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Abstract

Chemical abundances of eight O- and B-type stars are determined from high-resolution spectra obtained with the
MIKE instrument on the Magellan 6.5 m Clay telescope. The sample is selected from 42 candidates for
membership in the Leading Arm (LA) of the Magellanic System. Stellar parameters are measured by two
independent grids of model atmospheres and analysis procedures, confirming the consistency of the stellar
parameter results. Abundances of seven elements (He, C, N, O, Mg, Si, and S) are determined for the stars, as are
their radial velocities and estimates of distances and ages. Among the seven B-type stars analyzed, the five that
have radial velocities compatible with membership of the LA have an average [Mg/H] of —0.42 + 0.16,
significantly lower than the average of the remaining two, [Mg/H] = —0.07 & 0.06, which are kinematical
members of the Galactic disk. Among the five LA members, four have individual [Mg/H] abundance compatible
with that in the LMC. Within errors, we cannot exclude the possibility that one of these stars has an [Mg/H]
consistent with the more metal-poor, SMC-like material. The remaining fifth star has an [Mg/H] close to Milky
Way values. Distances to the LA members indicate that they are at the edge of the Galactic disk, while ages are of
the order of ~50-70 Myr, lower than the dynamical age of the LA, suggesting a single star-forming episode in the
LA. Visgr of the LA members decreases with decreasing Magellanic longitude, confirming the results of previous

LA gas studies.
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1. Introduction

The Magellanic Stream (MS, Mathewson et al. 1974;
D’Onghia & Fox 2016), including the Bridge (Kerr 1957;
Hindman et al. 1963) and the Leading Arm (LA) is a well-
known, ~200° long HT1 structure, evidencing the interaction
between the Small and Large Magellanic Clouds (SMC and
LMC, respectively) and the Milky Way (MW) (Nidever
et al. 2010). In recent years, comprehensive studies of these
structures have been carried out to understand the complex
interactions between the Clouds and the MW, and hence to
provide constraints on the gravitational potentials of these
galaxies.

The LA has a complex structure, consisting of as many as
four substructures according to For et al. (2013) and Venzmer
et al. (2012), situated above and below the Galactic plane and
encompassing 60° width. Absolute proper-motion measure-
ments of the Clouds include the determination based on data
from the Hubble Space Telescope by Kallivayalil et al.
(2006, 2013) and the ground-based study of Vieira et al.
(2010). These were used by Diaz & Bekki (2012) to explore a
tidal model that simulates the Clouds’ interactions. In their
modeling, a leading arm can be produced from the tidal
interaction, but the observed multi-branch morphology of the
LA and its kinematics are not reproduced. It has thus been

* Based on observations with the 6.5 m Clay telescope at Las Campanas
Observatory, Chile (program ID: CN2014A-057).

suggested that the LA is hydrodynamically interacting with
both the Galactic gaseous disk (McClure-Griffiths et al. 2008)
and the hot halo (Diaz & Bekki 2011). If this is the case, we
may expect newly formed stars in the LA.

In order to explore this hypothesis, Casetti-Dinescu et al.
(2012, hereafter CD12) searched for candidate OB-type stars
over a ~7900 deg” region including the Magellanic Clouds, the
Bridge, the Leading Arm, and part of the Magellanic Stream.
That study was based on photometry from the Galaxy
Evolution Explorer (GALEX) Survey (Bianchi et al. 2011),
2MASS (Skrutskie et al. 2006), the Southern Proper Motion
Program’s catalog 4 (SPM4, Girard et al. 2011), and the
American Association of Variable Star Observers All Sky
Photometric Survey (APASS, Henden et al. 2011), and on
proper motions from SPM4. The outcome was a list of 567
young OB-type candidates as possible members of the MS.

In a subsequent study, Casetti-Dinescu et al. (2014,
hereafter CD14) analyzed the kinematics and spectral prop-
erties of 42 of the above-mentioned OB candidates using
intermediate-resolution spectra. These candidates were selected
to be in three stellar overdensities in the LA region, above and
below the plane. CD14 found a total of 19 young, OB-type
stars. Of these, five young B-type stars had radial velocities
(RVs) compatible with LA kinematics, and a low velocity
dispersion of ~33kms~'. They also found one O6V star with
an age of 1-2 Myr situated ~39 kpc from the Galactic center.
These discoveries suggested that recent star formation occurred
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Table 1
Observation Log from Magellan/MIKE*
ID SPM ID R.A. Decl. Vv Start Instrument Exposure S/NP
J2000) J2000) uT) (s)
CD14-A05 0390510021 11:10:58.34 —73:14:09.63 15.8 05:53:54 MIKE-Blue 1800 x 2 19
MIKE-Red 21
CD14-A08 0390226948 11:42:50.38 —76:14:01.06 15.5 02:54:16 MIKE-Blue 1900 x 3 30
MIKE-Red 32
CD14-Al1 0390314266 11:49:50.47 —75:16:23.49 154 04:18:10 MIKE-Blue 1800 x 2 18
MIKE-Red 20
CD14-A12 0400047074 11:50:32.16 —74:28:37.93 14.6 07:33:20 MIKE-Blue 1400 x 2 25
MIKE-Red 27
CD14-Al15 0400042068 12:19:07.15 —74:33:13.61 15.5 09:12:11 MIKE-Blue 2400 x 1 4 2000 x 2 31
MIKE-Red 32
CD14-B02 2880084481 10:14:50.54 —43:45:06.30 13.7 00:07:16 MIKE-Blue 1100 x 1 40
MIKE-Red 43
CD14-B03 2890097375 10:33:18.72 —42:56:49.19 14.3 00:28:29 MIKE-Blue 1800 x 1 38
MIKE-Red 40
CD14-B14 2310104323 11:27:08.11 —48:20:15.18 14.5 01:00:51 MIKE-Blue 2400 x 1 37
MIKE-Red 40
Notes.

% The observation was taken on 2014 March 31.

b Signal-to-noise ratios, which were evaluated at 4000 and 5800 A for blue and red sides, respectively.

in the LA as a likely consequence of the hydrodynamical
interaction between the MS and the Galactic disk where the MS
crosses the Galactic plane.

The aim of the present work is to further study the detailed
chemical abundances of these young stars. We wish to (1)
understand the origin of these stars and thus further constrain
the history of the LA, and (2) explore whether there is a
chemical difference between young stars that are kinematical
members of the LA and those that are not. To this end, we have
selected a sample of eight stars: three above the Galactic plane
and five below (including the O6V star). Also, of these eight
stars, five are the aforesaid likely kinematical members of the
LA, while three are not. We determine the abundances of
the elements helium, carbon, nitrogen, oxygen, magnesium,
silicon, and sulfur using high-resolution spectra obtained with
the Magellan Inamori Kyocera Echelle (MIKE; Bernstein
et al. 2003) on the Magellan 6.5 m Clay telescope at Las
Campanas Observatory (Chile).

The observations are described in Section 2. The method and
the procedures of the determination of stellar parameters and
abundance analysis are described in Sections 3 and 4. The
results are presented and discussed in Sections 5-7, with a
summary in Section 8.

2. Observations and Data Reduction
2.1. Target Selection

McClure-Griffiths et al. (2008) derived a kinematic distance to
the LA of d ~ 21 kpc from the Sun Also, H1 gas velocities in the
LA are in excess of 100kms ' (see, e.g., Figure 8 in Nidever
et al. 2010). Therefore, we primarily selected stars whose distances
are close to 21kpc with RV > 100kms™' from the pilot,
intermediate-resolution spectral study of CD14. In our sample, we
also included three stars with RV < 100 kms™" for the purpose of
comparison. For observational reasons, faint stars (V > 16) were
excluded. This leaves eight stars as targets in our study. We
designate our stars as “CD14-A™ for those below the Galactic
plane, at Magellanic coordinates (Ayy, Byy) ~ (15°, —22°), and as

“CD14-B™” for those above the plane, at (Ay, Byy) ~ (42°, —8°).
The detailed spatial distribution of the stars can be seen in Figure 1
of CD14, and we do not repeat it here. In our sample, CD14-A08
is the previously identified very hot, massive (~40 M), young
(1-2 Myr) star with spectral type of O6V at a heliocentric distance
of ~39kpc (CD14). The remaining seven stars are B-type stars.

We list our stars in Table 1, which includes the current
designation, the SPM4 identification number, equatorial
coordinates, V magnitudes, as well as other observation details.

2.2. High-resolution Spectroscopy and Data Reduction

High-resolution spectra were obtained with the MIKE
instrument on the 6.5m Clay telescope in 2014 March for
these eight stars. The setup gave a resolution of R ~ 33000 and

~ 29000 for blue (3200-5000 A) and red (4900-10000 A)
s1des, respectively. The average seeing and airmass during
the observations were 1”2 and 1.3, respectively. The spectra
were binned during the data collection. MIKE binned 3 x 2
were used, where 3 and 2 are spatial and spectral direction,
respectively. Table 1 summarizes the observation details and
exposure times.

The standard Carnegie Python Distribution (CarPy) routines for
MIKE were used for data reduction, including order identification,
wavelength calibration, flat-field correction, background subtrac-
tion, one-dimensional spectra extraction and flux calibration. The
RVs of targets were measured by cross-correlation with a
synthetic template whose temperature and gravity are similar to
those of the targets after continuum rectification. We used the
IRAF' task FXCOR'' based on the standard algorithm of Tonry
& Davis (1979), where the synthetic template was taken from the
synthetic spectra library of Munari et al. (2005). Two telluric
oxygen A bands: the band 6884 A, transition (0, 1) and the band
7621 A transition (0, 0) were also adopted to correct the RV

10 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation (Tody 1986, 1993).

! http:/ /iraf.noao.edu/projects /rv /fxcor.html
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CD14-B14, S/N=40, T 4=15250+900,
lpgg=3.5+0.16

CD14-B03, S/N=40, T,;=15650 +700,
logg=3.71+0.13

CD14-B02, S/N=43, T.4=15100+600,
logg=3.7 +£0.12 [

WWWM”

CD14-A15, S/N=32, T 4=14750+1200,
logg=4.1+0.2

CD14-A12, S/N=27, T ;=16750+1300,
logg=4.0+0.2

Normalized Flux

CD14-Al11, S/N=20, T 4=15750+1500,
logg=3.98 +£0.23

CD14-A08, S/N=32, T,;=44250+1100,
logg=4.85+£0.17

CD14-A05, S/N=21, T,;=15000 +1000,

logg=4.25+0.2 |

He I

5810 5830 5850 5870 5890 5910 5930 5950

A [A]

Figure 1. Examples of spectra obtained with the Magellan/MIKE for the eight target stars. The vertical dashed line indicates the position of He 1 (5876 A).

zero-point, where the molecular data were taken from the Hlgh-
resolution TRANsmission molecular absorption (HITRAN)
database.'” The signal-to-noise ratios (S /Ns) of the spectra at
4000 and 5800 A are also presented in Table 1. Examples of a
portion of the spectra are shown in Figure 1 and the obtained RVs
are listed in Table 2.

'2 hitps: //www.cfa.harvard.edu /hitran/

3. Stellar Atmosphere Parameters
3.1. Measurements

The effective temperature (T.s), surface gravity (logg), and
atmospheric helium abundance of the target stars were measu-
red by fitting the observed hydrogen and helium lines with
synthetic spectra. The stellar model atmospheres we emplo-
yed for target stars are interpolated from comprehensive grids
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Table 2
Radial Velocity, Distance Modulus, and Age for the Target Stars

(m — M), (mag)

D RV (kms™ ") Age (Myr)
Isochrones Wegner (2006)

CD14-A05 SA 1 133 £9 25 £ 15 154+ 03 163 + 0.2

SA T 83 +7 16.5 £ 0.4
CD14-A08 48 + 8
CDI14-All 71 £ 10 65 £6 157 £ 0.5 159 £0.3
CD14-A12* 33+7 35+5 15.1 £ 0.2 150+ 03
CDI14-Al15 162 £ 8 70 £ 20 152 +£03 15.6 £ 0.2
CD14-B02 170 £5 75 £ 8 153+ 02 148 £ 0.3
CD14-B03 227 £6 70 £ 10 159 £ 0.1 155 £ 0.3
CD14-B14 202 £7 70 £ 10 16.6 £ 0.2 156 £ 0.3
Note.

# Super-solar metallicity isochrones.

of metal line-blanketed, nonlocal thermodynamic equilibrium
(NLTE), plane-parallel, hydrostatic model atmospheres of
O-type (Lanz & Hubeny 2003a, OSTAR2002) and B-type
(Lanz & Hubeny 2007, BSTAR2006) stars, with opacity
sampling, which is a simple Monte Carlo-like sampling of the
superline cross sections and solar abundance. Both sets of grids
were generated by TLUSTY, a program for calculating plane-
parallel, horizontally homogeneous model stellar atmospheres in
radiative and hydrostatic equilibrium (Hubeny & Lanz 1995).

The OSTAR2002 grid contains 12 values of T,
27,500 K < T < 55,000 K with steps of 2500 K, eight of
logg (cms ?), 3.0 < logg < 4.75 with steps of 0.25, and 10
chemical compositions, from metal-rich relative to the Sun to
metal-free, while the BSTAR2006 includes 16 values of T,
15,000 K < T < 30,000 K with steps of 1000 K, 13 of log g
(cms™?),1.75 < log g < 4.75 with steps of 0.25, six chemical
compositions and a microturbulent velocity of 2kms ™', from
twice to one-tenth of the solar metallicity and metal-free. For
more details on the grids and computations of model
atmospheres, we refer the reader to Lanz & Hubeny
(2003a, 2007) and references therein. For all our targets, the
solar-metallicity (Z/Z. = 1) grid is adopted. However, for
CD14-A05 and CD14-A12, which show strong helium lines,
an additional super-solar metallicity (Z/Z., = 2) grid was also
employed.

The spectrum synthesis program we adopted for line synthesis
is SYNSPEC, a general spectrum synthesis program (developed
by Ivan Hubeny & Thierry Lanz).'® It can compute line formation
under both LTE and NLTE conditions. In our analysis, the input
model atmospheres are NLTE, therefore the automatic NLTE
treatment mode of SYNSPEC is employed, in which the program
automatically decides which levels are treated in NLTE, and
assigns proper NLTE populations to the lower and upper levels of
a given transition. The input model atoms and ions (Lanz &
Hubeny 2003b) are provided by TLUSTY.'"* The form of the
intrinsic line profiles is a Voigt function, in which natural, Stark,
van der Waals, and thermal Doppler broadening are all included,
while a Gaussian function is considered for rotational broadening.
Stellar parameters are determined using a spectrum synthesis
procedure that includes the Balmer series lines from Ho to H10
(excepting He, which is blended with a Ca II H line) and nine He 1

13 http:/ /nova.astro.umd.edu/Synspec49 /synspec.html
14 http:/ /nova.astro.umd.edu /Tlusty2002 /tlusty-frames-data.html

lines, ie., 4009 A, 4026 A, 4120 A, 4143 A, 4388 A, 4471 A,
4922 A, 5876 A, and 7065 A. For CD14-A08, He Il (4686 A) is
also considered because the line is sensitive to T

The best fitted stellar parameters are found by x? test. In
Figure 2 the sensitivity to T is shown by displaying synthetic
spectra at + AT from the best-fit value of Tor. ATor = 2000
K for CDI14-A08, CDI14-A12, and CDI14-B14. For the
remaining stars, 75" — 2000 K is too low to generate Hel
profiles correctly; therefore, in this case, AT, = 1500 K. In
Figure 3 the sensitivity to log g is illustrated by showing spectra
at log g values £0.2 dex from its best-fit value. It can be seen
that T.¢ and log g values are sensitive to He I lines and Balmer
series lines, respectively. We first used the same method as the
one described in Moni Bidin et al. (2012, hereafter MB12) to
estimate the errors on T, log g, and v sini. Specifically, the
uncertainties estimated from the \” statistics (labeled as 0,2
were multiplied by three to obtain the final error, since the
errors propagated from the data reduction procedure, such as
sky subtraction and the normalization, cannot be neglected. The
details are described in MB12 and references therein. But the
errors of T and log g are also affected by the noise level of
spectra. In order to take this into account, the uncertainties
propagated from the S/Ns (labeled as og,n) Were estimated by
resampling the data (Andrae 2010), which is a Monte Carlo
method. For each data point F\, we resample a new F, from a
Gaussian distribution with a mean value of F, and a standard

deviation o), which is calculated from oy, = S?N. Then T

(log g) of the best fit for the new resampled spectrum is re-

determined by fixing logg (T.g), log 1\1313, and vsini. The
resampling and fitting processes are repeatgd 50 times for each
star. Thus, a series of T.y (logg) for each star is obtained.
Therefore, o/ is given by the standard deviation of the series.
The uncertainties with typical S/N values are listed in Table 3.

In conclusion, the final errors on 7.¢ and log g are estimated by
Nue
. . Ny’
we refer the reader to Section 4.2. Finally, the stellar parameter
results and their errors are listed in Table 4.

summing 30,2 and og /N in quadrature. For the error of log

3.2. Comparisons with an MBI12-like Analysis

In order to test the reliability of the stellar parameter results,
We also perform a separate, independent measuring process
using different grids of model atmospheres and analysis code
(specifically, that in MB12) for the stellar parameters. In the work
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Figure 2. Examples of fits to the most prominent spectral features using best-fit stellar atmosphere parameters (SA I). Gray and red thick lines represent observed and
the best synthetic spectra, respectively. Blue and purple lines represent the synthetic spectra with 758 & ATy, respectively, where AT, = 2000 K for CD14-AS8,
CD14-A12, and CD14-B14, while AT.¢ = 1500 K for the remaining stars. It can be seen that He I lines are more sensitive to Ty

of MBI12, the grid of model spectra is computed with Lemke’s
version'” of the LINFOR program (developed originally by
Holweger, Steffen, and Steenbock at Kiel University), which is
based on LTE model atmospheres of ATLAS9 (Kurucz 1993).
The grid covers 7000 K < T < 35,000K, 2.5 < logg < 6.0,

and —3.0 < log T < —1.0. For CDI4-A08, whose Tu is
higher than 4O,OOOHK (from the intermediate-resolution spectral
study of CD14), a grid of metal-free NLTE model atmospheres of
Moehler et al. (2004) is employed. In this analysis, Balmer series
from HB to HI2, four Hel lines (4026 A, 4388 A, 4471 A,

4922 A), and two Hell lines (4542 A and 4686A) were

'3 hitp: / /a400.sternwarte.uni-erlangen.de / ~ai26 /linfit/linfor. html

fitted simultaneously. For more details on the grids of model
atmospheres and analysis code, we refer the reader to MB12 and
references therein.

Comparisons of the atmospheric parameters between the two
analyses are presented in Table 5 and Figure 4. For conven-
ience, we label our default spectral analysis process described
in the previous subsection as “SA I,” and the separate one a
la MB12 as “SA I.”

The comparison reveals a generally good agreement between
the two parameter sets, apart from two problematic cases.
Specifically, the nature of the initially suspected hot O-type star
CD14-A08 is still obscure (see Section 5.1.1), and the
measurements for this star were challenging, while the SA II
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Figure 3. Similar to Figure 2, but for variations of log g. Blue and purple lines represent the synthetic spectra with log g, = 0.2 dex, respectively. In this case,

Balmer series lines are more sensitive to log g values.

Table 3
Uncertainties of Stellar Parameters from S/Ns
S/Ns
10 20 30 40
AT (K) 1000 800 650 430
Alogg (dex) 0.20 0.16 0.13 0.09
Alog ];\]f: 0.13 0.11 0.09 0.07

temperature of CD14-A05 is lower than the cooler end of the
BSTARS grid, hence a direct comparison of the results is
doubtful. With the exclusion of these two stars, the mean

difference is only 74 K in T, and —0.08 dex in logg. The
offset in log g seems systematic, although negligible compared
to errors. SA II logg estimates tend to be lower than SA I
values by ~—0.1dex. Rotational velocities are in good
agreement (mean difference 8 km s_l), but it should be recalled
that SA II estimates are relatively rough, because v sini in this
method is an input value of the routine and not a fit parameter.
The helium abundance shows no systematic offset between the
two parameter sets, but the differences are very large in some
cases. However, the SA II results may not be very reliable,
because the upper end of the employed grid is at solar
abundance (log 1:}“5 = —1), while most of the stars (six,
according to SA I)Hhave super-solar values.
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Table 4
Stellar Parameters Measured by Two Independent Methods for Target Stars
NHe

D Terr (K) logg log Mo vsini

I I I I I I I I
CD14-A05 15,000 £ 1000 13,700 = 300 4.25 £0.22 3.81 + 0.09 +0.13 £ 0.34 +0.57 £ 1.14 110 £ 15 130
CD14-A08 44,250 £+ 1100 43,300 £ 1400 4.85 £0.17 429 £ 0.12 —1.69 £ 0.24 —-1.35£0.15 25 £ 10 50
CDI14-Al1 15,750 £ 1500 16,000 = 900 3.98 +0.23 3.88 £ 0.18 —0.72 £ 0.30 —1.29 £0.18 60 £ 10 80
CDI14-A12 16,750 £+ 1300 16,400 + 700 4.00 £+ 0.20 3.92 £ 0.15 —0.07 £ 0.26 —0.01 £ 0.36 45 + 10 50
CDI14-Al15 14,750 £ 1200 14,500 £ 500 4.10 £ 0.20 4.11 £0.15 —0.65 £ 0.25 —1.55 £0.18 230 £ 20 230
CD14-B02 15,100 + 600 15,000 + 300 3.70 £ 0.12 3.65 £+ 0.09 —0.57 £0.18 —0.55 £0.12 22+£5 30
CD14-B03 15,650 £ 700 15,500 + 500 371 £0.13 3.68 + 0.09 —1.14 £0.19 —1.30 £ 0.12 15+ 10 0
CD14-B14 15,250 £ 1000 15,400 + 700 3.50 + 0.21 329 +£0.15 —0.70 £ 0.25 —0.75 £ 0.24 310 £ 20 310

Note. The parameters labeled I are measured by NLTE grids of TLUSTY, and the parameters labeled II are measured by an independent grid (LTE for B stars) and

analysis code of LINFOR.

Table 5
Comparisons of Stellar Parameters between the Two Analyses
ID ATetr (K) Alogg Alog 11\:/71-: Avsini
CD14-A05 1300 £+ 1044 0.44 £ 0.24 —0.44 £ 1.19 —20 £ 15
CD14-A08 950 + 1780 0.56 + 0.21 —0.34 + 0.28 -25+£10
CD14-Al1 —250 £ 1655 0.10 £+ 0.29 0.57 £0.35 —-20 £ 10
CDI14-A12 350 £ 1390 0.08 £ 0.25 —0.06 £+ 0.44 -5=+10
CDI14-Al15 250 £+ 1240 —0.01 £0.25 0.90 + 0.31 0+20
CD14-B02 100 + 780 0.05 £ 0.15 —0.02 £ 0.21 —-8+5
CD14-B03 150 £ 990 0.03 £ 0.16 0.16 £ 0.22 15+ 10
CD14-B14 —150 + 1410 0.21 £ 0.26 0.05 £ 0.35 0+£20

Note. A = SAT-SAIL

A star-by-star analysis reveals that the two sets of results
show good agreement within the 1o region for CD14-A12,
CD14-B02, CD14-B03, and CD14-B14, while for other stars
we find:

1. CD14-A05—the two sets of stellar parameter results show
a large discrepancy, but within the lorange. The main
reason for the discrepancy is that the cooler end of the
BSTARS grid (used in SAT) is 15,000 K. Although the
model atmospheres could be extrapolated from the grid,
this is only in a case where the T.¢ and log g values are
not far from the limits of the grid, that is, smaller than the
grid steps. Therefore, the parameter values of SA I are the
best ones we could find in the possible grid ranges of
BSTARS. On the other hand, the SA II results are also
problematic, because this star is extremely helium-rich.
The SA II routine extrapolated the helium abundance
beyond the model grid by about 1.5 dex, and this fact can
easily affect the resulting stellar parameters. We found
that forcing a lower helium abundance in the SAII
routine could increase logg by up to 4.0-4.2dex,
consistent with the SA I value, but could never increase
the resulting temperature beyond 13,800 K. With the
SA Tl results, BSTARS and SYNSPEC failed to generate
the HeI 5876 A and 7065 A lines and generated Balmer
series lines that were too broad for the observed
spectrum. As a reference, a grid of a super-solar
model atmosphere is adopted to estimate the stellar
parameters, and the results are T = 15,200 += 1100 K,

logg = 4.30 + 0.20dex, log 3% = —0.00 + 0.32 dex,
H

and vsini = 110 & 10 kms~". Although the atmosphere
with super-solar metallicity results in a lower He

abundance, the T, log g, and v sini are consistent with
the SA I's results in the 1o region.

. CD14-A08—the T and log g from SA I are much higher

than those from SA II. The reason for this discrepancy is
that neither SA I nor SA 1II can fit the Balmer series lines
perfectly for this star, that is, the cores and the wings of
Balmer series lines cannot be fit simultaneously. Within
the SA II method, the cores are weighted more, and
model wings are shallower than those observed, which
leads to a lower logg. Since N III—which lies on the
wings of Hé—can be detected and therefore used to
determine the nitrogen abundance, the fitting process in
SA I is weighted in favor of fitting the wings. The line
cores are consequently poorly fit, as can be seen in
Figure 8. The final logg value falls outside the grid of
both SA T and SA II, because it is higher than the upper
limits of OSTARS and lower than the lower limit of the
grid of Moehler et al. (2004). However, in the case of
SA I, the out-of-grid 0.1 dex extrapolation is smaller than
the grid step of 0.25 dex.

. CDI14-All and CDI14-Al5—for these two stars, the T,

log g, and vsini of SA I and SA II are consistent within
lo. But the helium abundances of SA I are higher than
those of SA II by 0.57 and 0.90 dex, respectively. For
CD14-A11, SA II derived a 250K higher T.¢, which
leads to a ~0.10dex lower He abundance, a 0.10 dex
lower logg, and a 20km s~ lower v sini, which results
in a ~0.18 dex higher He abundance. Therefore, a higher
log 1]\\’;’“‘ value from SA II is expected. The situation of
CD14-A15 is quite similar. We explore possible reasons
for this discrepancy by performing the following tests for
the two stars:
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Figure 4. Comparison between the two sets of stellar parameters derived from different grids of model atmospheres. The parameters labeled “I” are measured using
NLTE grids of TLUSTY (our default method), while those labeled “II” are measured with the separate, independent grid (LTE) and analysis code of LINFOR (as
in MB12). The black star symbol represents our O-type target, CD14-A08. The dashed lines represent a one-to-one correlation, while the dotted line represents a linear
fit to the data. In the bottom left plot, the thick solid line shows a linear fit after removing three presumed outliers.

(1) we used routines of SA I with the T.y, logg and
vsini derived from SA Il to remeasure helium
abundances, and we obtained higher values, i.e.,
log 2 = —0.60 + 0.25dex and log 2= = —0.57+

0.22 gex for CD14-A11 and CD14-A15 ,Hrespectively.
The results are in good agreement with the values
from SA L
(ii) we repeated the SA 1II process, fixing helium abundances
to values derived from SA I then redetermining T,
log g, and v sin i, and found that the differences between
the new T5fU, loggSAl, and vsiniSA! and the
previous SA II ones are within 1 o.

The tests confirm that T, log g, and v sini are only slightly
affected by the helium abundance, and that the helium
abundance derived with SA II is somehow underestimated.

For the parameters 7., log g, and v sini, which are mainly
measured from the Balmer series lines, the two sets of stellar
atmospheric parameters agree reasonably with each other.
Removing three outliers, namely CD14-A05, whose model
atmosphere is limited by the present grid of BSTARS, and

CDI4-All and CDI14-A15, whose log ™ values were
H

obviously underestimated by SA II, the two sets of He
abundance results are also in good agreement. As discussed
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above, with SA II parameter results, SYNSPEC cannot gene-
rate correct Hel lines for CD14-A05 or correct Balmer line
wings for CD14-A08. For consistency, we will adopt SA I
results for the subsequent abundance analysis.

3.3. Age and Distance Calculation

With the measured stellar parameters, we determine the age of
the target stars via comparison of their position in the
temperature—gravity plane with solar-metallicity PARSEC iso-
chrones (Bressan et al. 2012). The uncertainty in this estimate is
given by the error box associated with the stellar parameters. This
is shown in Figure 5. The isochrones also return an estimate of the
absolute magnitude My of each star. Thus, we calculate the true
distance moduli (;m — M), from the apparent V magnitudes of the
SPM4 catalog, de-reddened with the maps of Schlegel et al.
(1998) as corrected by Bonifacio et al. (2000), and assuming a

standard reddening law with Ry = - BAV = 3.1. We have veri-

fied that the results are not affected within errors by the use of the
calibration of Schlafly & Finkbeiner (2011), and that the distance
moduli obtained using the 2MASS J and K, magnitudes are
consistent with those obtained in V, with no systematics. We have
also tested our results with an alternative method, estimating the
spectral type of each star from its temperature and gravity, and
then using the calibration between spectral type and absolute
magnitude of Wegner (2006). The star CD14-A08 was excluded
from this determination because its nature (a true main-sequence
or an sdO star, see Section 5.1.1) is uncertain, and the proce-
dure could lead to misleading conclusions if this star were
misinterpreted.

4. Abundance Analysis

Using the stellar parameters obtained with the stellar model
atmospheres and synthesis code described in Section 3, we
proceeded to determine the elemental abundances of carbon,
nitrogen, oxygen, neon, magnesium, silicon, and sulfur by
fitting observed lines with synthetic spectra. We did not
determine the iron abundance because there are no clear,
unambiguous iron lines that can be detected in the current low
S/N data.

4.1. Line Synthesis

We adopt the solar composition from Grevesse & Sauval
(1998) in this process. The atomic line data of elements,
including log gf values and central wavelength, are mainly
selected from Kurucz & Bell (1995). For some lines, the
absorption oscillator strength log gf is selected from the NIST
Atomic Spectra Database.'® If the value on NIST is labeled
with “B” or a higher grade, which means that the uncertainty
region of loggf is <10%, the NIST value was used in our
analysis instead of that from Kurucz & Bell (1995). For each
detected unblended line, the best fitted abundance value is also
found by x? test. Figure 6 shows an example of finding the best
abundance values. For blended lines—for instance, the Sm
triplet, which is blended with Hel at 4142 to 4148 A—we
varied sulfur abundance with fixed helium abundance to derive
the best fit for the whole spectrum in the wavelength range. The
mean abundance of each element is derived from all lines that
can be detected. For stars in which feature lines for certain
elements cannot be detected clearly, the feature that is at the
position of the theoretical absorption line was fitted, and the
maximum value for this element that could fit the spectrum is
considered as the upper limit for its abundance.

4.2. Abundance Determination and Uncertainties

For each element, synthetic spectra are produced using the
stellar parameters measured with the SA I procedure and with
various abundance values. These synthetic spectra are then
compared with the observed ones. A x” test was employed to
establish the best fit for detected absorption lines. Uncertainties
in abundances are mainly caused by (1) observation error; (2)
uncertainties in the analysis of individual lines, including
random errors of atomic data and fitting uncertainties; (3) errors
in the continuum rectification; (4) uncertainties of the stellar
parameters; (5) statistical error from line-to-line analysis.

The uncertainties from the observation error are also estimated
by resampling the data (see Section 3.1). The processes of
resampling and abundance determination are repeated 50 times

16 http://www.nist.gov/pml/data/asd.cfm
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Figure 6. y* value as a function of abundance. He I A5876 is shown as an example.

for each star. Thus, we obtain a distribution of abundance values
for each star. In our analysis, the distributions are approximately
Gaussian. Therefore, the best abundance values and their unce-
rtainties are given by the mean and the standard deviation of the
Monte Carlo distributions. An example of how we derive the
uncertainties is shown in Figure 7. The uncertainties with typical
S/Ns are listed in the last row of Table 3.

An uncertainty of 10% in log gf was also adopted to explore
its effect on the abundance. This results in an error of 0.02 dex
on average.

The continuum around some lines, such as He 3965 A Cn
6578 A, and C 11 6583 A, is affected by the wings of the Balmer
series lines. It is thus difficult to pinpoint an accurate continuum
location for this wavelength range, which has a direct effect on
the abundance determination. In the worst case, the error in
continuum rectification was estimated to be 5%, which results in
a change in the abundance of up to 0.05 dex.

Errors in the stellar parameters listed in Table 4 will propagate
into the final abundance determinations. The effect on the
abundances is estimated by varying atmospheric parameters and
rotational velocity as listed in Table 6 for two stars in our sample:
CD14-A08 (O-type) and CD14-B02 (B-type).

The scatter in the abundance determinations from different
lines gives another estimate of the uncertainty. This error is

10

estimated by dividing the standard deviation (o) of the derived
abundances from individual lines by the square root of the
number of lines used (N%). For instance, the standard deviation
of the abundance determinations from HeI lines of CD14-B02
is 0.14 dex, and the uncertainty (0 - N~'/2) is about 0.05 dex.
For elements with only a small number of lines available (e.g.,
C, 0), the o of Hel (typically 0.07 dex) is adopted instead of
the o of those species.

Finally, the overall abundance uncertainty is estimated by
summing the uncertainties from these five sources in quadrature.
The synthetic spectra fitted to the observed ones with their
corresponding 1o error ranges are shown in Figures 8-11, using
representative CII, N1, N1, O, O, Mg 11 4481 A, Si1l, and
S1I as examples.

5. Results
5.1. Abundances

The derived abundances are summarized in Table 7 and
shown in Figure 12 (triangles/red symbols). For CD14-A05 and
CD14-A12, abundances derived from the metal-rich model
atmospheres (Z/Z) are also shown for comparison (see yellow
symbols in Figure 12). Abundances derived using the metal-rich
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model atmosphere appear slightly, but systematically, lower than
those obtained using the solar-metallicity model atmosphere;
however, values are consistent within their 1o errors.

Mg abundances of all B-type stars from our sample are sub-
solar or near-solar, within uncertainties. CD14-A08, the only
O-type star, has super-solar Mg abundance, and will be
discussed in detail below. He abundance appears super-solar in
all B-type stars, except CD14-B03 which is slightly sub-solar,
but within uncertainties it may be solar. C abundances of the
B-type stars show enrichments to different degrees above solar,
except CD14-A11 which is near solar.

We proceed now to discuss individual stellar results. First,
we discuss the O-type star CD14-A08, and then the B-type
stars.

11

5.1.1. CD14-A08

This star was classified as an O6V star in CD14. As discussed
in CD14, if CD14-A08 is an O6V star, its young age (1-2 Myr)
and large Galactocentric distance of ~39 kpc (CD14) suggest that
it was born in situ. However, with its updated stellar parameters
of T.;=44250+ 1100 K, logg = 4.85 + 0.17 dex, and
[He/H] = —0.69 + 0.24 dex, which is measured by fitting the
wings of Balmer series lines, CD14-A08 is more likely an
underluminous He-deficient subdwarf O (sdO) star. Heber
(2009, 2016) summarized abundance features of sdO stars: (1)
only a relatively small fraction of sdO stars are He-poor; (2) such
He-deficient sdO stars show no C and N; (3) elemental
abundances of He-deficient sdOs are similar to those of subdwarf
B (sdB) stars, in which O and Mg are on average slightly sub-
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Table 6
Abundance Uncertainties Linked to Stellar Parameters
Star Abundance AT (£1100 K) Alogg (+0.17) vsini (£10 kms™}) Total Error
CD14-A08 log € (He) +0.15 F0.14 +0.08 +0.22
O-type star log e (C)
(S/N) = 26) log € (N) +0.16 +0.15 +0.09 +0.24
log € (O) F0.13 +0.14 +0.10 +0.22
log € (Mg) +0.14 +0.15 +0.07 +0.21
log € (Si)
log e (S)
AT.g (£600 K) Alogg (£0.12) vsini (£5kms™")
CD14-B02 log ¢ (He) +0.10 F0.08 +0.07 +0.15
B-type star log e (C) +0.10 +0.08 +0.06 +0.14
(S/N) = 37) log € (N) +0.09 +0.08 +0.06 +0.13
log € (O) F0.10 +0.06 +0.07 +0.14
log ¢ (Mg) +0.10 +0.07 +0.07 +0.14
log € (Si) +0.11 +0.08 +0.07 +0.15
log e (S) F0.11 +0.08 +0.06 +0.15
Table 7
Elemental Abundance Results of the Targets
CD14-A05 CD14-A08 CD14-Al1 CD14-A12 CD14-A15 CD14-B02 CD14-B03 CD14-B14
log ¢ (He) 12.06 + 0.34 10.24 + 0.24 11.21 + 0.30 11.86 + 0.26 11.28 £+ 0.25 11.36 + 0.18 10.79 £+ 0.19 11.23 + 0.25
log € (C) 9.20 + 0.32 <8.02 8.41 £+ 0.24 9.71 £ 0.25 <9.25 9.09 + 0.16 8.58 £ 0.18 <8.82
log e (N) 8.31 £ 0.26 <9.45 8.17 £ 0.25 8.89 +0.25
log € (O) 8.72 £ 0.31 <9.79 9.49 + 0.20 9.61 + 0.20
log e (Mg) 7.01 +0.35 8.19 £ 0.23 7.46 + 0.27 7.57 £ 0.25 7.11 £ 0.24 748 + 0.16 7.14 £ 0.18 7.08 + 0.29
log € (Si) <8.25 <742 745 +0.29 <7.75 <8.05 7.57 +0.16 7.36 + 0.18 <8.05
log € (S) <8.50 <8.33 <793 7.63 + 0.23 7.71 £ 0.25
[He/H]" 1.13 +£ 0.34 —0.69 + 0.24 0.28 + 0.30 0.93 + 0.26 0.35 + 0.25 0.43 +0.18 —0.14 £ 0.19 0.30 + 0.25
[C/H] 0.68 + 0.32 <—0.51 —0.11 £ 0.24 1.19 + 0.25 <0.73 0.57 + 0.16 0.05 + 0.18 <0.30
[N/H] 0.39 + 0.26 <1.53 0.25 + 0.25 0.97 + 0.25
[O/H] 0.11 + 0.26 <0.96 0.66 + 0.20 0.78 + 0.20
[Mg/H] —0.57 £ 0.35 0.61 + 0.23 —0.12 £ 0.27 —0.01 +£0.25 —0.47 £ 0.24 —0.10 £ 0.16 —0.44 £ 0.18 —0.50 + 0.29
[Si/H] <0.70 <—0.13 —0.10 + 0.29 <0.20 <0.5 0.02 + 0.16 —0.19 £ 0.18 <0.5
[S/H] <1.00 <1.00 <0.60 0.30 + 0.23 0.38 + 0.25
Note.

# Solar compositions are taken from Grevesse & Sauval (1998).

solar. Besides, sdO stars are typically Population II stars with large
velocities, found at high galactic latitudes. In the spectra of CD14-
AO08, no clear and notable C lines can be detected because of low
S/N, and only upper limits can be given to the C abundance,
which is actually much lower than the solar abundance.
Detectable OTI 5592 A gives slightly sub-solar O abundance,
which is also expected for sdOs. However, strong N1l 4097 A
(see upper panel of Figure 8) and Mgl 4481 A lines were
detected, implying super-solar abundance, which is unusual for an
sdO. With a relatively low log g for an sdO, it is possible that
diffusion processes may favor an enhancement in Mg (U. Heber
2017, private communication), but the N enhancement still cannot
be explained. Based on the atmospheric parameter and abundance
features, the nature of CDI14-A08 is uncertain. Abundance
determinations for this hot star could be modified by selective
emission effects. However, according to Heap et al. (2006) and
Walborn et al. (2010), metal lines that appear in either absorption
or emission in the optical spectral region include N1V 4058 A,

12

Si1Tv 4088 A, 4116 A, NIIT 46344641 A, C 1T 4647-4651 A,
and S1v 4486 A, 4503 A. Among these lines, SilVv 4088 A,
4116 A occurs only at very high temperatures (Zo;r > 50,000 K),
and then only weakly. If the emission effects were not
considered, the abundance would be somewhat overestimated.
However, because of the low S/N of the spectrum, the metal
lines listed above cannot be detected clearly, especially for S
(there is no [S/H] estimated for the star). It is difficult to explore
the emission effects in detail from the present observations. For
this reason, we only list upper limits of [X/H] for C and Si. As
we described above [N/H] was estimated from N 11 4097 A.
N I 46344641 A are not clear enough to be analyzed (see the
third plot of Figure 8). For this star, we list all the information
that we can obtain from the present data. Its nature remains
uncertain. For this reason we did not include the star in the
following discussion about the LA. To further explore the nature
of this star, more data need to be gathered and analyzed, which is
beyond the purpose of this paper.
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Figure 8. Examples of fits of observed spectra (black dots) with synthetic spectra (thick lines) for CD14-A08. The shaded area shows the 1o fitting error range.

5.1.2. CDI4-A05

It is an He-rich star with [He/H] = 1.13 £ 0.34. Even
considering its uncertainty, the helium abundance is large. This
star also shows evidence of caﬂrbon enhancement. That is,
intermediate C 11 4075 and 4267 A are detected, which give an
abundance result of loge (C) = 9.20 & 0.32. Sinl lines are
buried in the noise of its spectra. They are not very clear,
therefore we present only an upper limit on Si abundance.
Becau§e of its rapid vsini, ST lines combined with Hel
4143 A cannot be separated clearly. Only an upper limit on S

abundance can be estimated by fitting line wings of Hel
4143 A.

5.1.3. CDI14-A11

Observed Hel lines, C1 4075 A, and MgIIl 4481 A are
broader than synthetic ones, even after convolving the measured
vsini value (60 = 10 km s ). If a larger v sini is considered,
Balmer series lines cannot be fitted well. The present v sini may
lead to overestimates of the abundance for these elements during
the fitting process, with consequently larger error bars.

13
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Figure 9. Examples of fits of observed spectra (black dots) with synthetic spectra (thick lines) for the C II lines of our B-type target stars.

5.14. CD-A15 and CD14-B14

These two stars have large rotational velocities. Weak lines
cannot be detected, due to the broadoening effects oof rotation.
Only strong lines such as HeI 5876 A, MgIl 4481 A, and C1II
4267 A can be detected and used in the abundance determina-
tion. The measurement of stellar parameters and determination
of elemental abundances are made more difficult by having so
few line features. Therefore, we do not have sufficient infor-
mation for reliable abundance determination for these two stars.
Also, rotational broadening implies that the abundance is
insensitive to the variance of the stellar parameters. Therefore,
the uncertainties of the abundances for the two stars are

14

relatively large. We only show upper limits of carbon abundance
for the two stars although super-solar carbon abundance is
suggested by the broad, flat C 1 4267 A line.

5.1.5. CDI14-A12, CD14-B02, and CDI14-B03

Most of the absorption lines used in our chemical analysis are
detected for these three stars. The average S/N values for CD14-
B02 and CD14-B03 are the highest in our stellar sample. Similar
to CD14-A05, CD14-A12 is a helium-rich star with strong carbon
enhancement even when the model atmosphere with super-solar
metallicity is employed. Strong N1 3995 A can be detected in
the spectra of CD14-A12 and CD14-B03, which represents a
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Figure 10. Same as Figure 9, but for representative N 1I and O II lines. Only stars for which O I and N II lines could be detected are shown.

significant nitrogen enhancement. Abundances of Mg and Si for
these three stars are all slightly sub-solar, while the S abundance is
super-solar.

5.2. Radial Velocities

The results of our RV measurements are given in Table 2.
Three stars below the Galactic plane (CD14-A08, CD14-All,
CD14-A12) show an RV lower than 75kms_1, compatible
within 20 with the kinematics of thin-thick disk populations
derived from the Besangon Galactic model (Robin et al. 2003), as
shown in Figure 13. These stars are likely not LA members.
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However, CD14-A11 and CD14-A12 are at z ~ 2 and z =~ 3 kpc
from the plane, respectively. Young stars can be found far from
the nominal b = 0 plane at some Galactic longitudes due to the
warped and flared thin disk (e.g., Carraro et al. 2015), but this is
not expected here in the fourth Galactic quadrant. Hence, these
two stars most probably did not form in situ, but are Galactic
runaway stars leaving their birthplace in the Galactic plane at high
velocity. The remaining five stars have RVs in excess of
130 kms ™" and consistent with LA membership.

A comparison between our RV measurements and the
first-epoch values of CD14 shows excellent agreement. The
RV differences are taken as ours minus CD14 hereafter, with
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errors being the quadratic sum of the uncertainties of the two
measurements. The star CD14-A08 shows the largest RV
variation (ARV = —23kms ') but this is still not overly
significant (1.70). The nature of this star is also unclear
(see Section 5.1.1), so it will not be considered in the
discussion. All the other stars show variations lower than
|ARV| = 5kms ', which is nearly half the average errors,
and very tiny compared to the huge variations typical of
massive B-type binary stars. The only exception is the target
CD14-A12, whose variation of ARV = 17kms™"' is sig-
nificant only at 1.70.
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The binary fraction f of Galactic massive stars is very high,
with preference for close systems with large RV variations. For
example, Kouwenhoven et al. (2007) found f > 70% at a
3oconfidence level among A- and B-type stars in the Scorpio
OB2 association. Thus, our null detection is surprising, because
the probability of having no binary system among seven stars is
lower than 1% if f > 50%. However, a null detection does not
mean the absence of binaries, because the result must be
weighted by the detection efficiency of the observations. To
explore the significance of our result, we modeled a population
of binaries as in Moni Bidin et al. (2006), and we checked the
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NGC 4755 (in the MW), NGC 2004 (in the LMC), and NGC 330 (in the SMC) from Trundle et al. (2007) are represented with crosses, open diamonds, and filled
diamonds, respectively. The C abundances of NGC 2004-D15 (in the LMC, open diamonds) and HR 3468 (in the solar neighborhood, crosses) from Przybilla et al.

(2008) are also shown for reference.

fraction of detections given our two-epoch observations and a
detection threshold of ARV =20kms '. The synthetic
population was uniformly distributed in v sini, phase, and
mass ratio, with an M = 5M. primary and a uniform
distribution of periods in the range P = 0-100 days (Sana
et al. 2008, where the large majority of massive binary stars are
found). We thus found that the mean detection probability of
our observations, weighted on the period distribution, is
d = 0.49. Inserting this value in Equation (4) of Moni Bidin
et al. (2009), we find that the probability of our null detection
out of seven stars is 14% (8.7%) if the underlying binary
fraction is 50% (60%). We conclude that our result implies no
compelling statistical evidence that the binary fraction in our
sample is lower than that in the normal Galactic population.
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5.3. Distances and Ages

Our estimates of ages and distance moduli for the B-type target
stars are given in Table 2. We used super-solar metallicity
isochrones with [Fe/H] = +0.5 for CD14-A12, due to the high
logl\/]\,—*}‘le derived in Section 3. The star CD14-A05 would also

require the same treatment, but its gravity (logg = 4.25 £ 0.22,
SA ) is too high for a metal-rich object, and no isochrone
matches its position in the diagram. A proper estimate is
impossible in this case. Considering the 1o log g error, the lower
limit logg = 4.03 provides an upper limit to the distance
modulus of (m — M)y < 15.7. This points to an extremely
young age (<12 Myr). Therefore, we will use a solar metallicity
isochrone to estimate its age and distance. This results in a
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Figure 13. Abundance results for He, C, and Mg as a function of RV. Open
and filled symbols represent stars that lie above and below the Galactic plane,
respectively. Downward arrows show upper limits of specific elements. The
possible LA and MW members (kinematically selected) are represented by
squares and circles, respectively. The black star symbol is CD14-A08. The
horizontal dotted lines indicate the mean solar abundance of a given element.
The vertical dotted line shows the mean value for the Galactic thin+thick disk
(Robin et al. 2003). The hatched area represents a 2¢ range about this mean. In
the bottom panel, red, blue, and yellow dashed lines and their corresponding
shaded areas represent the average [Mg/H] and 1o region of B stars in NGC
4755 MW), NGC 2004 (LMC), and NGC 330 (SMC), respectively.

distance modulus of 15.4 £ 0.3 and an age of 25 + 15 Myr. It
can be seen that the upper limit derived from the metal-rich
isochrones falls in the 1o region. Besides, this is the only star for
which SA T and SA II methods returned notably different stellar
parameters (see Table 4 and Section 3.2). The SA II parameters
return a larger distance, and an age compatible with those of the
other stars in the sample, as shown in Table 2.

6. ISM Absorption

We also investigate absorption in the interstellar medium
(ISM) along the line of sight of our target stars, in order to
check whether the star is behind MS matter or not. Absorption
features of different ISM components (Call HK lines, Na1D
lines, and the KT line) are shown in Figure 17, plotted on the
RV scale. For stars above the Galactic plane (i.e., CD14-B™™),
the absorption feature is simple, with RVs of different lines
being very close to one another. The average RV of the
five ISM absorption lines in the spectrum of CD14-B14 is
—3.60 + 10kms ™', which is comparable with the gaseous
Galactic thin disk (Galazutdinov et al. 2015). For the remain-
ing two stars above the plane, CD14-B02 and CD14-B03,
only redshifted components can be found. Specifically, the
average ISM RVs for these two stars are 13 + 6kms~ ' and
12 &+ 5kms ™', respectively. Checking the HT profiles along
each line of sight (see Figure 18), extracted from the combined
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Leiden—Argentine—Bonn survey (LAB, Fich et al. 1989;
Kalberla et al. 2005) of Galactic H 1,17’18 we notice that toward
CD14-A™ the absorption from the MW consists of blueshifted
components while the remaining pointing shows redshifted
components with RVs > 15kms™". Considering the uncer-
tainties in RV measurements and the resolution of the spectra,
the redshifted ISM absorptions detected in the spectra of CD14-
B02 and CD14-B03 may also be from the Galaxy.

For the stars located below the Galactic plane, CDI14-A™",
Doppler splitting is observed along the lines of sight. RVs span
from —40kms ' to +50 km s~ '. From the CO survey of the MW
(Dame et al. 2001), the lines of sight of these stars intersect the
foreground Chamaeleon Clouds (Whittet et al. 1997; Alves de
Oliveira et al. 2014), with an average radial velocity of —7 kms ™"
(Corradi et al. 2004). Considering both the data of the LAB
survey and the CO survey, the ISM absorption detected in the
spectra of CD14-A™" stars is from the MW and the foreground
Chamaeleon Clouds.

We do not find any significant ISM absorption at RVs in
excess of 100-150kms™".

7. Discussion
7.1. General Trends in Abundances

Trundle et al. (2007) derived abundance patterns for 61
B-type stars in four fields centered on MW clusters NGC 3293

17 Data were extracted from the LAB Survey server of the Argelander-Institut
fiir Astronomie (AIfA), which was set up for the EU under grant 510308-LLP-
1-2010-1-FR-COMENIUS-CMP.

18 https: //www.astro.uni-bonn.de/hisurvey /euhou/LABprofile/
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dashed line represents the Galactic plane.

and NGC 4755, and on the LMC and SMC clusters NGC 2004
and NGC 330 respectively, with TLUSTY. The type of stars
and the measuring procedure are close to those in our work,
therefore rendering a comparison meaningful. In our discus-
sion, we choose NGC 4755 since its location is closer to our
targets than NGC 3293 (but NGC 3293 and NGC 4775 have
similar mean elemental abundances). We investigate the
abundance patterns of our target stars by comparing with the
abundance patterns of the stars in NGC 4755, NGC 2004, and
NGC 330, chosen as representatives of the three stellar
populations: MW, LMC, and SMC respectively.

For each cluster, we use the weighted average abundances of
N, O, Mg, and Si for B-type stars. In Figure 12, we present
abundances for each target star (triangle symbols), as well as
for the three clusters: crosses for NGC 4755, open diamonds
for NGC 2004, and filled diamonds for NGC 330. Also, C
abundances of NGC 2004-D15 (in the LMC, open diamonds)
and HR 3468 (in the solar neighborhood, crosses) from
Przybilla et al. (2008) are referenced. It can be seen that C, N,
and O are highly enhanced in most of the stars, while the two
a-elements, Mg and Si, are not. Our measurements suggest that
the Mg abundance of our target B-type stars is higher than that
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of stars in NGC 330, and consistent with stars in NGC 4755
and NGC 2004, at a 1o level. Although the Si abundance can
be determined for only three stars (others are presented as
upper limits), this abundance shows a similar behavior to that
of Mg. For stars whose CNO abundances can be determined,
CD14-All shows [C/H] compatible with HR 3468, and
CD14-B02 shows [N/H] and [O/H] similar to NGC 4775.
Thus, our first conclusion as derived from Figure 12 is that the
environment in which our target stars formed is similar to that
of the MW and the LMC, and unlike that of the more metal-
poor SMC. Due to relatively large uncertainties in abundance
determinations for CD14-A15 and CD14-B14, these stars’ Mg
abundances may be consistent with the values in NGC 330.
Therefore, we cannot exclude the possibility that some of our
target stars may have formed from material as metal-poor as
that in the SMC.

7.2. Abundances versus Radial Velocity and Distance Modulus

Next, we investigate abundances as a function of kinematics
and distance modulus for our target stars. We inspect only He,
C, and Mg, since these are best determined for the entire set of
stars. Figures 13 and 14 show the abundance ratios for He, C,
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and Mg as functions of the RV and of the distance modulus,
respectively. In Figure 13, the black star symbol represents
CD14-A08. Filled and open symbols correspond to stars
located below and above the Galactic plane, respectively. In
Figure 13, the average and 20 range of RV for the thin-+thick
disk populations is also indicated, as derived from the
Besancon Galactic model (Robin et al. 2003). In the bottom
panels of Figures 13 and 14 we also indicate the average
[Mg/H] abundance for our three representative samples: the
MW (red dashed line), the LMC (blue dashed line), and the
SMC (yellow dashed line). The color-coded shaded areas
correspond to 1o ranges around the averages.

At first glance, no obvious trend of [X/H] against the RV or the
distance modulus is seen in our data. However, there is a
suggestion that stars with RV > 100kms~' have lower Mg
abundance than those with disk-like velocities. We note that the
only star with a large RV (170 & 5km s "), and a somewhat large
Mg abundance, is CD14-B02. For stars with RV > 100 km s_l,
He and C abundances tend to decrease with increasing RV and
show smaller scatters than those of stars with RV < 100kms '

In what follows we will consider stars with RVs in excess of
100kms™" to be kinematical members of the LA, while the
remaining stars are assumed to be kinematical members of the
MW disk. We argue this as follows. First, the RV dispersion of
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the five high-RV stars is ~39 kms™", which is too low compared
to ~130km s~ for Galactic runaway stars (Bromley et al. 2009;
CD14); therefore a disk runaway origin is unlikely. Second, the
stars are at the location 275° < [ < 305°, 10° < |b| < 14°,
where they are out of the Galactic Southern warp (180° <
1 < 270°, Carraro et al. 2015). Their average Galactocentric
distance (Rgc) is ~13kpc (adopting R. = 8.0kpc). The
thickness of the Galactic stellar disk shows a rather constant
scale height within Rgc ~ 15kpc and then flares out to
Rgc ~ 23kpc (Momany et al. 2006). In our sample, only
CD14-B14 is at Rgc ~ 19kpc, but the RV of the star is
202kms ', which is much higher than the Galactic disk value.
Thus, a warp origin is unlikely. Therefore, in our sample we have
two stars—CD14-A11 and CD14-A12—as kinematical members
of the Galactic disk/MW; and five stars—CD14-A05, CD14-
Al5, CD14-B02, CD14-B03, and CDI14-B14—as kinematical
members of the LA (see also Section 5.2). Calculating the
average [Mg/H] for the two groups of stars, we obtain
[Mg/H] = —0.07 & 0.07 for the disk sample, and [Mg/H] =
—0.42 £ 0.16 for the LA sample. Clearly, the LA sample is more
metal-poor than the disk sample, and in agreement with the
abundance of cluster NGC 2004 in the LMC ([Mg/H] =
—0.45 £ 0.10). Also, the larger [Mg/H] scatter of the LA group
implies that the source of LA material is complicated.
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Figure 17. Identified interstellar features in the spectra of our targets, plotted on the heliocentric radial-velocity scale.

Figure 14 displays abundances versus distance modulus. The
only apparent trend is for [Mg/H], which seems to decrease with
distance. Also, at large distances the [Mg/H] scatter is lower than
at smaller distances, suggesting that the nearer group is more
inhomogeneous than the farther one (although the number of stars
is small). We note that the sole LA kinematical member with high
[Mg/H] abundance (—0.10 + 0.16), namely star CD14-B02, also
has a small distance among the five LA members.

7.3. A Magellanic-coordinates View of Our Sample

To further investigate the kinematics of the LA members, we
explore the RV of the local standard of rest (Vi sg) and distance
properties of our data in the MS coordinate system. The
coordinates are (Ays, Byms) as defined by Nidever et al. (2008),
where the Magellanic longitude Ays runs parallel to the MS. We
will exclude CDI14-A08 because its nature is still unclear
(Section 5.1.1). Figures 15 and 16 show Vjgsr and distance as
functions of (Ays, Bums), respectively. In Figure 15 we also show
the distribution of HI clouds from Venzmer et al. (2012)
represented with circles whose diameters increase with the mass
of the cloud. As shown in Nidever et al. (2008), the LA mainly
consists of three complexes of gas—LA I (3° < Ays < 29°,
—34° < Bys < —6°); LA 1. (36° < Agys < 61°, —17° <
BMS < —100), and LA 1L (350 < AMS < 620, -2° <
Bums < +11°). We mark these areas in our Figures 15 and 16.
Our kinematical LA members are thus distributed in three
different branches of the LA gas: CD14-A05 and CD14-A15
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belong to LA I, CD14-B14 belongs to LA II, and CD14-B02 and
CD14-B03 belong to LA III.

From Figure 15, we can see that the velocities of our five
kinematical members (as defined in the previous section;
square symbols) fit well within the distribution of the H I clouds
of Venzmer et al. (2012). Our LA stars also show a trend of
increasing Vi sg with Ays. For the relevant coordinate interval
(0° < Apms < 61°, —35° < By < 5°), Nidever et al. (2010)
find that the Vi sg 1o of HI spreads from 100-350 km s and
increases with increasing Ays (see their Figure 8). This is in
agreement with our findings.

Figure 16 shows that the distances of our kinematically
selected LA members range between 12 and 21 kpc. These
distances correspond to Galactocentric radii between ~11 and
19 kpc. McClure-Griffiths et al. (2008) derive a kinematic
distance to the LA cloud HVC 30624230 of 21 kpc,
suggesting that the LA crosses the Galactic plane at a Galactic
radius of R ~ 17kpc. Considering a 20% distance error
estimated by McClure-Griffiths et al. (2008), the distance and
the Galactocentric radius of this LA high-velocity cloud lie in
the ranges 17-25kpc and 14-21kpc, respectively. These
values agree well with our distance estimates for the LA stars.
The scatter we obtain in distance is rather large; perhaps the
fact that our stars belong to different LA gaseous regions as
marked in Figure 16 may help explain this scatter. There is also
a hint that our LA stars below the Galactic plane and in region
LA I have a smaller distance than the LA stars above the
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Galactic plane. However, this is somewhat uncertain given the
two distance estimates of CD14-A05.

7.4. Final Remarks

The average age of the LA members is 59 + 18 Myr
(67 £ 15Myr if SAII parameters are used for CD14-A05).
This age is smaller than the LA evolution timescale of
~300Myr (Diaz & Bekki 2012), suggesting that our LA
kinematical members were formed in the LA. The metallicity
as represented by Mg in our study indicates that the LA
material is more metal-poor than the Galactic disk (as repre-
sented by two stars at a similar location to LA members) and
compatible with the metallicity of the LMC (as represented by
young cluster NGC 2004). The sole metallicity determination
in the LA is that of the gas along the line of sight to Seyfert
galaxy NGC 3783 by Lu et al. (1998). NGC 3783’s sky
location is in region LA II. Lu et al. (1998) find a sulfur
abundance of S/H = 0.25 + 0.07 times solar, which is similar
to the SMC metallicity. While on average our five stars indicate
a metallicity compatible with that of the LMC (see Section 7.2),
if we consider the uncertainty of the [Mg/H] determination of
CD14-A05 for instance, we find it is statistically consistent at
90% confidence with that of cluster NGC 330 in the SMC
(—0.86 + 0.12). Thus, we cannot exclude the possibility that
more metal-poor, SMC-like material could have participated in
the formation of CD14-A05 (LAI) and perhaps CD14-B14
(LATI). The small size of our sample, combined with the
abundance uncertainties, precludes a firm conclusion regarding
a more metal-poor, SMC-like origin.

These results nevertheless confirm the hypothesis that at
least parts of the LA are hydrodynamically interacting with the
gaseous Galactic disk, forming new stars. These stars are
kinematically and chemically distinct from stars of similar type
in the Galactic disk. These stars are also relatively close to our
Galaxy, compared to the distance to the LMC, i.e., ~50 kpc.
This confirms that material in the LA was able to reach the
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edge of the Galactic disk, in agreement with earlier HI results
from McClure-Griffiths et al. (2009).

While we did not find notable LA—kinematic ISM absorption
components along the lines of sight to these stars, we did find
multi-component features of the ISM in the region below the
plane.

8. Summary

The abundances of seven elements (He, C, N, O, Mg, Si, and
S) and kinematics were determined for eight O-type/B-type
stars in the area of the Magellanic LA, based on high-resolution
spectra taken with the MIKE instrument on the Magellan 6.5 m
Clay telescope.

After investigating the relationship between abundances and
kinematic parameters, we found that five stars have kinematics
compatible with LA membership, i.e., RV > 100 km s~ !, For
the five possible LA member stars,

1. Mg abundance is significantly lower than that of the
remaining two, which are representative of MW mem-
bers. Moreover, among the five LA members, four have
[Mg/H] compatible with that of B stars in cluster NGC
2004 in the LMC, while [Mg/H] of the remaining one is
close to that of cluster NGC 4755 in the MW.
Considering the stars’ individual uncertainties, we cannot
statistically exclude the possibility that more metal-poor,
SMC-like material could have participated in the
formation of CD14-A05 and perhaps CD14-B14.

. VLsr decreases with decreasing Magellanic longitude.
These decreasing trends are consistent with the conclu-
sions of the studies of LA HI gas by Nidever et al. (2008)
and Venzmer et al. (2012). Additionally, the derived
distances indicate that the LA is located at a distance of
12-21 kpc, which is in agreement with HI results from
McClure-Griffiths et al. (2008, 2009).

. Their average age and small scatter of ages suggest a
single star-forming episode ~60 Myr ago in the LA.



THE ASTROPHYSICAL JOURNAL, 835:285 (23pp), 2017 February 1

Our abundance and kinematic results for the LA member
stars demonstrate that parts of the LA are hydrodynamically
interacting with the gaseous Galactic disk, forming young stars
that are chemically distinct from those in the Galactic disk.
These results can provide constraints on future models for the
Magellanic leading material.
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