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ABSTRACT

If the stellar halos of disk galaxies are built up from therdgion of dwarf galaxies, models predict highly
structured variations in the stellar populations withiedé halos. We test this prediction by studying the ratio
of blue horizontal branch stars (BHB stars; more abundamidn metal-poor populations) to main-sequence
turn-off stars (MSTO stars; a feature of all populationsjhie stellar halo of the Milky Way using data from
the Sloan Digital Sky Survey. We develop and apply an impddeehnique to select BHB stars usingr color
information alone, yielding a sample 6f9000g < 18 candidates where 70% of them are BHB stars. We
map the BHB/MSTO ratio across 1/4 of the sky at the distance resolution permitted by the albsohagnitude
distribution of MSTO stars. We find large variations of BHB3WIO star ratio in the stellar halo. Previously
identified, stream-like halo structures have distinctiBBVISTO ratios, indicating different ages/metallicities
Some halo features, e.g., the low-latitude structure, apjeebe almost completely devoid of BHB stars, whereas
other structures appear to be rich in BHB stars. The Saugittdidal stream shows an apparent variation in
BHB/MSTO ratio along its extent, which we interpret in terwispopulation gradients within the progenitor
dwarf galaxy. Our detection of coherent stellar populatianations between different stellar halo substructures
provides yet more support to cosmologically motivated ntette stellar halo growth.

Subject headings: galaxies: evolution — galaxies: bulges — galaxies: spirajataxies: general — galaxies:
stellar content

1. INTRODUCTION metallicity than those of lower-luminosity satellites dolgu-
Har clusters. Furthermore, one expects to see distincigyeas
tures in age and detailed element abundance patternstireflec
when satellites were accreted (Robertson et al.|2005, Eaiht e
2006; see also Tumlinson 2010). Signatures of populatioorin
mogeneity have been detected: hints of chemical signatdires
kinematically-detected local streams (e.g., Helmi et D6,
small variations in metallicity within the nearby parts et
stellar halo, especially associated with the low-latitstteam
(e.g.lIveze et al.[2008), the tendency for the halo to have
metal-poorer stars at larger radii (elg., Carollo &t al.Z208nd

Over the last decade, it has become clear that a sizeable, pe
haps dominant, part of the stellar halo of the Milky Way is eom
posed of the accumulated debris from the disruption ofruisti
satellite galaxies. Starting with the discovery and chiarac
zation of the tidal debris from the disruption of the Sagitta
dwarf galaxy |(Ibata et al. 1995; Majewski et al. 2003), a vari
ety of other stellar halo overdensities have been discdvéne
low-latitude stream| (Yanny etal. 2003; Ibata et al. 2008% t
Virgo and Hercules-Aquila overdensities (Duffau etlal. 200

Juric et al.[| 2008 Belokurov et al. 2007a), and a number of . ; " X
smaller tidal streams (Odenkirchen et al. 2001; Grilln8i0e; a recent color-magnitude diagram (CMD) fitting analysis of

Grillmair & Dionato$ 2006; Grillmair & Johnson 2006; Belakiy et apan Digital Sky Survey (SDSS) stripes showing both a fadia
2007b| Grillmair 2009; Newberg, Yanny & Willett 2009). Mod- metallicity gradient and large density and metallicityiaiions
els of stellar halos that formed in a cosmological contextulgh around that gradient (de Jong eflal. 2010). Yet, for the most

the disruption of dwarf galaxies have been developed and re-Part the observational signatures of such populatioratiaris
fined (Bullock et al, 2002 Bullock & Johnstbn 2005; AbadiEta /€ accessible for relatively bright stars only (high Stiz

2006;| Cooper et al. 2010), providing quantitative preditsi imaging, or moderate S/N spectra). Aceordingly, thosel iadi
for the structure ;\nd stell?’;\r F(J:ontentgoqutelIar halos fatnme our own stellar halo where substructure is rich {10< 40 kpc)

such a fashion. Remarkably, the structure and degree of sup@re not probed particularly well. Some of the most impressiv
structure of the model stellar halos appear to be in qudiutita evidence for stellar halo populatlon variations are fromiv3

. : : ; here significant variations in stellar age and metallibiayve
agreement with observations of the Milky Way’s stellar halo "' 9 g€
(Sullock&Johnston 2005, Bell et &, ZOOg): steyllar haloshwi been documented (Brown et al. 2006; Richardson.ét al.| 2008).

- 3 : , P _In particular| Ibata et al. (2007) ahd McConnachie et al0&0

Smljgit?é gnrgu\g;:gy O?esgzttélpsrgg:g,sand showing rich sub _have use_d th_e color _of the red giant branch stars (pragcticall
A clear prediction of such a picture is that any population |nacc_e55|ble |n_the Milky Wa_ly’s_halo because distances afe u

differences in the stellar halo, arising from different geoi- certain) to provide panoramic views of the stellar popolasiin

tor populations, should have a similar morphology to thé ste the M31 halo, showing clearly that stellar population vasia
lar density inhomogeneities. The metallicity—mass catieh 1A particular concern in this case is that the low-latitucea may have a
of satellite galaxies will translate into variations inltehalo significant or even dominant contribution from the debrisitoff of the Milky

metallicity as debris from larger satellites will have ""BJJ Way disk; thus, the detection of a distinctive populationymesult from disk
! 9 debris superimposed on a relatively homogeneous stellar ha
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can be associated with particular substructures.

In this paper, we present an exploration of stellar popula-
tion variations and their morphology within the stellardnaff
the Milky Way. We make use of the ratio of blue horizontal
branch (BHB) stars to main-sequence turn-off (MSTO) stars a
our main observational diagnostic of stellar populationasa
tions. While the exact conditions under which BHB stars de-
velop are not completely clear (post-main sequence-stitins w
core helium burning and hydrogen shell burning, with rela-
tively low hydrogen envelope masses; Hoyle & Schwarzschild
1955), studies of globular clusters demonstrate that thggy s
post particularly ancient and metal-poor stellar popalai We
take MSTO stars (present in all populations) as a proxy fer th
general stellar content of the halo; thus, variations in BidB
MSTO ratio qualitatively probe the ratio of ancient and reta
poor stars to all stars. Despite our lack of a complete under-
standing of which populations harbor BHB stars, these si@r's
in many other respects ideal probes of population variation
the stellar halo: they can be selected from the SDSS imaging
and spectroscopic dataset, they are relatively lumindisi(a
ing probing to large distances), and they are nearly standar
candles.

We outline and apply an improved color selection method
to isolate a sample of over 90@0< 18 high-probability BHB
star candidates from SDSS datal(§2). The MSTO stars are
color-selected in a simple empirical fashion to encomplass t
full range of MSTO colors in the stellar halo; we therefore us
MSTO stars as a proxy for the general stellar content of #de st
lar halo. We then explore the relative distributions of BHB t
MSTO stars in the Heliocentric distance rangg /kpc < 30
across~ 1/4 of the celestial sphere, providing a panoramic
view of stellar population variations in the Milky Way's te
lar halo (§€8). Owing to our uncertainty in the exact conditio
under which BHB stars form, such a view of stellar population
variations is necessarily qualitative in nature, but hasattivan-
tage that stellar population variations can be traced olartger
distances than is currently possible with complementaigers
(e.g., the lower main sequence stars of lgeztial.l 2008). We
then compare qualitatively with models of stellar halodtiari-
tirely through the disruption of dwarf galaxie$(84), anglexe
some other implications of our result§{85).

2. BHB AND MSTO STAR SAMPLES

We use publicly available catalogs derived from the Sloan
Digital Sky Survey’s (SDSS) Data Release Seven (DR7; Aligaz @it
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FiG. 1.— lllustration of the recovery of BHB stars for the glodutluster
NGC 5024. The bottom panel shows the cluster CMD over a widgeaf
colors and magnitudes; the top panel zooms into the areestioh BHB stars.
Stars selected as BHB candidatesH8/5 < g-r <0 and 08 <u-g< 1.6
are shown as crosses, while those witb0% probability of being a BHB star
as estimated by our method are marked with an additional@hidm

refer to these as a blue plume, elg., Bellazzini et al. 2006a)
Fig.[ illustrates this issle showing BHB stars a ~ 16.85
gd less luminous blue straggler stars with similar coldrs a

2009) to select BHB and MSTO stars for further study. The 18S9 S 20. These blue straggler stars are a common fea-
SDSS is an imaging and spectroscopic survey that has so fafture of globular clusters, dwarf galaxies and the stelldo ha

mapped~ 1/4 of the sky. Imaging data are produced si-
multaneously in five photometric bands, namelyg, r, i,
andz (Fukugita et al. 1996; Gunn etlal. 1998; Hogg et al. 2001,
Gunn et al. 2006). The data are processed through pipebtines t
measure photometric and astrometric properties (Luptah et
1999; Stoughton et al. 2002; Smith etial. 2002; Pier et al3200
Ivezic et al. 2004; Tucker et &l. 2006) and to select targets for
spectroscopic follow-up (Blanton etlal. 2003; Strauss 2G02).

To obtain full area coverage and maximal distance range, we
must rely on BHB star samples selected dmy color infor-
mation alone. One of the well-known practical challenges of
using BHB stars for stellar halo science is that genuine BHB
stars are outnumbered by intrinsically fainter blue stlagg
stars (as discussed at length by Kinman, Suntzeff & Krafd199
Wilhelm, Beers & Gray 1999, Clewley etlal. 2002, Sirko et al.
2004, Kinman et al. 2007, and Xue etlal. 2008; some authors

(e.g.)Sandade 1953; Bellazzini et al. 2006a; Preston & &ned
2000; Carney et al. 2001). Blue stragglers are somewhat enig
matic, as they are intermediate mass main sequence stars in
(old) populations where the MSTO is at lower masses. It is
thought that there are at least two possible formation sute
stellar collisions in dense star clusters (Hills & [Day 1978)d
mass transfer in the evolution of close binaries (McCread196
or potentially in triple star systems; Perets & Fabrycky2da
low-density environments (where the latter low stellar sign
route is more relevant here; see, €.9., Preston & Sheden 2000
Mathieu & Gellel 2009, Knigge, Leigh & Sills 2009).

2Because NGC 5024 is particularly BHB star rich, the blueggjters do
not dominate in this figure. When translated to the globab h@dpulation,
and accounting for the stellar halo density profile and diffié distances of
BHB and blue straggler stars at a given magnitude, BHB starsypically
outnumbered by a significant factor by blue stragglers.
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FiG. 2.— lllustration of the BHB star selection method whichntges 22

the optimal BHB selection region in the-g vs.g—r color plane using exten-
sive spectroscopic identification using the SDSS. Onlysstéth spectroscopic
identifications are shown. Stars that are argued to be BHB stathe basis of -0.4-0200 02 0.4 06 08 1.0
their spectra by Xue etlal. (2008) are shown in blue. Contshesv the frac- g-r

tion of candidates determined to be BHB stars (contours @, B0% and

50%; the 50% contour is thicker than the others). In whabfed we consider

BHB stars within the 50% contour only. Overplotted are oysragimation to

the BHB color selection limits (red), and the 'stringentlamcut of Sirko et al. FiG. 3.— BHB star candidates in the direction of RA/Dec=(204,5he
(2004, green). lower panel shows the logarithmic density of stars in the Ci[@ray scale

in an area of radiuso4 with those stars identified as BHB candidates on the
basis of theirugr colors being shown with crosses. The upper panel shows

i the distance modulus distribution of BHB candidates aldmg line of sight,
2.1. Color selection of BHB stars showing two overdensities; the more distant of thesa-aM ~ 18.3 is part of
Choosing stars in the broad color cut broad cufs5 < the tidal tail from Sagittarius. It is worth noting that blsgaggler contamina-

_ _ ; 2. tion has a much broader absolute magnitude distributicen,ctimfinement of
g-r<0and 08 <u-g<16 gives a sample that ig3:1 this overdensity to such a small apparent magnitude ranfyetiger evidence

blue stragglers to BHB stars for the figl< 19.5 sample of that the sample is dominated by BHB stars (that have a snmajera absolute
Xue et al. (2008), and 60% blue stragglers for ¢h€ 18 sub-  magnitude).

sample of interest in this paper. This ratio is based egtirel
on the sample of stars with SDSS spectroscopy as reported in
. 8). The algorithm used to select stars for SDSSshowing stars witly < 18 (appropriate for BHB stars in the He-

spectroscopy changed a number of times during the survey, an liocentric distance range considered here) and with spécim
does not select uniformly in color-color space; these aonata  the SDSS (Xue et &l. 2008). Blue data points show stars that ar
ination fractions are affected by this selection (we presén very likely to be BHB stars on the basis of their spectra (acon
ternative estimates of contamination fractions derivedthrer tamination of much less than 10% has been argu et al.
ways later). Yet, it is clear that such a level of contamiorais 2008 and Sirko et al. 2004 at thege< 18 limits). The thick
a significant challenge for quantitative analysis of the Béti& contour outlines the region of color-color space where the-f
population using photometry alone. tion of BHB candidates that are spectroscopically-claessifi

Our goal here is to combine the extensive SDSS spectroscopyBHB stars is> 50% and there were more than 16 stars in a bin
with SDSS photometry to devise color selection criteria #ra of 0.025x0.04 mag (to ensure a high enough number of stars to
significantly improved in their trade-off between BHB pyrit  measure the BHB star fraction with some fidelity). This regio
and sample size (similar in spirit to the 'stringent’ colot of is well-approximated by the selection region shown in red in
Sirko et al[ 2004; see also Clewley ellal. 2005land Kinmanlet al Fig.[2: 098 < u-g < 1.28,-0.2 < g-r < —0.06 and excluding
2007 for selection of BHB stars fromgr photometry). Us- the region with ({J—g—0.98]/0.215)2+([g—r+O.06]§0.17)2<
ing a calibration sample of BHB star candidates with spec- 1 (formulated similarly to the 'stringent’ color cut .
tra 12008, following the methodologylof Sirko €tal [2004, shown in green).
2004), we have determined the probability that a BHB candi-
date with givenu—g andg-r color is a spectroscopic BHB 2.2. Completeness and contamination of color-selected
star; the rest of the candidates are other blue stars, antere samples
sumably mostly blue stragglers. Fig. 2 illustrates thiscpss,
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We first quantify the likely completeness and contamination fractions are (40%0%) and (209%60%) respectively, i.e., at
of the color-selected < 18 sample that is the main focus of g= 19 the situation is improved over the 60% contamination
this paper. We estimate the completeness and contaminationn the broad-0.5 < g-r < 0, 0.8 < u—g < 1.6 color bin by
in two ways: using the spectroscopic sample, and indepéndenapplying the cuts described here, buigat 20 the cuts throw
spot checking on BHB star-rich globular clusters. out most of the genuine BHB stars without improving contam-

Our primary estimate of contamination and completenessination significantly. These fractions are consistent vatir
comes from the spectroscopic training sample used to deter-investigations of the performance of cuts on more distanBBH
mine the color cuts. Given the average spectroscopic cdeiple rich targets, e.g., the Sextans or Draco dwarf galaxiesdfl/4
ness within the> 50% contour, and weighted by the number the BHB stars recovered, gt~ 20).
of stars in our photometric catalog per bin in color-coloasp
(this to a certain extent corrects for the non-uniform caler 2.3. Estimates of BHB star absolute magnitude
lection of stars with SDSS spectra), we expedb7-74% of
the BHB candidates within the selection region to be real BHB
stars (where the two ends of the range assume that 90% to 1000}j
of the spectroscopic BHB stars are actually BHB stars, ¥ollo
inglSirko et al. 2004 and Xue et|al. 2008). Furthermore, we find
that the color cuts seleet 60% of the BHB stars in the spec-
troscopic sample.

Secondary estimates of contamination and completeness ar
possible through the investigation of BHB stars in globular
clusters and dwarf galaxies. This method has the advantag
that an independent indicator of the nature of the starsa#-av
able through their position on the CMD, but have the disad-
vantage that there are very few clusters in the relevaramntist in[Ruhland et al. 2010).

range, and that the number of BHB stars per cluster is typ- - \ye a150 compared the calibration of BHB absolute mag-
ically very modest (dwarf galaxies were also tested, but are i ge froml Sirko et &l (2004) with the metallicity-depemn

more distant, and give results qualitatively consistenhwhe  pp siar models from Dotter et al. (2007) ahd Dotter et al.
picture presented here but are of limited quantitative .use) (2008). These models make use of more realistic input paysic

Fig.[d, we illustrate this method to the BHB star-rich glaiul ; : 04):
cluster NGC 5024. Stars selected as BHB candidates by thethan the modeling fror Sirko eta.. (2004); however, tige

broad 05 1 <0and08 a 16 h colors of BHB stars from Dotter et ial. (2008) do not match the
road cuts0.5 <g-r<0and08<u-g<lbareshownas ., of SDSS BHB stars particularly well (they are offset i
crosses, while those Wlti_sl 50% probability as estimated by our articular inu—g color by ~ 0.1 mag, and may be offset by a
_me;[]hod are lshowr;]asdwamondsf.'\'lrggr%g;isg a;_ctugl BHhB Starymaller amount imy—r coior; in contrast, the more rudimentary
T0t4's San € gt t g 1|§éance o 171). ( ﬁ ”&e as av'ngmodeling by Sirko et al. 2004 was designed to match the colors
11‘ f<hg r< h anl 5 <g<-f ); our metho Tecovers fwell). These offsets in color prohibit a quantitative assasnt

of them with only 2 contaminants (|.e._, a completeness of 4t \yhich stars would fall in the selection region; selecting
~ 37% and a contamination ef 15%, consistent with our x- g0 those BHB stars reddesting at a giverg-r (a qualita-
pectation of< 30% contamination). There are indications that tive version of our selection method), corresponding toatet
NGC 5024 may have an unusually low fraction of recovered !

] ; licities of [Fe/H] < —1.5, gives a full range ilMMg < 0.3 mag
stars; NGC 5053 has 5/#-(70%) BHB stars recovered (with ¢ 5 giverg—r. Taken together, the tests of absolute magnitude
no contaminants).

Considering both h lude that thi calibration on clusters and dwarf galaxies in conjunctiathw
onsidering both tests together, we conclude that thiSProc o' fotter et al[(2008) metallicity-dependent BHB star eled

dure, when applied tg < 18 stars with SDSS-quality photom- i ; : - ;

) ; paints a picture in which the absolute magnitudes adopted fo
etry, gives a sample of 50% of the real BHB star population o, . g candidates are accurated®.1 in overall zero point
with < 30% contamination, a considerable improvement over and will scatter< 0.2 mag at worst — far less than the0.9 mag’
the ~60% contamination given by much more simplistic pho- _p < te magnrﬁude scatter of our MSTO sample. '

tor\r/w\;aht_rlic (':UIT{' . . BHB The final sample of high-probability BHB stars selected us-
lle in this paper we restrict our attention to stars ing the 50% color contour in Fi@] 2 and with< 21 is more

with g 5 18, we characterize the likely performance of these w2, 14000 stars in the North Galactic Cap selection region w
cuts for fainter samples with colors characteristic of BH&'s. use in this papert(> 20 for 180< | < 240, andb > 30 for
To estimate the run of photometric uncertainty as a funaifon | < 180 and > 240, dictated largely by thé SDSS coverage),

meas_ured. apparent magnitudeuirg andr-bands, we useq re" and more than 9000 stars in the Heliocentric distance range 5
peatimaging of the SDSS stripe 82 as tabulated by Bramich et agg kpc (corresponding approximatelydgs 18).

(2008). We then imposed the typical uncertainties of staifs w
BHB colors atg ~ 19 andg ~ 20 on the sample of regl< 18 2.4. Selection of MSTO stars, and comparison of MSTO and
stars used to derive the BHB star selection, and checkedtiew t BHB stars

fraction of the real BHB stars that are recovered, and the con ) -
tamination by BS stars, should depend on apparent magnitude FollowingBell et al.|(2008), we select over 4.3 million MSTO
Recall for theg < 18 stars, the recovery/contamination fractions stars in the foreground extinction-corrected color range<0
for the spectroscopic sample are (6@%%), i.e., the cutiso- ~ 9-r <0.4and 18<r < 22; this color and magnitude range was
lates 60% of the population with only 25% contamination. For Selected empirically to encompass the most densely-ptgelila

g =19 andg = 20, our estimates of the recovery/contamination bins of color space for the halo MSTO stars (see Fig. 1 of
Bell et al.. 2008). Examination of globular clusters and mode

We estimate the absolute magnitudes for the BHB star candi-
ates by interpolating thg-r-dependenbq calibration from
Table 2 of Sirko et al. (2004) with [Fe/H]=1 (the [Fe/H]=-2
Sirko et al! 2004 calibration is different by 0.03 mag). Tests
of the quality of this calibration are encouraging; the rnfis o
the color-derived absolute magnitudes of BHB stars in globu
lar clusters is~ 0.1 mag (a measure of the absolute magnitude
Scatter ata single metallicity), and the overall distanoelnius
estimates of the clusters and dwarf galaxies agree withethos
Setermined by independent means3®.1 mag (a rough con-
straint on the degree of metallicity dependence of the BHB ab
solute magnitude calibration; these results are reportddlii
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CMDs demonstrates that MSTO stars selected in this fashion(e.g.,

have a roughly Gaussian distribution of absolute magngude
with a meanM, ~ 4.5 and a rmsrmgmsro = 0.9 (see Fig. 2

of Bell et al.|2008). By choosing a particular color range for
MSTO star selection, we are in principle susceptible to gean

in the main-sequence stellar population from location taio
tion in the stellar halo (through variation in the metatijcand
age).
color of the stellar halo MSTO (the blue edge of the turn-off i
particular) varies little across the SDSS area; the stpligu-
lation in the stellar halo varies little enough that it isexgsally
undetectable using MSTO color alone.

In practice, this turns out to be a minor concern, as theMonoceros stream; e.q.,

Ibata et al. 199%; Majewski et al. 2003; Belokuroviet a
2006) stretching from the Galactic anticentar{M ~ 16) to

the Galactic centenf—M ~ 17). Near the North Galactic Pole

(NGP) atm-M < 16 is the diffuse Virgo overdensity (e.g.,
Duffau et al/ 2006; Newberg etlal. 2007; Juet al. 2008). At
m-M < 15 in the Galactic anticenter direction at low galac-

tic latitudes is the low-latitude structure (also referteds the

Newberg €t al. 2002; Penarrubla et a
2005; Momany et al. 2006). At~ 45° andb ~ 45° is the dif-

fuse Hercules-Aquila structurg (Belokurov etlal. 2007apeO

can also see a variety of less prominent features: globular
clusters as ‘hot pixels’, and ah—M ~ 17 stretching from

Fig. [ illustrates the properties of the stellar sample in a (I,b) ~ (250,50) to (,b) ~ (160,40) is the Orphan Stream

particular line of sight towards the Sagittarius tidal .tallhis
shows the CMD of (primarily halo) stars in & 4adius cone

around (RA,Dec)=(204,5). MSTO stars in the halo are very nu-

merous, having @ < g-r < 0.4 andg > 18 (brighter MSTO
stars withg < 18 haveg-r ~ 0.4, representing more metal-
rich thick disk stars). BHB candidates are selected by &irtu
of their ugr colors using the method illustrated in Fig. 2, and

(Belokurov et all. 2007 b; Grillmair 2006).

In the left-hand column of panels in Fig. 4, we show the BHB
star distribution in the same distance bins, and convolvidd w
a distance modulus kernel of widthysto = 0.9 mag to match

the MSTO absolute magnitude scatter; an angular smoothing

of o = 1° is applied to suppress the much larger shot noise
due to the 100-fold smaller sample. Thus, the left-hand pan-

are shown as crosses. Because BHB stars have a small scatls reflect BHB star maps of theame halo distance dlices

ter in absolute magnitude, BHB star-rich halo overdersita
m-M ~ 16.5 andm—-M ~ 18.3) are clearly-defined. The corre-
sponding MSTO overdensities, about 4 magnitudes fainter, a

as the MSTO panels. One can see some similarities, as well
as some striking differences, between the distributionthef
BHB and MSTO stars. These differences are quantified and

not anywhere near as clearly defined owing to the larger dprea illustrated in the right-hand panels, which show a color-rep

in MSTO absolute magnitudes. In this paper, we will be analyz
ing the two populations in concert as an easily-measuralile b
largely qualitative diagnostic for stellar populationiedions in
the stellar halo of the Milky Way.

3. POPULATION VARIATIONS IN THE STELLAR HALO OF THE
MILKY WAY

Analyzing the ratio of BHB to MSTO stars requires that we
compare the stars in the same ‘effective volume’.
volve the BHB star distance moduli with a Gaussian with width

We con-

resentation of the BHB to MSTO star ratio. Here, the distri-
butions of BHB and MSTO stars are smoothed by a Gaussian
kernel with an angle of = 6° to increase S/N. A bluish-white
color denotes BHB/MSTO ratio of- 1/50 and red denotes
BHB/MSTO < 1/100. The intensity scales with the number
of stars (dark shades show regions with few stars, whergtats li
shades denote regions with many stars). Poisson noisei§ sig
icant on small scales, but contributes less than 3% on tHe sca
of large structures such as the low-latitude stream. The pri
mary uncertainties are systematic in origin: changing tiobp

omagMsTo = 0.9 mag (referred to hereafter as the degraded BHB ability threshold for a BHB star to be included in the sample
sample) to yield the same scatter between degraded distancérom 50% to 30% tests the influence of BHB candidate purity

modulus (N—M)gegraded @nd true n—M)e as is estimated for

and blue straggler contamination on the results. Such agehan

the MSTO stars. Then we can compare the ‘distance smoothedproduces differences of 10% in relative BHB/MSTO ratio

distribution of BHB stars, with ri— M)gegraded, directly and
quantitatively to the distribution of MSTO stars with tharsa
(m-M)msro range (i.e., BHB stars are compared with MSTO
stars that are-4 mag faintef}. The results are illustrated in Fig.

4.

(i.e., variations in the BHB/MSTO from place to place on the
mapfl. Another source of systematic error is possible varia-
tions in MSTO absolute magnitude or scatter as a function of
position. Fig 2 of Bell et @l (2008) shows that there are som
variations in MSTO absolute magnitude and rms from globular

Fig.[4 displays various aspects of the comparison betweencluster to globular cluster, driven by differences in stepop-

BHB and MSTO star distributions, and we work through them
in turn. The center column of panels shows the distribu-
tion of MSTO stars in four distance modulus slices:.518
m-M < 145,145<m-M < 15,5, 155 < m-M < 16.5, and
16.5<m-M < 175, or distances of 58, 8-13, 13-20 and
20- 32 kpc respectively, smoothed in angular position with a
Gaussian kernel with = 0.5°. The gray scale shows the num-
ber of stars in &° x 0.5° bins with a linear mapping between
intensity and stellar density. Black areas lack SDSS DR7 cov

ulation age/metallicity. Such variations may be preserthe
stellar halo. We have tested the influence of potential tiaria
in MSTO absolute magnitude (g 15% effect in BHB/MSTO
ratio for variations in MSTO absolute magnitude of 0.5 mag or
less) and scatter in the luminosity of MSTO stars (a few parce
effect in BHB/MSTO ratio for 20% changes in the assumed
MSTO scatter).

The right set of panels in Fidl] 4 demonstrate clearly the
key result of this paper: there are significant variationthim

erage. These panels show various previously described feaBHB/MSTO ratios in the stellar halo of the Milky Way. Per-

tures of the Milky Way stellar halo (e.@., Belokurov et al 020
Newberg et al. 200
atively smooth distribution of stars is the Sagittariueain

3|t should be noted that this shift in magnitude is importdsbavhen con-
sidering blue straggler contamination. Blue straggleeslaB mag fainter than
BHB stars, therefore any blue straggler star contaminatieould show up
at larger equivalent distance modulus (because the blaggiars are being
treated as brighter BHB stars).

7; Bell et al. 2008): superimposed on a rel-

haps more importantly, these variations coincide spgtigith
different known halo structures, as expected if the varoues-
densities were composed of the debris from the disruption of

40f course, the absolute BHB/MSTO ratio changes by 30%, asuheber
of BHB star candidates included in the analysis is incredsededucing the
BHB probability threshold; such a change in absolute ratiodt important for
our purposes.
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individual progenitors. Some prominent structures (ethg,
low-latitude structure) appear to be almost completelyoatev
of BHB stars (as illustrated by the red band at low galactie la
tudes in the Galactic anticenter direction in the upperttlggnd
panel of Fig[#; BHB/MSTO~ 1/90). Other structures, e.g.,
the Virgo overdensity dt~ 300° andb ~ 70° or the Hercules-
Aquila overdensity att ~ 45° andb ~ 45°, appear to be consid-
erably richer in BHB stars (both structures have BHB/MSTO
~ 1/40). Such differences are highly significant; recalling tha
the primary uncertainties are systematic, we find that Vangod
Hercules-Aquila are a factor of 2 to 2.5 richer in BHB stars
than the low-latitude structure (where the range includhes t
effects of the random and systematic uncertainties discuss
above). Strikingly, parts of the Sagittarius tidal streamear
the NGP and am-M ~ 17) appear to be relatively rich in
BHB stars (BHB/MSTO-~ 1/55), while the part atn—M ~ 16
andl ~ 200° andb ~ 50° is considerably poorer in BHB stars
(BHB/MSTO ~ 1/80), implying a population gradient along
the stream.

Fig.[4 also shows that contamination of the BHB sample by
blue stragglers would not affect our key result. Areas with a
ready low BHB/MSTO ratios (the low-latitude stream and part
of Sagittarius) would imply even lower BHB/MSTO in the pres-
ence of blue straggler contamination. Furthermore, even fo
structures such as Virgo or Hercules-Aquila, the assariati
of BHB stars to particular structures already present in ST
stars (and their having characteristic BHB/MSTO ratios) im
plies that blue straggler contamination has a small effatt,
least form-M < 17.5. The only possible exception to this
is the BHB star-rich section of Sagittarius, which lies inras

Bell et al.

it is not completely clear what the exact conditions are unde
which stellar populations are rich in BHB stars. An illustra
tion of this challenge is the second-parameter problemb-glo
ular clusters with very similar metallicities can have velify
ferent horizontal branch morphologies, where it is uncletat
parameter or parameters drive these variations (e.g.,rdde-o
lium content; see, e.g., Catelan 2009 for a discussion e&f thi
issue). Obviously, this uncertainty makes a correct BHB pre
scription impossible to implement.

Bearing in mind the practical difficulty of predicting the-ra
tio between BHB and MSTO stars, we probe instead a metric
that is better-defined in the models that gives saumeditative
idea of population variations in stellar halos: stellar afiet-
ity. We present in Fid.]5 a map ofband luminosity-weighted
stellar metallicity of three simulated stellar halos (Mbdem-
bers 4, 2, and 1 of Fig. 13 of Bell etal. 2008, corresponding to
halo numbers 8, 5 and 2 respectively from Bullock & Johrston
2005) in the same distance bins as the observations (and con-
volved with the same absolute magnitude scatter of 0.9 mag as
we use for the observations in F{g. 4). In order to produce
this map, we have smoothed the most luminous star particles
to reduce noise (although some noise in the maps is vi§ible)
The maps are luminosity-weighted (intensity scale), aridreo
coded by stellar metallicity (blue shows [Fé] = 1.5, red
shows [F¢H] = —0.5). The three halos were chosen to have
differing amounts of substructure; model 4 (left) has a nsbde
amount of substructure and model 1 (right) has prominent sub
structure, especially in the most distant bins. The key foin
take away from Fid.15 is that it clearly demonstrates theigred
tion that different substructures should have distincsitedlar

ilar area of the sky and 1-2 magnitudes more distant than thepopulations (in this case parameterized by metallicityjisTs

BHB star-rich Virgo overdensity. It is possible thadme of

in qualitative agreement with the observations — a quantitative

these BHB stars are blue stragglers from Virgo, but there arematch will be impossible to produce until the conditions end

two arguments that blue straggler contamination is not domi
nant. Firstly, the morphology of the BHB stars in the27 kpc
slice in Fig.[4 argues strongly that most of the BHB star can-
didates are in fact BHB stars associated with Sagittariutie— t
distribution of BHB star candidates is elongated like thgita
tarius tidal stream, and extends pbst270 where there are no
stars in the Virgo overdensity (as can be seen inthel kpc
slice). Secondly, there are numerous blue stars along linese

of sight that are 1-2 mag fainter than the BHB stars we identif
here; we interpret these numerous fainter blue stars adube b
straggler content of Virgo and Sagittarius (this is illaséd in
Niederste-Ostholt et al. 2010 and Ruhland ¢t al. 2010).

4. COMPARISON WITH MODELS OF STELLAR HALO FORMATION
IN A COSMOLOGICAL CONTEXT

One motivation for this analysis was to test further the hy-
pothesis that the stellar halo is composed of the debris fhem
disruption of dwarf galaxies. Cosmologically-motivatéahs-

which BHB stars form are substantially better understood.
5. DISCUSSION

We have presented a map of spatial stellar population vari-
ations in the Milky Way’s halo, using the ratio of BHB to
MSTO stars. This map is reminiscent of analogous maps for
M31 (McConnachie et al. 2009) and shows that descriptions of
stellar halo populations in terms of radial gradients alisren
incomplete description of the data; much of the populatiniv
ation is stream-like in morphology.

Our results may bear on the debate about the controversial
nature and origin of the low-latitude structure: it may esgant
debris from a disrupted dwarf galaxy (e.g., Penarrubialet al
2005), or primarily consist of material stirred up from theter
disk of the Milky Way (see, e.d., Ibata etlal. 2005; Momanylet a
2006;! Kazantzidis et al. 2008, for discussion of this pdksib
ity). Fig.[d shows the low-latitude structure to be almost de
void of BHB stars, implying in a broad sense a lack of metal-

lations of stellar halo formation such as those of Bullockafadstoh poor old populations. This is in contrast to many of the other

(2005) o Cooper et al. (2010) allow reasonably direct campa
ison of the observations and simulations. Bullock & Johnsto
(2005) have publicly releagthe results of their simulations,
including the luminosities, ages, metallicities, and edatabun-
dances of star particles (see also Robertsonlet all 2006eEah
2006) in eleven simulated stellar halos. Our main obseymati
diagnostic, the spatially-varying ratio of MSTO to BHB &ar
cannot be predicted directly by the models: while old andaiet
poor populations contain a significant population of BHBsta

Shtt p: // ww. astro. col unbi a. edu/ ~kvj / hal os/

halo substructures (at least parts of Sagittarius, Virgd,tder-
cules/Aquila). If it is found in the future that the outerritdisk
of the Milky Way is deficient in BHB stars, this may provide

6In detail, we split star particles more luminous than 8 salaminosities
(sufficient to produce more than 1 MSTO star;_Bell et al. 2008) L, /8L
particles, wherd.; is the luminosity of the star particle of interest. In or-
der to determine the placement of the new particles in 3Despae find the
nearest particles (between 100 and 1000 particles, dempmdi luminosity)
drawn from the same satellite as the particle of interesbfder to preserve
stream/satellite morphology) and distribute the new statigles in a space de-
fined by these nearest neighbors. In practice, the detailsioprocedure are
not critical for this application.
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tentative support to the notion that the low-latitude dinoe is
composed primarily of material stirred up from off the Milky
Way'’s outer disk. At the very least, the lack of BHB stars (one
of the few options for precise distance determination) igja s
nificant practical challenge for those attempting to unicers
the 3-dimensional distribution of the low-latitude stuuret.

A feature of particular interest in Figl 4 is the change in BHB
content along the Sagittarius tidal stream. It is intengstd
note that Niederste-Ostholt et al. (2010) argue for a comsta
BHB/MSTO ratio along the Sgr stream in the very region that
we claim a significant difference in BHB/MSTO ratio (from
~ 1/55 to~ 1/80).|Niederste-Ostholt et lal. (2010) subtract off
the CMD of the region with the sarm®but l¢ontyo = 180-Isgy,
then count the number of MSTO stars and BHB stars left in the
residual CMD. We have confirmed that the BHB/MSTO ratios
of the control areas systematically change, freri/50 in the
mirror region of the BHB star-rich part of Sgr, £1/250 in the
mirror region of the BHB star-poor part of Sgr (this is appdre
in Fig.[4; the top part of the last set of panels is relativetyE
rich, whereas the lower parts of the last set of panels is poor
in BHB stars both in Sgr and elsewhere). This change in the
properties of the control sample drives the apparent coogta
of the BHB/MSTO ratio in their work. It is not obvious (to us
at least) how to properly interpret such a situation. From th
perspective of an underlying smooth stellar halo (with abru
changes in BHB/MSTO in the ‘smooth’ halo) with a superim-
posed stream, subtracting off the control fields is defdéasib
Yet, from the perspective of viewing the stellar halo as algem
nation of a number of structures in various stages of digyopt
subtraction of a control field is less defensible, and woeakdl
to artificial changes in the inferred properties of the dtrce of
interest.

Viewed from the latter perspective, such a difference in the
BHB/MSTO ratio would demonstrate that population gradient
within a progenitor galaxy could in practice lead to popula-
tion differences in the resulting tidal debris (a gradienthe
Sagittarius tidal tail has been detected before using aedr
lar population diagnostics; e.g., Martinez-Delgado £2804;
Bellazzini et al. 2006; Chou etlal. 2007). It may well be that
the apparent abruptness of the change in the BHB/MSTO ratio
between the Sagittarius debris in the anticenter direciah
the NGP direction is because the debris streams in those dire
tions were stripped from Sagittarius during different pass
(see, e.gl, Law et al. 2005 and Law & Majewski 2010 for mod-
els in which these two parts of the debris stream were stiippe
at significantly different times). Material closer to theged
of a satellite is preferentially stripped first; thus, insttiter-
pretation we would hypothesize that the outermost parthef t
Sagittarius dwarf galaxy were devoid of BHB stars, wherkas t
central parts of the dwarf were richer in BHB star$pectro-
scopic follow-up of stream members, with the goal of weed-
ing out phase-mixed stars from stars in a dynamically-cold
stream, will help to differentiate between the two possihle
terpretations of the apparent population gradient in Sge (s
Keller, Yong & Da Costa 2010 for such an investigation of the
Sgr trailing arm).

“It is worth noting that this picture may run counter to therssé sug-
gested by the observed differences in e.g., BHB to red clumpratio, or
metallicity, between the Sagittarius core and the tidaastrs|(Bellazzini et al.
2006; Chou et al. 2007). In their picture the core of Sagittais more metal-
rich, and the tidal tail more metal poor. Here, we are sesastid differences

between different parts of the tidal tail; how that relatesarlier core/tail com-
parisons is not entirely clear.

6. CONCLUSIONS

In this paper, we have studied the spatial structure ofestell
population variations in the stellar halo of the Milky Way.eW
made use of a new color selection method to isolate a sample of
high-probability BHB star candidates, and compare theitiap
density to that of color-selected MSTO stars (taken to gt
the general stellar content of the halo). The abundance & BH
stars (vs. MSTO stars) is known to vary strongly among stella
populations with globular cluster-like ranges in age andaine
abundance, where broadly speaking high BHB abundance sign-
posts particularly old and metal-poor populations, andieed
Horizontal Branch populations are characteristic of yamg
more metal-rich populations, though the physical origisudth
variations is currently debated. We mapped the relativigidis
butions of BHB and MSTO stars across the Heliocentric dis-
tance range 5 r/kpc < 30 for ~ 1/4 of the celestial sphere,
providing a panoramic view of the content of the stellar halo

We found large variations of the BHB/MSTO star ratio in
the stellar halo. Most importantly, variations trace diffiet
previously-identified structures, indicating distincippdations
and hence origins for them (in common, for example, with
M31;McConnachie et al. 2009). Some halo features, e.g., the
low-latitude structure, appear to be almost completelypibof
BHB stars, whereas other structures appear to be rich in BHB
stars. The Sagittarius tidal stream shows an apparenticaria
in the BHB/MSTO ratio along its extent, which we interpret
in terms of population gradients within the progenitor divar
galaxy leaving observable signatures in our stellar hatoa |
previous paper (Bell et al. 2008), we had shown that the level
of density substructure in the Milky Way'’s stellar halo isists-
tent with models (e.g., Bullock & Johnston 2005) in whichsthi
component is built up exclusively from disrupted satedlitén
this paper we have shown that another prediction of such mod-
els is qualitatively borne out: significant population aions,
traced by the BHB/MSTO star ratio in the Milky Way’s stellar
halo, and with a spatial structure that correlates with the-d
sity substructures. This lends further observational etipp
the view that the stellar halo is predominantly assembleuhfr
the disrupted debris of dwarf galaxies.
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FIG. 4.— Left: Map of the BHB stars in thick distance modulusedicwhere the BHB distances have been ‘degradeshte 0.9 to match the distance resolution
of MSTO stars. Middle: Map of MSTO stars in the same distanoduttus slice, assuming a MSTI@ = 4.5. Right: Color representation of the BHB/MSTO ratio,
smoothed with a 6 degree Gaussian. Panels are arrangectinodiidcreasing distance modulus from top to bottom5X8 m-M < 14.5, 145 < m-M < 155,
155 <m-M < 16,5, and 166 < m—-M < 17.5, or distances of 58, 8-13, 13-20 and 206-32 kpc respectively. In all panels, a gray scale that vaniestly with

the star number is used.
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F1G. 5.— A color representation of the relationship betweeuncstire and metallicity in simulated stellar halos of Bukd@ Johnston|(2005). The three columns
show stellar halos with relatively low, average, and largeoants of substructure. The 4 rows show the simulated halogotved with the MSTO absolute
magnitude distribution and split into the same distances bim used for the SDSS data:.33X m-M < 145, 145 < m-M < 155, 155 < m-M < 16.5, and

165 < m-M < 17.5, or distances of 58, 8-13, 13- 20 and 26-32 kpc respectively. The intensity scale is linear and scai¢h the number of stars; the color
scale shows metallicity, where blue denotes/[ffe= —1.5 and red denotes [Fel] = -0.5.
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