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Abstract. We have previously published intermediate to high
resolution spectroscopic observations of approximately 80 early
B-type main-sequence stars situated in 19 Galactic open clus-
ters/associations with Galactocentric distances distributed over
6 ≤ Rg ≤ 18 kpc. This current study collates and re-analyses
these equivalent-width datasets using LTE and non-LTE model
atmosphere techniques, in order to determine the stellar atmo-
spheric parameters and abundance estimates for C, N, O, Mg,
Al and Si. The latter should be representative of the present-
day Galactic interstellar medium. Our extensive observational
dataset permits the identification of sub-samples of stars with
similar atmospheric parameters and of homogeneous subsets of
lines. As such, this investigation represents the most extensive
and systematic study of its kind to date.

We conclude that the distribution of light elements (C, O,
Mg & Si) in the Galactic disk can be represented by a lin-
ear, radial gradient of−0.07 ± 0.01 dex kpc−1. Our results
for nitrogen and oxygen viz.(−0.09 ± 0.01 dex kpc−1 and
−0.067 ± 0.008 dex kpc−1) are in excellent agreement with
that found from the study of Hii regions. We have also ex-
amined our datasets for evidence of an abrupt discontinuity in
the metallicity of the Galactic disk near a Galactocentric dis-
tance of 10 kpc (see Twarog et al. 1997). However, there is no
evidence to suggest that our data would be better fitted with
a two-zone model. Moreover, we observe a N/O gradient of
−0.04±0.02 dex kpc−1 which is consistent with that found for
other spiral galaxies (Vila-Costas & Edmunds 1993).
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1. Introduction

The chemical evolution of the interstellar medium (ISM) varies
between galaxies and is both position and time dependent within
a galaxy. For example, metallicity studies of objects in the Mag-
ellanic Clouds (see Rolleston et al. 1993b, 1996) demonstrate
that the global environments of these dwarf, irregular galaxies
are completely different to that of the Milky Way. Furthermore,
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studies of young, B-type stars in Galactic clusters/associations
and field FG-type dwarfs have shown the metal content of the
ISM to differ by up to 0.5 dex over relatively small (1 kpc) spa-
tial scales (see Rolleston et al. 1994; Edvardsson et al. 1993).
Temporal variations have also been investigated and an age-
metallicity relationship has been constructed using observations
of the Galactic globular cluster and open cluster systems (see,
for example, Strobel 1991; Carraro & Chiosi 1994). These vari-
ations are a consequence of successive generations of stars hav-
ing enriched the ISM with products of nucleosynthesis that were
generated in their cores. Thus, abundance investigations provide
a key to understanding the formation and chemical evolution of
galaxies.

However, theoretical models of the chemical and dynami-
cal evolution of the Galaxy depend on many variables including
the historical star formation rate (Phillipps & Edmunds 1991),
the initial mass function (G̈usten & Metzger 1982), radial in-
flows/outflows of gas (Mayor & Vigroux 1981) and the infall
of metal-poor gas from the Galactic halo (Pilyugin & Edmunds
1996; van den Hoek & de Jong 1997). The radial variations of
metallicity within the Galactic disk (ie. abundance gradients)
predicted by such models are not tightly constrained. Thus, the
reliable determination of the extent and magnitude of radial and
spatial variations for a wide range of elements must be used
to constrain models of disk evolution (see, for example, Mat-
teucci & Francois 1989; Edmunds & Greenhow 1995; Prantzos
& Aubert 1995, Portinari & Chiosi 1999).

Considerable effort has been invested in studying metallic-
ity variations within our Galaxy and external galaxies. The exis-
tence of large-scale abundance gradients were first established
by Searle (1971) in a survey of Hii regions in six late-type
spiral (Sc) galaxies (see also Garnett et al. 1997, for a recent
review and comparison of abundance gradients in normal spiral
galaxies). Early investigations of a metallicity gradient in the
Galactic disk included the photometric studies of old open clus-
ters (Janes 1979) and evolved disk stars (Mayor 1976). How-
ever, most information concerning radial abundance gradients
have been derived from the spectroscopic investigation of Hii
regions (Pagel & Edmunds 1981; Shaver et al. 1983; Afflerbach
et al. 1997) and planetary nebulae (Torres-Peimbert & Peimbert
1977; Maciel & Köppen 1994), as observations of these bright,
gaseous nebulae are relatively easy to obtain. Such large-scale



538 W.R.J. Rolleston et al.: The Galactic metallicity gradient

Table 1.A compilation of observed radial metallicity gradients in the Galactic disk, grouped by object type, is presented. Where more than one
element is sampled, the value of the gradient is either the mean or a representative value of all the elements in that study. This list is not meant
to be an exhaustive catalogue of individual gradients derived by each author for each element, but an illustration of work already undertaken.
The more important comparisons are discussed in Sect. 6, and the reader is referred to the references below for details of each result.

Object Age Rg Element Gradient Reference
(Myr) (kpc) (dex kpc−1)

Open clusters: ≤ 104 6–16 Fe −0.05 Janes (1979)
7–11 Fe −0.09 Panagi & Tosi (1981)
7–10 Fe −0.11 Cameron (1985)
8–15 Fe −0.09 Friel & Janes (1993)
6–16 Fe −0.07 Twarog et al. (1997)

dF/dG Field stars: ≤ 104 8–12 Fe −0.05 Mayor (1976)

Cepheids: 103–104 5–15 Fe −0.07 Harris (1981)

GK-supergiants: ≤ 102 8–11 Fe −0.13 Luck (1982)

AF-type stars: 10–102 10–13 Fe −0.08 Christian & Smith (1983)

Planetary nebulae: 103–104 8–13 O −0.06 Torres-Peimbert & Peimbert (1977)
2–14 N, O, Ne −0.04 Pasquali & Perinotto (1993)
4–13 N, Ne, S, Ar −0.06 Maciel & Köppen (1994)
4–13 O, Ne, S, Ar −0.06 Maciel & Quireza (1999)

H ii regions: ≤ 10 8–14 N, O −0.16 Peimbert et al. (1978)
4–14 N, O, Ne, S, Ar −0.07 Shaver et al. (1983)
1–10 N, Ne, S −0.08 Simpson et al. (1995)
4–11 O −0.05 Afflerbach et al. (1996)

12–18 N, O, S −0.02 Vı́lchez & Esteban (1996)
0–12 N, O, S −0.07 Afflerbach et al. (1997)

13–17 N, S −0.10 Rudolph et al. (1997)

B-type stars: ≤ 102 6–13 O −0.03 Fitzsimmons et al. (1992)
7–13 N, O > −0.02 Kaufer et al. (1994)
7–15 C, N, O, Mg, Al, Si > −0.03 Kilian-Montenbruck et al. (1994)
5–14 C, N, O, Mg, Al, Si > −0.07 Gummersbach et al. (1998)

gradients now appear to be well established in both our Galaxy
and in other spiral galaxies (see, for example, the recent reviews
by Pagel 1997 and McWilliam 1997). In Table 1, an overview
is given of published estimates for the magnitudes of the abun-
dance gradients. It should be noted that this compilation is not
meant to be exhaustive, but rather a selection that is representa-
tive of that which can be found in the literature.

However, relatively few elements have been studied in a
homogeneous and consistent manner to date and the precise
behaviour as a function of Galactocentric radius (Rg) is still
rather uncertain. For example, Shaver et al. (1983) found ra-
dial abundance variations of approximately−0.07 dex kpc−1

for oxygen, nitrogen and argon from a study of 67 Hii regions
within the range of Galactocentric distances, 4.0–12.5 kpc –
with some evidence for a steepening of the gradient towards
the inner region (Rg < 6 kpc). This contrasts with the results
of the photometric study of intermediate age clusters by Janes
(1979), which indicated that the gradient steepened in the outer
Galactic disk (atRg > 9 kpc). More recently, Twarog et al.
(1997) have suggested that the metallicity distribution of clus-
ters as a function of Galactocentric distance is best described
by distinct zones (and a discontinuity), rather than a continuous
linear decline in metallicity. Given that the metallicity studies

of H ii regions and intermediate-to-old clusters sample differ-
ent epochs in the Galaxy’s history, it is essential that one relates
results from comparable objects when attempting to correlate
the data.

2. B-type stars as tracers of Galactic chemical composition

Early-type stars provide an excellent method for probing the
metallicity and recent evolutionary history of both the Milky
Way and external galaxies. As a direct consequence of their
high luminosities, early B-type dwarfs can be observed in dis-
tant regions of the Galaxy at high spectral resolution and at
a high signal-to-noise ratio. Such stars have evolutionary ages
typically less than 30 Myr and possess photospheres that arenot
normallycontaminated by core-processed material (see Gies &
Lambert 1992). Furthermore, B-type dwarfs exhibit relatively
rich, photospheric metal-line spectra with absorption features
due to C, N, O, Mg, Si, S, Al and Fe. In addition, the spec-
tral lines are mostly well separated; thus aiding the identifica-
tion of line-free regions, essential for the determination of reli-
able equivalent widths for the abundance calculations. Hence,
these objects should provide unambiguous information on the
present-daychemical composition of the ISM within the parent
galaxy.
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Such studies should also not be subject to systematic er-
rors that may be introduced by other methods. The analyses of
diffuse, emission-line nebulae may suffer from chemical frac-
tionization processes such as grain formation (see Henning &
Gürtler 1986) and element diffusion (see Bahcall & Pinson-
neault 1995) such that the measured abundances will not reflect
the true composition of the gas cloud. In particular the former
problem creates large uncertainties in the abundances derived
for refractory elements (eg. C, Si and Fe) which are particularly
susceptible to grain depletion.

There have been several attempts to measure the magnitude
of radial abundance gradients using young, B-type dwarfs as
tracers of metallicity in the Galactic disk. The first attempt was
by Gehren et al. (1985), who found an essentially flat relation
(zero gradient) for oxygen and nitrogen. Similarly, Fitzsimmons
et al. (1990, 1992) did not detect any systematic abundance vari-
ations. Although these studies extensively sampled the region
within ∼2 kpc from the Sun, viz. the Sagittarius, Local and
Perseus spiral arms, they failed to adequately survey the outer
disk beyond the Perseus spiral arm (Rg ∼ 11 kpc). Further-
more, a shallow gradient may indeed be representative of the
solar neighbourhood (see Sect. 6.4), and element depletion may
not occur until one reaches the Perseus arm and beyond. More
recently, other groups including Kaufer et al. (1994) and Kilian-
Montenbruck et al. (1994) made revised attempts of estimating
the Galactic abundance gradient. However, several factors have
almost certainly contributed to the small gradients inferred from
these stellar studies, viz. the statistical limitations imposed by
using very small samples, and errors in distance estimates or
element abundances in the critical data-points at large Galacto-
centric distances. The study by Smartt & Rolleston (1997) was
the first to establish a significant Galactic abundance gradient
of oxygen using early-type stars. This investigation involved
the analysis of some 50 stars from 18 young stellar clusters
and associations with Galactocentric distances ranging from
6 ≤ Rg ≤ 18 kpc; furthermore, it adequately sampled the outer
Galactic disk. Smartt & Rolleston (1997) derived an oxygen
abundance gradient of−0.07 ± 0.01 dex kpc−1, showing the
first agreement of such stellar studies with Galactic Hii region
and PN results. Further, explanations were given in this latter pa-
per as to why previous attempts at measuring stellar abundance
gradients found null results. More recently, Gummersbach et
al. (1998) have re-analysed a slightly extended observational
dataset of Kaufer et al. (1994) and found that errors inherent in
their previous analysis did indeed contribute to the derivation
of a flat gradient.

In this paper, we use our extensive observational dataset of
early B-type stars in Galactic disk, open clusters and associa-
tions to derive estimates of abundance gradients for additional
elements, viz. C, N, Mg, Al & Si. Unfortunately, it was not
possible to derive S & Fe abundances for a statistically signif-
icant sample of stars, due to the weakness of the Sii, Siii and
the Feiii features. Sources of the observational data (stellar at-
mospheric parameters, distances, metal-line equivalent widths)
are described in Sect. 3. The analysis of the equivalent width
datasets were undertaken using LTE and non-LTE techniques,

and these methods are described in Sect. 4 and Sect. 5 respec-
tively, with the results being discussed in Sect. 6.

3. Source of spectroscopic data

The observational datasets utilized in this paper comprise high-
resolution spectroscopy (R ∼ 10 000–40 000) of 80 stars in
19 Galactic disk, open clusters/associations. This represents
the progress of approximately 15 years of an observational
campaign and includes objects with Galactocentric distances
distributed throughout the range6.0 ≤ Rg ≤ 17.6 kpc. In
Table 2, we summarize the source of the individual spectro-
scopic datasets – providing references for the stellar atmospheric
parameters and metal-line equivalent widths, and the primary
sources of the cluster and stellar distance estimates. Smartt et al.
(1996b, 1996c) demonstrated that using a homogeneous set of
stars (with similar atmospheric parameters) permits a detailed
and reliable analysis of spatial and radial abundance variations
to be undertaken. Indeed, with a few refinements (as discussed
in Sect. 4), such a homogeneous set of stars can be extracted
from our observational datasets. The 22 objects listed in Ta-
ble 2 include 3 Galactic disk field stars; however, for simplicity
throughout this paper we will refer to the 22 objects generically
as clusters.

4. LTE abundance analysis

The methods used in the derivation of the LTE stellar atmo-
spheric parameters are similar to those previously discussed
in Dufton et al. (1990a) and Hambly et al. (1997). Primarily,
the theoretical computations were based on the grid of line-
blanketed model atmospheres of Kurucz (1991), together with
LTE radiative-transfer codes to derive the atmospheric param-
eters and chemical compositions. The atomic data were as dis-
cussed in Jeffery (1996). Further details on the individual deriva-
tions of the stellar parameters can be found in the papers refer-
enced in Table 2. It should be noted that a subsequent non-LTE
analysis of selected elements was undertaken (see Sect. 5), in
order to estimate the magnitude of uncertainties inherent in the
LTE abundance gradients due to the neglect of non-LTE effects.

Given the merits of using a homogeneous set of stars (with
similar effective temperatures and surface gravities, together
with comparable equivalent width datasets), we have invested
considerable effort in addressing possible sources of inhomo-
geneities in our sample. For example, the full dataset comprises
stars with effective temperatures spanning the range 17 500–
33 500 K, while the size of the individual equivalent width
datasets increases with the epoch of the observations (as a result
of technological advances). Furthermore, the original estimates
of the stellar effective temperatures made use of both photo-
metric and spectroscopic techniques, whilst it was not always
possible to determine a value for the microturbulence,ξ. Hence,
we have considered the effects of such possible inhomogeneities
within our sample on the derived elemental abundance gradi-
ents, and (where appropriate) we have identified sub-samples
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Table 2.Source of spectroscopic data (references).

Cluster Stellar parameters/metal-line equivalent widths Distance estimates (if different)

NGC 6611 Brown et al. (1986b) Thé et al. (1990)
NGC 6231 Lennon & Dufton (1983) Shobbrook (1983b)
NGC 6531 Brown et al. (1986a) Knude (1992)
NGC 4755 Brown et al. (1986a) Shobbrook (1984)
IC 2944 Brown et al. (1986a) Becker & Fenkart (1971)
Loose Assoc. Brown et al. (1986a) Dufton (1979)
NGC 3293 Brown et al. (1986a) Shobbrook (1983a)
Cepheus OBiii Dufton et al. (1990a) Crawford & Barnes (1970)
NGC 2362 Brown et al. (1986a) Becker & Fenkart (1971)
Berkeley 94 Dufton et al. (1994) Fitzsimmons (1993)
h +χ Per Dufton et al. (1990a) Shobbrook (1980)
NGC 457 Dufton et al. (1994) Fitzsimmons (1993)
RLWT 41 Smartt et al. (1996b, 1996c) –
Wat 1 Smartt et al. (1996b, 1996c) –
S 285 Rolleston et al. (1994) –
RLWT 13 Smartt et al. (1996b, 1996c) –
Bochum 1 Rolleston et al. (1993a) Fitzsimmons (1993)
Dolidze 25 Lennon et al. (1991) Moffat & Vogt (1975)
NGC 1893 Rolleston et al. (1993a) Fitzsimmons (1993)
MR 1 Smartt et al. (1996a) –
S 289 Smartt et al. (1996b, 1996c) –
S 283 Smartt et al. (1996b, 1996c) –

of homogeneous stars. Below we discuss these considerations
in turn.

4.1. The full sample

As a first approach, we have considered the entire stellar sample.
The adopted atmospheric parameters were used to deduce LTE
abundance estimates for all the observed metal-line features for
which atomic data were included in our line-formation codes.
This comprised 4 Cii lines, 10 Nii lines, 31 Oii lines, 1 Mgii
line, 3 Al iii lines and 6 Siiii lines. Mean elemental abundances
per star were deduced by taking the arithmetic mean of the
estimates obtained from individual lines of the same species.
Similarly, a mean cluster abundance was derived from the mean
element abundances of individual stars. In the model atmosphere
calculations, we assumed a value for the microturbulence of
5 km s−1 which has been found previously to be appropriate
from similar LTE analyses of B-type dwarfs (see Hardorp &
Scholz 1970; Gies & Lambert 1992).

4.2. Homogeneous subsets of lines

The spectroscopic observations were obtained over a 15 year pe-
riod. During this time, there have been significant technological
advances with IPCS detectors being superseded by high rela-
tive quantum efficiency and large format CCD’s. Furthermore,
it is now routine to obtain high-resolution spectra (R ∼ 40 000)
and complete wavelength coverage of faint stars withéchelle
spectrographs on 4-m class telescopes. The above have led
to different completeness levels of the metal-line equivalent
width datasets for stars observed at different epochs. Hence,

we have attempted to define a homogeneous subset of lines
using the following criteria. First, we only considered those
unblended transitions of N, O, Al & Si that were observed
in over 66% of the stellar sample. Secondly, we included ad-
ditional lines from the same multiplets as those of the pri-
mary Oii lines. For C, no lines satisfied the first criterion
and so the blue and red lines were considered independently,
while only one Mgii feature was observed in theλλ3900–
4750Å region. Thus, our subset of lines for each element in-
clude 3 Carbon (Cii 3920.69, 6578.10, 6582.90), 7 Nitrogen
(N ii 3995.00, 4601.48, 4607.16, 4613.87, 4621.29, 4630.54,
4643.09), 15 Oxygen (Oii 3912.00, 3945.04, 3954.87, 3982.72,
4072.16, 4078.84, 4092.93, 4132.80, 4590.97, 4596.18,
4638.86, 4649.14, 4650.84, 4661.63, 4676.24), 1 Magnesium
(Mg ii 4481.23), 1 Aluminium (Aliii 4528.91) and 3 Silicon
(Si iii 4552.62, 4567.82, 4574.76) features.

4.3. Homogeneous subsets of stars selected
by temperature constraints

Fitzsimmons et al. (1990) demonstrated that errors in the abun-
dance estimates, due to uncertainties in the atmospheric param-
eters, could be reduced by restricting the sample of stars to those
with effective temperatures similar to that corresponding to the
maximum line-strength of a particular ion. Our sample of 80
stars display effective temperatures within the range 17 500–
33 500 K with a mean temperature ofTeff = 25 275 ± 3 750 K.
Furthermore, the objects are all (near) main-sequence stars and
the mean logarithmic surface gravity of stars in our sample is
log g = 4.02 ± 0.25 dex. Therefore, for each species under
consideration and for a surface gravity oflog g = 4.0, we deter-
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mined the temperature (Tmax) corresponding to the maximum
line-strength, viz. 23 500 K (Cii), 25 000 K (Nii), 27 500 (Oii),
24 000 (Aliii) and 25 000 K (Siiii). For all the species studied,
the selection of stars with effective temperatures in the range
|Teff − Tmax| ≤ 5 000 K and |Teff − Tmax| ≤ 3 000 K led
to errors in the abundance estimates of less than 0.16 dex and
0.13 dex respectively for errors in the effective temperature of
±1 000 K. We therefore investigated the effect on the estimates
of abundance gradients for the afore-mentioned species using
such sub-samples of stars. For the Mgii 4481Å feature, the
line-strength peaks at a temperature around 10 000 K which is
considerably cooler than any of the stars in our sample. Hence,
for this ion we arbitrarily considered subsets of stars within
±5 000 K and±3 000 K of the mean effective temperature of
the stellar sample, viz.Teff ∼ 25 000 K.

4.4. Photometric and spectroscopic temperatures

Ideally, the atmospheric parameters should be derived for all
stars using similar techniques. However, for the determination
of the stellar effective temperature, in particular, this was not
always possible. For example, spectroscopic temperatures for
early B-type stars can be deduced from the relative strengths of
lines from two ionization stages of silicon such as Siiii/Si iv
(see Smartt et al. 1996b). Unfortunately, it was not always possi-
ble to reliably measure equivalent widths of lines from two ion-
ization stages of silicon due to a number of factors. First, if the
stellar temperature is sufficiently far from the temperature cor-
responding to the maximum line-strength of the ion, and/or the
photospheric composition was of lower metallicity, the absorp-
tion features are intrinsically weak. Secondly, for those stars that
exhibit large projected rotational velocities, the lines are often
blended with other features or one requires much higher S/N to
discriminate them from the stellar continuum. Furthermore, the
Si ii lines are subject to relatively strong non-LTE effects; hence,
it was only possible to use (where available) the Siiii/Si iv ion-
ization equilibrium to yield spectroscopic temperatures in the
LTE analysis.

Photometric temperature estimates were obtained from the
Strömgren reddening free[u − b] index using the calibration
of Napiwotzki et al. (1993), which is appropriate for main-
sequence stars. However, it is important to establish whether
the different methods for deriving effective temperature esti-
mates could introduce a bias in the derived abundance gradients.
Hence, we evaluated abundance gradients for two sub-samples
of stars corresponding to those with temperatures derived using
spectroscopic and photometric techniques. For bright, normal
B-type stars in the solar neighbourhood, Hambly et al. (1997)
did not find evidence for systematic differences between tem-
peratures derived using Strömgren indices and the Siiii/Si iv
ionization equilibrium.

4.5. Microturbulence,ξ

As discussed in Sect. 4.1, we initially adopted a value of
5 km s−1 for the microturbulence parameter in all the pro-

gramme stars. For approximately 25% of the sample, it was
possible to estimate a value for the microturbulent velocity
by adjusting this parameter so as to remove the dependence
of the derived Oii abundance upon line-strength (see, for
example, Gies & Lambert 1992). This method yielded a mean
microturbulence of 7.2±3.2 km s−1 for the sub-sample of
stars. No temperature dependence on the derived value of
ξ was observed; however, for 3 stars inh + χ Per which
are evolving off the main-sequence (log g ∼ 3.7 dex), we
measured larger values (∼12 km s−1) for the microturbulent
velocity. Excluding the latter 3 objects, we found a mean
value of ξ = 6.2 ± 2.0 km s−1. We therefore investigated
the possible effects of the afore-mentioned assumption on the
resultant abundance gradients, by adopting our derived values
of microturbulence for the 25% of the sample and a value of
5 km s−1 for the remaining objects.

4.6. Galactocentric distance

Distance estimates to the Galactic clusters and associations
can be derived using either photometric or spectroscopic tech-
niques. The photometric method employs the fitting of theoret-
ical isochrones to the observed colour-magnitude diagrams and
colour-colour diagrams (see, for example, Fitzsimmons 1993);
hence, this approach will provide reliable results for those clus-
ters which possess well populated main-sequences. For the ob-
jects within the Sagittarius, Local and Perseus spiral arms and
the two more distant clusters Bochum 1 and NGC 1893, this
criterion was certainly applicable. Therefore for these objects,
we primarily adopted values of Galactocentric distance (Rg –
see Table 3) that were based on photometric distance estimates.

However, our most distant targets are generally associated
with H ii regions which are sparsely populated (see, for exam-
ple, Turbide & Moffat 1993) and the main-sequence fitting tech-
nique yields distance estimates with rather large uncertainties.
Similarly, large uncertainties exist in the photometric distance
estimates of isolated field stars. Thus, the derived atmospheric
parameters for the 3 field stars and individual stars in the outer
Galactic disk Hii regions were compared with the evolution-
ary isochrones of Bertelli et al. (1994); isochrones were se-
lected that were consistent with the observed metallicity of each
star. These comparisons yielded stellar masses and luminosities,
which were combined with the visual bolometric corrections
(Kurucz 1979), the published apparent visual magnitudes and
reddenings (see Table 2 for references) to provide individual
spectroscopic distance determinations. Mean distance estimates
of each cluster/association were calculated using the arithmetic
mean of the individual stellar distances. These methods are dis-
cussed in detail by, for example, Rolleston et al. (1997).

The adoption of photometric and spectroscopic distances
for groups of objects, that are mainly distributed in the solar
neighbourhood and outer disk respectively, could potentially
introduce a bias into the derived abundance gradients. Hence,
we also analyzed our dataset using spectroscopic distances for
all targets.
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Table 3.LTE metal abundances are presented for our 19 Galactic disk, open clusters/associations and 3 disk, field stars (viz. RLWT 41, RLWT 13
and MR 1). The number in brackets after each abundance(n) refers to the number of stars upon which the mean abundance estimates were
based. Wheren > 1, the quoted error is the standard deviation of the mean stellar abundances and wheren = 1, this refers to the standard
deviation of the mean element abundance as determined from the individual lines.

Cluster Rg 12 + log[X=H] (n)
(kpc) Carbon Nitrogen Oxygen Magnesium Aluminium Silicon

NGC 6611 6.06�0.27 8.22�0.30 (1) 7.87�0.28 (2) 8.88�0.14 (4) 7.44�0.30 (1) 6.22�0.30 (1) 7.64�0.35 (4)
NGC 6231 6.88�0.19 — 7.96�0.26 (6) — 8.03�0.32 (4) — —
NGC 6531 7.28�0.29 — 8.27�0.07 (2) 8.84�0.18 (1) 7.85�0.30 (1) 6.37�0.30 (1) 7.78�0.09 (1)
NGC 4755 7.63�0.04 7.98�0.09 (2) 7.76�0.37 (6) 8.86�0.12 (6) 8.01�0.21 (2) — 7.36�0.17 (2)
IC 2944 7.88�0.04 — 7.95�0.00 (2) 8.85�0.07 (3) 8.00�0.14 (2) 6.51�0.04 (2) 7.48�0.22 (3)
Loose Assoc. 8.13�0.05 — 8.10�0.30 (1) 8.88�0.07 (2) 8.00�0.30 (1) 6.35�0.30 (1) 7.76�0.09 (2)
NGC 3292 8.19�0.02 7.78�0.30 (1) 7.74�0.24 (8) 8.87�0.12 (7) 7.63�0.40 (4) 6.30�0.06 (2) 7.46�0.23 (5)
Cepheus OB III 8.78�0.08 7.63�0.16 (4) 7.56�0.36 (5) 8.79�0.25 (6) 7.40�0.14 (5) 6.06�0.20 (4) 7.46�0.22 (6)
NGC 2362 9.38�0.20 — 8.09�0.14 (3) 8.87�0.02 (3) 7.89�0.12 (3) 6.38�0.30 (1) 7.41�0.04 (3)
Berkeley 94 9.90�0.10 — 7.61�0.30 (1) 8.80�0.16 (3) 7.15�0.25 (5) 6.13�0.07 (2) 7.37�0.26 (5)
h+ � Per 9.93�0.09 7.96�0.12 (4) 8.01�0.18 (5) 9.26�0.06 (3) 7.61�0.26 (4) 6.47�0.27 (4) 7.52�0.67 (3)
NGC 457 10.4�0.3 8.01�0.40 (4) 7.83�0.30 (1) — 7.12�0.30 (1) 6.18�0.06 (2) 7.38�0.42 (5)
RLWT 41 10.4�1.0 7.84�0.17 (1) 7.29�0.30 (1) 8.16�0.20 (1) — 5.95�0.30 (1) 6.80�0.01 (1)
Wat 1 11.6�0.8 7.62�0.09 7.33�0.30 (1) 8.59�0.19 (1) 7.27�0.30 (1) 5.82�0.30 (1) 7.24�0.07 (1)
S 285 12.3�0.3 7.58�0.04 7.78�0.45 (2) 8.86�0.22 (2) 7.46�0.04 (2) 6.08�0.27 (2) 7.68�0.33 (2)
RLWT 13 13.1�1.0 7.40�0.21 (1) 7.24�0.30 (1) 8.50�0.26 (1) 7.32�0.30 (1) 5.86�0.30 (1) 7.09�0.14 (1)
Bochum 1 13.2�0.2 7.74�0.12 (1) 7.62�0.05 (2) 8.58�0.20 (1) 7.34�0.09 (2) 5.99�0.30 (1) 7.45�0.02 (2)
Dolidze 25 13.2�1.2 — — 8.38�0.24 (1) — — 6.80�0.16 (1)
NGC 1893 13.3�0.2 7.54�0.20 (3) 7.36�0.30 (2) 8.81�0.29 (4) 7.23�0.08 (5) 6.06�0.11 (3) 7.29�0.20 (6)
MR 1 15.0�1.5 — — 8.08�0.03 (1) — — 7.14�0.04 (1)
S 289 15.4�0.7 7.44�0.23 (2) 7.16�0.18 (2) 8.37�0.10 (2) 7.12�0.04 (2) 6.10�0.30 (1) 6.79�0.05 (2)
S 283 17.6�1.0 — 7.65�0.30 (1) 8.22�0.17 (1) 7.24�0.30 (1) 6.42�0.30 (1) 7.15�0.04 (1)

4.7. LTE results

Individual stellar and mean cluster abundances were deduced as
discussed above for the ‘Full sample’ and for each of the ‘Sub-
samples’. These were combined with the estimates of Galac-
tocentric distance to calculate the magnitude of the abundance
gradients – by a linear least squares fit through the data points.
The fitting routine did not weight the points according to individ-
ual errors associated with each star or open cluster/ association,
but rather we assumed a standard error of±0.2 dex. It should
be noted that the standard deviations of the mean cluster abun-
dances were generally less than 0.2 dex for those clusters for
which individual stellar estimates were obtained for two or more
stars. However, such an error estimate may be more realistic of
the total uncertainties in our techniques (including, for exam-
ple, systematic errors which may arise from the assumption of
LTE). It should be noted that the effect of including individual
errors on the data-points as tabulated in Table 3 did not sig-
nificantly affect the magnitude or the associated errors of the
derived gradients.

The use of different sets of stars and/or stellar features as
described in Sect. 4.1 to Sect. 4.6, led to the following general
conclusions. First, the identification of homogeneous subsets of
lines did not lead to significantly different gradients (as com-
pared with the full sample), but rather it improved the reliability
of the fits. Secondly, the imposition of a temperature constraint
to within ±5 000 K of that corresponding to the maximum line-
strength of a particular species also served to reduce the uncer-
tainty in the magnitude of the derived gradients without yielding
significantly different results. Thirdly, the adoption of both pho-
tometric and spectroscopic temperature estimates, the assump-

tion of a value of 5 km s−1 for the microturbulence, and the
derivation of Galactocentric distances using both photometric
and spectroscopic techniques, did not appear to bias the results.

In Table 3, we present the LTE stellar abundances and the
adopted Galactocentric distances that have been used to derive
the values of the abundance gradients summarized in Table 4
and shown graphically in Fig. 1. The cluster abundances given
in Table 3 have been derived using the homogeneous subset
of stars with|Teff − Tmax| ≤ 5 000 K (see Sect. 4.3), and for
the homogeneous subset of lines listed in Sect. 4.2. Below we
discuss the results for each element in turn.

4.7.1. Carbon

The full carbon equivalent width dataset yielded a gradient of
−0.08±0.02 dex kpc−1. However, this comprised three distinct
subsets of lines, viz. 1) the 3920Å feature which was observed
for 10 clusters withRg between 5–13 kpc, 2) data for the 4267Å
feature which was obtained for 5 clusters (Rg ∼ 9–13 kpc), and
3) the red Cii lines which were only observed for objects in the
outer Galactic disk (Rg ∼ 10–17 kpc). The Cii 4267Å doublet
is known to be susceptible to strong non-LTE effects (see Eber
& Butler 1988); furthermore, this equivalent width dataset is
only available for a restricted range of Galactocentric distances.
Thus, the Cii 4267Å feature was excluded from our analy-
sis. On the other hand, the 3920Å line and the red Cii lines
(6578.10, 6582.90̊A) should be reliable. Indeed, the 3920Å
feature alone yields a gradient of−0.07 ± 0.02 dex kpc−1. An
analysis of the red lines, which sample the outermost disk re-
gions, include data for a star in the Hii region, S 283. However,
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Fig. 1.The variation of element abundances
in the present-day Galactic disk as a function
of Galactocentric distance. The LTE abun-
dances have been determined for our homo-
geneous sample of B-type stars (filled cir-
cles), which are tabulated in Table 3. The
open circle represents the nitrogen abun-
dance estimate for S 283-2 which was not in-
cluded in the final analysis (see Sect. 4.7.2).
The solid lines represent a linear least-
squares fit through the data-points, the re-
sults of which are listed in Table 4.

this object maybe peculiar in that it exhibits enhanced C&N
abundances relative to its mean photospheric metallicity (see
Smartt et al. 1996c, Hibbens et al. 1998). Furthermore, S 283-2
is associated with a region of strong Hii emission and the neb-
ular subtraction around the Cii red lines was problematic. The
inclusion of this object leads to a shallower gradient for carbon
(and nitrogen); however, we caution against placing significance
on this data-point given the problems above and would encour-
age higher resolution observations to check the validity of it’s
carbon abundance in particular. Exclusion of the data-point for
S 283 provides a gradient of−0.07 ± 0.03 dex kpc−1 as de-
termined from the red lines. Restricting the carbon dataset to
those stars within 5 000 K ofTmax leads to excellent agreement
between the abundance gradient deduced from the 3920Å and
red Cii lines – as the effective temperature of S 283-2 does not
satisfy this constraint.

We detected no significant differences in the gradients de-
rived using separate sets of stars for which abundance analy-
ses were undertaken using either photometric or spectroscopic
indicators. Indeed for carbon, our two subsets of stars with
Strömgren and silicon temperatures respectively possess com-
parable Galactocentric distributions. From our analysis, we also
conclude that the assumption ofξ = 5 km s−1 will introduce an
error of less than 0.004 dex kpc−1 – which is within our quoted
errors. Thus, we conclude that a carbon abundance gradient of
−0.07 ± 0.02 dex kpc−1 (as derived from the 3920̊A and red
C ii features) is appropriate for the present-day Galactic disk.

Table 4.LTE abundance gradients: calculated using the homogeneous
subset of stars with|Teff − Tmax| ≤ 5 000 K (see Sect. 4.3) and the
homogeneous subset of lines discussed in Sect. 4.2.Tmax corresponds
to the temperature at which the metal-line spectrum reaches a maximum
line-strength, andNlines is the number of lines used in the determination
of the element abundance gradients.

Element Gradient Tmax Nlines

(dex kpc−1) (K)

C −0.07 ± 0.02 23 500 3
N −0.09 ± 0.01 25 000 7
O −0.067 ± 0.008 27 500 15
Mg −0.07 ± 0.01 25 000 1
Al −0.050 ± 0.015 24 000 1
Si −0.06 ± 0.01 25 000 3

4.7.2. Nitrogen

The analysis of the complete nitrogen equivalent width dataset
yields a gradient of−0.05 dex kpc−1. However, this value may
be biased by the inclusion of red Nii lines for the outermost
clusters. Only one line (viz. Nii 3995Å) fulfills our selection
criterion for the identification of a homogeneous set of lines.
This absorption feature is observed in over 90% of our sample;
hence, an estimate of the nitrogen gradient using this feature
should be reliable. Indeed, using the temperature restricted sub-
sample of stars with|Teff − Tmax| ≤ 5 000 K, we derive a
nitrogen abundance gradient of−0.07 ± 0.01 dex kpc−1; the
reliability of this measurement being reflected in the small stan-
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dard error. However, the magnitude of the gradient is critically
dependent upon the status of the data-point for S 283-2. As dis-
cussed earlier, both C&N are enhanced in the atmosphere of
this star – and hence, the photospheric abundances may not be
representative of the progenitor ISM (see Smartt et al. 1996c).
Exclusion of this data-point leads to a steeper gradient for ni-
trogen, viz.−0.09 ± 0.01 dex kpc−1.

The majority of the remaining features that were observed
in our spectra are transitions arising from multiplets 5 and 12
of N ii. Therefore, we attempted to use this additional subset
of lines to confirm the magnitude of the nitrogen abundance
gradient. Excluding the data-point for S 283-2, the magnitude
of the gradient (based on lines of multiplets 5 and 12) is in
good agreement with that derived for the 3995Å feature. Again,
there is no evidence to suggest that the adoption of photomet-
ric and spectroscopic temperatures will introduce a bias, whilst
using different treatments for the microturbulence parameter
leads to a difference of less than 0.002 dex in the resultant
gradients. Hence, given our concerns about the reliability of
the S 283-2 data-point, we believe that a linear gradient of
−0.09±0.01 dex kpc−1 would better represent the variation of
nitrogen in the Galactic disk.

4.7.3. Oxygen

The oxygen equivalent width dataset is the most extensive of
the species observed in our spectra. Furthermore, the gradients
that are derived arenotcritically dependent on any specific data-
point. A gradient of−0.065±0.010 dex kpc−1 is derived using
the full dataset; furthermore, we find that adopting a subset
of lines and stars improves the significance of the measured
gradient, but does not significantly affect the magnitude.

Attempts were made to derive gradients using only those
stars with photometric temperature determinations, and only
those with spectroscopic determinations. However, only two
data-points of oxygen abundances derived using photometric
temperatures exist for Galactocentric distances greater than
Rg ∼ 10 kpc. No significant gradient was detected for this
subset of stars which samples the Galactic disk overRg ∼ 7–
10 kpc. However, we have previously highlighted the dangers
involved with using spatially and statistically restricted samples
of stars (Smartt & Rolleston 1997). Additionally, it may be that
the metallicity is effectively constant across theRg ∼ 7–10 kpc
region which covers the Local, Sagittarius and inner part of the
Perseus arms (see Fitzsimmons et al. 1992 and Sect. 6.4).

Conversely, the analysis of clusters in the outer region
(Rg ∼ 10–17 kpc) utilizes mainly spectroscopic temperature
indicators. However, several inner clusters were also analysed
using this technique, and so stars with silicon ionization equilib-
rium temperatures are reasonably distributed across the Galac-
tocentric rangeRg ∼ 5–17 kpc. The magnitude of the gradient
using such a sub-sample (−0.066 ± 0.012 dex kpc−1) is in ex-
cellent agreement with that derived using all the stars. This is
not surprising, given that it is the lower metallicity objects found
in the outer disk that mainly give rise to the oxygen gradient.
However, the important point to note is that, oxygen abundances

derived using both photometric and spectroscopic temperatures
were in excellent agreement for stars within the same cluster, and
for clusters at similarRg values. Further, those stars for which
both Siiii/Si iv and Str̈omgren indicators were available, the
Teff derived from each method was in good agreement (within
the expected errors of±1000 K).

Hence, we conclude that our dataset will not be biased, even
though stellar oxygen abundances have been derived using both
photometric and spectroscopic temperature estimates, and that
a linear gradient of−0.067 ± 0.008 dex kpc−1 best describes
the current composition of the Galactic disk.

4.7.4. Magnesium

Our magnesium equivalent width dataset consists of only one
feature, viz. the Mgii doublet at∼4481.2Å; therefore our
dataset, by definition, forms a homogeneous set of lines. It
should be noted that for stars that display large projected rota-
tional velocities, the Mgii 4481Å feature can be blended with
the nearby aluminium doublet (Aliii 4479Å); although, the
latter feature generally makes a negligible contribution to the
blended profile. However, those objects where the contribution
from the aluminium line was estimated to be greater than 10%
of the total equivalent width of the blend (less than 5% of our
sample), were excluded from the analysis.

It was not possible to ascertain directly whether the adoption
of both photometric and spectroscopic temperatures affected
the derived value of the magnesium gradient. However, as for
oxygen, there was good agreement between stellar abundance
estimates deduced using different techniques within the same
clusters, and between clusters at similarRg values. Our data is
best fitted with a gradient of−0.07 ± 0.01 dex kpc−1.

4.7.5. Aluminium

The decrease in aluminium abundance as a function of increas-
ing Rg is clearly observed (see Fig. 1); however, the extreme
Rg data-point for S 283 is discrepant from this linear trend.
For this latter object, the derived Aliii abundance is slightly
over-abundant as compared with the solar neighbourhood (see
Smartt et al. 1996b). Theα-elements (O, Mg, Si) for S 283-2
show consistent deficiencies relative to the solar neighbourhood
– as would be expected, since these elements are believed to have
a similar nucleosynthetic origin. However, it is unclear whether
the derived aluminium abundance estimate for S 283-2 reliably
reflects the present-day composition of the ISM at this position.
Since this data-point is derived from one line in one star (and
given the caveats described in Sect. 4.7.1), we have excluded it
from the current analysis which has the purpose of estimating
the linear decline of aluminium abundance withRg. We shall
return to this point in Sect. 6.3.

The full aluminium equivalent width dataset yields a gradi-
ent of magnitude−0.059 dex kpc−1. This comprises observa-
tions of the 4479̊A doublet (which is not always resolved from
the nearby and much stronger Mgii line at 4481Å), the weak
4512Å line which is poorly observed, and the 4528Å doublet
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which fulfills our selection criterion. Using a homogeneous set
of lines (viz. Aliii 4528Å) for the homogeneous set of stars
(|Teff − Tmax| ≤ 5 000 K), we deduce an abundance gradient
of −0.050± 0.015 dex kpc−1. This value does not appear to be
biased by the inclusion of stars with different temperature indi-
cators or by the adoption of 5 km s−1 for the microturbulence
parameter.

4.7.6. Silicon

In early B-type stars, the three lines arising from the Siiii multi-
plet at 4552–74̊A are moderately strong and are isolated – per-
mitting the determination of reliable equivalent widths. These
features were well observed in approximately 80% of our stel-
lar sample, and thus form a homogeneous dataset. Our analysis
shows a reasonably tight fit of the observed cluster abundances
to a linear decline of−0.06 ± 0.01 dex kpc−1. The magnitude
of this gradient would appear to be unaffected by the adoption
of different temperature indicators or a value of 5 km s−1 for
the microturbulent velocity.

5. Non-LTE abundance analysis – verification
of the LTE approach

5.1. Method of analysis

It is important to demonstrate that the assumption of LTE does
not bias the derived abundance gradients, before we proceed to
discuss our results in the context of other investigations. A full
non-LTE analysis of our observational dataset would be a non-
trivial task. This would involve the determination of non-LTE
atmospheric parameters and non-LTE line formation calcula-
tions for approximately 80 stars and 6 species. The former is
problematic, as the spectral data obtained at earlier epochs are
no longer readily available (which would prevent the use of any
profile fitting techniques). Also, McErlean et al. (1999) have
shown that their non-LTE calculations (see Sect. 5.2.1) do not
produce reliable results for some species. Furthermore, we do
not believe that the amount of effort that would be required
is commensurate with the additional information that maybe
gained (see Sect. 5.2.3). We have therefore undertaken a non-
LTE treatment of two species, viz. oxygen and magnesium, to
test the validity of our LTE results. Lines of Oii and Mgii pos-
sess the hottest and coolest peak line-strengths of the 6 species
under consideration, and so, should illustrate the magnitude of
non-LTE effects for our sample. Our approach is discussed in
detail below.

5.1.1. Non-LTE model atmospheres

A grid of non-LTE model atmospheres, suitable for the anal-
ysis of main-sequence B-type stars, was generated using the
codetlusty (Hubeny 1988). This grid covered an appropri-
ate range in effective temperature (20 000 ≤ Teff ≤ 35 000 K)
and included logarithmic gravities from3.5 ≤ log g ≤ 4.5 dex.
Models were calculated within the above parameter space at in-
crements of 2 500 K and 0.25 dex inTeff andlog g respectively,

a microturbulence of 5 km s−1 and for two helium fractions
y = 0.09 andy = 0.20. However, it should be noted that our
entire stellar sample appeared to possess normal helium com-
positions (ie.y = 0.09).

The models, which contained only hydrogen and helium,
assumed a plane-parallel geometry with both hydrostatic and ra-
diative equilibrium. Non-LTE line-formation calculations were
performed using the codesdetail (Giddings 1981) andsur-
face (Butler 1984).detail calculates the level populations
whilst allowing for departures from LTE, andsurface com-
putes the emergent line profiles and fluxes. Computations were
undertaken for the grid of model atmospheres described above,
and a grid of element compositions corresponding to−1.2,
−0.8,−0.4, 0.0 and+0.4 dex relative to solar for the two species
O ii and Mgii. Further details can be found in McErlean et al.
(1999).

5.1.2. Non-LTE stellar atmospheric parameters

Element abundances were deduced by comparing our observed
equivalent widths with the theoretical predictions generated us-
ing the above grid of non-LTE model atmospheres. However,
the derived atmospheric parameters used in Sect. 3 were com-
puted in LTE, and it is important that we adopt values appro-
priate to our non-LTE models. However, rather than estimating
non-LTE effective temperatures/surface gravities for individ-
ual stars, we have derived a transformation betweenTeff–log g
points in the Kurucz LTE and non-LTE grids of model atmo-
spheres. The temperature conversion was deduced from a com-
parison of the temperature–optical depth scales of the LTE and
non-LTE models, for optical depths corresponding to that of
the line-formation regions. This implied that for models with
similar structures, the effective temperature label of the unblan-
keted non-LTE model was typically 1 500–2 500 K higher than
that for the Kurucz line-blanketed model. We have adopted a
temperature correction,∆T , of +2 000 K for LTE effective tem-
peratures between 20 000–30 000 K and∆T ∼ +2 500 K for
30 000 < TLTE

eff ≤ 32 500 K.
A gravity correction was derived by investigating the sen-

sitivity of the Balmer line wings to non-LTE effects. The-
oretical non-LTE hydrogen line profiles were generated us-
ing detail/surface for our grid of model atmospheres (see
Sect. 5.1.1). These were compared with LTE hydrogen line pro-
files again generated usingsurface for the same grid of model-
atmospheres. A comparison of the LTE and non-LTE profiles at
a particular temperature provides the corresponding non-LTE
gravity correction. This effect was found to be negligible for
non-LTE temperatures less than 30 000 K. However, for hotter
temperatures our LTE computations overestimated the stellar
surface gravity by up to 0.3 dex atTNLTE

eff ∼ 35 000 K. Thus, we
adopted a gravity correction of−0.1 dex for30 000 ≤ TNLTE

eff ≤
32 000 K and −0.2 dex for32 500 < TNLTE

eff ≤ 35 000 K. It
should be noted that our findings for non-LTE gravity effects
are similar to those of Mihalas & Auer (1970).

Hence, for our non-LTE analysis of the oxygen and mag-
nesium line-spectra, we transformed our LTE atmospheric pa-



546 W.R.J. Rolleston et al.: The Galactic metallicity gradient

Fig. 2. Non-LTE oxygen and magnesium
abundances determined for our homoge-
neous sample of B-type stars (filled cir-
cles). The solid lines represent a linear least-
squares fit through the data points, the results
of which are discussed in Sect. 5.2.

rameters (see Sect. 4) into appropriate non-LTE (Teff , log g)
pairs by applying the temperature and gravity corrections de-
scribed above. This type of transformation assumes that the
temperature and gravity corrections are orthogonal. Given the
relatively small magnitudes of the non-LTE corrections, any
non-orthogonal effects should be much smaller than the obser-
vational uncertainties associated with the determination of the
atmospheric parameters (viz.∆T ∼ 1 000 K and ∆ log g ∼
0.2 dex). This also justifies our use of ‘step-like’ tempera-
ture/gravity corrections as opposed to graduated transforma-
tions. A value of 5 km s−1 for the microturbulent velocity was
adopted for all stars in the subsequent non-LTE analysis. This
has been found previously to be appropriate for main-sequence
B-type stars by Gies & Lambert (1992). Indeed, our tests showed
that values ofξ derived using the Oii line spectra were very sim-
ilar in LTE and non-LTE.

5.1.3. Homogeneous subsets of lines/stars

Our LTE analysis demonstrated that it was possible to iden-
tify homogeneous sub-samples of stars for each species (see
Sect. 4.3). Hence, we have adopted similar homogeneous sub-
sets of stars in the non-LTE analysis. For Oii, stars were selected
with effective temperatures within±5 000 K from the peak line-
strength of the species which corresponds to 29 500 K in non-
LTE. However, the Mgii spectrum has a peak line-strength that
is much cooler than any of our stellar sample; thus, we consid-
ered objects within±5 000 K of the mean effective temperature
of the stellar sample, viz.Teff ∼ 27 000 K for the non-LTE
models.

In Sect. 4.2, we identified homogeneous subsets of lines for
each species, with which the LTE abundance analysis was un-
dertaken. However, it was not possible to model all of these
transitions withinsurface/detail. Thus, we have performed
a non-LTE analysis using a homogeneous subset of 9 oxy-
gen lines (Oii 4072.16, 4078.84, 4092.93, 4132.80, 4590.97,
4596.18, 4638.86, 4661.63, 4676.24Å) and the magnesium
doublet (Mgii 4481.23Å).

5.2. Non-LTE results

5.2.1. Oxygen

The non-LTE analysis of the Oii line-spectra yielded an abun-
dance gradient of−0.061 ± 0.005 dex kpc−1. The mean clus-
ter, oxygen abundances are tightly distributed around the least
squares fit, with only two points deviating by more than 0.2 dex

(see Fig. 2). One of these data-points represents the mean oxy-
gen abundance derived for the isolated field star RLWT-41
which was noted by Smartt et al. (1996b, 1996a) to currently lie
in the inter-arm gap between the Local and the Perseus spiral
arms. Given its very low metallicity for a Galactocentric dis-
tance of 10 kpc, it may have formed in situ between the spiral
arms. The second data-point that is discrepant represents the
mean oxygen abundance as determined from 5 stars in the open
clusterh + χ Per. This is a well observed cluster in the Perseus
spiral arm and should be representative of the solar neighbour-
hood. Hence, at first inspection, it is not obvious why the oxygen
abundance is so discrepant from the linear decline observed for
the Galaxy. However, our LTE analysis revealed that 3 of the
h + χ Per stars are indeed evolving off the main-sequence, and
we measured larger values (12 km s−1) for their microturbulent
velocity. Adopting a value of 5 km s−1 for this parameter in the
non-LTE analysis may lead to an overestimation of the cluster
oxygen abundance.

Comparison of the LTE and non-LTE oxygen gradients
provides encouraging agreement. However, it is important to
consider possible sources of inhomogeneities between the two
datasets. First, the dataset of lines used in these analyses are
different. Secondly, the non-LTE line-formation calculations
for O ii were not reliable forTNLTE

eff > 30 000 K; a conse-
quence of the model-atmosphere codes (detail/surface) in-
adequately modelling the Oiii ion. Hence, we re-analysed the
O ii dataset in LTE using the same subset of lines/stars as used
in the non-LTE analysis (see Sect. 5.1.3). The result is very en-
couraging with the revised LTE analysis yielding a gradient of
−0.061 ± 0.006 dex kpc−1, in excellent agreement with the
non-LTE result.

5.2.2. Magnesium

The non-LTE analysis of the Mgii ion did not suffer from the
complexities associated with the Oii ion. The observational
dataset consists of the Mgii 4481.23Å transition, and this was
reliably modelled in both LTE and non-LTE for the same ho-
mogeneous sub-sample of stars. Thus, the results can be di-
rectly compared. The non-LTE analysis yields a gradient of
−0.074 ± 0.010 dex kpc−1, again in excellent agreement with
our LTE investigation (viz.−0.073 ± 0.012 dex kpc−1).

5.2.3. Conclusions

It is not surprising that abundance gradients derived for oxygen
and magnesium using LTE and non-LTE techniques do not differ
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significantly. First, it has been accepted for some time that LTE
is a reasonable assumption when analyzing the spectra of main-
sequence B-type stars (Hardorp & Scholz 1970; Peters 1976).
Secondly, non-LTE effects in such a temperature and gravity
regime have been found previously to be relatively small for the
6 species under consideration (see, for example, Becker & But-
ler 1988, 1989, 1990). Thirdly, by using sub-samples of stars
with similar effective temperatures, our approach is essentially
a differential treatment, which should minimize the effects of
such systematic errors. Thus, we conclude that the LTE analy-
sis should be reliable for estimating the magnitude of the metal
abundance gradients in the present-day Galactic disk; although,
we recognize that the absolute abundance values at any partic-
ular Galactocentric distance may be in error. In the subsequent
discussion (see Sect. 6), we have adopted the results of the LTE
analysis.

6. The nature of the observed Galactic abundance gradient

6.1. A comparison with previous B-star studies

Smartt & Rolleston (1997) were the first to report the detec-
tion of a significant Galactic abundance gradient using young,
early-type stars. In this current paper, we have utilized the same
dataset of clusters with the addition of NGC 457; furthermore,
we have comprehensively examined the significance of adopting
homogeneous subsets of lines and stars. In summary, this study
is in excellent agreement with the results of Smartt & Rolleston,
and internal agreement is found between the non-LTE and LTE
treatments. This suggests that it is not the chosen methodology
which is important, for example, a full LTE treatment (Sect. 4), a
full non-LTE treatment (Sect. 5), or a combination of LTE line-
blanketed model-atmospheres and non-LTE line formation cal-
culations (Smartt & Rolleston 1997, Gummersbach et al. 1998),
but that a consistent approach must be used to derive abundance
estimates in a homogeneous stellar dataset.

More recently, Gummersbach et al. (1998) determined abun-
dance gradients for C, N, O, Mg, Al and Si using a sample of
16 early-B main-sequence stars at Galactocentric distances of
Rg ∼ 5–14 kpc. This study entailed a re-analysis and an ex-
tension of the observations of Kaufer et al. (1994) towards the
Galactic centre. In general, their results are in good agreement
with our study – yielding a mean, light element, abundance gra-
dient of−0.07 dex kpc−1. However, Gummersbach et al. (1998)
ascribe the fact that they now determine significant abundance
gradients (cf. Kaufer et al. 1994, Kilian-Montenbruck et al.
1994) to their use of a sub-solar metallicity model-atmosphere.
We dispute that this is the real reason for the derivation of a steep
gradient. For example, our tests have shown that the assump-
tion of a normal, Galactic Populationi chemical composition do
not lead to significant errors in the resultant model-atmosphere
analyses of B-type stars in the Magellanic system, where metal
deficiencies are upto 0.8 dex (see Dufton et al. 1990b, Rolle-
ston et al. 1999). The arguments forwarded by Gummersbach
et al. (1998) tend to imply that it is not possible to reliably study
such metal-poor stars – unless an appropriate metallicity model-
atmosphere is adopted. However, previous work on metal-poor,

hot stars has not required such an approach in order to determine
valid stellar abundances (see Lennon et al. 1996, Venn 1999).

In order to demonstrate the validity of our methods, we con-
sidered one of the most metal deficient stars in our sample, viz.
S 289-2 which has a Galactocentric distance of 15.4 kpc and a
mean metallicity of approximately−0.5 dex relative to the so-
lar neighbourhood. Stellar atmospheric parameters were derived
using the Siiii/Si iv ionization balance and the hydrogen line
profiles for both a normal metallicity, LTE model-atmosphere
(Teff = 28 500 K; log g = 4.0 dex; ∆[X/H] = 0.0 dex)
and a reduced metallicity model-atmosphere (Teff = 29 000 K;
log g = 4.0 dex;∆[X/H] = −0.5 dex). We note that (as ex-
pected) the temperature-optical depth scales are very similar
for both models, while the higher effective temperature label in
the latter case probably reflects the decrease in line-blocking.
An abundance analysis was subsequently undertaken using both
models, and excellent agreement (to within 0.03 dex) was found
between the two sets of abundance estimates for all species.
Hence, we re-iterate that this effect is negligible for the metal-
licity regime that is encountered in the outer Galactic disk.

Moreover, a direct comparison with the work of Kaufer et al.
(1994) is not valid. First, this investigation combined their own
B-star abundance estimates with azimuthally averaged values
taken from previously published work in the literature. Their
derivation of a shallow (or non-existent) gradient illustrates the
dangers of using an inhomogeneneous dataset, where abun-
dance estimates have been determined using different model-
atmosphere codes, atomic data/model atoms and techniques.
Secondly, Kaufer et al. (1994) adopted incorrect abundances or
distances for two outer disk objects, viz. Dolidze 25 and S 208-6
(see Smartt & Rolleston 1997 for further details).

It should be noted that we do not dispute the magnitude
of the gradients found by Gummersbach et al. (1998), nor their
methodology, but rather their explanation for the failure of previ-
ous investigations to detect such gradients. Indeed, both investi-
gations derive an oxygen gradient of−0.067±0.008 dex kpc−1.
Such excellent agreement is probably not surprising, given the
plethora of Oii lines observed in the spectra of early B-type
stars, and the fact that a consistent approach was used within
each study. Gradients deduced for nitrogen, magnesium and
aluminium are also found to be in agreement (within the errors
of measurement). Hence, the shallower gradient found by both
studies for aluminium may be a real effect in the Galactic disk.
On the other hand, significant differences exist between our esti-
mates of the Galactic abundance gradients for carbon and silicon
(see Table 4) and those presented by Gummersbach et al. (1998).
Our estimate of a carbon gradient is−0.07 ± 0.02 dex kpc−1;
in good agreement with that found for nitrogen and theα–
elements. Gummersbach et al. deduce a much shallower gra-
dient, viz.−0.035 ± 0.014 dex kpc−1. For silicon, our data is
fitted by a slope of−0.06 ± 0.01 dex kpc−1 which is consis-
tent with our results for oxygen and magnesium; in contrast to
Gummersbach et al., who measure a much steeper decline of
−0.11 ± 0.03 dex kpc−1. One would expect a correlation be-
tween the gradients deduced for O–Mg–Si, as theseα–elements
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possess similar nucleosynthetic origins. Gummersbach et al. do
not comment on their apparent lack of correlation.

6.2. A comparison with Galactic nebular studies

It is also interesting to compare our results with those found from
nebular studies and, in particular, of other young objects such
as Hii regions. The only elements in common between these
latter investigations and our study are nitrogen and oxygen.

Nitrogen: Shaver et al. (1983) deduced a nitrogen gradient of
−0.090±0.015 dex kpc−1 from a study of 67 Hii regions span-
ning the range3.5 ≤ Rg ≤ 14.0 kpc. More recently, Afflerbach
et al. (1997) derived a value of−0.072±0.006 dex kpc−1 from
the [Niii] 57µm lines in 18 Hii regions with Galactocentric
distances betweenRg ∼ 0− 12 kpc. By comparison, studies of
older planetary nebulae have yielded a slightly smaller gradient
of −0.05 dex kpc−1 (Pasquali & Perinotto 1993).

Oxygen: This element was also studied by Shaver et al. (1983)
and Afflerbach et al. (1997) who deduced an oxygen abun-
dance gradient of−0.070 ± 0.015 dex kpc−1 and−0.064 ±
0.009 dex kpc−1 respectively. In a study of disk planetary neb-
ulae, Maciel & Quireza (1999) reported an oxygen gradient of
−0.06 dex kpc−1.

Comparison of our results for young, B-type stars with anal-
yses of Hii regions demonstrate excellent agreement (for at least
those elements in common, viz. nitrogen and oxygen). Thus, it
would appear that the discrepancies between earlier sets of in-
vestigations have been resolved, and that abundance gradients of
−0.09 dex (nitrogen) and−0.065 dex (oxygen) are appropriate
for young objects in the Galactic disk.

6.3. The peculiarity of the distant star S283-2

There is an apparent correlation between the individualα-
elements (O, Mg, Si) and between N & Al within the atmo-
sphere of S 283-2. The former group are all deficient by similar
amounts relative to objects in the solar neighbourhood. This is
not surprising since they possess a similar nucleosynthetic ori-
gin; α-elements are believed to be predominantly produced in
the violent deaths of massive stars (ie. Typeii supernovae). We
note that our stellar oxygen abundance is in excellent agree-
ment with the gas phase abundance of 8.2 dex as determined by
Vı́lchez & Esteban (1996) for the S 283 Hii region. The domi-
nant source of nitrogen in the ISM is still a matter of debate. It is
thought that intermediate mass stars (4M� <∼ M <∼ 8M�) pro-
duce primary nitrogen through dredge-up episodes in the course
of their evolution (Renzini & Voli 1981), with secondary nitro-
gen production occuring in stars with a wide range of masses.
Such mixing processes for primary nitrogen production are ac-
companied by continuous mass loss via a stellar wind on the red
giant branch (RGB) and asymptotic giant branch (AGB), and
the expulsion of a significant fraction of the remaining mass in
the form of a planetary nebula. We find a higher nitrogen com-

position for S 283-2 (7.65±0.30 dex) compared to the nebular
studies of V́ılchez & Esteban (1996) and Fich & Silkey (1991),
viz. ∼7.2 dex.

It is interesting to note that we also find the abundance es-
timate derived for aluminium to be enhanced (relative to the
underlying O-Mg-Si values) in the atmosphere of S 283-2 –
similar to the behaviour of C & N. Correlations have been ob-
served for CN–Na and CN–Al in the atmospheres of globular
cluster red giants (see, for example, Kraft et al. 1997). These
correlations have been explained by very deep mixing, which
would produce nitrogen and sodium overabundances and, per-
haps, somewhat smaller aluminium enhancements (via proton
capture processes). Hence, our observed correlation between
the enhancements of Al and C&N in the atmosphere of S 283-2
may be causal. For example, if the photospheric abundances are
representative of the present-day metal-content of the ISM, this
could be indicative of an initial mass function (IMF) in the outer
Galactic disk that was biased towards intermediate mass stars
relative to high mass stars (which are the dominant source ofα-
elements). However, the observed IMF appears approximately
constant over a range of environments within the Local Universe
– and there is no reason to believe that the outer Galactic disk is
any different. Indeed, these correlations are only found in one
star in one Hii region and given the possible problems with the
observational data as discussed in Sect. 4.7.1, we cannot draw
any firm conclusions from our abundance results. Further, the
aluminium enhancement is greater than that found for C&N,
and there is no other evidence for a flattening of the C, N or Al
abundance gradients atRg > 15 kpc.

6.4. Linear relationship vs step function decline in metallicity

In our discussion so far, we have implicitly assumed that
the Galactic abundance gradients can be described by a lin-
ear decline in metallicity with increasing values ofRg. Re-
cently, Twarog et al. (1997) challenged the validity of this as-
sumption. Using a sample of 76 open clusters, they derived
[Fe/H] abundances based on DDO photometry and/or moder-
ate dispersion spectroscopy. They concluded that a significant
change in metallicity does occur over the Galactocentric range,
6.5 ≤ Rg ≤ 15 kpc, but rather than a linear transition with
distance, Twarog et al. (1997) interpreted their results as being
consistent with a relatively abrupt discontinuity in the metallic-
ity of the Galactic disk nearRg = 10 kpc. Their data provided
observational evidence for two distinct groups of clusters; an in-
ner group betweenRg = 6–10 kpc and an outer group between
Rg = 10–15 kpc, with the latter group being∼0.3 dex more
metal deficient than the former. Furthermore, the metallicity gra-
dient within each group was weak to non-existent. Twarog et al.
(1997) argue that previous samples were inadequate to eluci-
date the precise nature of such sub-structure within the Galactic
disk; given the significant scatter between the data-points, the
step function was effectively smeared into a linear gradient.
Thus for example, Janes (1979) who made a tentative detection
of such a feature in the past – interpreted it as a steepening of
the gradient rather than a discontinuity. It should be noted that
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the open cluster dataset (ages∼10 Myr–10 Gyr) of Twarog et
al. (1997) sample quite different epochs compared to the young
stars and Hii regions that we have discussed. Hence, an age-
metallicity relationship may also confuse any comparisons, as
well as the fact that the elements we have presented have totally
different origins to iron, the bulk of which is synthesized in low
mass SN Type I supernovae.

Simpson et al. (1995) also suggested that their Hii region
abundances (of nitrogen and sulphur) derived from far-IR ob-
servations may be better fit with a step function rather than a
linear gradient; however, their results could not definitively dis-
criminate between the two cases. The discontinuity occurred at
a Galactocentric distance of approximately 6 kpc with a dif-
ference of∼0.6 dex between the mean metallicity level of the
two zones (within0 ≤ Rg ≤ 10.5 kpc). Rudolph et al. (1997)
presented inconclusive evidence of a two step function for the
log N/O gradient over0 ≤ Rg ≤ 17 kpc. On the other hand,
Afflerbach et al. (1997) contest that a step function fits the abun-
dance data within the inner 10 kpc of the Galactic disk; they find
linear gradients of approximately−0.07 dex kpc−1 for nitrogen,
oxygen and sulphur from the study of 34 compact Hii regions
with Rg ∼ 0–12 kpc. V́ılchez & Esteban (1996) concluded that
although the metallicities of outer disk Hii regions are signifi-
cantly below solar, the gradient in this part of the Galaxy may be
relatively flat – which is further evidence of a two-tier relation.
Smartt (2000) has presented a full review of these Hii region,
PN and B-star studies, and concludes that there is no strong ev-
idence against the simple linear form of the Galactic abundance
gradient.

We have inspected our homogeneous dataset of metal abun-
dances, over the Galactocentric range 6–18 kpc, to see if there
is any evidence for a step function. Such a conclusion could
perhaps explain why Fitzsimmons et al. (1990; 1992) found no
systematic abundance variations – as these studies extensively
surveyed the region within∼2 kpc from the Sun, but failed to
sample sufficiently the outer disk beyond the Perseus spiral arm
(Rg ∼ 11 kpc). Furthermore, Twarog et al. (1997) suggested
that our oxygen dataset presented by Smartt & Rolleston (1997)
provides evidence for their alternative interpretation. The 11
clusters and associations betweenRg ∼ 6–10 kpc exhibit no
gradient at all. The entire source of the gradient is provided by
the oxygen abundance estimates for the 10 clusters/associations
in the outer disk (Rg > 11 kpc). The latter group exhibit oxy-
gen compositions approximately 0.5 dex lower than the clus-
ters/associations in the solar neighbourhood.

As Twarog et al. (1997) concluded that there was evi-
dence for a metallicity discontinuity in the Galactic ISM around
Rg ∼ 10 kpc, we have followed their approach by estimating
abundance gradients within an inner (Rg < 10.5 kpc) and outer
zone (Rg > 10.5 kpc). The results are tabulated in Table 5 and
discussed below.

Carbon: there is no evidence to suggest that a two-zone model
would be more appropriate for this element. However, the car-
bon dataset is much smaller than that obtained for other species.

Table 5.Results for the two-zone model.

Element d[X/H]dRg (dex kpc−1)
Rg < 10.5 kpc Rg > 10.5 kpc Full dataset

C −0.06 ± 0.05 −0.04 ± 0.04 −0.07 ± 0.02
N −0.04 ± 0.04 −0.09 ± 0.08 −0.09 ± 0.01
O −0.02 ± 0.01 −0.10 ± 0.05 −0.067 ± 0.008
Mg −0.13 ± 0.03 −0.03 ± 0.02 −0.07 ± 0.01
Al −0.02 ± 0.04 +0.05 ± 0.04 −0.050 ± 0.015
Si −0.06 ± 0.04 −0.06 ± 0.05 −0.06 ± 0.01

Nitrogen: the scatter in the abundance estimates is relatively
large (∼0.25 dex) at any particularRg. Again, there is no evi-
dence to suggest that a two-zone model would be more appro-
priate. However, the slope of the gradient within the outer zone
is critically dependent on the data-point for S 283-2 which we
excluded from our analysis (see Sect. 4.7.2). Inclusion of the
abundance estimate for this object would lead to a much flatter
gradient (+0.01 dex kpc−1) in the outer zone.

Oxygen: this metal-line spectrum represents the most extensive
in our sample. The LTE results presented in Fig. 1 clearly show
that a gradient is small or absent in the inner (Rg < 10.5 kpc)
region; in contrast, the abundance estimates for clusters in the
outer disk decline by approximately−0.1 dex kpc−1. It is inter-
esting to note that the non-LTE analysis provides a significantly
larger coefficient of determination than the LTE least-squares
fit. Furthermore, in non-LTE both regions exhibit comparable
oxygen gradients (see Fig. 2) to that obtained for clusters over
the entire Galactocentric range. It is possible that small non-
LTE effects may be sufficient to explain the lack of an observed
gradient in the inner (6.0 ≤ Rg ≤ 10.5 kpc) region. How-
ever, we find that the gradients are often ill-defined within each
zone, with their magnitudes being critically dependent upon the
end data-points. This is a consequence of the small number of
data-points within each zone which also covers a small range of
Galactocentric distances, and the observed scatter in metallicity
at any one particular Galactocentric radius (see, for example,
Edvardsson et al. 1993).

Magnesium: no significant gradient was detected in the outer
disk. This contrasts with a steep decline in metallicity observed
for Rg < 10.5 kpc, although the measured spread in the abun-
dances in this region is as large as 0.35 dex.

Aluminium: a shallow gradient may be present in the inner
zone; however, the positive gradient observed in the outer region
is skewed by the data-point for S-289.

Silicon: like oxygen, the silicon line spectrum is well observed.
In both zones, the least-squares fits to the data yield gradients
that are comparable to that deduced using the complete dataset.

Given our comments for the best observed species (viz. oxy-
gen and silicon), we do not believe that it would be better to fit
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our data with a two-zone model. Indeed, to definitively test the
conclusions of Twarog et al. (1997) using observations of B-
type stars, abundance information would be required for many
more clusters.

7. Discussion: abundance ratios
in the disk and chemical evolution

7.1. Chemical evolution models

Portinari & Chiosi (1999) have recently presented new chemical
evolution models of the Galactic disk. They investigated the
dependence of disk evolution upon the star formation rate (SFR),
as a function of both the total surface mass density and the
surface gas density. Star formation, and the subsequent stellar
wind outflow and supernovae explosions, tends to support the
surrounding gas against further gravitational contraction; hence,
star formation becomes a self-regulating process. Using the star
formation law of Dopita & Ryder (1994) which incorporates
this type of self-regulation, Portinari & Chiosi (1999) have been
able to reproduce the radial oxygen variations (viz. a gradient of
−0.07 dex kpc−1). However, these models require the infall of
gas to have occurred at a greater rate in the inner regions during
the formation of the Galactic disk. Simulations of this “inside-
out formation” scenario also predict that the radial abundance
profile withinRg ∼ 8 kpc should flatten, approximately 15 Gyr
after the formation of the Galaxy. However, these models can not
simultaneously reproduce the oxygen abundance gradient and
radial gas distribution. With further development of dynamical
models incorporating radial gas flows, Portinari & Chiosi (2000)
have been able to also reproduce the magnitude of the oxygen
abundance gradientwithout having to assume the inside-out
formation model of the Galaxy. Unfortunately, it is not possible
to distinguish between these two evolution scenarios at present
using the current set of element abundance gradients. However,
the latter model (incorporating radial flows) is slightly favoured
as it reproduces the gas distribution and the presence of the 4 kpc
molecular ring.

7.2. Abundance ratios

In Fig. 3 we have plotted the logarithmic abundance ratios of
Mg/O and Si/O as a function of Galactocentric radius. The
ratios were calculated using the element abundance estimates
presented in Table 3, and in each case, a least-squares straight
line fit to the data-points indicate a flat relation. Indeed, this is
not surprising as similar O-Mg-Si correlations are observed in
the Magellanic Clouds (Rolleston et al. 1993b, 1996) and M33
(Monteverde et al. 2000). Furthermore, the observed correlation
of Si and Mg with O (Fig. 3) provides firm evidence that they
are all primary elements, produced during12C and subsequent
16O burning in pre-supernova (M >∼ 10M�) massive stars (see
Arnett 1996; Matteucci & Francois 1989).

It is more interesting to compare the abundance ratios of el-
ements which are predicted to be formed in distinctly different
nucleosynthetic sites and during different phases of stellar evo-
lution. In Fig. 4a, we show our estimates of the logarithmic N/O

Fig. 3a and b.Plotted here area log Mg/O andb log Si/O versus Galac-
tocentric radius (Rg) for each of our clusters (filled circles). Ratios
were determined using the abundance estimates listed in Table 3. The
solid square symbols are the non-LTE oxygen and silicon values de-
rived from B-stars in Orion (Cunha & Lambert 1994), and the dashed
lines are the solar ratios from Grevesse & Noels (1993). Typical er-
ror bars are shown in each frame. The least-squares fits to our data-
points are shown as dotted lines. Their values of−0.01 ± 0.02 and
0.007 ± 0.02 dex kpc−1 respectively imply flat gradients within the
errors.

ratio as a function of Galactocentric radius. We derive a gradi-
ent forlog N/O of−0.04±0.02 dex kpc−1, implying that in the
outer Galactic disk (Rg ∼ 16–18 kpc), the N/O ratio is∼40% of
the solar value. Rudolph et al. (1997) have also measured N/O
ratios in Hii regions withRg = 0–17 kpc. While they observe
a decreasing trend of N/O with increasingRg, Rudolph et al.
claim that their data is better fit with a step function. We have
applied a least-squares fit to their (log N/O,Rg) data-points, and
derive a gradient of−0.03±0.01 dex kpc−1, in good agreement
with our stellar data.

Vila-Costas & Edmunds (1993) observed a proportional de-
crease oflog N/O with decreasinglog O/H (or increasingRg) in
a large sample of spiral galaxies, for metallicities greater than
that corresponding to an oxygen abundance of12+log[O/H] ∼
8.3 dex. They proposed that the dominant source of nitrogen
at such metallicities was secondary production, ie. synthesized
from C and O seed nuclei of the progenitor interstellar material
through the CNO-cycle in a range of stellar masses. In such
a regime, primary nitrogen production makes a minimal con-
tribution, and the simple closed-box models of Vila-Costas &
Edmunds reproduce the observed evolution of the N/O gradi-
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Fig. 4a–c.Plotted here area log N/O, b log C/O andc log C/N versus
Galactocentric radius (Rg) for each of our clusters (filled circles). Ra-
tios were determined using the abundance estimates listed in Table 3.
The solid square symbols are the non-LTE B-star values for Orion
(Cunha & Lambert 1994); the star symbol represents the gas-phase
values of the Local ISM (Meyer et al. 1998, Sofia et al. 1997); and the
dashed lines are the solar ratios from Grevesse & Noels (1993). Typical
error bars are shown in each frame. The least-squares fits to our data-
points of−0.04 ± 0.02, −0.02 ± 0.03 and−0.01 ± 0.02 dex kpc−1

for plot a–c respectively are shown as the dotted lines.

ent. By contrast, at low metallicities (12+log[O/H] ≤ 8.0 dex)
secondary nitrogen production becomes less significant (due to
its inherent dependence on metallicity), and a break in the N/O
gradient is predicted. Our estimates of the N/O ratio and oxygen
abundance in the outer Galactic disk (viz.log N/O' −1.3 dex at
log O/H ' 8.3 dex) are quantitatively consistent with the linear
dependence observed by Vila-Costas & Edmunds in early-type
spirals (assuming a Sbc type for the Milky Way; de Vaucouleurs
& Pence 1978). Hence, it would appear that secondary produc-
tion dominates the evolution of N in the Galactic disk out to
approximately 17 kpc.

We note that our results are in reasonable agreement with
the N/O variation observed in NGC 2403 (Garnett et al. 1997),

but that M33 and M81 (V́ılchez et al. 1988; Henry & Howard
1995) exhibit much shallower gradients. By contrast, Henry
& Howard (1995) find a markedly steeper gradient of N/O in
M101. Advances in modern instrumentation warrants a more
detailed study of external galaxies to improve the global com-
pilation of Vila-Costas & Edmunds (1993).

It is possible that some B-stars in our sample may show pho-
tospheric nitrogen abundances which are not representative of
the progenitor material. Evolutionary models suggest that tur-
bulent diffuse mixing in the radiative envelope of massive stars
may cause some core processed material to be mixed to the
surface (eg. Dennissenkov 1994; Fliegner et al. 1996). Photo-
spheric nitrogen enhancements are to be expected, accompanied
by carbon deficiencies (as it is mainly C which is converted to
N in the CNO-cycle), but whether or not this is a common oc-
currence in massive stars is still controversial (Gies & Lambert
1992, Venn 1999). We find no evidence of an anti-correlation
between C and N (see Fig. 4c and Hibbens et al. 1998); hence,
we believe our discovery of a significant N/O variation within
the Galactic disk, open clusters to be real, in good agreement
with nebular studies of external galaxies.

While the Triple Alpha reaction is believed to be the nu-
clear process responsible for the production of C nuclei, the
major source (or stellar mass range) which contributes carbon
to the ISM is still rather uncertain (see Garnett et al. 1999;
Gustafsson et al. 1999). Recent work on HST-UV spectra of Hii
regions in M101 and NGC 2403 (Garnett et al. 1999) indicates
that the C/O ratio may show a gradient of approximately−0.1 to
−0.2 dex scalelength−1. However, the observations consisted of
only 3 data-points per galaxy. Furthermore, their abundance cal-
culations/analysis were critically dependent upon two factors,
viz. 1) the determination of a correction factor for the internal
galactic reddening, and 2) the unobserved amounts of carbon
that have depleted onto grains. The observed gradient in C/O
may be explained if the stellar winds of massive stars play an
important role in the yields of both C and O. Metallicity depen-
dent yields, whereby C production increases with metallicity at
a greater rate than O production, have been suggested previously
by Maeder (1992). In Fig. 4b, we plot the logarithmic C/O ratio
as a function of Galactocentric distance. Unfortunately, due to
the large scatter in the individual estimates of the C/O ratio,
it is not possible to conclude whether our dataset supports the
findings of Garnett et al. (1999). We note that our absolute val-
ues of thelog C/O ratios are significantly offset from the Orion
and solar values – see Fig. 4b. This may be possibly the result
of our absolute LTE C & O abundances being in error, and the
line-strengths of the carbon and oxygen line-spectra peaking at
different temperatures. However, this should not prevent the de-
tection of any significant trends in the C/O ratio. In any case, we
recommend that a more extensive study be undertaken using the
red Cii lines and non-LTE techniques, in order to investigate
the C/O relationship in the Galactic disk. Finally, we note that
the log C/N variation shown in Fig. 4c appears flat, within the
relatively large uncertainties, which is also consistent with that
found for M101 and NGC 2403.
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Fig. 5a and b.The compilation of Garnett et al. (1997) showing the
abundance gradients for a selection of local spiral galaxies in terms
of a physical units andb scalelengths, both as a function of MB . The
filled and open circles represent non-barred spiral galaxies and ‘mixed’
types respectively. The Milky Way is shown as the large open star with
MB = −20.1 and R(scale) = 3.5 kpc (de Vaucouleurs & Pence 1978).
We also show the stellar abundance gradient in M33 as derived by
Monteverde et al. (2000) as the large filled star.

7.3. The Milky Way as a normal spiral galaxy

Garnett et al. (1997) and Skillman (1998) have highlighted that
there is a remarkable correlation between the magnitude of the
oxygen abundance gradient (in dex kpc−1) in spiral galaxies
and the galaxy luminosity (as measured by MB), with the tru-
ely non-barred spirals displaying a tighter relationship with less
scatter. However, no such correlation is found when the abun-
dance gradient is expressed in terms of dex per disk scalelength.
If the mass-to-light (M/L) ratios are similar in these galaxies,

then the steepness of the abundance gradient (in real physical
terms) is closely constrained by the mass of the galaxy. Clearly,
future evolutionary models of spiral galaxy formation and evo-
lution need to take account of this observed correlation. In order
to put our results of the Milky Way into context, we have repro-
duced the figure of Garnett et al. in Fig. 5. This demonstrates
that the Milky Way sits along the normal sequence in both the
plots, indicating its chemical history has been reasonably nor-
mal in the context of other spirals, given its mass. However, in
order to elucidate the mechanism responsible for creating radial
abundance gradients and the apparently homologous evolution
of our Galaxy and other similar spirals – new models will need
to incorporate the observed correlations between such global
properties as discussed, for example, by Garnett et al.

8. Conclusions

1. The abundance analyses are based on an extensive observa-
tional dataset comprising high-resolution spectroscopy of
80 B-type main-sequence stars in 19 Galactic, young open
clusters/associations distributed over6 ≤ Rg ≤ 18 kpc.

2. Using homogeneous subsets of stars and lines, we deduce
significant abundance gradients for C, N, O, Mg, Al & Si.
We conclude that the radial distribution of light elements in
the Galactic disk can be represented by a linear gradient of
−0.07±0.01 dex kpc−1, with a steeper gradient being more
appropriate for nitrogen, viz.−0.09 ± 0.01 dex kpc−1.

3. Abundance gradients derived for oxygen and magnesium
using LTE and non-LTE model-atmosphere techniques do
not differ significantly. Thus, we conclude that the LTE anal-
ysis should be reliable for estimating the magnitude of the
metal abundance gradients in the present-day Galactic disk.

4. Comparison of our nitrogen and oxygen gradients for young,
B-type stars are in excellent agreement with the analyses of
H ii regions. Thus, it would appear that the discrepancies
between earlier sets of investigations have been resolved.
Several factors have almost certainly contributed to the fail-
ure of detecting significant abundance gradients in the past,
viz. the use of inhomogeneous datasets, and/or the use of
small samples of objects with a restricted range of Galacto-
centric distances.

5. Twarog et al. (1997) report evidence of an abrupt disconti-
nuity in the metallicity of the Galactic disk atRg ∼ 10 kpc.
However, we do not believe that our abundance estimates of
B-type stars in young, open clusters would be better fitted
with a two-zone model.

6. The variation of O-Mg-Si as a function of Galactocentric
distance are well correlated; further evidence that these
elements have a similar nucleosynthetic origin. On the
other hand, thelog N/O ratio displays a linear decline of
−0.04 ± 0.02 dex kpc−1 with Rg. This result is in good
agreement with that found for Hii regions in the Milky
Way (Rudolph et al. 1997) and external spiral galaxies (see
Vila-Costas & Edmunds 1993). Our results suggest that sec-
ondary nitrogen production (cf. primary production) is dom-
inant in the Galactic disk out to∼ 17 kpc.
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7. Garnett et al. (1997) have demonstrated that there is a re-
markable correlation between the abundance gradient and
the luminosity of a spiral galaxy. Comparison of our results
for the Milky way with this relationship, suggests that our
Galaxy has had a reasonably normal chemical history, given
its mass.

Acknowledgements.We would like to thank the staffs of the Isaac
Newton Group of Telescopes, the Anglo-Australian Observatory, the
South African Astronomical Observatory and both past and present
members of the APS Division at The Queen’s University of Belfast for
their assistance in obtaining the observational data. Data reduction and
analysis was performed on the PPARC funded N. Irelandstarlink
node. WRJR, RSIR and SJS acknowledge financial assistance from the
PPARC.

References

Afflerbach A., Churchwell E., Accord J.M., et al., 1996, ApJS 106, 423
Afflerbach A., Churchwell E., Werner M.W., 1997, ApJ 478, 190
Arnett D., 1996, In: Supernovae and Nucleosynthesis. Princeton Uni-

versity Press
Bahcall J.N., Pinsonneault M.H., 1995, Review of Modern Physics
Becker S.R., Butler K., 1988, A&A 201, 232
Becker S.R., Butler K., 1989, A&A 209, 244
Becker S.R., Butler K., 1990, A&A 235, 326
Becker W., Fenkart R.P., 1971, A&AS 4, 241
Bertelli G., Bressan A., Chiosi C., Fagotto F., Nasi E., 1994, A&A 106,

275
Brown P.J.F., Dufton P.L., Lennon D.J., Keenan F.P., 1986a, MNRAS

220, 1003
Brown P.J.F., Dufton P.L., Lennon D.J., Keenan F.P., Kilkenny D.,

1986b, A&A 155, 113
Butler K., 1984, Ph.D. Thesis, University of London
Cameron L.M., 1985, A&A 147, 47
Carraro G., Chiosi C., 1994, A&A 287, 761
Christian C.A., Smith H.A., 1983, PASP 95, 169
Crawford D.L., Barnes J.V., 1970, AJ 75, 952
Cunha K., Lambert D.L., 1994, ApJ 426, 170
Dennissenkov P.A., 1994, A&A 287, 113
de Vaucouleurs G., Pence W.D., 1978, AJ 83, 1163
Dopita M.A., Ryder S.D., 1994 ApJ 430, 163
Dufton P.L., 1979, A&A 73, 203
Dufton P.L., Brown P.F.J., Fitzsimmons A., Lennon D.J., 1990a, A&A

232, 431
Dufton P.L., Fitzsimmons A., Howarth.I.D., 1990b, ApJ 362, L59
Dufton P.L., Fitzsimmons A., Rolleston W.R.J., 1994, A&A 286, 449
Eber F., Butler K., 1988, A&A 202, 153
Edmunds M.G., Greenhow R.M., 1995, MNRAS 272, 241
Edvardsson B., Andersen J., Gustafsson B., et al., 1993, A&A 275, 101
Fich M., Silkey M., 1991, ApJ 366, 107
Fitzsimmons A., 1993, A&AS 99, 15
Fitzsimmons A., Brown P.J.F., Dufton P.L., Lennon D.J., 1990, A&A

232, 437
Fitzsimmons A., Dufton P.L., Rolleston W.R.J., 1992, MNRAS 259,

489
Fliegner J., Langer N., Venn K.A., 1996, A&A 308, L13
Friel E.D., Janes K.A., 1993, A&A 267, 75
Garnett D.R., Shields G.A., Skillman E.D., Sagan S.P., Dufour R.J.,

1997, ApJ 489, 36
Garnett D.R., Shields G.A., Peimbert M., et al., 1999, ApJ 513, 168

Gehren T., Nissen P.E., Kudritzki R.P., Butler K., 1985, In: Danziger
I.J., Matteucci F., Kjaer K. (eds.) Proc. ESO Workshop on Produc-
tion and Distribution of CNO Elements. p. 171

Giddings J.R., 1981, Ph.D. Thesis, University of London
Gies D.R., Lambert D.L., 1992, ApJ 387, 673
Grevesse N., Noels A., 1993, In: Prantzos N., Vangioni-Flam E., Casse

M. (eds.) Origin and Evolution of the Elements. Cambridge Uni-
versity Press, Cambridge, p. 14

Gummersbach C.A., Kaufer A., Schäfer D.R., Szeifert T., Wolf B.,
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