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A method for determining the abundance ratio of thelements (O, Mg, Si, Ca, Ti) with respect
to Fe (collectively parameterized asfFe]”) from medium-resolutionK = 2000) spectra is
explored. Results of a comparison with the ELODIE specibaiaty and from a noise injection
experiment suggest that an accuracydHe] of about 0.1 dex for spectra wiyN > 20/1 is
achievable. This technique is used to estimaté-¢] for a total of 39,167 spectrophotometric
and telluric calibration stars from the most recent pul#iease of the Sloan Digital Sky Survey,
in order to study ther-abundance patterns in stars of the Galactic halo. Localespelocities
(U, V, W) and orbital parameters (such Agax, Rapo, Rperi» V., and eccentricity) are calculated
for this sample, and a total of 7590 potential halo stars alected by applying cuts &f, <

80 km s1, Zmax > 1 kpc, and [Fe/HK —1.0. The sample is further divided into two groups: a
dissipative component (or inner halo) with stars having4g, < 80 km st andRapo < 16 kpc
and an accreted component (or outer halo) with stars hagjng 40 km st andRapo > 16 kpc.
Preliminary results for the comparison of theabundance of these two samples are presented as
a first step toward understanding the assembly history dfigias of the Galaxy.
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Figure 1: Comparison offr/Fe] from our estimates (Fit) with those from the literat(lrit). The red crosses
in the bottom left panel are our determinations.

1. Introduction

A recent study by Carollo et al. (2007) [1] has confirmed that lhalo of the Milky Way is
clearly divisible into at least two components — and innat an outer halo. They show that the
outer halo population exhibits a net retrograde rotatiawben —40 and —70 knT$ (a more recent
analysis puts this velocity at -85 km'§ and a peak in its metallicity distribution at [Fe/H] = —
2.2, while the inner halo population consists of stars orpnegrade orbits (between 0 and 50 km
s~1) with the metallicity peak at [FE/H] = —1.6. They suggesttitie outer halo formed through
the assembly of smaller subsystems. If that is the case,utlee balo stars may possess different
chemical signatures (e.g., low [Fe]) than the inner halo stars (e.g., highfe]) due to the lower
star formation rate in the progenitors of the outer halo.

In this study, after developing a method for estimatiogHe] (the mean of [O/Fe], [Mg/Fe],
[Si/Fe], [Ca/Fe], and [Ti/Fe]), we determinefFe] for the sample of Carollo et al. ([1], Carollo
et al., in prep). With the derivedfFe], which is often used as an indicator of tracing the star
formation and chemical enrichment history of the Galaxy asdknown satellite galaxies (e.g.,
[2]), we compare ther-abundance patterns between the inner and the outer halo.

2. Determination and Validation of [a/Fe]

In order to estimated/Fe] in an efficient manner for a large number of stars, we gavnerated
a grid of synthetic spectra, using the Kurucz NEWODF modgJsaphd the TURBOSPECTRUM
synthesis code [4]. The grid spans 400&KT.¢ < 8000 K in steps of 250 K, 1.8 logg < 5.0in
steps of 0.2 dex;-3.0 < [Fe/H] < 0.2 in steps of 0.2 dex, and0.1 < [a /F€ < 0.6 dex, in steps
of 0.1 dex. We determineaf/Fe] using reduceg? values obtained from matches of the observed
spectra to this grid.

We have compared ounf[Fe] determination with that of 414 stars in the ELODIE speict
library [5] as a validation test. Figure 1 shows the resuftthe comparison. A Gaussian fit to
the residuals between our values and those from the liter&idicate that there is little systematic
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Figure2: [a/Fe] as a function of [Fe/H] for 17450 stars.

offset, and further indicates a very small scatter (stahdawiation of 0.04 dex). No trends in the
estimatedr-abundance as a function of [Fe/H] are noted for stars wiéHF< —0.5 in the figure.

We also have checked how tBgN of a spectrum impacts our determination of thabundance,
using a set of noise-added high-resolution calibratiorsstsscussed in detail by [6]. From this ex-
periment, we have obtained Gaussian means®622,—0.016,—0.010,—0.006, and-0.005 and
standard deviations of 0.092, 0.075, 0.057, 0.047, andLdd@4S/N = 15/1, 20/1, 30/1, 40/1, and
50/1, respectively, from the residuals between spectrarbefnd after noise injection. These re-
sults indicate that no significant offsets, and only a srmahdard deviation< 0.1 dex) are found
down toS/N ~ 15/1. However, in our analysis of tree-abundance patterns we only consider stars
with S/N > 20.

3. Sample Selection and its Kinematic Parameters

Our program stars are the spectrophotometric and reddetdngards from Data Release 6 of
the Sloan Digital Sky Survey [7]. A detailed description e selection of the sample stars and
computation of the kinematic and orbital parameters of #ree can be found in [1]. Among
the 39,167 calibration stars with, V, W, Rapo, Roeri» Vo, Zmax, € (€Ccentricity) calculated, about
20,000 stars with well-measured parameters in the ragge 5000 — 7000 K have been selected.
Since we only consider stars wiYN > 20, this yields 17,450 stars. Figure 2 plotdffe] as a
function of [Fe/H] for those stars.

To study thea-abundance patterns for stars in the Galactic halo, we impoge additional
selection criteria: (1Y, < 80 km s%, which is more than & (2 x 39 km s'1) away from the typi-
cal thick-disk velocity ellipsoid centered &fg = 180 km s8], (2) [Fe/H] < -1.0, and (3%max >
1 kpc. Applying these conditions to the total sample of 1@,4ars allows us to assemble 7580
stars with a high probability of halo membership. Followagcheme similar to [9], we further
divide the halo sample into two sub-samples, and inner lldigsipative component) consisting
of stars withV, > 40 km s° Land Rapo < 16 kpc, and an outer halo (or accreted component) com-
posed of stars with, < 40 km stand Rapo > 16 kpc, Even though it is understood that some
overlap of these components surely exists after such aativithe cuts at 40 kms and 16 kpc
provides an adequate number of stars for both groups.



[a/Fe] Patterns Young Sun Lee

0.30f —
020 Nyop = 1202 405V (kmis) ]

030N, ;=395 16> (kpc)
Ripo Niop= 1844 40> \}cﬁ(kmls) ]

-1.4<[Fe/H]<-1.0 ]
40<V__ (km/s)

tot E3
025N, =475 16<R_° (kpc) 3 ER E
So20r apo E 40>\Pmis) 1 0%
z ¢ Z 0.15
S o.15; E3 ]
0.10; i 0.10
0.05 E 0.05¢
0.35 = 0.30 =
0.30F Ntot_ 462 16 > deo(kpc) i -1.8<[Fe/H]<-14 j O.ZSthot =807 40<V_(km/s) j
0.25: N, =741 16<R_ T (kpc) 40<V_ (km/s) E N, =1369 40> \fp(km/s)
5 020k tot apo 40> \/p (km/s) 3 50.20- tot (0} E
Z 5 ] 1 Z oast
Z0 3 Z o010

0.10-
0.05¢
0.35
0300 Ntotf 268 16 > F%po(kpc)
0.25- NIDI =437 16< Ra (kpc)
3 po
= 0.20F
g o1s
0.10-
0.05¢
0.35

0.05¢

0.30

22<[FeH< 1.8 | ‘N, =345 40<V_(kmis) |
40<v_(kmis) 1 0\

INt =628 40 > VP (kmis) ]
10 \;(g(km/s) 5020 tot ©

3 Zoas E
3 Z o010 E
E 0.05¢ E

0.30

b

085X =58 165R._ (kpo) 2B<[FelH]=-2.2 1 N =77 40< v (kmis) ]
025 NIt =144 16< %po(kpc) 40<V_(kmis) 025\t 191 40 > VP (knis)

= po P =0.20F “tot o E

Bo20 40>V lkmis) 3 2 e ]

$ o015
0.10-

H 1 Z o010
0.05¢ = |

0.05¢
0.30

0.35|

93%N =18 16>R. (kpc) 4 3.0<[FeH]<-25 ] I'N_ =19 40<V_ (km/s) ]
025 NI =45 16< I‘%po(kpc) kS 20<v_(amis) 1 OBINO-L7 405 VP (kms)
g po W 50.208 ' tot El
£0.20- i 40 > V7 (km/s) ER ]
Z 0 Z 0.5 E
£ ois 1 1 Eod ]
0.10- :j E 8-32
005 E3 ML o 0.00
0100 01 0.2 03 04 05 0 20 40 60 80

[a/Fe] Zmax (kpc)

Figure 3: The two left panels are the distributions af/Fe] (left) andRyeyi (right) with different bins of
[Fe/H] for the inner (black) and outer (red) halo. The twahtiganels are the distribution oft[Fe] (left)
andZmax (right), but cumulative over [Fe/H] as listed at the top ofle@anel.

4. Preliminary Results

The two left hand panels of Figure 3 show the fractional ttigtron of [a/Fe] andRye for
various metallicity regimes of the dissipative componémb{ack) and the accreted component (in
red). The metallicity cuts used to make the histograms isdién the top legend of each right-
hand panel. The prominent pattern that can be noticed irefbtddnd panels of the figure is that
as the cut on [Fe/H] decreases, the fractional number of 8tdh intermediatex-abundance~
0.25 dex) is reduced, whereas that of the low (below 0.2 dect)ragh (above 0.3 dex)- stars is
increasing, implying a bifurcation of the population in a&egn metallicity range. It appears that this
pattern occurs for the inner halo stars, too, although therdualo stars exhibit a more conspicuous
feature at the low metallicity end. This behavior is moreappt in the third column panels in
the figure, which are the cumulative histograms over theHFelts. It is clear from the peaks
of the a-abundance distribution in the two top left-hand panels tha outer halo stars have, on
average, lowerd/Fe] with a larger scatter than the inner halo stars for tingegFe/H]> —1.8,
confirming the claims of previous studies ([10, 9]). BelovefH] = —1.8, the difference in the
mean pr/Fe] values between the two components disappears, owitlg tsmuch larger scatter in
the [a/Fe] distribution.

In the histograms of the second-column panels shown in Eiguit can be seen that most of
the inner halo stars with [Fe/H} —2.2 are clustered &, less than 3 kpc, with a small spread.
Below this metallicity, the fraction of higRye stars increases; the scatterRgei becomes larger
as well. A more salient feature in the distributionRyei can be seen for the outer halo stars in the
histograms, which exhibit a much flatter distribution as/Hjedecreases. Since it is thought that
if stars possess a common set of kinematics they are likedhidoe a common origin, the presence
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of multiple (and different) features in the kinematics witlone group in the narrow range of the
metallicity may indicate a mixture of diverse populatiopsssibly including accreted stars from
external systems.

The two right-hand panels plot the cumulative histograra#)(bf [a/Fe] anda distribution
versusZmayx for the metallicity cuts listed at the top of each panel. Ossthplots, most of the
metal-rich ([Fe/H]> —1.8) inner halo stars are concentrated at ligh- 0.25 dex), which is well-
described by a standard Galactic halo evolution picturat () a-enhancement from SNe Il). On
the other hand, because large scatterdifiFg] is seen at the low metallicity end, the metal-poor
([Fe/H] < —1.8) inner halo stars might have formed through stochattidformation at early times,
supporting inhomogeneous Galactic chemical evolutionetsoe.g., [11]), but contradicting other
recent results (e.g., [12, 13]). The fact that most of theatq@bor outer halo stars havig,,x > 5
kpc in the outer-most right hand panels gives support foeiternal origin as claimed by [1].
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