming them to be Gaus-
sian, provides a total of 13.1 stars (out of 185) expected
to lie blueward of the 16Gyr Yale isochrone, in the region
—1.55 < [Fe/H] < —1.0. That is, 7.1% of the 185 stars in
that metallicity range, corresponding to 28 percent possi-
ble young population, after weighting to allow for the lower
mass contribution.

The contribution from the 145 stars with [Fe/H]<
—1.95, taking account of the Gaussian errors, gives a to-
tal of 1.1 star, or < 1%, bluer than the old isochrone. This
corresponds to 3 percent of this metallicity range possibly
belonging to a younger population, after correction for the
luminosity function.

To summarise, after weighting to take account of the
luminosity function, the upper limits on younger star popu-
lation in the field halo comprises ~ 3% in the most metal-
poor range, [Fe/H] < —1.95; ~ 6% in the middle range,
and ~ 28% in the most metal-rich range considered, —1.5 <

[Fe/H] < —1.

Figure 3. The same as Fig. 2, except enlarged for the region
—1.95 < [Fe/H] < —1.55, and with the observed uncertainties in
B—V indicated, when available. We can conclude that the expec-
tation is that 2.2 stars in 147, in this range of metallicities, lie
blueward of the 16 Gyr Yale isochrone.
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2.1 Caveats

There are two points of note. Our assumption — that all stars
found possibly to the blue of the main-sequence turnoff, after
taking account of estimated uncertainties in the photometry,
are genuinely young halo stars — is conservative and leads to
an upper limit to their contribution. A large fraction of the
signal is due to stars which are formally to the red of the 16
Gyr isochrone, but whose photometric errors are such that
there is some, albeit small, probability that they actually lie
to the blue of the isochrone, and are hence counted using our
technique. Further, any metal-poor thick disk stars which
might exist, and might be younger than the halo, will be in-

cluded. ¥ In addition, blue stragglers of the type found in the
cores of globular clusters, and mis-identified evolved stars,
could all contribute. An estimate of the expected number of
such blue straggler stars may be made using the compilation
of globular cluster data by Ferraro et al. (1995), under the
assumption that the number-to-light ratio in the field halo is
the same as that in loose globular clusters. This compilation
contains results for 26 globular clusters, from which Ferraro
et al. find approximately 7 more blue straggler stars (BSS)
for every extra 10* L of bolometric intensity sampled, cor-
responding to S 10 BSS for every 10* Ly of V-light sampled.

! The colour-metallicity distribution of thick disk stars is con-
sistent with the bulk of these stars being of the age of 47 Tuc,
a typical old, metal-rich globular cluster (e.g. Gilmore & Wyse
1987; Wyse & Gilmore 1988; Gilmore, Wyse & Kuijken 1989; Car-
ney et al. 1989; Gilmore, Wyse & Jones 1995). Age estimates from
Stromgren photometry also yield an old age for stars of thick-disk
kinematics and metallicity (Edvardsson et al. 1993; Marquez &
Schuster 1994).



The V-band luminosity of the field halo is ~ 10° Lg, so that
one would expect of order a million globular-cluster BSS
in the entire halo. The present halo sample is just dwarf
stars of high proper motion. Somewhat less than half, per-
haps ~ 30%, of the V-band light in an evolved population
comes from the main sequence and subgiant stars (e.g. Tins-
ley & Gunn 1976); thus one would expect < 10 BSS per
5 % 103Lv7@ from dwarf stars in the halo. The total V-band
luminosity of the present sample of < 500 dwarf stars will be
around < 200Lg (as may be confirmed by simple addition
of all the estimated individual luminosities). Thus we expect
only of order one globular-cluster like BSS in our sample.
Even taking account of the uncertainties in this rough calcu-
lation, it is unlikely that these stars contribute significantly
to the blue stars we identify.

More substantially, we have analysed a sample selected
by high proper-motion. There is no robust a priori expecta-
tion that the kinematics of any young halo population should
be similar to those of the older halo stars. If the younger
stars do result from the accretion of satellite galaxies, their
orbits will reflect those of the parent satellite galaxies at the
time the stars were captured, and dynamical friction may
well have altered the satellite’s orbit.

Some general points may be made concerning the effects
of selection by proper motion. Should the mean rotational
lag of a stellar population be greater than the tangential
velocity dispersion of that population, then the probability
of selection into the catalog is dominated by the azimuthal
streaming velocity (cf. Ryan & Norris 1993). This will be
the case for populations with velocity dispersions of 2 100
km/s. Such a stellar population will be efficiently selected by
a proper motion criterion irrespective of its velocity disper-
sion. That is, any stellar population with asymmetric drift
greater than ~ 100km/s will be found in a proper motion
sample almost irrespective of its velocity dispersion.

It should be noted that in general dynamical friction re-
moves both orbital angular momentum and orbital energy,
so that a small lag behind the Sun could only be obtained
for a population of stars from accreted satellite galaxies if
the parent galaxies were originally on exceptionally high an-
gular momentum orbits, with mean azimuthal streaming
much higher than that of the field halo. This would re-
quire that the satellite galaxies would have exceptionally
high peri-Galactic distances. This in turn implies that dy-
namical friction was relatively inefficient, resulting in long
accretion times. For any putative satellite which had actu-
ally been accreted, it is more likely that the accreted stars
should have a large mean lag in rotational velocity with re-
spect to the Sun, and thus find their way efficiently into a
proper motion selected sample of stars near the Sun.

A sample, with kinematic data, which is suitable for
comparison here is that of Preston et al. (1994). They deter-
mined that their sample of ‘Blue Metal-Poor stars’ (BMPs),
which have metallicity [Fe/H] < — 1 dex and which they
suggest consists of truly young stars, does have kinemat-
ics which distinguish it from the classical halo. They found
that the BMPs have a mean rotational streaming veloc-
ity of amplitude 128 km/s, while that of the old halo, at
the same metallicity, is ~ 25 km/s. The BMPs further
have an isotropic velocity dispersion tensor, with ampli-
tude o,0,6 ~ 90 km/s, in contrast to the old halo with
(or,06,04) = (130 : 100 : 90) km/s (Gilmore et al. 1989).

Merging and the Milky Way 5

Thus the space motion relative to the Sun is (marginally)
lower for a typical BMP than for a typical halo star, mak-
ing it (marginally) less likely that the BMP population is
represented fully in a proper-motion-selected sample. How-
ever, the kinematics are such that the lag behind the Sun in
rotational streaming is likely to dominate any difference in
selection probability between old halo and ‘young’ halo. We
note that Preston et al. do not take this effect into account
in their calculation of the kinematic biases against discovery
of their young stars.

Ryan & Norris (1993) investigated the probability that
a star with a given space motion would pass into a proper-
motion selected sample of given selection criteria. They cal-
culated the ‘survival probabilities’ of stars chosen at random
from a population of specified mean rotational velocity and
velocity dispersion tensor. In situations where the rotational
velocity dominates, the survival probabilities, albeit low, do
not vary by more than a factor of a few, for rotational veloc-
ities varying over the range 100 — 200 km/s behind the Sun.
This is comparable to the difference between a typical BMP
and a typical old halo star. Thus the under-representation
of a BMP in a proper-motion catalogue, relative to the old
halo, will likely be only a factor of a few. This is compen-
sated to some extent by our conservative approach in count-
ing stars blueward of the dominant turnoff.

3 WHAT FRACTION OF THE YOUNG HALO
CAN BE RECENT ACCRETION?

The result above gives the fraction of the halo which may
belong to a population that is younger than the majority
of the stars. These younger stars may perhaps have been
accreted through the tidal disruption of satellite galaxies.
The fraction of young stars may then be re-expressed in
terms of the number of satellite galaxies that could have
been accreted, once one characterizes the stellar populations
of the satellite galaxies.

A typical dwarf spheroidal galaxy contains a significant
fraction of its stars in intermediate-age or young populations
(Hatzidimitriou & Irwin 1995). For example, Mighell (1990)
demonstrated that the majority of stars in the Carina dSph
were of age ~ 8 Gyr, and Lee et al. (1993) have shown that
the age of the dominant population in Leo I is rather young,
at ~ 3 Gyr. Few, if any, have exclusively old populations.
Thus, typical dSphs which are accreted recently (after they
have formed their younger stars!) into the field halo of the
Milky Way will signal themselves by the presence of younger
stars. These younger stars manifest themselves in the dSph
by a turnoff colour that is bluer than the main sequence
turn-off of a 2 15 Gyr population, and by the presence of
luminous stars at the tip of the giant branch, perhaps in-
cluding carbon stars. Such tracers allow a comparison to be
made with the stellar halo. To minimise model and isochrone
dependences, we make this comparison empirically, adopting
Carina as representative of the dSph population.

3.1 How Many Carina Dwarfs?

The Carina dSph has recent VR photometry to V~ 25
(Mighell 1990) and BI photometry to B~ 25 (Smecker-
Hane et al. 1994; 1995), which suggests that ~ 80% of
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the stars (evolved and unevolved) in this galaxy have ages
~ 8 Gyr (Mighell 1990; Smecker-Hane et al. 1994; 1995).
The analyses of these colour-magnitude diagrams, together
with extant spectroscopy, imply a metallicity of [Fe/H]
~ —1.75 £ 0.20. The same isochrones that were used above
to estimate the dominant turnoff of the field halo, at 2 15
Gyr, provide an old turnoff colour at this metallicity of
V—R=0.26. Thus we can compare the field halo B—V colour
distribution to that of the Carina dwarf, by counting stars
in the Carina dwarf blueward of V—R= 0.26, selecting stars
in the Carina dwarf to isolate the turnoff. The histogram
of V=R colours that results from a random subsample of
Mighell’s (1990) stars fainter than V=22.5 is shown in Fig.
4. The figure clearly demonstrates the existence of a substan-
tial intermediate-age population, with colours bluer than
V—R= 0.26, comprising more than one-half of the subsam-
ple shown.

This value of 50% may be directly compared with the
value for the percentage of the field halo that is blueward
of the same isochrone, in this metallicity range, which was
1.5%. Thus 3% of the halo (with this metallicity) has the
same colour distribution — and hence inferred age distribu-
tion — as the Carina dwarf. Using the Laird et al. (1988) halo
metallicity distribution, which is obtained by further selec-
tion on their proper-motion selected sample to isolate halo
stars, the metallicity range under consideration (—1.95 <
[Fe/H] < —1.55) represents ~ 30% of the entire halo. Thus
around 1% of the entire halo could have been formed by
accretion of satellite galaxies like the Carina dSph.

The Carina dSph has a total luminosity of My ~ —9.2,
while the halo has My ~ —17.5. Thus this limit of 1% of
the halo amounts to 2 20 Carina dwarfs.

The luminosity-function weighted value we obtained
above, 6%, for the younger population in the field halo, can
be directly compared with the 80% estimate of the total
intermediate-age population in the Carina dwarf. This gives
a factor of two higher limit on the contribution of Carina-
like objects to the halo, i.e. of order 2% of the halo, or 2 40
dwarfs.

3.2 If not like the Carina dwarf, then...?

Extending this result to constrain the recent accretion of all
dwarf galaxies drawn from the present population of satellite
galaxies would require detailed colour and metallicity data.
Photometric data are not in general available, but reliable
metallicity estimates are.

Fig. 5 shows the halo metallicity distribution function
taken from Laird et al.(1988), together with the mean metal-
licities of the seven dSph companions to the Milky Way for
which spectroscopic metallicity estimates are available. The
composite stellar population of dSph complicates the deter-
mination of photometric metallicity estimates from analysis
of their color-magnitude diagrams. For example, recent es-
timates of the photometric metallicity of Leo I range from
S — 2 dex (Lee et al. 1993) to 2 — 1 dex (Reid & Mould
1991). We have also not used the published data for the
metallicity of Leo II (—1.9 dex), which is based on spec-
troscopy of only three stars (Suntzeff et al. 1986). The upper
panel shows these distributions simply normalised to unity
in the highest bin. The dwarf spheroidal galaxies have an ap-
proximately uniform distribution of metallicity (we return to

Figure 4. The distribution of V—R colours for a random subset
of stars near turnoff in the Carina dSph. The dotted line indi-
cates the expected turnoff for a population of age 16 Gyr (Yale
isochrone). The younger population clearly manifests itself as the
2 50% of the stars in this subsample found blueward of this line.
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Figure 5. Metallicity distribution of seven of the dSph com-
panions to the Milky Way (solid histogram) compared with the
field stellar halo (dashed histogram). Only those dSph with mean
metallicity derived from spectroscopic estimates from a reason-
ably large sample of stars have been included. The dSph are rep-
resented by their mean metallicity, but one should bear in mind
that an internal dispersion of 0.2 — 0.3 dex is typical. The upper
panel shows the unweighted distribution, the lower panel shows
the dSph weighted by their individual luminosities. The mean
metallicities of the Magellanic Clouds are indicated by arrows.
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this point briefly below, in terms of the luminosity function
of dwarf galaxies). The locations of the Magellanic Clouds
are as indicated. The lower panel compares the luminosity-
weighted metallicity distribution for the dSphs with the halo
metallicity distribution. It is this weighted distribution func-
tion which would correspond to the metallicity distribution
of stars accreted into the halo from a random subset of the
present day dSph luminosity function. It clearly does not
match the metallicity distribution function of the field halo.
While this weighting is rather uncertain, as all dSph param-
eters are still only approximately known, the luminosity—
metallicity relation (e.g. Armandroff et al. 1993) ensures
that Fornax and Sagittarius dominate, providing a relatively
metal-rich mean to the stars that make up the present dSph
population. This weighting, of course, excludes the Magel-
lanic Clouds. They are completely inconsistent with provid-
ing any contribution to the field halo. Both the LMC and
SMC have metallicities above —1 dex, and are both of com-
parable luminosity to the halo itself (My = —18.5 for the
LMC, and My = —16.5 for the SMC, with My = —17.4 for
the halo). The accretion of one of these would lead to a huge
contribution to the > —1 dex metallicity population in the
halo, which is not observed.

It is clear that the old, dominant population of the
halo could not have been formed by accretion of dwarf
satellites drawn from a parent population with the same
properties as the integrated population of the present-day
dwarf spheroidals, or the Magellanic Clouds. Fornax is
known to contain a mix of old and intermediate-age stars
(Beauchamp et al. 1995), while Sagittarius appears pre-
dominantly intermediate-age (Ibata et al. 1994; Mateo et
al. 1995). Thus, the signature of recent accretion from the
present parent population of dSph would be intermediate-
age stars in the halo, with metallicity strongly peaked at
[Fe/H] 2 — 1.5 dex.

This is indeed the metallicity distribution we found for
the candidate young halo stars, in section 2 above. Detailed
age distributions are lacking for the metal-rich dSph, but
one can derive a rough limit on the number of such that
could have been assimilated into the halo, by assuming 100%
intermediate-age. We found that ~ 28% of the stars in the
Carney et al. sample in the metallicity range —1.55 < [Fe/H]
< —1 could be younger than ~ 15Gyr. Again using the Laird
et al. halo metallicity distribution, this range corresponds to
~ 35% of the halo, so that approximately 10% of the halo is
‘yvoung’ in this case. The field halo is approximately 50 times
more luminous than Fornax, adopting a luminosity of —13.2
for Fornax, so that of order 5 systems similar to Fornax are
implicated.

This is a small enough number of distinct objects that
a signal in the kinematics of the younger stars is possible
(the internal dispersion in metallicities of dSph means that
there is no need for all the accreted stars to have the same
metallicities). These stars should all be on similar orbits,
reflecting that of the parent satellite galaxy. All stars in
the proper-motion selected sample of Carney et al. are ob-
served at essentially the same spatial location, and thus the
most obvious effect would be simply a small velocity disper-
sion, of order that of the parent galaxy. Space motions are
available from Carney et al. There are 17 stars which con-
tribute significantly to the expected value of 13.1, bluer than
the 16 Gyr turnoff, quoted above in Section 2. They have
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ou,v,w = (165, 126, 83) km/s, and <V >i.g= 160 km/s. The
corresponding values for all the stars in this metallicity range
are oy,v,w = (157, 106, 72) km/s, and <V>i.q= 173 km/s.
There 1s no obvious difference, strongly arguing against the
hypothesis that the apparently younger stars were accreted
from of order one satellite galaxy.

The luminosity function of the present retinue of dwarf
galaxies in the Local Group is rather flat, as may be in-
ferred from Fig. 5, together with the luminosity—metallicity
relation. In contrast, hierarchical clustering scenarios, such
as Cold Dark Matter dominated models, in general predict
a rather steep mass function over this range of masses. The
transformation from luminosity to mass is not that straight-
forward; the interpretation of dSph internal velocity disper-
sions, where available, in terms of dynamical mass, implies

a smaller range in mass than in luminosity. § The conflict
between theoretical predictions and observations remains,
however, since both the distribution along the mass function
and its slope are wrong. We address the question of whether
merging/accretion could have modified the primordial mass
spectrum to produce that of the Local Group dwarfs in an-
other paper (Gilmore and Wyse, in prep).

The formation of the dominant old, metal-poor field
halo population is outside the scope of this paper. However,
we recall that low density, low mass, stellar and gaseous sys-
tems, are relatively easily tidally disrupted, or self-disrupted
by feedback from internal star formation and supernovae.
Thus a primordial population of such ‘building-blocks’ could
long ago have been assimilated into the Galaxy, as part of
the process of galaxy formation. The systems with higher
internal binding energy would survive relatively more fre-
quently, and the dSph galaxies discussed here could well be
their descendants.

3.3 Inferences from Carbon Stars

An intermediate-age population also signals itself through
its evolved stars, and in particular by luminous red stars.
M giants are rare in the field halo, but a quantitative com-
parison with those seen in dSph is difficult. In addition to
M giants, dSph frequently also contain a substantial popu-
lation of carbon stars. Mould & Aaronson (1983) noted that
the carbon stars traced an intermediate-age population in
the Carina dwarf galaxy. Constraints on the contribution of
such a population to the field halo requires large surveys for
Carbon stars, which are only now becoming available. For
example, Azzopardi & Lequeux (1992) find 50 spectroscop-
ically confirmed normal C-stars in the Fornax dSph, from
which they infer a total population of 77 C-stars, and they
similarly deduce a total population of 11 C-stars in the Ca-
rina dSph. Surveys of the carbon star content of the halo are
unfortunately rather incomplete, making the analysis uncer-
tain. For example, Green et al. (1994) find a high-latitude
faint carbon star count of 0.02 deg™2, based on the pres-
ence of a single C-star in a field of size 52 deg?®. Not just
small-number statistics confuse the issue in the halo, but

§ This is relevant for accretion/assimilation since dynamical fric-
tion acts to remove orbital energy from a satellite on a timescale
that scales approximately inversely with the mass of the satellite
(all other things being held constant).
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also the identification of dwarf carbon stars, inferred to be
perhaps as common as giant carbon stars (Green, Margon
& MacConnell 1991; Warren et al. 1993).

If one were to extrapolate from this one carbon star,
scaling 0.02 stars deg™ for a high-latitude field to a total
halo value, using the Hernquist (1990) density profile for
the halo, one predicts a halo C-star population of ~3500.
Using a luminosity for the halo of My = —17.4; and adopt-
ing My = —13.2 for Fornax, and My = —9.2 for Carina,
gives normalised C-star/luminosity of unity for the halo, 1.2
for Fornax and 6.0 for Carina. This would suggest that the
carbon star content is not a problem for scenarios with sig-
nificant accretion of dSph into the halo. This conclusion is
contrary to other analyses (e.g. van den Bergh 1994; here the
most important source of the difference is the extrapolation
to the number of carbon stars expected for the entire halo),
and contrary to the much more robust constraints from blue
stars presented earlier. This just illustrates that it is impos-
sible at present to say anything reliable from carbon star
statistics due to lack of data.

3.4 Chemical Elemental Abundance Signatures

The range of ages and chemical abundances within these
systems indicate a level of self-enrichment, which implies
some retention and/or re-capture of gas (e.g. Silk, Wyse and
Shields 1987). This may related to the inference that the ac-
tual star formation rate, even in the active phase, is very low
— a small fraction of a solar mass per year — which may be
too low an energy injection rate for a coherent supernovae-
driven wind to be initiated. Such low star formation rates
are indicated at least for the Carina dwarf by the data of
Smecker-Hane et al. (1995). Their data are further sugges-
tive that the major star formation event in the Carina dwarf
had a duration of several Gyr.

These low star formation rates, and possible re-cycling
of gas through successive generations of stars, suggests that
the bulk of the stars in dSph will show nucleosynthesis prod-
ucts of Type la supernova, which means relatively high iron
content (e.g. review by Wheeler, Sneden & Truran 1989).
Extremely low values of oxygen-to-iron may be achieved in
closed systems which form stars after a hiatus in star forma-
tion, during which iron from Type la supernova continues
to be ejected to the interstellar medium, without any ac-
companying oxygen. Such a star formation history has been
inferred for the Magellanic Clouds, and indeed low oxygen-
to-iron ratios have apparently resulted (see Gilmore & Wyse
1991).

This is to be contrasted with the three-times-solar value
of the oxygen-to-iron ratio seen in halo field stars, generally
attributed to enrichment by Type II supernovae alone (e.g.
Wyse and Gilmore 1988; Nissen et al. 1994).

The samples of halo stars with reliable element ratios
are not large, however. Specific observations of the element
ratios in candidate ‘young’ halo stars have not been made
with modern detectors, to be analysed with up-to-date stel-
lar atmospheres. This will be an important observation,
since many plausible star formation histories for dSph pre-
dict rather distinctive signatures — low oxygen-to-iron — if
the young stars do result from accretion of intermediate age
populations that formed in these systems.

4 IF NOT INTO THE STELLAR HALO, THEN
TO WHERE?

The central regions of galaxies are obvious repositories of ac-
creted systems, being the bottom of the local potential well,
provided the accreted systems are sufficiently dense to sur-
vive disruption while sinking to the centre (e.g. Tremaine,
Ostriker & Spitzer 1975). The mean metallicity of the bulge
is now reasonably well-established at [Fe/H]~ —0.3 dex
(McWilliam & Rich 1994; Ibata & Gilmore 1995), with a
significant spread below —1 dex, and above solar. Thus satel-
lite galaxies that could have contributed significantly to the
bulge are restricted to those of high metallicity, more like
the Magellanic Clouds, or the most luminous dSph.

The Sagittarius dwarf spheroidal galaxy was discovered
through spectroscopy of a sample of stars selected purely
on the basis of colour and magnitude to contain predom-
inantly K giants in the Galactic bulge. After rejection of
foreground dwarf stars, the radial velocities isolated the
Sagittarius dwarf galaxy member stars from the foreground
bulge giants. The technique (serendipity) used to discover
the Sagittarius dSph allows a real comparison between its
stellar population and that of the bulge. Not only the radial
velocities distinguish the dwarf galaxy, but also its stellar
population — as seen in Fig. 1 of Ibata et al. (1994), all giant
stars redder than B;—R 2 2.25 have kinematics that place
them in the low velocity-dispersion component :.e. in the
Sagittarius dwarf. This is a real quantifiable difference be-
tween the bulge field population and this dwarf spheroidal
galaxy.

As with the halo above, the carbon star population of
the bulge can be compared with those of typical extant satel-
lites. In this case there is a clear discrepancy between the
bulge and the Magellanic Clouds and the dSph (Azzopardi
& Lequeux 1992).

Although robust quantitative results are not yet possi-
ble on the age of the stellar population in the Galactic Bulge,
it is substantially older than is the dominant stellar popu-
lation of the Sagittarius dwarf, or of the Magellanic Clouds.
The Galactic Bulge cannot have been created, at least in
large part, from the accretion of a large number of dwarf
satellites like these.

5 CONCLUSIONS

The age distribution, and chemical elemental abundances,
of stars in the halo of the Milky Way provide constraints
on theories of galaxy formation. As one specific example,
the accretion of satellite galaxies similar to the present ret-
inue of dwarf spheroidals (dSphs) would provide an ob-
servable metal-poor, intermediate-age population. This pa-
per presents a quantitative assessment of any contribution
made by such stars to the stellar halo. The bulk of the stel-
lar populations in the halo show a well-defined turn-off, at
B—V~ 0.4, implying that the vast majority of the stars are
old. The fraction of stars which lie blueward of this well-
defined turn-off, with metallicities similar to that of the
present dSphs, is used in this paper to place limits on the im-
portance of the recent accretion of such systems. We adopt a
conservative approach, leading to an upper limit of < 10%
of halo stars being bluer (and by implication, younger) than



this limit, with the highest value found for the more metal-
rich halo ([Fe/H] 2 — 1.5 dex). Direct comparison of this
statistic with the colour distribution of the turnoff stars in
the Carina dwarf allows us to derive an upper limit on the
number of mergers of such satellite galaxies into the halo of
the Milky Way. This upper limit is ~ 40 Carina-like galax-
ies. The higher metallicity data constrain satellite galaxies
like the Fornax dwarf; only < 5 of these could have been ac-
creted. The approach taken to counting stars blueward of the
dominant turnoff leads to a limit on not just recent accretion
into the halo of systems with intermediate-age, metal-poor
stars, but of accretion of such systems over the last 2 10
Gyr. Further, no satellite with the mass and metallicity of
the SMC can have been accreted into the halo over this time.
We note that the low star-formation rates inferred for dSph
predict distinctive elemental abundance signatures; future
data for field halo stars, including candidate younger stars,
will provide a further robust test of accretion models.

The luminosity-weighted metallicity distribution of the
present retinue of dSph galaxies is dominated by the most
metal-rich systems, with [Fe/H] 2 — 1 dex. This contrasts
strongly with the field halo. The more metal-rich central
bulge of the Galaxy also could not have formed by accretion
of systems with similar stellar populations to these metal-
rich dwarfs, nor similar to the Magellanic Clouds. However,
accretion is on-going, as evidenced by the Sagittarius dwarf,
and the younger stellar population of each of the halo and
bulge is likely to increase.
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