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Abstract. High resolution echelle spectroscopy is presented for thirteen stars lying in the direction of the Galactic centre
which, on the basis of photographic photometry and low dispersion spectroscopy, have been classified as early-B-type. Eight
of these stars have large rotational velocities which preclude a detailed analysis. The five stars with moderate to low projected
rotational velocities have been analysed using model atmosphere techniques to determine atmospheric parameters and chemical
compositions. Two of these stars appear to be evolved blue horizontal branch objects on the basis of their chemical compositions
and small projected rotational velocity. The evolutionary status of a third is ambiguous but it is probably a post-asymptotic-giant
branch star. The remaining two objects are probably young massive stars and show enhanced abundances of N, C, Mg and Si,
consistent with their formation in the inner part of the Galactic disk. However their O abundances are normal, confirming results
found previously for other early-type stars, which would imply a flat abundance gradient for this element in the inner region of

our Galaxy.
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1. Introduction

Massive, early-type stars can be used to investigate the chem-
ical composition and recent evolutionary history of galaxies
(see, for example, the proceedings of the second Boulder-
Munich workshop — Howarth 1998). Their large luminosi-
ties allow even main sequence stars to be observed at high
spectral resolution and signal-to-noise (§/N) ratio in distant
regions of our galaxy (Dufton 1998; Smartt et al. 1996b;
Gummersbach et al. 1998), and in nearby galaxies such as the
Magellanic System (Rolleston et al. 1996, 2003; Korn et al.
2002). Additionally early-type supergiants (with luminosities
up to 10° that of the Sun) can now be observed in galaxies
such as M 31 and M 33 (Trundle et al. 2002; Monteverde et al.
1997; Smartt et al. 2001; Bresolin et al. 2002) and other local
group irregular galaxies (see, for example, Venn et al. 2001).
Their short evolutionary lifetimes then ensure that they provide
information on the current status of the host galaxy.

The atmospheres of B-type main-sequence stars have
been reliably modelled to yield accurate atmospheric param-
eters (see, for example, Gies & Lambert 1992; Kilian 1992).
Additionally when differential methods are adopted, it may
be possible to deduce relative abundances to an accuracy of
0.1 dex (see for example Smartt et al. 1996b). Abundance esti-
mates are also less subject to the uncertainties implicit in other
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methods, such as dust affecting abundances from emission line
plasmas (e.g. H1I regions), or contamination from mixing with
nuclear material processed from the stellar interior for highly
evolved objects (e.g. Planetary Nebulae). However although
these objects are relatively unevolved, there is evidence that
in some cases their atmosphere may be contaminated by rota-
tional mixing (Gies & Lambert 1992; Mathys et al. 2002).

Previous stellar investigations of the chemical composi-
tion of the Galactic disk have concentrated mainly on the
anticentre direction (see, for example, Smartt et al. 1996a,b;
Gummersbach et al. 1998). More recently stellar estimates of
large scale abundance gradients (Smartt & Rolleston 1997,
Rolleston et al. 2000; Daflon & Cunha 2002) have become
available. By contrast, studies towards the Galactic centre have
been hampered by the large extinction at optical wavelengths.
However, preliminary investigations of stars with galactic lati-
tudes 2° < |b] < 10° have shown that it is possible to map both
the inner region of the galaxy (Smartt et al. 2001) and even be-
yond the Galactic centre (Ryans et al. 1997). These last two
papers and, for example, Venn et al. (1998) used the catalogues
of southern luminous stars by Reed (1993) and Reed & Beatty
(1995) to search for early-type candidates. The target selection
was based on colour—colour and colour-magnitude criteria and
these catalogues have a faint visual magnitude cut-off of ~12.5
and may not be complete.

Hence we believe that the available catalogues for these
Galactic directions are not ideal for selecting blue stars within
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the inner few kiloparsecs of the disk. In order to further
these studies, we have attempted to identify more potential
targets from a wide-field survey technique employing both
multi-colour photometry and preliminary low-resolution spec-
troscopy for spectral-type classification. The former was ob-
tained from UK photographic Schmidt plates and films (includ-
ing new exposures specially obtained for this project), while
the latter used the FLAIR multi-object spectrograph on the UK
Schmidt telescope. Ten Schmidt fields towards the Galactic
Centre were surveyed (Dufton et al. 1999, 2001) and spec-
troscopy obtained for approximately 600 blue targets. Of these,
56 stars have spectra consistent with a B-type spectral classifi-
cation. Here we report on high dispersion echelle spectroscopy
of a subset of these targets.

2. Observations and data reduction

High dispersion spectroscopy was obtained for thirteen tar-
gets using the UCLES spectrograph on the Anglo-Australian
Telescopes on the nights of the 11 and 12 July 2000. Targets
were selected from the list of blue objects discussed by Dufton
et al. (1999, 2001), which from low dispersion FLAIR spec-
troscopy appeared to be B-type stars lying towards the Galactic
Centre. High priority was given to those targets which appeared
to be early-B type and whose magnitudes implied that if they
were young stars, then they would be situated at distances of
3-8 kpc from the Sun in the direction of the Galactic Centre.

The 31 lines mm~! grating was used together with a
Tek CCD, which provided complete wavelength coverage from
approximately 3900 to 4900 A at a resolution of approximately
0.1 A in two separate settings. Additional coverage from ap-
proximately 5400 to 7400 A was obtained for three of the
targets. Bias and flat field frames were obtained at the begin-
ning and end of each night while Th-Ar wavelength calibration
frames were interleaved with the stellar spectra.

The two dimensional CCD frames were reduced using stan-
dard procedures within IRAF (Tody 1986). Preliminary process-
ing of the CCD frames, such as overscan correction and flat-
fielding was performed using the CCDRED package (Massey
1997), while cosmic-ray removal, stellar and sky spectrum
extraction and wavelength calibration were undertaken using
DOECSLIT (Willmarth & Barnes 1994).

After co-addition of the extracted spectra, further analysis
was carried out using the STARLINK DIPSO package (Howarth
et al. 1994). Such reductions included normalisation of the
spectra, estimating the stellar radial and rotational velocities
and measuring the absorption line strengths. Projected rota-
tional velocities (v sin i) were estimated by comparing observed
profiles with theoretical profiles that had been convolved with a
rotational broadening function. This method is effectively iden-
tical to that discussed by Lennon et al. (1991). For two stars,
the lines showed no significant broadening and only upper lim-
its could be placed on their projected rotational velocities. The
stellar radial velocities and metal line equivalent widths were
estimated from non-linear-least-squares fitting using Gaussian
profiles for the absorption lines and a low order polynomial
to represent the continuum. Full details of these methods can
be found in Rolleston et al. (1999) and references therein. The
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Fig. 1. Spectrum for the stars 393-03 and 591-05 covering the SiIIl
triplet near 4560 A. Also shown are synthetic spectra for the adopted
atmospheric parameters and silicon abundances. The theoretical spec-
trum for 591-05 has been convolved with a rotational broadening func-
tion to take account of its significant projected rotational velocity.

adoption of Gaussian profiles particularly for stars with sig-
nificant projected rotational velocities may not be appropriate.
For these cases, we undertook tests using rotational broadened
profiles in the fitting procedures (as discussed in Lennon et al.
1991). Differences in the equivalent width estimates were typ-
ically ten percent or less, implying that the use of Gaussian
profiles was acceptable.

Observational details are summarised in Table 1 and in-
cludes stellar co-ordinates, radial velocities (transformed to a
heliocentric frame) and projected rotational velocities, together
with typical S/N ratios for the co-added spectra and total expo-
sure times. Note that as the observing conditions varied sig-
nificantly during the two nights, the exposure times should be
treated with caution. UBV measurements for five stars were ob-
tained using the 1.0 m telescope at the SAAO (Kilkenny, pri-
vate communication). For four of the stars multiple observa-
tions were carried out with the visual magnitudes and colours
agreeing to within 0.01 mag, the exception being 45639 where
only one observation was obtained. For the remaining stars
photographic magnitudes were taken from Dufton et al. (1999,
2001). The equivalent widths estimates, which are too exten-
sive to publish here, are available from the authors on request.

The quality of the spectra varied significantly as can be seen
from the sample spectra in Fig. 1 for the stars 393-03, which
has narrow metallic absorption lines and for star 591-05, which
has the largest projected rotational velocity of the stars that
were analysed. This latter star represents the lower threshold
of the spectra which were considered suitable for further anal-
ysis. Of the fourteen stars listed in Table 1, five targets (marked
by an asterisk) were considered suitable for further investiga-
tion on the basis of their spectral types, relatively low projected
rotational velocities and S/N ratios.

Differential methods have been adopted in the model atmo-
sphere analyses discussed below, with our targets being anal-
ysed relative to bright B-type stars with similar atmospheric
parameters. The observational data for the standards were
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Table 1. Observational details for targets observed with the Anglo Australian Telescope. The five stars that have been included in the model
atmosphere analysis are marked with an asterisk. Photographic V magnitudes are quoted to one decimal place reflecting likely errors of at least

0.1 mag. Total exposure times (Tcp) are given in minutes.

Field Star RA (2000) Dec \% (B-V) (U-B) Viad vsin i Blue Red
kms™!  kms!' S/N Ty, S/N Tep

279 8* 18 133.90 4531564 1248  -0.127 -0.719 42 <10 49 40 21 15
279 9 1743 14.69 452328 13.7 - - - 90 26 105 - -
279 19% 17 392.20 -45038.7 13.05 0.214  -0.640 -55 30 26 75 20 15
391 9 1654 50.83 -341610.3 13.5 - - - 16 25 90 - -
391 23 1659 18.33 3325352 12.0 - - - 160 25 41 - -
393 3% 17495991 -3532409 1294 0.045 -0.712 -26 <10 31 52 - -
393 32 17485841 -351835.0 12.7 - - - 120 17 15 - -
454 10 1717 38.60 -284056.7 12.2 - - - 190 35 20 - -
454 27 17142559 -311216.6 13.8 - - - 110 13 30 - -
456 39*  18527.05 -28 18 3.7 12.00 0.323 -0.576 -68 45 51 134 26 15
589 33 17491123 -192950.3 12.3 - - - 140 19 17 - -
591 5% 18393558 -191410.8 13.24 0.246  -0.638 -26 130 26 60 - -
591 30 183916.88 -18118.0 13.2 - - - 120 19 60 - -

obtained using the 0.9 m Coudé feed telescope at the Kitt
Peak national Observatory for HR 1765, HR 5595 and HR 2387
or from the 2.1 m and 2.7 m telescopes at the McDonald
Observatory for BD +56°502. These observations, which had
S/N ratios in excess of 200, were reduced using similar
methods to those described above and further details can be
found in Hambly et al. (1997) and Vrancken et al. (2000)
respectively.

3. Method of analysis

A Local Thermodynamic Equilibrium (LTE) analysis of all five
stars was carried out using theoretical models based on the
grid of line-blanketed model atmospheres from the ATLAS9
code of Kurucz (1991) and LTE radiative transfer codes. The
determination of the atmospheric parameters is an iterative
process requiring consistent estimates for the effective tem-
perature, gravity, microturbulence and metallicity. Below
we discuss the criteria that were used for estimating each
parameter.

3.1. Atmospheric parameters
3.1.1. Effective temperature

An estimate of the effective temperature, T, of four of the five
stars was made by balancing the abundance estimates for sili-
con from different ionisation stages (viz. Sill/SillI or Silll/SiIV),
adopting a preliminary estimate for the surface gravity and a
microturbulent velocity of £ = 5 km s~!. Although the latter
was subsequently found to be too small for some of the stars
(see Sect. 3.1.3), test calculations showed that the effective tem-
perature estimates were not significantly affected when these
larger values were adopted. In the spectra of the star 591-05,
it was only possible to reliably identify lines from one ionisa-
tion stage for silicon and hence the effective temperature was

estimated from the neutral helium lines assuming that the he-
lium abundance was normal. Profile fittings of the very weak
Hell line at 4685 A implied an upper limit to the effective tem-
perature of this star is ~27 000 K, in agreement with our esti-
mate from the He I spectrum.

Abundance analyses showed that four of our target stars
appeared to have enhanced metallicity. In these cases, effec-
tive temperatures (and other atmospheric parameters) were
also estimated adopting atmospheres with enhanced (+0.5 dex)
metallicities. For consistency, the same methods (with normal
metallicity atmospheres) were employed in estimating the tem-
peratures of the standard stars. Table 2 summarises all these es-
timates. Uncertainties in these effective temperature estimates
will arise from several sources, viz. the moderate S/N ratio and
resolution of the spectra, the values assumed for other atmo-
spheric parameters, and the assumptions (e.g. LTE) made in
the model atmosphere analyses. We believe that our equivalent
width measurements for our target stars should normally be ac-
curate to 20%. Taking the worst case scenario, of errors of this
magnitude but with different signs in the SiI and Si v would
translate into an error in the effective temperature of approxi-
mately 2000 K. The observational data for the standard stars is
of higher quality and the corresponding errors will be less than
1000 K. In the case of errors in the adopted gravity and micro-
turbulence (as discussed below), the corresponding error in the
effective temperature would be relatively small (typically less
than 1000 K). Finally possible errors due to assumptions made
in the model atmosphere calculations are difficult to estimate.
In the case of our assumption of LTE, non-LTE results that we
are currently calculating using the TLUSTY and SYNSPEC codes
(Hubeny 1988; Hubeny & Lanz 1988) indicate that for the
SiI/SiIv ionization equilibrium the uncertainty is less than
1000 K. Hence the uncertainty in the effective temperature es-
timates for our targets is probably dominated by the quality of
the observational data and is of the order of 2000 K.
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Table 2. Adopted atmospheric parameters for the five galactic centre targets. Where appropriate estimates are listed for both normal and
enhanced (+0.5 dex) metallicity model atmospheres. The atmospheric parameters of the standard stars deduced using normal metallicity

atmospheres are also shown.

Star Temp. (K) logg '3
Normal Enhanced Normal Enhanced Normal Enhanced

393-03 23000 22000 4.5 4.5 5 5
HR 1765 23500 4.0 6

279-08 20000 20000 4.5 4.5 5 5
HR 5595 19000 4.4 5

456-39 26000 25000 4.2 4.1 10 10
HR 2387 26000 3.8 10

279-19 24000 33 15

BD +56°502 23500 3.5 13

591-05 27000 27000 3.8 3.8 15 15

HR 2387 26000 3.8 10

3.1.2. Gravity

Gravities were estimated by comparing observed profiles
for the hydrogen Balmer lines with theoretical profiles.
Normalisation of the observed spectra was complicated by the
relatively large widths of these lines, which made the contin-
uum placement difficult. This difficulty was ameliorated by us-
ing adjacent orders to determine an appropriate blaze profile.
This was then used to rectify the spectrum prior to normalisa-
tion. For the blue spectra the HB, Hy, H6 and He lines were
considered and where available a comparison was also made
with the He line.

The final adopted gravities are listed in Table 2 for both
normal and enhanced metallicities. Also listed are values for
the standard stars for normal metallicity models, which were
estimated in a similar manner. The uncertainties in these esti-
mates will arise from similar sources as for the effective tem-
perature estimates. The quality of the observed spectra for our
targets, implies a fitting uncertainty of approximately 0.2 dex,
whilst our estimated errors in the effective temperature esti-
mates would introduce a similar uncertainty. For our higher
gravity targets, non-LTE effects should small and of the order
of 0.1 dex for the low gravity object 279-19 (see, for example,
Mihalas 1972).

3.1.3. Microturbulent velocity

As was discussed previously the microturbulent velocity, &, was
initially assumed to be 5 km s~'. A curve-of-growth analysis
revealed that, although this value was appropriate for the stars
393-03 and 279-08, it was too low for the three remaining tar-
gets and also for some of the standards. Indeed, plots of the
derived abundance against observed line strength for ions such
as NII and OII revealed a positive sloping gradient. The micro-
turbulent velocity for each star was then varied until elemental

abundances were found to be independent of line strength. The
adopted values of ¢ are again listed in Table 2. It should be
noted that the microturbulent velocity assumed for star 591-05
(& = 15 km s7!) is effectively a lower limit as most of the ab-
sorption features are on or near to the linear part of the curve of
growth. The cause of this particularly high microturbulent ve-
locity in a star with atmospheric parameters appropriate a near
main sequence evolutionary state is unclear. However, adopting
a larger estimate would alter the derived abundance estimates
by typically less than 0.1 dex. For the other stars, the major
uncertainty in the determination of the microturbulent veloc-
ity will be errors in the equivalent width measurements; these
will translate into uncertainties of +5 km s~! or more in this
quantity.

3.2. Abundance analysis

Using the atmospheric parameters discussed above, the metal
lines in our targets were used to estimate absolute abundances
using atomic data taken mainly from Jeffery (1991). These
are listed in Table 3, together with sample standard devia-
tions. They are based on a logarithmic scale relative to hy-
drogen where the hydrogen abundance is 12.0 dex. As dis-
cussed above, an initial abundance analysis revealed a metal
enhancement of ~0.5 dex for all of the stars except 279-19.
Consequently for these four stars the values listed in Table 3 are
based on the atmospheric parameters in Table 2 appropriate to
an enhanced metallicity of +0.5 dex. However test calculations
indicated that in most cases use of the atmospheric parame-
ters and models with a normal metallicity would have changed
these absolute abundance estimates by less than 0.2 dex.
Uncertainties in the absolute and differential abundances
will arise from the same sources as those discussed for the at-
mospheric parameters (see, for example, Sect. 3.1.1). An ob-
servational error of 20% translates into an abundance error
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ranging from approximately 0.1dex for weak features to
0.3 dex for lines on the flat part of the curve of growth. As such
errors should be randomly distributed, the error in the mean
abundances for species with a rich spectrum should be smaller.
The uncertainties due to possible errors in the atmospheric pa-
rameters will vary with ionic species and will also depend on
the stellar atmospheric parameters. Test calculations indicate
that the major errors arise from the uncertainties in effective
temperature and microturbulence and can range upto 0.4 dex.
Note that these errors would be systematic for any given ionic
species (although in the case of the microturbulence would de-
pend on the strength of the line). Non-LTE effects will also
depend on the ion species and the adopted atmospheric param-
eters. Test calculations using the grid discussed in Sect. 3.1.1
indicate that for most species the effects are relatively small and
result in abundance changes of the order of 0.2 dex, although
for the hotter targets the effects become larger. For the differen-
tial abundances, the errors due the observational uncertainties
will effectively remain unchanged. Those due to the choice of
the atmospheric parameters will be reduced when the errors
in the atmospheric parameters are systematic. Additionally er-
rors due to non-LTE effects should be significantly reduced
provided the target and standard have similar atmospheric
parameters.

Line-by-line differential abundance analyses were also un-
dertaken for all the target stars using both normal and, where
appropriate, enhanced metallicity atmospheric parameters and
model atmospheres. The parameters for the standard stars are
those listed in Table 2 for normal metallicities. Unfortunately
the spectral coverage of the standard stars did not include all of
the lines observed in the target stars and so the differential anal-
yses was limited to the common subsets of spectral lines. The
results are shown in Tables 4 to 7, where the stars have been
grouped together on the basis of their inferred evolutionary sta-
tus (see Sect. 4). These differential abundance estimates should
be less susceptible to systematic errors due to uncertainties in
the atomic data and also any non-LTE effects. Further details
on the methods used can be found in, for example, Rolleston
et al. (1999).

4. Results and discussion

As Tables 3 to 7 demonstrate, the chemical compositions of
our target stars are not homogeneous. Hence it is appropriate
to divide the stars into subgroups. Below, the results are dis-
cussed firstly for two narrow-lined stars (393-03 and 279-08),
followed by two broad-lined stars (456-39 and 591-05) and fi-
nally the lower gravity star (279-19). For the first four targets
stars, the differential abundances estimates discussed below
will normally be for the enhanced metallicity models, although
the principle conclusions would be unaffected if the results for
the normal metallicity model atmospheres were adopted.

All five targets are plotted in an effective temperature ver-
sus gravity diagram in Fig. 2. Also shown are the theoret-
ical positions of the zero-age hydrogen burning main- se-
quence, zero-age horizontal branch, post-horizontal branch
and post-asymptotic giant branch (post-AGB), taken from
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Bertelli et al. (1994), Sweigart (1987), Dorman et al. (1993)
and Schonberner (1993) respectively.

4.1. Narrow-lined stars — 279-08 and 393-03

The stars 279-08 and 393-03 have been grouped together as
both have very sharp-lined spectra with line widths compati-
ble with a zero projected rotational velocity. Additionally they
have similar atmospheric parameters (see Table 2) and chemi-
cal compositions (see Tables 3 and 4), with for example signif-
icant enhancements for carbon and nitrogen.

The absolute helium abundance in both stars appears to be
relatively normal with that for 279-08 being slightly smaller
(see Table 3). It is hence surprising that whilst 393-02 has
a near zero differential abundance that for 279-08 implies a
helium enhancement of near a factor of two (see Table 4).
HR5595 was the standard star selected for the differential anal-
ysis of this latter target and due to the respective wavelength
coverage, only four non-diffuse helium lines could be included
in this analysis. Hence, the significance of this apparent helium
enrichment is uncertain (particularly in the light of the absolute
helium abundances) and may reflect a low helium abundance
estimate in the standard or errors in the adopted atmospheric
parameters.

The enhancements of carbon, nitrogen and oxygen in the
two target stars are very similar. The largest enhancement is
for nitrogen (0.9-1.0 dex), followed by carbon (0.6-0.7 dex) and
oxygen with (0.3 dex). The differential abundances of the heav-
ier metals are also very similar with magnesium having a near
normal composition and other elements typical enhancements
of 0.3 dex.

This abundance pattern shows some similarities to that
found previously by Trundle et al. (2001) for a field star
HD 135485. This is illustrated in Table 4, where the differen-
tial abundances for our two targets are compared with those
of HD 135485 (using the standard star HR 5595). These results
are taken directly from Trundle et al. with the generally lower
standard deviations being at least in part due to the higher S/N
ratio (of the order of 200) of their spectra. From an inspection
of this table, it would appear that the CNO overabundances are
similar in our two target stars and in HD 135485. Additionally
the helium enhancements in 279-08 and HD 135485 are similar
—however given the uncertainties of our helium abundances es-
timates this may be coincidental. The abundances of the heav-
ier elements for our targets and HD 135485 are also in rea-
sonable agreement, although the Mg enhancement observed in
HD 135485 is not observed in our targets.

Trundle et al. believed that the most plausible explanation
for the chemical composition of HD 135485 was that it was
an evolved star that had formed from material with an en-
hanced metallicity. Subsequently its atmospheric composition
had been modified by diffusion and the mixing of nucleosyn-
thetically processed material from its interior. It is possible that
a modified version of this hypothesis that takes account of the
normal Mg abundance may be appropriate to our targets.

Behr et al. (1999) have studied high resolution optical spec-
tra of 13 blue horizontal branch stars in the globular cluster
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Table 3. Absolute elemental abundance estimates for all five stars, together with sample standard deviations. The first column lists the ionization
stages that were used to estimate the element abundances. Also included are the absolute elemental abundances of y Peg, an apparently

chemically normal star lying within the solar neighbourhood.

Ion Logarithmic absolute abundances: log e(X) = log % +12

v Peg 279-08 393-03 456-39 591-05 279-19
He1 - 10.77£0.21  1095+0.22 1098 +£0.28 10.70+0.12 10.90 + 0.30
Cu 8.22+0.31 8.58+0.37 8.71 £0.32 8.21+0.29 871+0.56  7.83+0.87
N1 7.79+024 825+0.15 8.56 £0.19 8.12+£0.17 8.19+0.26  7.57+041
on 8.72+0.32 839+0.29 8.47 +0.20 8.69 +£0.16 8.69 +0.20 8.60 +0.20
Mg 7.22 7.48 7.69 7.42 7.46 6.98
Al 6.14+0.05 6.21+0.16 6.61 +0.25 6.20 +0.01 - -
Sim/m  6.90+0.15 7.16+0.29 7.39+£0.17 7.44 £0.17 7.53 £0.11 7.07 £0.06
P - <53 <55 - - -
S 7.01+031 7.39+0.31 7.65 +£0.26 - - -
Crir - <6.4 <7.0 - - -
Fe 111 6.39+0.82 - 7.58£0.06  7.80+0.37 - 7.56

Table 4. Differential abundance analyses for the stars 279-08 and 393-03. For each star there are four columns, listing the number of lines
included, differential abundances (using the standards listed in Table 2) adopting either normal or metal enhanced model atmospheres and the
sample standard deviation for the latter. Also listed are differential abundance estimates for HD 135485 taken from Trundle et al. (2001). The
differential abundances are defined as [%] = log €(X)siar — 10g €(X)sandard-

Ion 279-08 393-03 HD 135485

No. [g] o No [%] loa No. [g] loa

Normal Enhanced Normal Enhanced

Herl 4 0.31 0.28 0.07 3 0.05 0.02 0.20 4 031 0.06
C 5 0.71 0.68 0.10 3 0.56 0.55 0.29 3 0.66 0.30
N1 5 1.08 0.94 0.14 11 1.03 1.06 0.10 7 137 0.14
on 11 0.44 0.29 0.23 16 0.29 0.34 0.20 9 045 0.19
Mgl 1 -0.07 -0.03 - 1 0.15 0.07 - 5 0.62 0.06
Al 2 0.47 0.36 0.37 2 0.61 0.62 0.36 3 0.68 0.05
Si /i 5 0.08 0.11 0.17 4 0.22 0.20 0.12 7 052 0.05
S 6 0.31 0.34 0.13 8 0.42 0.38 0.17 19 0.56 0.11
Fe 11t - - - - 2 0.38 0.40 0.06 3 049 0.05

M 13. They found that the abundances of many elements dif-
fered from those implied by the underlying metallicity of the
globular cluster, which they attributed to diffusion. However
the Mg abundances in all their targets were consistent with the
underlying cluster metallicity and they concluded that this ele-
ment was not significantly affected by diffusion. Subsequently,
Moehler et al. (2000) deduced Mg abundances for 19 stars in
the globular cluster NGC6752 and again found them tightly
correlated with the cluster’s metallicity.

Assuming that the Mg abundance is a good indicator of the
underlying metallicity of our targets, it would appear that both
stars formed from material with a relatively normal (i.e. young
B-type stellar) composition. The overabundances seen in the
abundances of Al, Si, S and Fe could then reflect the effects
of diffusion processes as Behr et al. found significant enhance-
ments in both the Si and Fe abundances in their targets. The
explanation for the CNO elements is not so clear cut as both
the effects of diffusion and nucleosynthetic contamination may
be important. However if the surface contamination was from

material processed by the CNO bi-cycle, then modest deple-
tions of C and O would be expected. Hence the observed en-
hancements of these elements is probably due to diffusion. The
significantly larger enhancement of nitrogen may at least be
partly due to nucleosynthetically processed material.

Behr et al. (1999) deduced significant enhancements of
both P and Cr in their targets, which they attributed to the ef-
fects of diffusion. A careful investigation of the spectra of our
targets indicated that there was no evidence for lines due to P1I.
The situation for Cr was more ambiguous with possible identi-
fications for some Cr I features. However other lines observed
by, for example, Trundle et al. (2001) could not be identified.
Hence for both species we adopted a conservative approach and
set limits on the equivalent widths that would have been ob-
servable with corresponding limits on the element abundances
(summarised in Table 3). For Cr, the limits are not particularly
stringent with for example Venn (1995) finding a Cr abundance
of approximately 5.6 dex from A-type supergiants. Hence a Cr
enhancement of approximately a factor ten could be present in
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Table 5. Differential abundance analysis for the broad lined stars 456-39 and 591-05. The format is similar to that for Table 4. Also included
are results for LS5130, a star previously analysed by Smartt et al. (2001) using similar methods.

Ion 456-39 591-05 LS5130

No. [%] loa No. [ﬁ] o No. [ﬁ] o

Normal Enhanced Normal Enhanced

Hel 2 0.09 0.07 0.15 3 0.12 0.13 0.22 - -
Cn 3 0.51 0.47 0.12 1 0.71 0.74 - 9 0.23 0.15
N1 8 0.27 0.24 0.13 1 0.33 0.39 - 19 0.15 0.13
on 26 0.12 0.08 0.13 11 0.10 0.10 0.21 35 -0.06 0.16
Mg 1 0.19 0.15 - 1 0.15 0.19 - 1 0.42 -
Si1/mi/1v 3 0.21 0.16 0.07 2 0.20 0.26 0.01 9 0.35 0.13
Fe1x 1 0.42 0.39 - - - - - 3 0.13 0.18

our targets but undetected. By contrast the P abundance limits,
indicate that abundances for this element in not significantly
enhanced over that found in normal B-type stars (see, for ex-
ample, Trundle et al. 2001).

Although we believe that these two stars are probably
evolved objects similar to HD 135485, there atmospheric pa-
rameters are similar to those of young main sequence objects.
This can be seen in Fig. 2, where the targets lie mear to the zero-
age main sequence tracks (although their gravities are slightly
higher than predicted by such models). This have implications
for the use of early-type stars as tracers of the chemical com-
position of the interstellar medium. In particularly evolved ob-
jects may be misidentified as young (near) main sequence ob-
jects. However evolved objects are normally slowly rotating
(and hence have very sharp lined spectra), whilst their chemical
composition are often affected diffusion and dredge-up of nu-
cleosynthetically processed material. Hence normally it should
be possible to identify such objects.

4.2. Broad-lined stars — 456-39 and 591-05

Analyses of the two broad-lined stars were more problematic
than those of the narrow-lined stars discussed above. This was
due to the difficulty of measuring the shallow absorption fea-
tures present in their spectra. However it was still possible to
estimate absolute abundances for C, N, O, Mg, Si and for one
star Fe. In general these absolute abundances imply a modest
enhancement for all elements, although the O abundances ap-
pear to be near normal. Additionally for both stars there is no
evidence for a relative enrichment in nitrogen, which implies
that significant rotational mixing of material from the stellar
core has not occurred in this case.

For the differential abundance analysis of the target star
456-39, the standard star, HR 2387 was employed. 456-39 has
only a moderate projected rotational velocity (45 km s~!) and
hence it was possible to measure a significant number of ab-
sorption lines down to an equivalent widths limit of approxi-
mately 40 mA. As found in the absolute abundance analysis,
a general metal enhancement is implied for this star, ranging
from 0.12 dex for O to 0.51 dex for C. The He abundance,
which was deduced from non-diffuse lines, may also show a
marginal enhancement but this does not appear to be statis-
tically significant. Although the Fe abundance is based on a

Table 6. Distances were estimated from UBV measurements and by
employing the same method as that used by Smartt et al. (2001). A
distance estimate is also given for the lower mass cases of the three
sub-luminous stars.

Star d (high mass) d (low mass)
(kpe) (kpe)

279-08 3.7 1.0

279-19 15 3.6

393-03 4.2 1.1

456-39 3.2 -

591-05 11 -

single line, it is interesting that it yields a similar overabun-
dance to other elements.

The results for the target star 591-05 are less reliable due to
its larger projected rotational velocity (see Table 1), which lim-
ited equivalent width measurements to lines that were stronger
than 80 mA. The standard star HR 5595 was used for compari-
son in the differential abundance analysis. Helium again may be
slightly enhanced although this result is not statistically signifi-
cant. The metal abundances are based on small numbers of ab-
sorption features but show a similar pattern to that for 456-09,
with the C overabundance being the highest while the O abun-
dance is near normal.

Smartt et al. (2001) have analysed the spectrum of four
B-type targets towards the Galactic Centre, which they be-
lieve to be young unevolved stars; the methods used were
very similar to those discussed here. Their best observed tar-
get was LS 5130 due to the high S/N ratio of its spectrum and
its low projected rotational velocity. In Table 5, the results for
LS 5130 are summarised and show a similar pattern to 456-
09 and 591-05. In particular, there is a general enhancement
of metals apart from the O abundance that appears to be near
normal.

The targets studied by Smartt et al. had V-magnitudes in
the range 11.1-12.1 and were estimated to lie at distances
ranging from 4 to 9 kpc from the Sun. Because of their dif-
ferent Galactic longitudes, their estimated distances from the
Galactic Centre were between 2 and 5 kpc. Hence as discussed
by Smartt et al., they may provide probes of the composition
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of the interstellar medium at approximately 4 kpc from the
Galactic Centre. Our two targets are approximately one mag-
nitude fainter (see Table 1). Distance estimates for all five of
our targets were obtained by employing the same method as
that used by Smartt et al. As can be seen in Table 6, this led to
estimates of 3.2 kpc for 456-39 and 11 kpc for 591-05. In turn
adopting a distance to the Galactic Centre of 8.5 kpc, we can
estimate their distances from the Galactic Centre. The galac-
tic longitude of 456-39 is effectively zero (see Dufton et al.
1999, 2001), implying a galactocentric distance of 5.3 kpc.
The longitude of 591-05 is 12° leading to a distance from the
Galactic Centre of 3.2 kpc.

The distance estimates to our targets will be affected by
many uncertainties including errors in the atmospheric parame-
ters and the interstellar extinction. However, they lead to galac-
tocentric distances that are similar to those found by Smartt
et al. for their four targets. Additionally the chemical composi-
tion of stars within and between the two groups show similari-
ties indicating that they may have originated from comparable
interstellar material. Hence in Table 8, we summarise the range
of elemental abundances found for all six targets. Additionally,
we list the mean abundance and standard deviation (weighted
by the number of lines included in the analysis for each star) for
each element; we note that these results would be effectively
unchanged if the results for each star were weighted equally.

The range of abundances estimates found for each ion indi-
cate a general enhancement of metals. Indeed for all elements
apart from oxygen, the mean abundance estimates would im-
ply that this is typically 0.4 dex. Given the difference between
the galactocentric distance of the sun and this group of stars
of approximately 5 kpc, this would imply linear logarithmic
abundances gradients of approximately —0.08 dex kpc™', con-
sistent with that found previously in the anticentre direction
from observations of stars, H II regions and PN nebula (see,
for example, Rolleston et al. (2000) and references therein).
The standard deviations for these abundance estimates are rel-
atively large (typically +0.20 dex), which will be in part due to
uncertainties in the analysis. However they may also reflect real
differences in the metal abundances in individual stars. This
would be consistent with the stars being formed from material
with a range of galactocentric distances as implied by their cur-
rent galactocentric distance estimates ranging from 2 to 6 kpc
(also as discussed by Smartt et al. (2001), these targets lie at
some distance from the galactic plane and may have been born
at a different galactocentric distance to that currently observed).

For oxygen, the situation appears to be radically differ-
ent with a mean abundance estimate that is effectively nor-
mal. Additionally both the range in abundance estimates and
the standard deviation of the mean are far smaller than for the
other elements. This may now reflect the uncertainties in the es-
timates without there being any additional contributions from
variations in the stellar oxygen abundances. Hence we confirm
the findings of Smartt et al. (2001) that stellar observations im-
ply that the oxygen abundance gradient flattens at small galac-
tocentric distances. This is consistent with the small abundance
gradients for oxygen found in M 31 by Trundle et al. (2002)
from observations of early-type supergiants. However it should
be noted that their results covered a relatively wide range of
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Table 7. Differential abundance analysis for the low gravity star 279-
19. An enhanced metallicity analysis was not necessary for this star.

Ion No. of [ﬁ] loa
lines Normal
Hel 3 +0.13 0.15
Cnu 2 -0.22 0.40
N1 4 -0.02 0.36
on 27 +0.01 0.30
Sim/1v 4 -0.35 0.17
Fe 1 1 +0.15 0.00

galactocentric distances (5-20 kpc) and that they also deduced
small gradients for magnesium and silicon. Hence the agree-
ment for the oxygen abundance gradients in the two galaxies
may be fortuitious and indeed reflect independent phenomena.
Afflerbach et al. (1997) and Rudolph et al. (1997) have esti-
mated abundances for nitrogen, oxygen and sulphur in H II re-
gions from infra-red emission lines. Although Rudolph et al.
were not able to independently determine the oxygen and sul-
phur abundances, both studies found significant abundance gra-
dients (typically —0.06 to —0.10 dex kpc™!) with no evidence for
any flattening of the gradient at low galactocentric distance.

The apparent flattening of the oxygen abundance gradient
in the inner Galaxy is a puzzling phenomenon. As discussed
briefly in Smartt et al. (2001) there is limited quantitative mod-
elling of the chemical evolution of metal rich galactic regions
combined with detailed metallicity dependent yields. This pre-
cludes comparison of our results with model predictions on an
individual element basis. For example barred galaxies tend to
have shallower abundance gradients than non-barred ones (see
Martin & Roy 1994 and references therein), with the explana-
tion being that gas flows along the bar induce strong mixing
and reduce the gradients. If the Milky Way is indeed a barred
galaxy (Weinberg 1992) then this could be a explanation for
the decreasing O gradient. But that would not explain why the
Mg and Si abundances continue to rise significantly. Both Mg
and Si are produced along with O in supernovae of type II, and
with similar production sites it is hard to envisage gas flows
along the bar affecting one of the elements but not the others.
In addition, the models of Portinari & Chiosi (1999, 2000) also
indicate that the O abundance gradient may indeed flatten off in
the region 3 < R, S 6kpc, but again their models also predict
the same should occur for the type II supernovae products Mg
and Si. There has been some work into metallicity dependent
yields from massive stars and in particular the yield from core-
collapse supernovae at varying metallicities. E.g. Prantzos et al.
(1994), Maeder (1992). In these studies there is some sugges-
tion that the O yields from type II supernovae do decrease as
metallicity increases, however there is no detailed study of all
the a-processed elements, that would allow quantitative com-
parison with our results.
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Table 8. Range of abundances estimates for different elements for the
normal young targets observed here and by Smartt et al. (2001). Also
listed are the mean values and standard deviations.

Element Range Mean
C +0.1-+0.7 +0.34 £0.25
N +0.2—+0.6 +0.33 £0.20
(6] -0.1-+0.2  +0.06 £0.11
Mg +0.1-+0.7 +0.37 +£0.20
Si +0.2—-+0.8 +0.39+£0.22
S +0.1-+0.7 +0.39 +£0.17

4.3. Low gravity star — 279-19

The star 279-19 differed from our other targets in that it had a
significantly lower surface gravity and appeared to have a near
normal metallicity; hence an enhanced metallicity analysis was
not considered necessary. The differential analysis was relative
to a star in the double cluster h and y Persei, BD +56°502,
which has been classified as a giant. Vrancken et al. (2000)
undertook a non-LTE analysis of its spectrum and found no
evidence for any mixing of nucleosynthetically processed ma-
terial to its surface. Hence we believe that it should provide a
reliable standard.

The chemical composition of 279-19 appears relatively
normal particularly considering the uncertainties in the individ-
ual abundance estimates. Its atmospheric parameters are con-
sistent with it being either a normal young star or an evolved
low mass object. If it is the former, a bolometric magnitude
of —7.31 leads to a distance estimate of 15 kpc from the Sun
and approximately 3 kpc from the galactic plane. Although
this is possible, we believe that it is more likely that 279-19
is an evolved star. Then one possibility is that it is at a post-
asymptotic-giant branch evolutionary stage — see, for exam-
ple, Blocker & Schonberner (1990). The evolutionary models
of Schonberner (1983, 1987) would imply that 279-19 had a
mass of approximately 0.56 solar masses and was evolving rel-
atively slowly from the asymptotic-giant branch to become a
white dwarf.

Indirect evidence for this evolutionary scenario is that the
He line is observed to be in emission (see Fig. 3). Additionally
the spatial extent of the emission is significantly larger than
that of the stellar continuum. Indeed after allowing for effects
of seeing (with a FWHM =~ 1.5 arcsec), the FWHM of the spa-
tial extent of the nebular emission is approximately 4.6 arcsec,
which would correspond to approximately 0.080 parsecs for
a stellar distance of 3.6 kpc. For LSIV-12111, Conlon et al.
(1993) deduced an angular extent for the nebular emission of
1.2 arcsec corresponding to a spatial extent of 0.023 parsec for
their distance estimate. Hence the spatial extent of the nebular
emission in 279-19 would appear to be a factor of 3—4 larger
than that for LSIV-12111. We note that the estimated effec-
tive temperature of 279-19 is larger than that for LSIV-12111
(Ryans et al. 2003) and this may explain at least in part the
different sizes of the surrounding nebulae.

Alternatively 279-19 could have evolved from the extended
horizontal branch. Dorman et al. (1993) have discussed this
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Fig. 2. The position of our targets in an effective temperature versus
gravity diagram. The narrow-lined stars are represented by squares,
the broad-lined stars by diamonds and the low gravity star by a trian-
gle. Representative error bars of +2000 K in effective temperature and
+0.2 dex in logarithmic gravity are adopted. Also shown are the the-
oretical positions of the zero-age hydrogen burning main- sequence
(ZAMS), zero-age horizontal branch (ZAHB), post-horizontal branch
(post-HB) and post-asymptotic giant branch (post-AGB) (Bertelli
et al. 1994; Sweigart 1987; Dorman et al. 1993; Schonberner 1993
respectively).
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Fig. 3. Spectra of the Ha region for three of our targets. The pure ab-
sorption spectra of 279-08 and 456-39 are consistent with them being
on the blue horizontal branch and the hydrogen burning main sequence
respectively. The strong emission for 279-19 is consistent with it being
a post-asymptotic-branch object.

scenario and in particular find that if the star retains suffi-
cient envelope mass it will start to ascend the AGB but will
evolve off it prior to the onset of a thermal pulse. Dorman
et al. characterise such objects as post-early AGB stars and
find they are generally less luminous (log L/L; < 3) than
PAGB stars. From our atmospheric parameters and inferred
masses, the luminosity of 279-19 is approximately 2 x 10° L,
which appears to be inconsistent with this scenario. Hence
we conclude that 279-19 is probably a PAGB star but other
possibilities cannot be definitely ruled out. Then its chemi-
cal composition would be consistent with that found for other
PAGB candidates, such as LSIV-12111 (Ryans et al. 2003),
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although it does not show the marked C deficiency that has
been found in some targets with similar atmospheric parame-
ters e.g. PHL 1580 (McCausland et al. 1992)

5. Conclusions

The principle aim of the survey of blue objects towards the
Galactic Centre reported by Dufton et al. (1999, 2001) was to
identify young early-type stars. The high extinction towards the
Galactic Centre meant that the survey concentrated on regions
with galactic latitudes between 5 and 10° from the Galactic
plane. From a combination of photographic photometry and
low dispersion multi-object spectroscopy, Dufton et al. iden-
tified approximately 130 objects in ten Schmidt plate fields
which appeared to be B-type objects. Of these, 32 objects
were identified as having a spectral type of B3 or earlier and
hence particularly suitable for abundance studies as their spec-
tra would contain features due to C, N, O, Mg, Si and possi-
bly Fe.

The high resolution spectroscopy presented here had two
main aims. Firstly to validate the selection procedure used by
Dufton et al. and then to use the spectra to investigate the chem-
ical composition towards the Galactic Centre. Encouragingly
all thirteen targets appeared to be early B-type stars. However
for most of them the large projected rotational velocity coupled
with their moderate spectral S/N ratios precluded a model at-
mosphere analysis. Of equal concern is that of the five remain-
ing targets only two could be confidently identified as young
objects. Hence it would appear that an additional filtering of
the targets identified by Dufton et al. is required. This would
ideally be achieved using moderate dispersion spectroscopy
(with a velocity resolution of approximately 20-40 kms™!),
which should be sufficient to exclude both fast rotators and very
narrow-lined evolved objects. Additionally such spectroscopy
should allow stellar atmospheric parameters to be deduced
from the hydrogen and helium features (see Dufton et al. 1999).
In turn this would allow low-gravity objects, which may be
PAGB stars, to be excluded, which is important as such objects
can show significant broadening (probably due to macroturbu-
lence) in their spectra (see, for example, Ryans et al. 2003) and
hence the use of line widths alone is not sufficient to identify
these objects.

For the specific objects analysed here, two appear to
be evolved blue horizontal branch objects with an initially
near normal metallicity whose surface composition has sub-
sequently been modified by diffusion and possibly contamina-
tion by nucleosynthetically processed material. A third object
could be a normal early-type supergiant but is more likely to be
an evolved object evolving from the AGB. The remaining two
objects are probably young objects and show enhanced abun-
dances of N, C, Mg and Si, consistent with their formation in
the inner part of the Galaxy. However their O abundances are
normal, confirming results found previously for other stars in
this region by Smartt et al. (2001). This would in turn imply a
flat abundance gradient for this element in the inner region of
our Galaxy.
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