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ABSTRACT

We present high-resolution Magellan /MIKE spectra of the four brightest confirmed red giant stars in the ultra-faint
dwarf galaxy Bootes II (Boo II). These stars all inhabit the metal-poor tail of the Boo II metallicity distribution
function. The chemical abundance pattern of all detectable elements in these stars is consistent with that of the
Galactic halo. However, all four stars have undetectable amounts of neutron-capture elements Sr and Ba, with
upper limits comparable to the lowest ever detected in the halo or in other dwarf galaxies. One star exhibits
significant radial velocity variations over time, suggesting it to be in a binary system. Its variable velocity has likely
increased past determinations of the Boo II velocity dispersion. Our four stars span a limited metallicity range, but
their enhanced a-abundances and low neutron-capture abundances are consistent with the interpretation that Boo II
has been enriched by very few generations of stars. The chemical abundance pattern in Boo II confirms the
emerging trend that the faintest dwarf galaxies have neutron-capture abundances distinct from the halo, suggesting
the dominant source of neutron-capture elements in halo stars may be different than in ultra-faint dwarfs.
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1. INTRODUCTION

The ultra-faint dwarf galaxies (UFDs) in orbit around the
Milky Way are important probes of several extreme regimes.
They are the smallest and the most metal-poor galaxies, falling
at the bottom of the luminosity—metallicity relation (Kirby
et al. 2008, 2013). As the most dark-matter dominated systems
known (Simon & Geha 2007; Strigari et al. 2008; Simon
et al. 2011), UFDs are promising targets in the search for a dark
matter annihilation signal (e.g., Drlica-Wagner et al. 2015).
There are hints that the stellar initial mass function (IMF) in
dwarf galaxies is bottom-light, suggesting differences in the
nature of early metal-poor star formation (Geha et al. 2013).
The UFDs are distinctly tied to reionization, both as important
sources of ionizing photons (Weisz et al. 2014; Wise et al.
2014) and as victims of ionizing radiation (Brown et al. 2014).
Stars stripped from dwarf galaxies may be important
contributors to the metal-poor tail of the galactic stellar halo
(Kirby et al. 2008; Frebel et al. 2010a; Frebel & Norris 2015).
Furthermore, the most metal-poor of these UFDs may be relics
of the era of first galaxies, taking a snapshot of the first stages
of chemical enrichment and potentially opening up a window
to study the first stars and galaxies (Frebel & Bromm 2012;
Frebel et al. 2014; Ji et al. 2015).

Bootes II (hereafter Boo II) is a UFD discovered in the
Sloan Digital Sky Survey (Walsh et al. 2007). At a distance of
42kpe, it is one of the closest UFDs known (Walsh
et al. 2008). Its size, luminosity, and average metallicity show
it to be at the very low end of the size-luminosity and
luminosity—metallicity relations (M. Geha et al. 2015, in
preparation), comparable to systems like Segue 1, Willman 1,

* This paper includes data gathered with the 6.5m Magellan Telescopes
located at Las Campanas Observatory, Chile.

Ursa Major II, and Coma Berenices (e.g., Martin et al. 2008;
Kirby et al. 2013). Photometric and medium-resolution
spectroscopic observations have further established that Boo II
has an extreme mass-to-light ratio consistent with other UFDs
(Martin et al. 2008; Walsh et al. 2008; Koch et al. 2009;
M. Geha et al. 2015, in preparation). However, several
important questions require chemical abundances from high-
resolution spectroscopy, ideally for multiple stars in the system.
In particular, as Boo II is one of the smallest galaxies, it is a
candidate to be a relic of one of the first galaxies, like Segue 1
(Frebel et al. 2014).

Here, we present chemical abundance results from high-
resolution spectroscopy of the four brightest stars in Boo II. In
Section 2, we describe our observations. Section 3 details our
abundance analysis procedure and compares the chemical
signature of Boo II to that of other UFDs and to metal-poor
stars in the halo. One of the stars in Boo II appears to be a
binary system, which we investigate in Section 4. We
summarize our results and conclude in Section 5.

2. OBSERVATIONS

A total of 16 Boo II member stars were identified with
Keck/DEIMOS observations (M. Geha et al. 2015, in
preparation). We selected the four brightest members on the
red giant branch from the M. Geha et al. (2015, in preparation)
sample for high-resolution followup (see Figure 1). Despite
being the brightest members, all four stars push the limit of
high-resolution spectroscopy with current telescopes. Two of
the stars have V ~ 18.9 and two have V ~ 19.2. The next-
brightest member stars are over 1 mag fainter. We label the
stars by their Sloan Digital Sky Survey coordinates.

The four target stars were observed with the Magellan
Inamori Kyocera Echelle (MIKE) spectrograph (Bernstein
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Figure 1. Boo II color—magnitude diagram with SDSS DR12 photometry of
member stars (Alam et al. 2015, M. Geha et al. 2015, in preparation). Red circles
indicate the four stars observed with MIKE. Blue line is the M92 ridgeline (Clem
et al. 2008) shifted to the Boo II distance of 42 kpc. Followup photometry has
confirmed that these four stars lie closer to the M92 ridgeline than is apparent
from the SDSS photometry (M. Geha et al. 2015, in preparation).

et al. 2003) on the Clay telescope. MIKE covers the full optical
wavelength range, from 3500 to 9000 A. Details of the
observations are shown in Table 1, and important spectral
regions are shown in Figure 2. Three of our stars were observed
with a 170 slit, and one was observed with a 0”7 slit. A 1”70 slit
leads to a spectral resolution of ~22,000 at red wavelengths
and ~28,000 at blue wavelengths. A 077 slit yields a spectral
resolution of ~28,000 and ~35,000 in the red and blue,
respectively. We used 2 X 2 on-chip binning to reduce read
noise. Stars were observed from ~6 to 12 hr, and individual
frame exposure times were typically ~55 minutes to minimize
cosmic rays while collecting enough photons to avoid the read
noise limit. This was a problem particularly on the blue chip.
The signal-to-noise per pixel is modest, about 13 around
5300 A and 26 around 6000 A.

Data were reduced with the CarPy MIKE python pipeline
(Kelson 2003).5 Consecutive observations were reduced
together. We normalized and stitched echelle orders before
Doppler correcting and combining spectra from different
observation dates. The Doppler correction was found by
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cross-correlation with a template spectrum using the Mg triplet
lines near 5200 A.

Boo II was also observed at low resolution by Koch et al.
(2009). Our brightest star (SDSSJ135751.24125137.0) was
the subject of Koch & Rich (2014). Of our other three target
stars, two were identified as members of Boo II in Koch et al.
(2009) (SDSSJ135759.7+125426.4 and SDSSJ135801.4
+125105.2).

3. CHEMICAL ABUNDANCES
3.1. Abundance Analysis

We used analysis software from Casey (2014) to measure
equivalent widths, determine stellar parameters, and obtain
chemical abundances. We use the Castelli & Kurucz (2004) 1D
plane-parallel model atmospheres with a-enhancement and the
LTE abundance analysis code MOOG (Sneden 1973) that
accounts for Rayleigh scattering (Sobeck et al. 2011). Final
abundance ratios [X/Fe] are relative to the Asplund et al.
(2009) solar abundances.®

Equivalent widths of metal absorption lines were measured
by fitting Gaussian profiles to the line list from Roederer et al.
(2010). The measurements are given in Table 2. We exclude
lines whose reduced equivalent width (log(EW/))) is larger
than —4.5, as such lines are likely past the linear regime of the
curve of growth. Uncertainties on equivalent width measure-
ments were calculated with the equation from Frebel et al.
(2006), resulting in typical uncertainties of ~14%—-18%. For
blended lines and the molecular CH features, we determined
the abundance with spectrum synthesis.

Stellar parameters are derived following the procedure in
Frebel et al. (2013), including the effective temperature
correction. Uncertainties in the stellar parameters are about
150 K for T, 0.3 dex for log g, and 0.15 km s~ ! for Vpicr- The
uncertainties for SDSSJ135751.2+125137.0 are slightly
higher (200 K, 0.4 dex, 0.2 km sfl) due to the lower signal-
to-noise. The final stellar parameters are listed in Table 3. As an
independent assessment of the effective temperature, we apply
the Alonso et al. (1999) photometric B — V temperature
calibration assuming [Fe/H] = —3. The B — V color is found
using SDSS g and r, the recalibrated reddening maps of
Schlafly & Finkbeiner (2011), and the filter conversions of
Jordi et al. (2006). The two temperature determinations agree
well within the uncertainty.

Random uncertainties in abundances are estimated from the
dispersion in individual line measurements. For elements with
only one line, the uncertainty is estimated by varying the
placement of the continuum corresponding to the uncertainty
on the equivalent width. A minimum abundance uncertainty of

Table 1
Observing Details
Star « 6 Date of Observation Slit lexp g % S/NP S/NP
(72000) (J2000) Width () (mag) (mag) (5300 A) (6000 A)
SDSS J135751.24+125137.0 1357 51.2 41251 37.0 2014 Mar 21, 2015 Jun 17/18 170 5.8 19.24 18.86 11 21
SDSS J135759.74+125426.4 13 57 59.7  +12 54 26.4 2014 Mar 11/12 170 7.7 19.35 18.93 15 28
SDSS J135756.24-125207.7 1357562 +125207.7 2011 Mar 10/13, 2014 Mar 10/11 0”7 9.2 19.56 19.15 17 29
SDSS J135801.44125105.2 1358014 +1251052 2010 Mar 18/19/21/22 170 12.2 19.57 19.19 12 26

Notes.

% Converted from SDSS photometry using Schlafly & Finkbeiner (2011) and Jordi et al. (2006).

b Signal-to-noise is per pixel.
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Figure 2. Magellan /MIKE spectra for our four Boo 11 stars, shown near the 4554 A Ball line and the Mg b triplet lines around 5180 A. For comparison, we show the
r-process star CS22892—52. The four Boo II spectra are arranged in order of [Fe/H]. No Ba Il is detected in any of the Boo II stars.

Table 2
Equivalent Widths
EL A X loggf  EW(mA)  loge (dex) EW (mA)  loge (dex)  EW (mA)  loge (dex)  EW (mA)  loge (dex)
SDSS J135751.2 SDSS J135759.7 SDSS J135756.2 SDSS J135801.4
(A) (eV) (dex) +125137.0 +125426.4 +125207.7 +125105.2

CH 4313 syn 5.97 syn 6.10 syn 591 syn 6.06
CH 4323 syn 5.97 syn 6.15 syn 591 syn 6.06
Na1 5889.95 0.00 0.11 151.4 3.84 186.0 4.09 168.2 3.96 1334 3.68
Na1 5895.92 0.00 —0.19 142.7 4.00 160.3 4.04 144.2 3.89 114.5 3.66
(This table is available in its entirety in machine-readable form.)

0.1dex is adopted for SDSSJ135759.7+125426.4,

Table 3
Stellar Parameters

Star Ter  logg Vmicr [Fe/Hl  Tphot"
(K) (kms™") K)

SDSS J135751.24+125137.0 5102 2.20 2.00 -2.86 5190
SDSS J135759.74+125426.4 4936  1.80 2.05 —2.63 5005
SDSS J135756.2+125207.7 5013 2.00 2.00 -292 5052
SDSS J135801.44+125105.2 5192 2.60 1.65 —2.87 5217

Note.
4 Using converted SDSS magnitudes and B — V calibration from Alonso
et al. (1999).

> hup: //code.obs.carnegiescience.edu/mike
6 [X/Y] = log,,(Nx/Ny) — log,,(Nx/Ny)e for element X, Y.

SDSS J135756.24-125207.7, and SDSS J135801.44-125105.2;
and 0.15dex for SDSSJ135751.24-125137.0. For elements
with no detectable lines, we determined an upper limit by
placing the continuum as high as reasonably possible around
the strongest line. Systematic uncertainties due to differences in
stellar parameters are estimated by varying each parameter
individually within its uncertainties. Typical total uncertainties
from stellar parameters are 0.2-0.25 dex, except for carbon
which has a larger uncertainty of ~0.4 dex due to its larger
temperature sensitivity.

3.2. Boo Il Abundance Signature

We now discuss the individual element abundances of our
Boo II stars. We measure the abundances of C, Na, Mg, Al, Si,
Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni, Sr, and Ba. Unless otherwise
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Table 4 Table 4
Magellan/MIKE Chemical Abundances of Boo II Stars (Continued)
Species N log € (X) d [X/H] [X/Fe] Species N log € (X) o [X/H] [X/Fe]
SDSS J135751.24+125137.0 Sc1 3 <0.78 < 237 <0.50
CH 3 597 0.30 046 0.41 Tin 11 2.47 0.14 —2.48 0.39
Na 2 3.92 0.15 232 0.54 Cr 3 2.6 0.11 —3.08 —0.21
Mg . S 16 015 o 012 Mn 1 3 <3.06 - < 237 <0.50
Al 2 2.69: 0.50 ~3.76: ~0.90: Fer 42 4.63 0.11 —287 0.00
Sii 1 4.65: 0.50 _2.86: 0.00: Fen 3 4.63 0.10 —2.87 0.00
Car 4 3.93 0.15 241 0.45 Cor ! <3.03 < —196 <091
S 3 0.59 0.30 256 0.30 Nit ! <434 <188 <099
Tin 11 225 0.15 ~270 0.16 Srn ! <120 <407 <120
Cri 4 2.59 0.15 ~3.05 —0.19 Ban 1 < —1.99 < —4.17 < —1.30
Mn 1 3 1.90 0.30 —3.53 —0.67
Fe1 60 4.64 0.20 _2.86 0.00 Notes. Denotes highly uncertain abundance (see text for details).
Fen 7 4.66 0.15 —2.84 0.02 (This table is available in machine-readable form.)
Cor 2 <3.81 < -1.19 <1.68
Ni1 1 <4.53 < —1.69 <1.17
}S?:L i ifé?z ifj;g iigg indicated, abundances were obtained from equivalent width
measurements. The abundances of all four stars are listed in
SDSS J135759.7+125426.4 Table 4 and plotted against halo stars and other ultra-faint
CH ) 6.12 020 530 051 dwarf galaxy stars in Figures 3 and 4. As a representative halo
Nat 2 4.06 0.10 018 0.45 star sample, we use the homogeneous abundance analysis of
Mg 1 5 536 0.12 _224 0.39 190 halo stars from Yong et al. (2013). Medium-resolution
Al 2 2.78 0.31 —3.67 —~1.18 spectroscopy abundance determinations of stars in UFDs are
Sit 1 <5.88 - < -163 <1.00 consistent with the high-resolution spectroscopy abundances,
Ca1 8 4.18 0.10 —2.16 047 though with larger error bars (Vargas et al. 2013).
Scn 5 0.32 0.28 —2.83 ~0.20
Tit 2 2.69 0.10 —2.27 0.36
Tin 17 245 0.11 -2.50 0.13
Cr1 6 2.83 0.10 ~2581 ~0.18 3.2.1. Carbon
Mn1 3 2.80 0.30 —2.63 —0.00 The carbon abundance of stars in dwarf galaxies may be an
E z L 1(9)9 jg; 8‘1(3) jg? g‘gg important tracer of nucleosynthesis in the first stars (e.g., Norri§
Cor 3 218 0.10 o8] _0.18 et al. 2013; Cooke & Madau 2014; Ji et al. 2015; Salvadori
Ni i 3 3.88 0.12 234 0.29 et al. 2015). We measure the carbon abundance through
Sru 1 < 216 < —5.03 < —2.40 synthesis of the CH molecular bands at ~4313 A and 4323 A
Ban 1 < =215 < —4.33 <-1.70 and correct their abundance for the stars’ evolutionary status
(Placco et al. 2014).7 None of the stars are Carbon Enhanced
SDSS J135756.2+4125207.7 Metal Poor (CEMP) stars, as all stars have [C/Fe] < 0.7 (Aoki
CH 2 591 0.25 —2.49 0.43 et al. 2007). However, all four stars display a mild [C/Fe]
Na1 2 3.92 0.10 -2.32 0.61 enhancement (~0.4—0.5) comparable to other stars in UFDs
Mg1 5 5.10 0.12 —2.50 0.42 (see Figure 3). Note that we have corrected the dwarf galaxy
Al1 2 24T 0.50 —3.98: —1.05: stars according to Placco et al. (2014), but not the halo star
Si ! 4.59: 0.50 —2.92: 0.00: sample. This correction is small for our hot stars
Cal 6 3.92 0.10 —2.42 0.50
. 3 0.05 0.30 310 e (0.01-0.03 dex), but larger for the cool star SDSS J135759.7
Tin 12 2.20 0.10 —2.75 0.17 +125426.4 (0.19 dex).
Cr1 4 2.50 0.10 _3.14 021 Besides its role in understanding Population III nucleosynth-
Mn 1 3 1.74 027 —3.69 ~076 esis, carbon also plays a role in forming the first low-mass stars,
Fe1 71 4.58 0.17 -2.92 0.00 where it (along with oxygen) is an important contributor to
Feu 5 4.56 0.10 —2.94 —0.02 atomic metal line cooling in the early universe (Bromm &
Cor 2 213 0.10 —2.86 0.06 Loeb 2003). A sufficient amount of carbon and oxygen will
Ni 2 375 0.10 —247 0.45 trigger vigorous fragmentation in a primordial galaxy, resulting
Srn 1 < =2.05 < —4.92 < —2.00 . . .
Bam ] < 204 < 44 < _1.50 in the formation of multiple stars and star clusters (Bromm
et al. 2001; Safranek-Shrader et al. 2014). The critical amount
SDSS J135801.4-+125105.2 of carbon and oxygen is specified by the Dy, criterion, which
P 5 606 0.30 37 051 quant1ﬁe§ the minimum amount of C and O.requ.lred for me?tal
Na ) 167 0.10 57 030 line cooling to overcome h.eatmg from adla}batlc contraction
Mg 4 4.99 0.10 261 0.26 (Frebel et al. 2007). Oxygen is not detectable in our spectra, but
All 1 <48 . < 217 <0.70 a carbon abundance of [C/H] > —3.5 in all our stars is already
Sir 1 <5.64 < -187 <1.00 sufficient to satisfy the Dy, criterion and trigger significant
Cal 2 3.83 0.10 —2.51 0.35

7 http://www3.nd.edu/~vplacco/carbon-cor.html
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atomic line cooling, allowing atomic cooling to play an
important role in forming the first low-mass stars in Boo II.

3.2.2. a-elements: Mg, Si, Ca, Ti

The a-element abundances of metal-poor halo stars are
generally enhanced at a level of [«/Fe] ~ 0.4, which is typical
of stars whose birth cloud was enriched only by core-collapse
supernovae (CCSNe). We measure the a-elements magnesium,
silicon, calcium, and titanium, of which [Mg/Fe], [Ca/Fe], and
[Ti/Fe] are enhanced. This is completely consistent with halo
star abundances and suggests enrichment only by massive stars.

Due to its potential significance in understanding the role of
dust cooling during the formation of the first low-mass stars
(Cherchneff & Dwek 2010; Ji et al. 2014), we have attempted
to obtain silicon measurements or upper limits for all of our
stars. Only the 3905 A Si1 line, which is blended with carbon,
is strong enough to be detected. However, this line is in a
region of our spectra with relatively low signal-to-noise. For
SDSS J135759.74125426.4 and SDSS J135801.44-125105.2,
we set upper limits. The silicon abundance in both
SDSS J135751.24-125137.0 and SDSS J135756.24-125207.7
is clearly nonzero, but the signal-to-noise in this region is
insufficient to allow a good determination of the abundance
(i.e., uncertainties at least 0.5 dex). We mark these points as
open circles with error bars in Figure 3. Adding 1.0 dex to the
tabulated abundances is also an appropriate upper limit. All
silicon abundances and upper limits are consistent with the
standard halo pattern of [Si/Fe] ~ 0.4. None of these upper
limits or measurements is low enough to exclude silicate dust
cooling in the formation of these low-mass stars (Ji et al. 2014).

3.2.3. Iron-peak Elements: Cr, Mn, Co, Ni

The chromium abundances in all our stars conform well to the
tight [Cr/Fe] relation found in halo stars. We determine the
manganese abundance from synthesis of the triplet at ~4030 A.
In SDSSJ135801.4+125105.2, we detect no clear manganese
lines and give a conservative upper limit. Co and Ni are detected
with few lines only in the cooler two stars (SDSSJ135759.7
+125426.4 and SDSS J135756.24125207.7), and we deter-
mined upper limits for the remaining two stars. Overall, the
abundances of the iron-peak elements are consistent with the
abundances of halo stars.

3.2.4. Odd Elements: Na, Al, Sc

Sodium abundances were determined from the Na D doublet.
The abundance derived from these lines usually has a large
NLTE correction, but corrections were not applied to our
comparison halo sample (Yong et al. 2013). Thus to compare to
that sample, we do not apply a correction to the abundances in
Figure 3, and only LTE abundances are listed in Table 4. For
reference, We also determine the NLTE corrections using Lind
et al. (2011)® with our equivalent widths and stellar parameters.
The NLTE abundances are typically lower by ~0.4 dex. The
exact abundance differences for the 5889.95 A line are —0.46,
—0.52; —0.57; and —0.39 dex; for the 5895.92 A line are
—0.43, —0.46, —0.47, and —0.31dex; for SDSSJ135751.2
+125137.0, SDSSJ135759.7+125426.4, SDSSJ135756.2
+125207.7, and SDSS J135801.4+125105.2, respectively.

3 .
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We determine the aluminum abundance from two lines. The
3944 A line is blended with carbon, requiring spectrum
synthesis. As in the case of silicon, for SDSSJ135756.2
+125207.7 and SDSS J135751.2+125137.0 we detect nonzero
aluminum but cannot put good bounds on the error (open
circles with error bars in Figure 3) due to low signal-to-noise.
Again, adding 1.0dex to the abundance in Table 4 is an
appropriate upper limit.

The scandium abundances are determined through synthesis
of up to five different lines. In all four stars, the abundances are
consistent with the halo, though biased slightly lower. Upon
investigating this slight bias, we found that the Sc abundances
from Yong et al. (2013) were determined using the blends
driver of MOOG, rather than from synthesis. When we
determine the Sc abundance with blends, we find our
derived Sc abundance to be systematically 0.1-0.3 dex higher.
This difference deserves further investigation, but since the
uncertainty on the scandium measurements in Boo II is large
we do not consider it further here.

3.2.5. Neutron-capture Elements: Sr, Ba

None of the four stars have strontium or barium line
detections (e.g., Figure 2). We use the strongest lines to place
upper limits, i.e., the 4077 A line for Sr and the 4554 A line for
Ba. We find [Sr/H] < —5, except for SDSSJ135801.4
+125105.2 which has [Sr/H] < —4. The limit for Ba is
[Ba/H] < —4.5. Such a deficiency of neutron-capture
elements has been observed in other UFDs, including Hercules
(Koch et al. 2013) and Segue 1 (Frebel et al. 2014). We discuss
this more in Section 5.

3.3. Comparison with Koch & Rich (2014)

SDSS J135751.24-125137.0 has also been observed at high
resolution by Koch & Rich (2014), who number the star as
Boo II-15. For their stellar parameters, they obtain
Tor = 5000K, logg =226, Umie = 1.81kms ', and
[Fe/H] = —2.93. These parameters are consistent within lo
error bars of our stellar parameters. We adopt their stellar
parameters but use our equivalent widths to do an abundance
comparison. The new abundances agree with Koch & Rich
(2014) within the 1o uncertainties, except for chromium. Our
chromium abundance of [Cr/Fe] = —0.18 is only slightly
more than 1o discrepant with their measurement of —0.38.

4. A BINARY STAR: SDSS J135751.2+125137.0

The star SDSS J135751.24125137.0 (Boo II-15 in Koch
et al. 2009; Koch & Rich 2014) has exhibited significant
variations in its heliocentric radial velocity with time. We
combine our radial velocity measurements with those from the
literature (Koch et al. 2009; Koch & Rich 2014; M. Geha et al.
2015, in preparation) as well as a publicly available spectrum
of this star taken with VLT /X-Shooter. The velocity measure-
ments are plotted in Figure 5. Other than our two measurements
from MIKE, we note that every data point has been taken with
a different instrument (the others are from Gemini/GMOS,
Keck/DEIMOS, VLT/X-Shooter, Keck/HIRES). There may
be systematic Zero-pomt offsets from instrument to instrument
of the order a few kms™ ', but not enough to account for the
observed differences. In contrast the velocities of the other two
stars observed with MIKE are consistent with Koch et al.
(2009) to within 2 kms™!
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Figure 3. Boo II chemical abundances compared to stars from the literature. Large red points are our Boo II measurements. Small gray points are halo star abundances
from Yong et al. (2013). Other colors are stars from other dwarf galaxies: Bodtes 1 (Norris et al. 2010a, 2010b; Gilmore et al. 2013; Ishigaki et al. 2014; A. Frebel
et al. 2015, in preparation), ComBer (Frebel et al. 2010b), Hercules (Koch et al. 2008, 2013), Leo IV (Simon et al. 2010), Segue 1 (Frebel et al. 2014), Segue 2
(Roederer & Kirby 2014), and UMa II (Frebel et al. 2010b). For stars in Bootes 1 with more than one reference, we took abundances according to A. Frebel et al.
(2015, in preparation). All the y-axes are on the same scale except [C/Fe]. Open Boo II points with error bars denote measurements where a nonzero amount of the
element was detected in synthesis, but the abundances are very uncertain (see text). Upper limits are denoted by downward arrows.

This amount of velocity variation would be consistent with a
RR Lyrae star, but no line distortions (e.g., in the hydrogen lines)
from rapidly changing stellar parameters are seen in our MIKE
spectra that would be consistent with this type of variable star.
Our two observations are at a similar phase in the velocity
variations, but the stellar parameters from our study and Koch &
Rich (2014) are consistent within errors despite being
determined at very different phases of the velocity variations,
while an RR Lyrae’s effective temperature changes by almost
1000 K (Fossati et al. 2014). Thus, we conclude it is likely that
this star is in a binary system. If so, it would be the third binary
system confirmed in an ultra-faint dwarf. A full binary orbit was
established for a star in Hercules (Koch et al. 2014), and one star
in Segue 1 shows clear signs of a past mass transfer event
(Frebel et al. 2014). One star in Ursa Major II may also show a
signature of binary mass transfer (Frebel et al. 2010b). We note
that one of our MIKE observations and the HIRES observation
from Koch & Rich (2014) are only two months apart, but the
measurements differ by ~30km s~ . This rapid velocity shift is
consistent with the eccentric orbit seen in the Hercules system

(Koch et al. 2014). Given only six observations and no clear way
to determine velocity errors across different instruments, we
were unable to robustly determine a period, amplitude, or mean
velocity for the orbit.

The binarity of this system has had an adverse effect on the
mass determination of Boo II. The velocity dispersion in Koch
et al. (2009) was determined to be 10.5 + 7.4kms ™', where
the large error bar is due to the low spectral resolution and only
using five stars to determine the dispersion. However, they
observed SDSSJ135751.2+125137.0 to have a velocity of
—100.1kms™ !, and this star has the most extreme value in
their velocity distribution. Although we cannot robustly
determine the mean velocity of SDSS J135751.2+125137.0,
it is likely much closer to the systemic velocity of
~—120kms™' than the originally observed velocity of
~—100kms~'. If we remove SDSSJ135751.24125137.0
from their sample, the large errors on the remaining four
velocities result in only an upper limit on the velocity
dispersion for this system. In comparison, M. Geha et al.
(2015, in preparation) find a velocity dispersion in line with
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Figure 4. Neutron-capture elements Sr and Ba. Top row shows [X/H], bottom row shows [X/Fe]. Symbols are the same as Figure 3. The Boo II abundances are all
upper limits. With the exception of one star in Segue 1 that is likely the recipient of mass transfer (Frebel et al. 2014), most stars in faint dwarf galaxies have low

neutron-capture elements compared to the halo.

other UFDs of similar size and luminosity. We note that the
large velocity dispersion was included as part of the commonly
used compilation of Local Group properties in McConnachie
(2012), where as a result Boo 1I is listed as the galaxy with the
largest mass-to-light ratio currently known. The discrepancy
can affect works that use the McConnachie (2012) compilation
(e.g., Jiang & van den Bosch 2015).

5. DISCUSSION AND CONCLUSION

We have obtained high-resolution spectra of four metal-poor
red giants in the ultra-faint dwarf galaxy Boo II. Chemical
abundance analysis shows that all detectable elements have
abundance ratios consistent with metal-poor stars in the stellar
halo (Yong et al. 2013), with the exception of Sr and Ba. The
two neutron-capture elements have very low abundance limits,

consistent with what has been observed in other UFDs (Koch
et al. 2013; Frebel et al. 2014). In addition, one of the stars
exhibits significant radial velocity variations and is likely a
single-lined spectroscopic binary. The binary system has led to
an overestimation of the Boo II velocity dispersion in the past
(see Section 4 for the resulting consequences). We now discuss
some possible interpretations of the chemical abundance
pattern found in Boo II.

Boo II as a first galaxy. Frebel & Bromm (2012) define a
first galaxy as a galaxy that has experienced very few metal
enrichment events, perhaps only from Pop III stars. They
suggest that some UFDs may be surviving first galaxies. This
scenario results in a wide metallicity spread (=1 dex), super-
solar a-abundances at all metallicities, and low neutron-capture
abundances. Based on these criteria, Segue 1 is potentially a
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HIRES (Koch & Rich 2014), and black dots are Magellan/MIKE (this work).
Gray lines denote Jan 1 of the labeled year.

surviving first galaxy (Frebel et al. 2014), and we now consider
whether Boo II has a chemical signature consistent with being
a first galaxy.

The overall metallicity distribution function of Boo II is wide,
similar to the other UFDs (M. Geha et al. 2015, in preparation).
However, our high-resolution abundances span only the metal-
poor end of the metallicity distribution. Thus, although we find
enhanced a-abundances in all our stars, the limited metallicity
range is insufficient to conclusively determine that Boo II shows
the enhanced « signature across its entire metallicity range. If the
high a-abundances seen at low metallicity in Boo Il extend to
the higher metallicity stars, this is a strong indication that star
formation in Boo II ended before the onset of SNe Ia, suggesting
Boo Il is a candidate first galaxy. In contrast, a downturn in the
[a/Fe] ratio at higher metallicities would suggest that Boo II
experienced some extended but inefficient star formation.
Unfortunately, the higher-metallicity stars in Boo II are all too
faint to be observed with high-resolution spectrographs on
current telescopes. Medium-resolution spectra may be able to
constrain the «-abundances of these fainter stars (Vargas
et al. 2013). Either way, the low neutron-capture abundances
in Boo II stars are clearly lower than the pattern established by
halo stars and likely indicates these stars in Boo II formed before
standard neutron-capture enrichment processes began to enrich
the system.

Source of neutron-capture elements in UFDs. Although we
only have upper limits on the neutron-capture abundances,
Roederer (2013) points out that no stars have yet been observed
with enough signal-to-noise to clearly rule out the presence of
neutron-capture elements. In addition, very low but non-zero
neutron-capture abundances have been detected in many other
UFDs. Supposing that Boo II and other dwarf galaxies contain
nonzero but small amounts of neutron-capture elements, it is
interesting to consider the potential source of these heavy
elements. Following Frebel et al. (2014), we can use the current
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upper limits to estimate the maximum mass of neutron-capture
material in a galaxy like Boo II by assuming it formed from
10° M, of gas. Then the upper limits [Sr/H] < —5 and [Ba/H]
< —4.5 suggest the mass of each element is <10~’ M. If the
initial gas reservoir is larger, the mass limit scales accordingly
(e.g., a 10" M, gas reservoir puts the limit at <107> M_).

The standard source of both Sr and Ba is the stellar winds
from intermediate mass AGB stars (see references in Jacobson
& Frebel 2014). From Lugaro et al. (2012), we estimate that a
typical intermediate-mass AGB star releases ~1 M, of stellar
winds with [Sr/Fe] ~ 1.5 and [Ba/Fe] ~ 2.0. Assuming the
star has [Fe/H] = —3, this results in ~107%3 M, of Sr and Ba
per AGB star. The neutron-capture mass constraint in Boo II
allows <30 Pop II AGB stars to enrich the system. However,
we believe standard AGB enrichment to be unlikely in these
systems, because the [Sr,Ba/Fe] ratios are distinct from the
halo stars. This suggests the dominant source of neutron-
capture elements in halo stars is different than in UFDs. We
thus look to other explanations for the low neutron-capture
abundances in UFDs.

One possibility is that this low neutron-capture abundance
signature indicates unique nucleosynthesis processes in the first
(Pop III) stars. For example, massive rapidly rotating Pop III
stars could produce Sr and Ba masses around 10~° M, per star
through a special s-process (Frischknecht et al. 2012). How-
ever, this amount depends heavily on the presence of seed
nuclei, and these models typically invoke a small initial
metallicity in their star to seed the s-process.

Alternatively, Pop III CCSNe can produce neutron-capture
elements if they undergo the r-process, a possibility that has
support from abundances of metal-poor halo stars (Roederer
et al. 2014). Note that theoretically, the conditions for
producing a realistic r-process pattern in CCSNe are not easily
achieved, leading many to look to merging neutron star binaries
as the primary source of the r-process (e.g., Lattimer &
Schramm 1976; Freiburghaus et al. 1999; Korobkin
et al. 2012). While this pathway may be important for higher
metallicity stars, the rarity of these binaries and the long
merging timescales suggests they are not important at low
metallicities (Argast et al. 2004, although see Shen et al. 2015).
In addition, a single compact binary merger typically produces
a neutron-capture mass of 1073-1072 M., (Goriely et al. 2011),
which is far above the observed 10~ 10> M_, limit in UFDs.
Thus, it appears CCSNe may be the most likely source of
detected neutron-capture elements in UFDs discovered so far.

Lee et al. (2013) suggest that the difference between halo
and UFD neutron-capture abundance distributions is a
stochastic effect due to a small number of stars enriching
UFDs combined with a strongly mass-dependent yield. This
would imply that some UFDs should have members with
neutron-capture abundance ratios above the halo mean. This
has not been seen yet even though the number of stars observed
with high-resolution spectroscopy in UFDs has roughly
doubled compared to two years ago. Still, these additional
data may not be enough to exclude the possibility of mass-
dependent yields. However, there is also evidence that the IMF
in UFDs is top-heavy (Geha et al. 2013). If neutron-capture
elements are preferentially produced in 8-10 M, CCSNe (e.g.,
Wanajo et al. 2003) then a biased IMF could suppress neutron-
capture abundances in UFDs. Note that the galaxy would have
to undergo at least one episode of self-enrichment for this bias
to manifest itself in the surviving stars.
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Signatures of first stars. As they are likely enriched by very
few generations of stars, UFDs are a promising place to look
for chemical signatures from the first stars (Ji et al. 2015). The
CEMP signature in particular has attracted a lot of attention,
with Pop III stars emerging as a strong candidate to produce
these strange abundance signatures (see Norris et al. 2013 for a
comprehensive overview). The four stars in Boo II have mild
carbon overabundances ([C/Fe]~0.5), but not beyond the
CEMP threshold of [C/Fe] > 0.7. Compared to the halo stars,
this is not too surprising: only ~35% of halo stars with
[Fe/H] < —3 are CEMP stars, and thus the probability that
four stars with [Fe/H] ~ —3 are all not CEMP is ~18%
(Placco et al. 2014). In addition, when comparing to other UFD
stars, stars with [Fe/H] 2 —3 have at most mild carbon
enhancements. It is only stars with [Fe/H] < —3 that begin
showing large [C/Fe] values. If most or all Pop III stars
produce carbon-enhanced metal yields (e.g., Salvadori
et al. 2015), this would suggest that the four stars we observed
have additionally been enriched by some standard CCSNe.
These could be either Pop III or Pop II supernovae, and a better
understanding of Boo II’s metal enrichment history is needed
to decide whether Boo Il is a sufficiently unenriched system to
cleanly study Pop III yields.

While UFD abundance patterns have traditionally been
compared to abundances of Milky Way halo stars, there are
now enough UFDs (defined as dwarf galaxies around the Milky
Way with My > —7) with chemical abundances to begin
establishing their own abundance pattern. The halo is a
complicated amalgam of stars from several different sources
(e.g., small satellites, large satellites, heated disk stars, etc.), and
the faintest dwarfs may be a more homogeneous population all
probing a more specific time in cosmic history. Boo II
exemplifies the emerging UFD abundance pattern, which is
similar to the halo in all elements except the particularly low
neutron-capture abundances. The chemical signature in more
and more UFDs suggests they are clear candidates to be ancient
survivors from the beginning of the universe, consistent with
their star formation histories (Brown et al. 2014).
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Professorship. J.D.S. acknowledges support from grant AST-
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