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ABSTRACT

Context. Ultra-faint dwarf galaxies recently discovered around the Milky Way (MW) contain extremely metal-poor stars, and might
represent the building blocks of low-metallicity components of the MW. Among them, the Boötes I dwarf spheroidal galaxy is of
particular interest because of its exclusively old stellar population. Detailed chemical compositions of individual stars in this galaxy
are a key to understanding formation and chemical evolution in the oldest galaxies in the Universe and their roles in building up the
MW halo.
Aims. Previous studies of the chemical abundances of Boötes I show discrepancies in elemental abundances between different authors,
and thus a consistent picture of its chemical enrichment history has not yet been established. In the present work, we independently
determine chemical compositions of six red giant stars in Boötes I, some of which overlap with those analyzed in the previous studies.
Based on the derived abundances, we re-examine trends and scatters in elemental abundances and make comparisons with MW field
halo stars and other dwarf spheroidal galaxies in the MW.
Methods. High-resolution spectra of a sample of stars were obtained with the High Dispersion Spectrograph mounted on the Subaru
Telescope. Abundances of 12 elements, including C, Na, α, Fe-peak, and neutron capture elements, were determined for the sample
stars. The abundance results were compared to those in field MW halo stars previously obtained using an abundance analysis technique
similar to the present study.
Results. We confirm the low metallicity of Boo-094 ([Fe/H] = −3.4). Except for this star, the abundance ratios ([X/Fe]) of elements
lighter than zinc are generally homogeneous with small scatter around the mean values in the metallicities spanned by the other five
stars (−2.7 < [Fe/H] < −1.8). Specifically, all of the sample stars with [Fe/H] > −2.7 show no significant enhancement of carbon. The
[Mg/Fe] and [Ca/Fe] ratios are almost constant with a modest decreasing trend with increasing [Fe/H] and are slightly lower than the
field halo stars. The [Sr/Fe] and [Sr/Ba] ratios also tend to be lower in the Boötes I stars than in the halo stars.
Conclusions. Our results of small scatter in the [X/Fe] ratios for elements lighter than zinc suggest that these abundances were
homogeneous among the ejecta of prior generation(s) of stars in this galaxy. The lower mean [Mg/Fe] and [Ca/Fe] ratios relative
to the field halo stars and the similarity in these abundance ratios with some of the more luminous dwarf spheroidal galaxies at
metallicities [Fe/H] < −2 can be interpreted as star formation in Boötes I having lasted at least until Type Ia supernovae started to
contribute to the chemical enrichment in this galaxy.

Key words. nuclear reactions, nucleosynthesis, abundances – galaxies: abundances – galaxies: dwarf – galaxies: individual: Bootes I –
stars: abundances

1. Introduction

Ultra-faint dwarf spheroidal galaxies (UFDs), recently discov-
ered in the Local Group, provide us with an excellent laboratory
for studying the formation of low-mass galaxies and produc-
tion of heavy elements in their earliest stages in the Universe.
The faint Boötes I dwarf spheroidal galaxy (dSph) is one of
the most interesting objects of its kind as a candidate for first

� Table 5 is available in electronic form at http://www.aanda.org
�� Full Table 4 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/562/A146
��� Based on data collected with the Subaru Telescope, which is oper-
ated by the National Astronomical Observatory of Japan.

galaxies and/or as building blocks of the Milky Way (MW). It
was first discovered with the help of photometric data obtained
by the Sloan Digital Sky Survey (SDSS; York et al. 2000) as
one of the faintest galaxies known to date (Belokurov et al.
2006). Subsequent spectroscopy to measure line-of-sight ve-
locities of candidate member stars suggests that Boötes I is a
dark-matter-dominated system with a total mass on the order of
107 M� (Muñoz et al. 2006; Martin et al. 2007). Koposov et al.
(2011) has developed a reduction technique to derive more ac-
curate radial velocities, and they suggest that the velocity dis-
persion of this system is represented better by two components
with 2.4 km s−1 for a “cold” component and ∼9 km s−1 for a
“hot” one, which could be interpreted as the result of velocity
anisotropy in this galaxy.
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Table 1. Objects and observations.

Name RA(J2000) Dec(J2000) g (g − r)0 vhelio (km s−1) HJD
Boo-094 14:00:31.50 14:34:03.6 17.50 0.87 95.0 ± 0.7 2 454 968
Boo-121 14:00:36.52 14:39:27.3 17.92 0.82 105.4 ± 0.6 2 454 968
Boo-911 14:00:01.07 14:36:51.5 17.97 0.80 102.2 ± 0.6 2 454 969
Boo-127 14:00:14.56 14:35:52.7 18.16 0.77 98.5 ± 0.5 2 455 333
Boo-009 13:59:48.81 14:19:42.9 17.93 0.81 97.1 ± 0.4 2 455 333
Boo-117 14:00:10.49 14:31:45.5 18.20 0.74 98.0 ± 0.6 2 455 333

Detailed analyses of a color-magnitude diagram (CMD) for
Boötes I suggests that it consists of a very old stellar popula-
tion with age >10 Gyr, which is similar to the most metal-poor
globular clusters in the MW (Okamoto et al. 2012). Chemical
abundance analyses based on lower resolution spectroscopy re-
port very low metallicities for Boötes I stars at [Fe/H] ∼ −2.5 on
average with a large spread of Δ [Fe/H] >∼ 1.0 dex (Norris et al.
2008; Lai et al. 2011).

Detailed chemical abundances for Boötes I allow us to fur-
ther address whether possible progenitors of the metal-poor
component of the MW are similar to Boötes I and whether
this galaxy is indeed an example of the first galaxies formed in
the early Universe. However, these questions have not yet been
clearly answered because of the discrepancy in abundance re-
sults among previous studies. Chemical abundances based on
high-resolution spectroscopy for Boötes I stars have previously
been obtained by Feltzing et al. (2009, hereafter F09), Norris
et al. (2010b), and Gilmore et al. (2013, hereafter G13). Feltzing
et al. (2009) analyzed seven stars with −3 <∼ [Fe/H] <∼ −2 based
on the high-resolution spectra using an LTE abundance analysis
code that takes the sphericity of stellar atmospheres into account.
They report the presence of a star with an anomalous [Mg/Ca]
ratio, Boo-127, and interpret it as a signature of nucleosynthesis
yields of individual supernove (SNe).

Gilmore et al. (2013) carried out the double-blind analy-
sis by two groups of the co-authors, Norris & Yong (NY) and
Geisler & Monaco (GM), for six stars in Boötes I with −3.7 <
[Fe/H] < −1.9. They find that the chemical abundance pattern
for the Boötes I stars are generally similar to those observed in
field halo stars with small scatter. However, in contrast to what
is generally known for the field halo stars with the similar metal-
licities, a signature of decreasing [α/Fe] ratios with increasing
[Fe/H] is also suggested. They observed Boo-127 in common
with F09 but did not confirm the [Mg/Ca] anomaly of this ob-
ject. Although these data provide important implications for the
early chemical enrichment of this galaxy, they provide the con-
trasting pictures, namely, the former study reports the presence
of an anomalous star, which may suggest that the chemical evo-
lution in Boötes I proceeded in an inhomogeneous manner, while
the latter does not support the presence of this inhomogeneity.

To obtain a consistent picture of the early chemical evolution
of Boötes I, we present an independent analysis of six Boötes I
stars with −3.2 < [Fe/H] < −2.0 based on high-resolution
spectroscopic data obtained with the Subaru/High Dispersion
Spectrograph (HDS). Five stars and three stars in our sample
have been analyzed in common with F09 and G13, respectively.

This paper is organized as follows. In Sect. 2, we describe
our sample, the method of observation, and equivalent width
(EW) measurements. Section 3 presents the method for the stel-
lar parameter and abundance estimates for the sample stars. In
Sect. 4 we report the results of our abundance analysis and
their comparison with previous results in the literature. Section 5
first presents the abundance comparison of the present Boötes I

sample with the field MW halo stars and with other dSphs. Then,
possible implications of the chemical evolution of Boötes I are
discussed. Finally, Sect. 6 concludes the paper.

2. Observation and measurements

2.1. Sample and observation

The sample of six bright red giant branch stars in Boötes I was
selected from Norris et al. (2008) to cover a wide metallic-
ity range (−3 <∼ [Fe/H] <∼ −2). The high-resolution spectra of
six bright red giants were obtained with the Subaru Telescope
High Dispersion Spectrograph (HDS; Noguchi et al. 2002) on
16–17 May 2009 and 16 May 2010. The objects are listed
in Table 1 with observation details. We applied CCD on-chip
binning (2× 2 pixels), resulting in a resolving power of R =
λ/δλ = 40 000. Our spectral ranges cover 4030–6800 Å. Spectra
of two comparison stars in the Galactic halo (HD 216143 and
HD 85773) were obtained with similar setups of the instrument
in our previous run (Aoki et al. 2009).

A standard data reduction was made with IRAF echelle
package. Cosmic-ray hits were removed by the method de-
scribed in Aoki et al. (2005). The observations were carried out
mostly during dark nights, and the sky background was not sig-
nificant. One exposure of Boo-121 on 16 May 2010 was excep-
tionally affected by the Moon. We thus subtracted the sky back-
ground estimated from the slit image around the object. The
spectra obtained from individual exposures were combined to
obtain final spectra.

Radial velocities of the sample stars are measured from
25−50 Fe I lines for each object. The results are given in Table 1
(vhelio). The measured values agree with those derived by G13
within 1.5 km s−1 for the three stars observed in common.

2.2. Equivalent width measurement

The EWs of absorption lines were measured by Gaussian fit-
ting. The atomic line list used in Ishigaki et al. (2012, 2013) was
adopted. The errors in the EW measurements estimated from the
formula presented in Cayrel (1988) range from∼5 to 12 m Å, de-
pending on the signal-to-noise ratios (∼10 per pixel at ∼4500 Å
and ∼30 at ∼6000 Å) of the continuum.

Although Mg is a key element in our work, the gf values
could be uncertain because of the lack of laboratory measure-
ments for most of the Mg I lines (Aldenius et al. 2007). We in-
spected the gf values of Mg I lines adopted in previous studies
for Boötes I stars F09 and G13 and summarize them in Table 2
(the values of F09 was provided by Feltzing, private communi-
cation). The last column gives the log g f values adopted in this
work. The Mg I lines at 5172.68, 5183.60, and 5711.09 Å were
not used in this work because EWs of these lines for our sample
stars were too strong or too weak to be useful in the abundance
analysis. As can be seen from Table 2, the log g f values for the
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Fig. 1. Comparison of the measured equivalent widths (EWs) in this work (TW) and in the two analyses, “NY” (closed circles) and “GM” (open
circles), in Gilmore et al. (2013).

Table 2. The Mg line lists.

F09a G13(NY)a G13(GM)a TWa

λ χ log g f
(Å) (eV) (dex)

4571.10 0.00 ... ... ... −5.623
4702.99 4.35 −0.666 ... ... −0.440
4730.03 4.35 ... ... ... −2.347
5172.68 2.71 −0.402 ... ... ...
5183.60 2.72 −0.180 ... ... ...
5528.40 4.35 −0.620 −0.340 −0.620 −0.498
5711.09 4.35 ... ... −1.833 ...

Notes. (a) log g f values for the Mg lines adopted in F09, G13, and this
work (TW). The two independent analyses carried out by G13 are re-
ferred to as “NY” and “GM”, respectively (see Sect. 1).

5528.40 Å line, which were common to all of these studies, are
different by up to ∼0.3 dex.

We confirmed that the Mg abundances derived from differ-
ent lines using the log g f values adopted in this work (last col-
umn of Table 2) agree within ∼0.3 dex for the comparison stars,
HD 216143 and HD 85773, for each.

2.3. Equivalent width comparisons

Figure 1 presents the comparison between the EWs measured
in this work and those in G13 for the three stars analyzed in
common. For all of these stars, the EWs measured in this work
are systematically lower than the values obtained by G13. The
mean differences between the EW in this work and in the analy-
sis of “NY” in G13 are 16−26 mÅ, while those between in this
work and in the other independent analysis, “GM”, in G13 are
10−18 mÅ, which are modestly larger than the errors in the EWs
measurement (∼12 mÅ).

To test whether the uncertainty in the continuum placement
could be the reason for the discrepancy, we examined the change
in the measured EWs by adopting different continuum levels for
one of the Fe I line as shown in Fig. 2. For this line, the discrep-
ancy in the measured EWs among the three analyses is particu-
larly large (72.0 mÅ, 96.2 mÅ and 102.5 mÅ in this work, GM,
and NY, respectively). If the continuum level of the normalized
spectrum is changed by ±0.05, which is slightly more than the
scatter in the continuum around this line (widths in the shaded

Fig. 2. EW measurements for one of the Fe I lines by adopting the dif-
ferent continuum levels. The dotted line shows the best-fit Gaussian,
where continuum level is estimated from the shaded wavelengths re-
gion. The dashed lines show the Gaussian fit by fixing the continuum
levels to be ±0.05 of the best-fit value.

regions), the measured EW varies in the range 52.7−89.2 mÅ.
This result illustrates that the variation in the continuum level
partly explains the EW difference among the three analyses.
However, as can be seen in Fig. 2, the error in the continuum
level that is as large as ±0.05 is unlikely for this line, so it is dif-
ficult to completely illuminate the discrepancy. In this paper, we
use the measured EWs without any correction. Instead, we ex-
amine the effects of this offset in derived abundances in Sect. 3.3.

3. Abundance analysis

3.1. Stellar atmospheric parameters

Effective temperatures (Teff) were estimated based on griz
color indices using the temperature scale of Castelli1. The
griz photometry was adopted from the SDSS DR9 data
set. The Galactic extinction in the griz magnitudes to-
ward individual stars was corrected based on the revised

1 http://www.user.oat.ts.astro.it/castelli/colors/
sloan.html
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Table 3. Atmospheric parameters.

Object Teff log g ξ [Fe/H]
(K) (dex) (km s−1) (dex)

Boo-094 4500 0.8 3.4 −3.2
Boo-121 4500 0.8 2.1 −2.5
Boo-911 4500 0.9 1.7 −2.2
Boo-127 4750 1.6 1.6 −1.9
Boo-009 4750 1.4 2.5 −2.7
Boo-117 4750 1.5 1.9 −2.2
HD 216143 4529 1.3 1.9 −2.1
HD 85773 4366 1.0 2.1 −2.4

Table 4. Equivalent widths and abundances.

Object Elem. Ion Wavelength χ log g f EW log εA
(Å) (eV) (mÅ) (dex)

Boo-009 11 1 5895.92 0.00 −0.19 150.0 3.61
Boo-009 12 1 4702.99 4.35 −0.44 50.1 4.94
Boo-009 12 1 5528.40 4.35 −0.50 69.7 5.24

Notes. Full Table 4 is available at the CDS. A portion is shown here for
guidance regarding its form and content.

extinction measurement by Schlafly & Finkbeiner (2011) via
the NASA/IPAC Extragalactic Database2. The extinction in the
g-band varies from 0.052 to 0.060 among our six sample stars.
These values are translated into E(B − V) in the Schlegel et al.
(1998) from 0.016 to 0.018 (Schlafly & Finkbeiner 2011), which
are consistent with the previously adopted value of E(B − V) =
0.02 (Norris et al. 2008).

The surface gravity (log g) for the sample stars are then es-
timated by comparing the adopted temperature with a 12 Gyr
Yonsei-Yale (YY) isochrone (Demarque et al. 2004) by assum-
ing that the stars lie on the red giant branch of the system. In the
above procedure for obtaining Teff and log g, the [Fe/H] values
are needed as input. We adopt the initial guess of the [Fe/H] val-
ues from Norris et al. (2010a).

The microturbulent velocity (ξ) is estimated by requiring that
the Fe abundances from individual Fe I lines do not depend on
their measured EWs. In this step, we have used the Fe I lines
having a reduced EW: log (EW/λ) < −4.7.

After the standard 1D-LTE abundance analysis is performed,
the procedures are iterated until a consistent set of parameters
(Teff, log g, ξ, and [Fe/H]) is obtained. The resulting atmospheric
parameters are summarized in Table 3.

The adopted Teff and log g in this work and in the two in-
dependent analyses (“NY” and “GM”) presented by G13 agree
within 100 K and 0.2 dex, respectively, for the three stars an-
alyzed in common. The ξ values are different between the two
analyses in G13 by 0.5−1.3 km s−1. The relatively high ξ value
for Boo-094 reported by the “NY” analysis is in excellent agree-
ment with ours, while the ξ values for Boo-117 and Boo-127 are
more consistent with those obtained by the “GM” analysis.

3.2. Abundances

Abundances of individual elements are determined by standard
1D-LTE analyses using the measured EWs. We restrict the anal-
ysis to the absorption lines with log (EW/λ) < −4.7 to minimize
the errors in derived abundances. For Na I lines, we relax this
restriction to log (EW/λ) ≤ −4.5, since only strong resonance

2 http://ned.ipac.caltech.edu/forms/calculator.html

lines are detected for this species. Similarly, only strong reso-
nance Sr II lines are available for the abundance estimate of Sr.
A spectral synthesis is applied to estimate Sr abundances as de-
scribed in detail in Sect. 4.7. The hyperfine splitting effect is in-
cluded in the analysis of Ba lines (McWilliam 1998), assuming
the r-process isotope ratios. The EWs and abundances estimated
from individual lines are summarized in Table 4.

Carbon abundances are determined from the comparisons of
synthetic spectra to the observed spectrum of the CH molecular
band at around 4323 Å. For Boo-094, Boo-121, and Boo-009,
only an upper limit of carbon abundance is estimated. Because
the signal-to-noise ratios are low for the wavelength range of
the G-band, the continuum level is not determined well, which
produces the abundance uncertainty of 0.1−0.3 dex.

3.3. Abundance errors

The errors due to the line-to-line scatter (σline), which are cal-
culated as the standard deviation of the abundances from indi-
vidual lines divided by the square root of the number of lines,
are summarized in Table 5. If only one line is available for the
abundance estimate, σline is assumed to be equal to the standard
deviation for the Fe I lines, which are typically ∼0.2 dex in the
present work.

The abundance errors due to uncertainties in Teff, log g,
and ξ are examined by calculating the abundance differences
when changing these parameters by ±100 K, ±0.3 dex, and
±0.3 km s−1, respectively. Results of this exercise are summa-
rized in Table 5. The error bars in Figs. 5 and 6, and σtot in
Table 5 correspond to a quadratic sum of the contribution from
the uncertainty in the three atmospheric parameters and line-to-
line scatter in the abundances.

The systematic offset in the EWs from those in Gilmore
et al. (2013) mentioned in Sect. 2.3 are an additional source
of uncertainty in measuring absolute abundances in this work.
Figure 3 shows changes in log ε(X) abundances when the EWs
are increased by 15 mÅ to reduce the systematic offset from
the Gilmore et al. (2013) analyses for the most metal-poor
(Boo−094) and metal-rich (Boo−127) stars in our sample. As
can be seen, after the EW offset is applied, the abundances are
systematically increased by ∼0.15−0.30 dex. On the other hand,
the amount of correction is mostly similar for all elements, and
thus difference in the abundance ratios relative to iron ([X/Fe])
partly cancel out. Although the absolute abundances could be af-
fected by the systematic errors in EW measurements, the abun-
dance ratios ([X/Fe]) are consistent with those in Gilmore et al.
(2013).

For the Sr abundances estimated by the spectral syntheses,
uncertainty in the continuum level (1σ ∼ 0.1) causes an error as
large as ±1.0 dex. as detailed in Sect. 4.7.

4. Abundance results

Our abundance results are summarized in Table 5. Relative abun-
dances ([X/Fe]) were determined adopting the solar abundances
from Asplund et al. (2009). Figures 5 and 6 plot the relative
abundances of C, Na, Mg, Ca, Sc, Ti I, Ti II, Cr, Ni, Zn, Sr, and
Ba as a function of [Fe/H] for the sample of six Boötes I stars
(filled circles) and the two comparison field halo stars (open cir-
cles). Triangles represent the abundance results from the “GM”
analysis in G13, whose systematic offset in the EWs from those
in this work is smaller than that in the “NY” analysis.
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Fig. 3. Changes in abundances when all of the EWs in this work are
increased by 15 mÅ to partly correct for the EWs offset from Gilmore
et al. (2013).

4.1. Comparison with Feltzing et al. (2009)

Five objects in the present sample have also been studied by F09,
who determined Fe, Mg, Ca and Ba abundances for seven objects
in Boötes I. The [Fe/H] of the sample stars determined by the
present work agree well with the results of F09 within ∼0.1 dex,
except for the lowest metallicity star Boo-094 in our sample, for
which the estimated [Fe/H] is −3.4 dex in our study but −2.9 in
F09. This difference can be partly attributed to the higher log g
and larger ξ adopted in our analysis.

The abundances of Mg and Ca also marginally agree with
those estimated by F09 within 0.30 dex, except for Boo-127.
For this star, F09 report an exceptionally high [Mg/Ca] ratio
([Mg/Ca] > 0.6), while this work has obtained [Mg/Ca] = 0.08.
The estimated log ε(Mg) in this work is ∼0.5 dex lower than
that reported by F09. Several factors seem to be responsible for
the abundance difference, including (1) a higher log g f value for
Mg I 5528 Å (see Table 2); (2) higher log g; and (3) higher ξ in
this work than those adopted in F09. While the error in the EWs
by up to ∼10−15 mÅ may also contribute to the discrepancy, it
does not totally explain the large difference.

To illuminate the uncertainty in the log g f values, we also
performed a simple differential analysis to obtain [Mg/Ca]
for Boo-127 with respect to one of the comparison stars,
HD 217143. Since the Teff, log g, and [Fe/H] values are similar
between the two stars, a direct comparison of EWs for the Mg I
and Ca I lines provides the [Mg/Ca] estimate. Figure 4 shows
the wavelength regions that contain the Mg I and Ca I lines for
Boo-127 and HD 216143. While both stars show Ca I line with
similar strengths, the Boo-127 shows slightly weaker Mg I line
than HD 216143, which does not support the anomalously high
[Mg/Ca] in Boo-127 compared to the reference star. More quan-
titatively, the relative abundance log (A/Aref) is expressed as

log

(
A

Aref

)
= log

(
EW

EWref

)
− log

(
κν
κν,ref

)
− Δθexχ (1)

where κν and κν,ref are continuum opacity, Δθex (θ = 5040/T )
is the difference in an excitation temperature, and χ is the exci-
tation potential of the line (Gray 2005). If we assume that the
κν term is negligible and Δθex is constant and equal to the one
computed from the effective temperature (Δθex = Δθex,eff) for all
relevant optical depths, the relative abundance can be obtained
from the ratios of the EWs (Smith & Harmer 1982). This re-
sults in the [Mg/Ca] ratio for Boo-127 being ∼0.04 dex lower
than that of HD 216143, which is, again, inconsistent with the
anomalously high [Mg/Ca] ratio. The low, but not extremely low,
Ba abundances ([Ba/Fe] ∼ −0.6) of Boo-121 and Boo-911 found

Fig. 4. Spectra of Boo-127(red) and the comparison star, HD 216143
(black), for the wavelength regions that contain Mg I and Ca I lines.

by F09 are confirmed by our measurement. The log ε(Ba) in the
two studies agree within 0.3 dex.

4.2. Comparison with Gilmore et al. (2013)

Comparisons of the relative abundances in this work and in the
“GM” analysis of G13 are presented in Fig. 5 (triangles that are
connected with the data points in this work) for the three stars
analyzed in common. Within the quoted error bars, our abun-
dance results generally agree with those obtained by G13 with
a few exceptions. One relatively large discrepancy is found in
the [Fe/H] value for Boo-094, the most metal-poor star in our
sample, which is ∼0.2 dex lower in this work than obtained by
G13. The smaller EWs (see Sect. 2.3) by ∼10 mÅ and larger ξ
adopted in this work than in G13 are probably responsible for
the discrepancy.

4.3. Carbon

The carbon abundance is estimated for three of the six sample
stars, while only an upper limit is obtained for the other three
objects. For the six sample stars, extremely carbon-rich objects
are not found. These sample stars all show [C/H] < −2.7 and
[C/Fe] < 0.2. For the three objects with measured carbon abun-
dances, the average [C/Fe] is −0.7 dex with small scatter. These
values are close to the lowest bounds of the [C/Fe] distributions
obtained by Lai et al. (2011) and Norris et al. (2010a) for this
galaxy. This [C/Fe] value is comparable to what is seen in field
halo stars having similar luminosity (Spite et al. 2005; Norris
et al. 2010a).

4.4. Sodium

For the present Boötes I sample stars, sodium abundances
are only estimated using the strong Na I resonance lines at
5889/5895 Å. These lines are known to suffer from strong
non-LTE (NLTE) effects such that LTE abundances tend to be
larger than corresponding NLTE values (Takeda et al. 2003).

A146, page 5 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322796&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322796&pdf_id=4


A&A 562, A146 (2014)

Fig. 5. [X/Fe] ratios plotted against [Fe/H] for the sample of six Boötes I stars (filled red circles) and the two comparison field halo stars (open blue
circles). Black triangles represent the abundance results from the “GM” analysis in G13. Small gray circles present the abundances of field halo
stars from Ishigaki et al. (2012, 2013). In the plot for [C/Fe]–[Fe/H], results from Norris et al. (2010a) for Boötes I stars are shown with crosses.

The NLTE correction to Na abundances ranges from −0.1 dex
to −0.5 dex, depending on the atmospheric parameters of stars
(Takeda et al. 2003). Without any NLTE correction, the average
[Na/Fe] value for the six Boötes I stars is ∼−0.1 dex with small
scatter. This value is similar to the uncorrected [Na/Fe] values
obtained for field halo stars with comparable metallicities.

4.5. α/Fe ratios

The [Mg/Fe] ratios in our sample stars are similar to or slightly
lower than those obtained for the field halo stars. A hint of a
modest decreasing trend of the [Mg/Fe] with increasing [Fe/H]
is seen, as was also reported in G13. The [Ca/Fe] ratios are
also similar to or slightly lower than the value for the field
halo stars. Excluding the lowest metallicity star, a scatter in the
[Ca/Fe] ratios is remarkably small (∼0.1 dex). The [Ti I/Fe I]
and [Ti II/Fe II] ratios differ by up to ∼0.3 dex in our Boötes I
sample stars, as reported for the field halo stars (e.g., Lai et al.
2008). The Boötes I stars tend to show slightly lower [Ti I/Fe I]
abundance ratios than the halo stars, while the [Ti II/Fe II] ratios
for these samples are similar.

4.6. Iron-peak elements

Scandium abundances are estimated from a few to several Sc II
lines in our sample stars. The mean abundances are similar to

or slightly lower than those reported for the field halo stars in
[Fe/H] > −2.5.

Chromium abundances are obtained from a few Cr I lines
for the Boötes I stars. The [Cr/Fe] ratios are similar to those
reported for the field halo stars for two of the most metal-rich
stars, while other stars show lower [Cr/Fe] ratios. However, since
only one or two lines with low-signal-to-noise ratio are used in
the abundance estimate, the significantly lower [Cr/Fe] ratios for
these stars require further confirmation.

In the four higher metallicity stars in our sample, the
[Ni/Fe] ratios are similar to those obtained for the field halo stars,
except for one object (Boo-121). Two Ni I lines used to obtain
Ni abundance in this stars both suggest a subsolar [Ni/Fe] ratio.

Since EWs of Zn I lines are not reliably measured for our
sample stars, we used spectral synthesis to estimate upper limits
of the Zn abundances. The results are shown by bars with down-
ward arrows in the bottom right hand panel of Fig. 5. The upper
limits of the [Zn/Fe] ratios are similar to or lower than the field
halo samples in the metallicity range [Fe/H] > −2.7.

4.7. Neutron-capture elements

The strontium abundances are obtained by fitting synthetic spec-
tra to the observed ones for the Sr II resonance line at 4215.5 Å.
The log g f value for this line is taken from NIST database.
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Fig. 6. Same as Fig. 5 but for Sr and Ba. Abundance data extracted from
the SAGA database (Suda et al. 2008) (RGB, R > 30 000 with no flags
of “C-rich” nor of “CEMP”) are additionally plotted with gray crosses
to supplement the MW halo data.

Figure 7 shows the resulting synthetic and the observed spectra
around the Sr II line for the Boötes I stars for which the Sr abun-
dances are reasonably obtained. The other three sample stars are
excluded in the analysis since the spectral region is too noisy to
estimate Sr abundances.

In the fitting procedure, we redefine the continuum level us-
ing the wavelength regions 4214.10–4215.25 Å and 4216.80–
4217.10 Å. To estimate abundance errors due to the uncertainty
in the continuum level, we performed the fitting changing the
continuum level of the synthetic spectrum by ±1σSTDV, where
σSTDV is a standard deviation in the observed continuum level.
The error estimated in this procedure is ∼0.7−1.5 dex, as sum-
marized in Table 5.

For comparison, the bottom panel of Figure 7 shows the ob-
served spectrum of a field halo giant, HD 107752, which has
atmospheric parameters similar to those of the present sample
(Teff = 4820 K, log g = 1.6, ξ = 1.9 km s−1, and [Fe/H] = −2.8)
(Ishigaki et al. 2013). While the Sr II line of the HD 107752
appears to be stronger than a nearby Fe I line, those in the three
Boötes I stars seem to have comparable strength as the Fe I lines.

Andrievsky et al. (2011) studied the NLTE effects on Sr
abundance determination for extremely metal-poor stars and re-
port that the NLTE correction for the Sr II 4215.5 Å line is at
most ∼0.2 dex for stars having atmospheric parameters similar
to the present Boötes I sample. The correction is smaller than the
other sources of uncertainty in the present analysis, so that is not
included in our abundance results.

The top panel of Fig. 6 shows resulting [Sr/Fe] values plotted
against [Fe/H] with the error bars. The crosses and small filled
circles represent the abundances from literature extracted from
SAGA database and those from Ishigaki et al. (2013), respec-
tively. As can be seen, even though the errors are very large, the
[Sr/Fe] ratios of the three Boötes I stars are significantly lower
than the solar value, which is not typical for the field halo stars
at similar metallicities. Most of the field halo sample in litera-
ture show the solar value in [Fe/H] < −2.5 and increasing dis-
persion toward lower metallicity with [Sr/Fe] ∼ −2.0 to ∼0.5.

Fig. 7. Observed (black dots) and best-fit synthetic (solid line) spec-
tra of the three Boötes I stars around the Sr II 4215.5 Å line. The ob-
tained [Fe/H] and [Sr/H] values are indicated in the bottom-left corner
of each panel (“Name/[Fe/H]/[Sr/H]”). The dotted lines show the syn-
thetic spectra fitted after changing the continuum levels by ±1σSTDV (in
each panel, the continuum levels have been shifted to match the best-fit
value). For comparison, the spectrum of one halo giant, HD 107752, is
shown in the bottom panel.

On the other hand, the Boötes I stars have [Sr/Fe] ∼ −1 in
[Fe/H] > −2.5, and the most metal-poor star in our sample show
even lower [Sr/Fe] of ∼−2.

The bottom panel of Fig. 6 plots the [Ba/Fe] ratios against
[Fe/H]. The [Ba/Fe] of Boötes I stars are subsolar, generally con-
firming the result of G13. The [Ba/Fe] ratios for these stars tend
to distribute at the lower bound of the [Ba/Fe] distribution for
the field halo stars.

One interesting feature is that Boo-127, which is the most
metal-rich star in our sample, shows lower [Ba/Fe] than the field
halo stars at similar metallicities ([Fe/H] ∼ −2). As shown in
Fig. 4, the Ba II line is significantly weaker in Boo-127 than
seen in the comparison star with similar [Fe/H].

5. Discussion

5.1. Comparison with the field MW halo

If the MW halo was assembled from smaller satellite galaxies
similar to the surviving dSphs, as suggested by the standard cos-
mological model, we naively expect that chemical abundances
in the MW field halo stars are similar to these dSphs. In this
section, we address the question of whether the observed abun-
dances in Boötes I stars are similar to those obtained for the field
halo stars.

Figure 8 compares mean abundances of the Boötes I stars
and field halo stars in the metallicity range of −3.0 < [Fe/H] <
−2.0. To minimize systematic errors in the abundance compar-
ison, eight halo giants (Teff < 5000 K and log g < 3.0, includ-
ing one of the comparison stars HD 85773) from Ishigaki et al.
(2012, 2013) are only considered for the field halo sample. In
their work, the adopted 1D-LTE abundance analysis technique
and the line list are the same as in this work. Error bars in Fig. 8
represent standard deviations around the mean values.
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Fig. 8. The abundance pattern of the Boötes I stars (filled circles) and
the MW halo stars (open circles) with −3.0 < [Fe/H] < −2.0.

Fig. 9. log ε(Ba) versus log ε(Sr) for the three Boötes I stars. For com-
parison, the abundance data for MW halo giants are extracted from
SAGA database (Suda et al. 2008) with the criteria −3.5 < [Fe/H] <
−2.0 and a spectral resolution R > 30 000 with no flags of “C-rich” nor
of “CEMP”.

In comparison to the field halo stars, the Boötes I stars show
slightly lower [Mg/Fe] and [Ca/Fe] ratios in the metallicity range
of −3.0 < [Fe/H] < −2.0. Kolmogorov-Smirnov (KS) tests sug-
gest that the probability at which [X/Fe] ratios of the halo stars
and the Boötes I stars can be drawn from the same distribution
is less than 5% for Mg and Ca, which marginally supports the
abundance difference. On the other hand, the [Na/Fe] ratios for
the Boötes I stars are indistinguishable from those of the halo
stars.

As mentioned in the previous sections, the Boötes I and
the MW halo stars show a hint of an abundance difference in
Sr. Figure 9 shows log ε(Sr) plotted against log ε(Ba) for the
Boötes I stars and MW halo giants. The data for the MW halo gi-
ants were extracted from the SAGA database (Suda et al. 2008)
with criteria, −3.5 < [Fe/H] < −2.0 and a spectral resolution
R > 30 000 with no flags of “C-rich” or “CEMP”. As can be
seen, most of the halo stars show Sr/Ba > 1, while the Boötes I
stars show Sr/Ba <∼ 1. Aoki et al. (2005) found that some of the
halo stars with [Fe/H] < −3.0 show Sr/Ba > 1, while the ex-
cess of Sr is not seen for stars with higher Ba abundances. They

interpret the result as evidence that the two astrophysical sites
are responsible for producing these neutron-capture elements,
one of which produces both Sr and Ba and the other produces
more Sr than Ba. Since the signature of enhanced Sr relative to
Ba is not evident in our Boötes I sample, the latter astrophysical
site may be lacking or less frequent in this galaxy. We discuss
the origin of Sr and Ba in Bootes I in Sect. 5.3.5.

To summarize, the present sample of Boötes I stars show
a hint of difference in abundances of some of the α-elements
and neutron-capture elements from the bulk of MW halo stars.
This result suggests that the chemical abundances of Boötes I
stars alone are not enough to fully explain the observed chemical
abundances for field halo stars.

Corlies et al. (2013) have investigated conditions that yield
a difference in chemical abundances between surviving satellite
galaxies and progenitors of the MW halo using an N-body sim-
ulation. They suggest that the progenitors of the stellar halo usu-
ally experienced more cross pollution by neighboring subhalos,
while the surviving satellites tend to have evolved chemically
in isolation. Whether the degree of the cross pollution explains
the observed abundance difference may have interesting impli-
cations for the hierarchical formation of the MW halo.

Since the present result is based on a small sample, a larger
sample is clearly desirable to extract a conclusion for the range
in elemental abundances spanned by the whole stellar population
in Boötes I. Moreover, abundances of field halo stars are often
determined only for relatively nearby objects (within a several
kpc), while the estimated distance to Boötes I is 64 ± 3 kpc
(Okamoto et al. 2012). A systematic abundance survey for more
distant halo stars would be needed to examine possible connec-
tion between dSphs similar to Boötes I and the MW field halo.

5.2. Comparison with other dSphs

Figure 10 compares the [Mg/Fe] ratios of the Boötes I stars in
this work and those of other MW dSphs that include very metal-
poor ([Fe/H] < −2) stars from the literature (Aoki et al. 2009;
Cohen & Huang 2009, 2010; Frebel et al. 2010; Koch et al.
2008). Relatively luminous (LV,� >∼ 105 L�), so-called classi-
cal dSphs (Draco, Sextans, Ursa Minor) are shown with green
symbols, while less luminous dSphs (UFDs; Boötes I, Coma
Berenices, Hercules, Ursa Major II) are shown in red symbols.
According to these available data, the more luminous dSphs ap-
pear to show relatively low [Mg/Fe] ratios than field halo stars
at [Fe/H] ∼ −2 and/or a decreasing [Mg/Fe] trend with increas-
ing [Fe/H]. On the other hand, the fainter dSphs such as Coma
Berenices or Ursa Major II appear to show comparable or higher
abundance ratios with large scatter. The Boötes I stars generally
show the [Mg/Fe] ratios more similar to some of the classical
dSphs, such as Ursa Minor rather than the fainter UFDs, such
as Coma Berenices or Ursa Major II, although there seems to
be large variation in the abundance ratios among the classical
dSphs.

To examine whether the abundance ratios can be related to
the global properties of dSphs (e.g., dynamical masses or lumi-
nosity), the lower panels in Fig. 10 plot average [Mg/Fe] ratios
of these dSphs against their central line-of-sight velocity disper-
sions (σlos; left) and logarithms of total luminosity (L; right).
The data for σlos and L are taken from Walker et al. (2009) ex-
cept for the σlos of Boötes I, for which an updated value from
Koposov et al. (2011) (4.6+0.8

−0.6 km s−1, assuming a single compo-
nent velocity distribution) is available. These figures suggest that
the dSphs with larger velocity dispersions or higher luminos-
ity tend to show lower [Mg/Fe] ratios. Again, Boötes I, which
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Fig. 10. Top panel: abundance comparisons with classical (Draco: trian-
gles, Sextans: three-pointed asterisks, Ursa Minor: squares) and ultra-
faint (Coma Berenices: pentagons, Hercules: stars, Ursa Major II: as-
terisks) dwarf galaxies from the literature (Aoki et al. 2009; Cohen &
Huang 2009, 2010; Frebel et al. 2010; Koch et al. 2008). For compari-
son, the abundance data for MW halo giants extracted from the SAGA
database (Suda et al. 2008) (R > 30 000 with no flags of “C-rich” nor of
“CEMP”) and from Ishigaki et al. (2012) are plotted with crosses and
dots, respectively. Bottom panels: mean [Mg/Fe] ratios for each galaxy
plotted against velocity dispersion (σlos, left) and luminosity (log L(L�),
right) for that galaxy. The σlos and L data are taken from Walker et al.
(2009).

Fig. 11. Same as Fig. 10 but for [Ca/Fe].

has σlos as low as that of Coma Berenices and L midway be-
tween these two classes of dSphs, show the mean [Mg/Fe] ratio
to be more similar to the classical dSphs, such as Ursa Minor or
Draco. A similar trend can be seen for [Ca/Fe] ratios as shown in
Fig. 11. The exceptionally high [Mg/Fe] ratios are reported for
the two Hercules stars, which may suggest an anomalous star

Fig. 12. Comparison of the [Sr/H] and [Ba/H] ratios in Boötes I stars
obtained in this work and those in very metal-poor stars in other dSphs.
Symbols are the same as in Fig. 10.

formation history for this galaxy (see also François et al. 2012).
According to the available data, differences in other elemental
abundances lighter than zinc, such as [Na/Fe] ratios, are not very
clear among all dSphs including Boötes I for [Fe/H] < −2.

The MW dSphs have been reported to follow a correlation
between mean [Fe/H] and L (Kirby et al. 2011b) extending for a
wide range of luminosities (3.5 < log (L/L�) < 7.5). Although
precision and sample size may not be sufficient to examine the
[Mg,Ca/Fe]–σlos, and [Mg,Ca/Fe]–L relations, if any, from cur-
rently available data, the locations of Boötes I in these diagrams
may have implications for the chemical evolution of this galaxy,
which we discuss in Sect. 5.3.

Figure 12 shows [Sr/H] and [Ba/H] ratios plotted against
[Fe/H] for Boötes I and other dSphs. Classical dSphs gener-
ally show increasing [Sr/H] and [Ba/H] ratios with increasing
[Fe/H], similar to the trend seen for field halo stars. On the
other hand, the abundances for fainter dSphs tend to distribute
at lower bounds than for the field halo stars. Lower abundances
of neutron-capture elements for very-metal-poor stars in dSphs
have already been noticed in previous studies (e.g., Fulbright
et al. 2004; Koch et al. 2008, 2013; Frebel et al. 2010; Honda
et al. 2011). Our sample of Boötes I stars show [Ba/H] ratios
that are more similar to the classical dSphs, while [Sr/H] ratios
are lower, similar to those observed in fainter dSphs.

Whether the neutron-capture elements are more deficient
in dSphs than in the MW field halo stars needs to be inves-
tigated with a larger sample of high-quality spectra for distant
objects, which may be challenging with the current instrumen-
tation. Nevertheless, the detection of Sr and Ba in Boötes I sug-
gests that at least one event that produces neutron-capture ele-
ments must have occurred at the earliest epoch of star formation
in this galaxy (cf., Roederer 2013).

5.3. Chemical evolution of Boötes I

In Sect. 5.1, we reported a possible offset in the abundances of
α and neutron capture elements between the Boötes I stars and
the field halo stars in the metallicity range −3 < [Fe/H] < −2.
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These differences, if confirmed with larger samples, may sug-
gest the differences in chemical evolution history between the
Boötes I and dominant progenitors of the MW stellar halo. As
discussed in Sect. 5.2, the [Mg/Fe] and [Ca/Fe] ratios in the
observed Boötes I stars are generally similar to the values re-
ported for brighter (classical) dSphs in the metallicity range
−3 < [Fe/H] < −2, while their velocity dispersion and lumi-
nosities are more similar to those of UFDs (Figs. 10 and 11).

In this section, we discuss possible implications of the re-
sults of these comparisons on the chemical evolution of Boötes I
in terms of 1) contribution from Type Ia SNe; 2) galactic winds,
3) tidal interaction with the MW; 4) stochastic effects; and 5) in-
dividual supernova yields.

5.3.1. Contribution from Type Ia SNe

In chemical evolution models, trends in abundances of
α-elements with [Fe/H] are diagnostics of the Type Ia SNe con-
tribution relative to Type II SNe to chemical enrichments in
galaxies (e.g., Matteucci & Greggio 1986). For many of known
dSphs, decreasing trends of [α/Fe] with increasing [Fe/H] are
reported (Tolstoy et al. 2009; Kirby et al. 2011a, 2013; Vargas
et al. 2013), which could be indicative of chemical enrichment
proceeded partly through Type Ia SNe.

Whether Boötes I has experienced a significant contribu-
tion from Type Ia SNe to its chemical enrichments is an im-
portant question for constraining the star formation history in
this galaxy. Photometric observations suggest that Boötes I is
dominated by an old stellar population with little age spread
(Okamoto et al. 2012), which suggests that the duration of star
formation was shorter than the uncertainty of the photometric
age estimates (a few Gyr). Gilmore et al. (2013) suggest a con-
tribution of Type Ia SNe in order to interpret the apparent de-
creasing [α/Fe] trend with [Fe/H]. On the other hand, the low-
resolution spectroscopic study of Lai et al. (2011) does not find
a signature of decreasing [α/Fe] ratios with increasing [Fe/H],
which does not support the Type Ia contribution.

The observed [Mg/Fe] and [Ca/Fe] ratios for the Boötes I
stars in this work appear to show a modest decreasing trend
with [Fe/H]. The Pearson test for linear correlation indicates that
the probability for a null correlation is 30% for [Mg/Fe]−[Fe/H]
and 7% for [Ca/Fe]−[Fe/H], thus only marginally supporting the
correlation. Although a firm conclusion about the trend could
not be obtained for the present sample, the hint of the decreas-
ing trend suggests that the star formation in Boötes I lasted
at least until Type Ia SNe began to contribute to the chemical
enrichment.

The decreasing [Ca/Fe] trend with [Fe/H] has also been re-
ported for a sample of red giant stars in Hercules dSph, which
spans the [Fe/H] range similar to the present Boötes I sample.
This may imply that the contribution of Type Ia SNe to the chem-
ical enrichment is common among galaxies as faint as Hercules
or Boötes I, if the Type Ia SNe is indeed responsible for lower-
ing [Ca/Fe]. Analyses of the delay-time distribution of Type Ia
SNe suggest that a certain fraction of Type Ia SNe occur within
<1 Gyr of star formation (Maoz et al. 2010), which may support
their contribution to the chemical enrichments in Boötes I.

An alternative interpretation of the lower [Mg, Ca/Fe] ra-
tios in Boötes I is a different initial mass function (IMF) in this
galaxy in comparison to the dominant progenitors of the MW
halo. Since [Mg/Fe] yields in Type II SNe could depend on
masses of the progenitor stars (Kobayashi et al. 2006), a dif-
ference in IMF may lead to systematic difference in these abun-
dance ratios.

5.3.2. Galactic wind

Galactic winds driven by SNe are thought to significantly af-
fect subsequent chemical evolutions in dSphs (Arimoto & Yoshii
1987). Chemical evolution models of Lanfranchi & Matteucci
(2004) particularly suggest that the strength and time of occu-
rance of the galactic winds play an important role in determining
the [α/Fe] ratios in the dSphs.

The winds are expected to occur when part of the energy in-
jected by SNe heat up interstellar gas so that thermal energy of
gas exceed the binding energy of the galaxy (Arimoto & Yoshii
1987). In this scenario, the strength of the wind may depend
on both the initial gas content and gravitational potential of the
galaxy.

As can be seen in the lower left panels of Figs. 10 and 11,
the dSphs with smaller velocity dispersion, and thus lower dy-
namical masses, such as Coma Berenices or Ursa Major II, show
higher [Mg/Fe] and [Ca/Fe] ratios than the dSphs with larger ve-
locity dispersions. The likely correlation between the velocity
dispersion and the abundance ratios suggests that the chemical
abundance depends on the gravitational potential of galaxies, if
the velocity dispersion traces the dynamical mass of these sys-
tems.

Using the measured velocity dispersion profile, Walker et al.
(2009) estimate the dynamical mass of Boötes I within the half-
light radius of this galaxy (rhalf = 242 ± 21 pc) to be ∼106 M�.
If we assume that the mass has not changed significantly over
the age of this galaxy and if duration of star formation is indeed
longer than the timescale of Type Ia SNe, as suggested in the pre-
vious section, then the above scenario implies that a dark matter
halo with mass as low as that of Boötes I could host enough
initial gas to retain a certain duration of star formation, or that
galactic winds were not strong enough to truncate all subsequent
star formation in such a halo. Whether this scenario could be
possible depends on the possible tidal effect on the initial gas
and dark matter content of this galaxy as discussed below.

5.3.3. Tidal Interaction with the MW

We discussed in Sect. 5.2 a possible connection of chemical
abundance ratios with global properties, such as σlos and L. The
correlation is not currently clear, and Boötes I in particular ap-
pears to deviate from a possible relation. Thus, we may ask what
makes Boötes I smaller σlos and lower L, while experiencing
chemical evolution that is more like the brighter classical dSphs.

One possible mechanism that may affect σlos or L is tidal
interaction with the MW potential. Tidal interaction of Boötes I
with the MW may have stripped the original content of baryons
and dark matter in this galaxy. N-body simulations for dynam-
ical evolution of Boötes I suggest that this galaxy has lost a
significant amount of luminous and dark matter contents by the
tidal forces as it orbits around the MW potential (Fellhauer et al.
2008). It is possible that Boötes I was initially as luminous as
the classical dSphs, while it has lost a significant amount of
materials.

Since the full orbital motion of Boötes I is not known, it
is difficult to estimate how strong the tidal effects were in this
galaxy. The tidal radius of this galaxy at its present location
(62 kpc from the Galactic center) is estimated to be 1.2 kpc
(Fellhauer et al. 2008), which is larger than the luminous com-
ponent in this galaxy. Therefore, it is unlikely that the tidal effect
is currently significant in stripping material from this galaxy. On
the other hand, Collins et al. (2013) report that the estimated
maximum circular velocity (Vmax) for Boötes I is relatively low
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compared to other local group dSphs with wide ranges of lumi-
nosities, which could be explained by tidal stripping of dark mat-
ter. Therefore, one explanation of the observed similarity may
be that Boötes I once experienced similar chemical evolution to,
say, Ursa Minor, then within a few Gyr, it followed an orbit that
brought it closer to the Galactic center, experiencing strong tidal
force that were able to strip luminous and dark matter contents
in this galaxy. All subsequent star formation stopped, which
results in the current low luminosity and very low metallicity
([Fe/H] < −1.5) in this galaxy (Norris et al. 2010a). The infor-
mation about the orbital motion of Boötes I would be necessary
for examining such a scenario to interpret the observed chemical
abundances in this galaxy.

5.3.4. Stochastic effect

In very low-metallicity systems like Boötes I, it is possible that
only a small number of SNe of a prior generation of stars have
contributed to the chemical enrichment. For example, Frebel &
Bromm (2012) suggest that first galaxies that formed exclusively
from ejecta of the first generation of stars (Pop III stars) are ex-
pected to host relatively few progenitor SNe, which could be
around ten, compared to systems with higher metallicity. In this
case, the effects of stochastic sampling of an IMF may become
important.

The present sample of Boötes I stars are rather homoge-
neous in abundance ratios for elements lighter than zinc, which
does not strongly support the existence of any stochastic effect.
Nevertheless, the observed homogeneous [X/Fe] ratios do not
completely rule out the stochastic enrichment scenario, since lit-
tle scatter in [X/Fe] is expected, while producing large scatter
in [Fe/H] in such scenarios as proposed by Frebel & Bromm
(2012). This scenario thus implies that Boötes I could be a can-
didate for the first galaxies formed in the Universe.

Lee et al. (2013) have recently investigated the effect of the
stochastic IMF sampling as a possible interpretation of the abun-
dance difference and similarity between the UFDs and MW halo
stars. In their model, a system enriched by a smaller number of a
prior generation of stars is expected to show a lower mean value
of [X/Fe] with larger spread, when the supernova yield of an
element X has a positive mass dependence (i.e., higher ejected
mass for a higher supernova progenitor mass). Therefore, if a
UFD has been enriched by fewer SNe (∼1−7 on average) than
the progenitors of the MW halo (>7) and if a Sr yield, which
is currently uncertain, has a strong positive mass dependence,
we would expect lower [Sr/Fe] for the UFDs than the MW halo
progenitor. They conclude that the stochastic sampling of IMF
for UFDs can simultaneously explain the observed difference in
[Sr, Ba/Fe] ratios and the similarity in [Ti/Fe] ratios between the
UFDs and MW halo stars.

The result of the present work, a modest difference in
[Mg/Fe] and a large difference in [Sr/Fe] from field halo stars
appear to both be reproduced with the above model if the Sr
yield depends more strongly on progenitor masses than the Mg
yields do. Thus, according to this model, the difference in num-
ber of prior-generation stars can explain the observed abundance
difference between the Boötes I and progenitors of the MW halo.

5.3.5. Individual yields

We finally discuss whether the abundances of the present sample
stars are consistent with yields of a single SN of Pop III stars.
Pop III stars may have been very massive. Very massive stars

with M > 140 M� are predicted to be exploded as pair-instability
SNe whose yields are expected to show a peculiar abundance
pattern, including very large Ca abundances. As can be seen,
none of our sample stars show this peculiar pattern and seem
to be more consistent with yields of core-collapse SNe (e.g.,
Tominaga et al. 2007).

An intriguing issue is whether nucleosynthetic yields of SNe
are compatible with the observed abundances of Sr and Ba in
Boötes I. Core-collapse SNe of massive (>10 M�) stars have
been considered as one of the promising production sites of
heavy neutron-capture elements such as Ba (e.g., Thielemann
et al. 2011). However, more recent studies report difficulty in
reproducing the required physical condition for the r-process to
occur in the environment of the core-collapse SNe.

Qian & Wasserburg (2008) used the phenomenological
model to study nucleosynthetic yields of neutron-capture ele-
ments in neutrino-driven winds, which are associated with SNe.
They pointed out that the low [Sr/Fe] ratios are not reproduced
with the predicted yields of Type II SNe with progenitor masses
of neither 8−10 M� (H source) nor 12−25 M� (L sources).
Instead, they suggest that another source that produces a large
amount of Fe but little Sr is required to explain the abundance
patterns of stars with [Sr/Fe] � −0.32. They speculate that an
energetic SN, a so-called hypernova, could be a possible astro-
physical site that yields the low [Sr/Fe] ratios. In this scenario,
the observed Boötes I stars may have formed out of interstel-
lar medium predominantly enriched by a single supernovae with
large explosion energy.

A merging of neutron stars in a close binary system is pro-
posed as an alternative site of the r-process. Recent calculations
of nucleosynthetic yields for the neutron-star merger success-
fully explain the abundance patterns of known r-process-rich
stars in the Galactic field halo (e.g., Wanajo & Janka 2012;
Korobkin et al. 2012). It is interesting for future studies to in-
vestigate whether the predicted nucleosynthetic yields of neu-
tron star mergers can explain the observed Sr/Fe and/or Ba/Fe
abundances in Boötes I.

The supernova yields depend on various unknown parame-
ters, such as mass cut or explosion energies, and thus proper-
ties of the progenitor SN are not fully constraind at this mo-
ment. Nucleosynthetic yields of light and heavy neutron capture
elements for different SN progenitor masses at extremely low
metallicities are required to examine the reason for the Sr defi-
ciency in Boötes I.

6. Conclusions

The chemical abundances of C, Na, α, iron-peak, and neutron
capture elements in six giant stars in Boötes I ultra-faint dwarf
galaxy were estimated based on the high-resolution spectra ob-
tained with Subaru/HDS. Our main results are summarized as
follows:

1. The very low metallicity of Boo-094 ([Fe/H] = −3.4) previ-
ously reported in Feltzing et al. (2009) and Gilmore et al.
(2013) is confirmed. For the six sample stars, extremely
carbon-rich objects are not found.

2. For α and iron-peak elements, the scatter in the abundance
ratios is small over the metallicity range of −2.7 < [Fe/H] <
−1.8.

3. The [Mg/Fe] and [Ca/Fe] ratios for these stars are slightly
lower than the field halo stars on average in the metallic-
ity range of −3.0 < [Fe/H] < −2.0. On the other hand, the
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abundance ratios for Na and Sc in the Boötes I stars are gen-
erally similar to those of the field halo stars.

4. The [Sr/Fe] abundances of the three Boötes I stars are lower
than the field halo values at similar metallicities. These
Boötes I stars deviate from the correlation between log ε(Ba)
and log ε(Sr) seen in field MW halo stars and generally show
lower Sr/Ba ratios.

Highly inhomogeneous chemical abundances that are reported
in fainter dSphs are not seen in our Boötes I sample. Instead, our
results suggest that the star formation in Boötes I had lasted un-
til Type Ia SNe started to contribute to the chemical enrichment,
which has also been reported in other more luminous dSphs.
Larger samples of chemical abundances and the kinematics of
individual stars, as well as a determination of the orbital motion
around the MW, are desirable to conclude whether Boötes I is
once more similar to brighter dSphs or is a surviving example of
first galaxies formed out of ejecta from Pop III stars.
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Table 5. Elemental abundances and uncertainties.

Name Elem. log εA� log εA [X/H] [X/Fe] N σline Δ+100 K
−100 K Δ+0.3 dex

−0.3 dex Δ+0.3 km s−1

−0.3 km s−1 σtot

Boo-009 FeI 7.50 4.86 −2.64 −2.64 38 0.04 0.12
−0.12

−0.02
0.03

−0.04
0.06 0.14

FeII 7.50 4.59 −2.91 −2.91 2 0.01 0.01
0.00

0.10
−0.09

−0.01
0.02 0.10

C(CH) 8.43 <5.50 <–2.93 <–0.29 1 ... ... ... ... ...
NaI 6.24 3.61 −2.63 0.01 1 0.25 0.01

−0.01
−0.03
0.02

−0.10
0.10 0.27

MgI 7.60 5.09 −2.51 0.13 2 0.15 −0.06
0.06

0.00
−0.00

0.01
−0.02 0.16

CaI 6.34 3.88 −2.46 0.18 2 0.04 −0.03
0.04

0.00
−0.00

0.00
−0.01 0.05

ScII 3.15 0.39 −2.76 0.15 2 0.09 0.04
−0.04

−0.00
0.01

0.00
−0.00 0.09

TiI 4.95 2.56 −2.39 0.24 2 0.07 0.01
−0.01

−0.00
0.00

0.02
−0.02 0.07

TiII 4.95 2.31 −2.64 0.27 2 0.11 0.04
−0.04

−0.01
0.01

−0.02
0.03 0.12

CrI 5.64 2.25 −3.39 −0.75 1 0.25 ... −0.00
0.00 ... 0.25

NiI 6.22 3.60 −2.62 0.02 2 0.07 0.00
−0.00

0.00
−0.01

0.01
−0.01 0.07

ZnI 4.56 <2.20 <–2.36 <0.28 1 ... ... ... ... ...
SrII 2.87 ... ... ... 0 ... ... ... ... ...
BaII 2.18 −1.61 −3.79 −0.89 1 0.25 0.08

−0.08
−0.01
0.01

−0.02
0.02 0.27

Boo-094 FeI 7.50 4.32 −3.18 −3.18 22 0.04 0.12
−0.12

−0.04
0.04

−0.02
0.03 0.14

FeII 7.50 4.02 −3.48 −3.48 2 0.16 ... 0.09
−0.08

−0.03
0.03 0.19

C(CH) 8.43 <5.50 <–2.93 <0.25 1 ... ... ... ... ...
NaI 6.24 2.73 −3.51 −0.32 1 0.19 −0.01

0.00
−0.01
0.01

−0.07
0.08 0.20

MgI 7.60 4.81 −2.79 0.39 3 0.05 −0.03
0.03

0.00
−0.00

0.01
−0.01 0.06

CaI 6.34 3.61 −2.73 0.46 2 0.01 −0.04
0.05

0.01
−0.01

0.01
−0.01 0.05

ScII 3.15 ... ... ... 0 ... ... ... ... ...
TiI 4.95 1.79 −3.16 0.02 1 0.19 0.01

−0.01
0.00
−0.00

0.01
−0.02 0.19

TiII 4.95 2.02 −2.93 0.55 1 0.19 0.04
−0.04

−0.00
−0.00

0.02
−0.03 0.19

CrI 5.64 1.94 −3.70 −0.52 1 0.19 0.00
−0.00

−0.00
0.00

−0.00
0.00 0.19

NiI 6.22 2.96 −3.26 −0.08 1 0.19 −0.00
0.00

0.00
−0.00

0.00
−0.00 0.19

ZnI 4.56 <2.30 <–2.26 <0.92 1 ... ... ... ... ...
SrII 2.87 −2.47 −5.34 −2.16 1 0.70 ... ... ... 0.70
BaII 2.18 −2.10 −4.28 −0.80 3 0.10 0.07

−0.08
−0.01
0.01

0.01
−0.01 0.12

Boo-117 FeI 7.50 5.35 −2.15 −2.15 32 0.04 0.13
−0.13

−0.03
0.03

−0.10
0.13 0.18

FeII 7.50 5.11 −2.39 −2.39 3 0.14 0.00
0.01

0.10
−0.10

−0.04
0.05 0.18

C(CH) 8.43 5.49 −2.94 −0.79 1 0.30 −0.13
0.13

0.03
−0.03

0.10
−0.13 0.35

NaI 6.24 3.84 −2.40 −0.25 2 0.05 0.02
−0.02

−0.05
0.04

−0.05
0.02 0.08

MgI 7.60 5.50 −2.10 0.04 3 0.13 −0.03
0.03

−0.00
0.00

0.03
−0.05 0.14

CaI 6.34 4.21 −2.13 0.01 6 0.11 −0.04
0.05

0.01
−0.01

0.05
−0.07 0.13

ScII 3.15 0.85 −2.30 0.08 3 0.09 0.04
−0.04

−0.00
0.00

0.01
−0.01 0.10

TiI 4.95 2.81 −2.14 0.01 3 0.13 0.01
−0.00

0.00
−0.00

0.04
−0.06 0.14

TiII 4.95 3.00 −1.95 0.44 1 0.20 0.04
−0.04

−0.01
0.01

−0.02
0.03 0.20

CrI 5.64 3.41 −2.23 −0.08 1 0.20 −0.01
0.02

0.01
−0.01

0.08
−0.10 0.22

NiI 6.22 4.11 −2.11 0.04 1 0.20 0.01
−0.01

−0.01
0.01

−0.06
0.07 0.21

ZnI 4.56 <2.50 <–2.06 <0.09 1 ... ... ... ... ...
SrII 2.87 −0.40 −3.27 −1.12 1 1.45 ... ... ... 1.45
BaII 2.18 −0.64 −2.82 −0.43 2 0.05 0.07

−0.07
−0.00
0.00

−0.03
0.05 0.10

Boo-121 FeI 7.50 5.01 −2.49 −2.49 34 0.03 0.15
−0.16

−0.05
0.05

−0.08
0.11 0.19

FeII 7.50 4.89 −2.61 −2.61 4 0.07 −0.00
0.02

0.09
−0.08

−0.06
0.08 0.13

C(CH) 8.43 <5.70 <–2.73 <–0.24 1 ... ... ... ... ...
NaI 6.24 3.50 −2.74 −0.25 2 0.05 0.03

−0.05
−0.03
0.02

−0.08
0.05 0.10

MgI 7.60 5.31 −2.29 0.20 1 0.18 −0.08
0.09

0.00
−0.00

0.02
−0.04 0.20

CaI 6.34 4.09 −2.25 0.24 4 0.06 −0.05
0.05

0.00
−0.01

0.02
−0.02 0.08

ScII 3.15 0.41 −2.73 −0.13 3 0.11 0.04
−0.04

0.00
−0.01

0.04
−0.05 0.13

TiI 4.95 2.59 −2.36 0.12 2 0.19 0.01
−0.02

−0.00
0.01

0.03
−0.03 0.19

TiII 4.95 2.41 −2.54 0.07 1 0.18 0.04
−0.04

0.00
−0.00

0.03
−0.04 0.19

CrI 5.64 ... ... ... 0 ... ... ... ... ...
NiI 6.22 3.36 −2.86 −0.37 2 0.02 −0.00

0.01
0.01
−0.01

0.03
−0.04 0.04

ZnI 4.56 <2.00 <–2.56 <–0.07 1 ... ... ... ... ...
SrII 2.87 ... ... ... 0 ... ... ... ... ...
BaII 2.18 −1.06 −3.24 −0.63 1 0.18 0.07

−0.08
0.00
−0.01

−0.01
0.02 0.20

Boo-127 FeI 7.50 5.58 −1.92 −1.92 42 0.03 0.15
−0.15

−0.03
0.03

−0.12
0.14 0.21
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Table 5. continued.

Name Elem. log εA� log εA [X/H] [X/Fe] N σline Δ+100 K
−100 K Δ+0.3 dex

−0.3 dex Δ+0.3 km s−1

−0.3 km s−1 σtot

FeII 7.50 5.58 −1.92 −1.92 6 0.07 −0.01
0.02

0.10
−0.10

−0.10
0.13 0.17

C(CH) 8.43 5.74 −2.69 −0.77 1 0.30 −0.15
0.15

0.03
−0.03

0.12
−0.14 0.36

NaI 6.24 4.14 −2.10 −0.18 2 0.14 0.02
−0.02

−0.06
0.06

−0.02
−0.02 0.15

MgI 7.60 5.79 −1.81 0.11 2 0.01 −0.06
0.06

−0.02
0.02

0.02
−0.04 0.07

CaI 6.34 4.61 −1.73 0.19 5 0.09 −0.04
0.04

−0.01
0.00

0.02
−0.03 0.10

ScII 3.15 1.02 −2.13 −0.21 3 0.05 0.03
−0.04

0.00
−0.00

0.06
−0.08 0.09

TiI 4.95 3.12 −1.83 0.09 4 0.09 0.02
−0.02

−0.00
0.01

−0.01
0.02 0.09

TiII 4.95 3.23 −1.72 0.20 1 0.22 0.03
−0.04

−0.00
0.00

0.01
−0.01 0.22

CrI 5.64 3.61 −2.03 −0.11 2 0.04 −0.01
0.00

0.00
−0.00

0.05
−0.05 0.06

NiI 6.22 4.21 −2.02 −0.10 1 0.22 0.02
−0.01

−0.01
0.01

−0.07
0.08 0.23

ZnI 4.56 <2.70 <–1.86 <0.06 1 ... ... ... ... ...
SrII 2.87 −0.49 −3.36 −1.44 1 1.04 ... ... ... 1.04
BaII 2.18 −0.61 −2.79 −0.87 1 0.22 0.06

−0.06
0.01
−0.01

0.07
−0.09 0.24

Boo-911 FeI 7.50 5.34 −2.16 −2.16 26 0.02 0.17
−0.18

−0.04
0.05

−0.12
0.15 0.23

FeII 7.50 5.32 −2.18 −2.18 2 0.06 −0.02
0.03

0.09
−0.08

−0.12
0.16 0.18

C(CH) 8.43 5.50 −2.93 −0.77 1 0.30 −0.17
0.18

0.04
−0.05

0.12
−0.15 0.37

NaI 6.24 3.80 −2.44 −0.28 2 0.05 0.04
−0.05

−0.03
0.03

−0.05
0.00 0.08

MgI 7.60 5.79 −1.81 0.35 1 0.11 −0.07
0.08

−0.02
0.02

0.00
−0.02 0.13

CaI 6.34 4.17 −2.17 −0.01 5 0.09 −0.06
0.06

0.00
−0.01

0.04
−0.06 0.12

ScII 3.15 ... ... ... 0 ... ... ... ... ...
TiI 4.95 2.60 −2.35 −0.19 5 0.08 0.02

−0.03
−0.00
0.00

0.05
−0.06 0.10

TiII 4.95 2.79 −2.16 0.02 1 0.11 0.04
−0.04 ... 0.04

−0.06 0.13
CrI 5.64 2.83 −2.81 −0.65 1 0.11 0.03

−0.04
−0.02
0.02

−0.07
0.08 0.14

NiI 6.22 3.90 −2.32 −0.16 3 0.17 −0.02
0.03

0.01
−0.01

0.03
−0.04 0.17

ZnI 4.56 <2.20 <–2.36 <–0.20 1 ... ... ... ... ...
SrII 2.87 ... ... ... 0 ... ... ... ... ...
BaII 2.18 −0.64 −2.82 −0.64 3 0.12 0.08

−0.08
0.01
−0.01

−0.02
0.03 0.15

HD216143 FeI 7.50 5.35 −2.15 −2.15 64 0.01 0.15
−0.16

−0.03
0.03

−0.07
0.09 0.18

FeII 7.50 5.35 −2.15 −2.15 13 0.01 −0.02
0.03

0.11
−0.10

−0.04
0.05 0.12

C(CH) 8.43 ... ... ... 0 ... ... ... ... ...
NaI 6.24 ... ... ... 0 ... ... ... ... ...
MgI 7.60 5.80 −1.80 0.35 2 0.07 −0.05

0.05
−0.04
0.04

−0.03
0.02 0.10

CaI 6.34 4.40 −1.94 0.21 16 0.03 −0.05
0.05

−0.00
−0.00

0.03
−0.04 0.07

ScII 3.15 0.99 −2.16 −0.01 8 0.03 0.04
−0.04

−0.00
0.00

0.01
−0.01 0.05

TiI 4.95 2.92 −2.04 0.11 18 0.03 0.02
−0.03

−0.01
0.00

0.03
−0.04 0.05

TiII 4.95 3.00 −1.95 0.20 6 0.04 0.03
−0.04

−0.01
0.01

−0.04
0.05 0.07

CrI 5.64 3.23 −2.41 −0.26 4 0.03 0.01
−0.01

−0.01
0.01

0.02
−0.02 0.04

NiI 6.22 4.02 −2.20 −0.05 12 0.02 −0.04
0.05

0.02
−0.02

0.05
−0.07 0.08

ZnI 4.56 2.55 −2.01 0.14 2 0.01 −0.13
0.16

0.09
−0.09

0.04
−0.05 0.17

SrII 2.87 ... ... ... 0 ... ... ... ... ...
BaII 2.18 −0.09 −2.27 −0.12 3 0.06 0.07

−0.09
−0.01
0.01

−0.13
0.16 0.18

HD85773 FeI 7.50 5.11 −2.39 −2.39 58 0.01 0.14
−0.16

−0.04
0.04

−0.06
0.07 0.17

FeII 7.50 5.17 −2.33 −2.33 12 0.01 −0.02
0.03

0.10
−0.10

−0.03
0.04 0.11

C(CH) 8.43 ... ... ... 0 ... ... ... ... ...
NaI 6.24 3.99 −2.25 0.14 1 0.11 −0.08

0.09
0.02
−0.02

0.05
−0.07 0.15

MgI 7.60 5.45 −2.15 0.24 3 0.08 −0.07
0.07

−0.02
0.01

−0.00
−0.01 0.10

CaI 6.34 4.11 −2.23 0.16 16 0.02 −0.05
0.05

0.00
−0.01

0.02
−0.03 0.07

ScII 3.15 0.74 −2.41 −0.08 6 0.03 0.04
−0.05

−0.00
0.00

0.01
−0.01 0.06

TiI 4.95 2.73 −2.22 0.17 19 0.02 0.03
−0.05

−0.01
0.00

0.01
−0.01 0.05

TiII 4.95 2.89 −2.06 0.28 6 0.04 0.04
−0.04

−0.02
0.02

−0.05
0.07 0.08

CrI 5.64 3.03 −2.61 −0.22 4 0.02 0.01
−0.02

−0.01
0.01

0.01
−0.01 0.03

NiI 6.22 3.85 −2.37 0.02 11 0.02 −0.04
0.05

0.02
−0.02

0.04
−0.05 0.07

ZnI 4.56 2.67 −1.89 0.50 2 0.00 −0.13
0.17

0.09
−0.09

0.01
−0.01 0.17

SrII 2.87 ... ... ... 0 ... ... ... ... ...
BaII 2.18 −0.68 −2.86 −0.53 3 0.07 0.09

−0.09
−0.01
0.01

−0.08
0.11 0.14
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