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Abstract. We have previously published intermediate to higstudies of young, B-type stars in Galactic clusters/associations
resolution spectroscopic observations of approximately 80 eaalyd field FG-type dwarfs have shown the metal content of the
B-type main-sequence stars situated in 19 Galactic open cll&M to differ by up to 0.5 dex over relatively small (1 kpc) spa-
ters/associations with Galactocentric distances distributed otial scales (see Rolleston et @l.”1994; Edvardsson &t-al] 1993).
6 < Ry < 18 kpc. This current study collates and re-analys@@mporal variations have also been investigated and an age-
these equivalent-width datasets using LTE and non-LTE modadeétallicity relationship has been constructed using observations
atmosphere techniques, in order to determine the stellar atrabthe Galactic globular cluster and open cluster systems (see,
spheric parameters and abundance estimates for C, N, O, kdgexample, Strobel 1991; Carraro & Chibsi 1994). These vari-
Al and Si. The latter should be representative of the preseations are a consequence of successive generations of stars hav-
day Galactic interstellar medium. Our extensive observationag enriched the ISM with products of nucleosynthesis that were
dataset permits the identification of sub-samples of stars winerated in their cores. Thus, abundance investigations provide
similar atmospheric parameters and of homogeneous subsetskdy to understanding the formation and chemical evolution of
lines. As such, this investigation represents the most extengjaaxies.
and systematic study of its kind to date. However, theoretical models of the chemical and dynami-

We conclude that the distribution of light elements (C, Gal evolution of the Galaxy depend on many variables including
Mg & Si) in the Galactic disk can be represented by a lirthe historical star formation rate (Phillipps & Edmunds 1991),
ear, radial gradient of-0.07 & 0.01 dex kpct. Our results the initial mass function (Gsten & Metzger 1982), radial in-
for nitrogen and oxygen viz(—0.09 + 0.01 dex kpc! and flows/outflows of gas (Mayor & Vigrouk 1981) and the infall
—0.067 £ 0.008 dex kpct) are in excellent agreement withof metal-poor gas from the Galactic halo (Pilyugin & Edmunds
that found from the study of iH regions. We have also ex{1996; van den Hoek & de Johg 1997). The radial variations of
amined our datasets for evidence of an abrupt discontinuityriretallicity within the Galactic disk (ie. abundance gradients)
the metallicity of the Galactic disk near a Galactocentric dipredicted by such models are not tightly constrained. Thus, the
tance of 10 kpc (see Twarog etlal. 1997). However, there is r@iable determination of the extent and magnitude of radial and
evidence to suggest that our data would be better fitted witpatial variations for a wide range of elements must be used
a two-zone model. Moreover, we observe a N/O gradient @f constrain models of disk evolution (see, for example, Mat-
—0.0440.02 dex kpc ! which is consistent with that found for teucci & Francoi§ 1989; Edmunds & GreenHow 1995; Prantzos
other spiral galaxies (Vila-Costas & Edmuinds-1993). & Aubert|1995, Portinari & Chiosi - 1999).

Considerable effort has been invested in studying metallic-

Key words: stars: abundances — stars: early-type — Galaxty variations within our Galaxy and external galaxies. The exis-
abundances — Galaxy: evolution tence of large-scale abundance gradients were first established
by Searle((1971) in a survey of id 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
The chemical evolution of the interstellar medium (ISM) variesalactic disk included the photometric studies of old open clus-
between galaxies and is both position and time dependent withifs (Jane5s 1979) and evolved disk stars (Mayor 1976). How-
a galaxy. For example, metallicity studies of objects in the Magver, most information concerning radial abundance gradients
ellanic Clouds (see Rolleston et lal. 1988b, 1996) demonstratg/e been derived from the spectroscopic investigation of H
that the global environments of these dwarf, irregular galaxigsgions (Pagel & Edmunds 1981; Shaver étal. 1983; Afflerbach
are completely different to that of the Milky Way. Furthermorest al[1997) and planetary nebulae (Torres-Peimbert & Peimbert
1977; Maciel & Kbpperi 1994), as observations of these bright,
gaseous nebulae are relatively easy to obtain. Such large-scale

1. Introduction
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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 R, Element Gradient Reference
(Myr)  (kpc) (dexkpc™)
Open clusters: <10? 6-16 Fe —0.05 Janes[(1979)
7-11 Fe —0.09 Panagi & Tosi[(198]1)
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: < 10* 8-12 Fe —0.05 Mayor (1976)
Cepheids: 103-10*  5-15 Fe —0.07 Harris [1981)
GK-supergiants: < 10? 8-11 Fe —0.13 Luck (1982)
AF-type stars: 10-10*> 10-13 Fe —0.08 Christian & Smith[(1983)
Planetary nebulae: 10°-10*  8-13 0 —0.06 Torres-Peimbert & Peimbeif (1977)
2-14 N, O, Ne —0.04 Pasquali & Perinotto (1993)
4-13 N, Ne, S, Ar —0.06 Maciel & Koppenl(1994)
4-13 0O, Ne, S, Ar —0.06 Maciel & Quirezal(1999)
H 11 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 (0] —0.05 Afflerbach et al.[(1996)

12-18 N, O, S —0.02 Vilchez & Estebar{ {1996)
0-12 N, O, S —0.07 Afflerbach et al.[(1997)

13-17 , —0.10 Rudolph et al[(1997)

B-type stars: <102 6-13 (0] —0.03 Fitzsimmons et al[ (1992)

7-13 N, O > —0.02 Kaufer et al.[(1994)
7-15 C,N, O, Mg, A, 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 GalaofyH 11 regions and intermediate-to-old clusters sample differ-
and in other spiral galaxies (see, for example, the recent reviesvd epochs in the Galaxy’s history, it is essential that one relates
by Pagel[ 1997 and McWilliam 1997). In Talble 1, an overviewesults from comparable objects when attempting to correlate
is given of published estimates for the magnitudes of the abuhe data.

dance gradients. It should be noted that this compilation is not

meant to be exhaustive, but rather a selection that is representas_type stars as tracers of Galactic chemical composition
tive of that which can be found in the literature.

However, relatively few elements have been studied inE@rly-type stars provide an excellent method for probing the
homogeneous and consistent manner to date and the pre@gallicity and recent evolutionary history of both the Milky
behaviour as a function of Galactocentric radidg ) is still Way and external galaxies. As a direct consequence of their
rather uncertain. For example, Shaver et[al. (1983) found Figh luminosities, early B-type dwarfs can be observed in dis-
dial abundance variations of approximatelp.07 dex kpc'! tant regions of the Galaxy at high spectral resolution and at
for oxygen, nitrogen and argon from a study of 6Tilregions @ high signal-to-noise ratio. Such stars have evolutionary ages
within the range of Galactocentric distances, 4.0—-12.5 kpdypically less than 30 Myr and possess photospheres thabare
with some evidence for a steepening of the gradient toward@rmallycontaminated by core-processed material (see Gies &
the inner region R, < 6 kpc). This contrasts with the results-ambert 1992). Furthermore, B-type dwarfs exhibit relatively
of the photometric study of intermediate age clusters by Jari&), photospheric metal-line spectra with absorption features
(1979), which indicated that the gradient steepened in the outgie to C, N, O, Mg, Si, S, Al and Fe. In addition, the spec-
Galactic disk (atR, > 9 kpc). More recently, Twarog et al.tral lines are mostly well separated; thus aiding the identifica-
(1997) have suggested that the metallicity distribution of cluion of line-free regions, essential for the determination of reli-
ters as a function of Galactocentric distance is best descritfdde equivalent widths for the abundance calculations. Hence,
by distinct zones (and a discontinuity), rather than a continuoiidse objects should provide unambiguous information on the

linear decline in metallicity. Given that the metallicity studiegresent-daghemical composition of the ISM within the parent
galaxy.
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Such studies should also not be subject to systematic &nd these methods are described in $éct. 4 and[$ect. 5 respec-
rors that may be introduced by other methods. The analysegieély, with the results being discussed in SELt. 6.
diffuse, emission-line nebulae may suffer from chemical frac-
tionization processes such as grain formation (see Henning &
Gurtler[1986) and element diffusion (see Bahcall & Pinsor3. Source of spectroscopic data

neault 1995) such that the measured abundances will not reflect _ . o . .
the true composition of the gas cloud. In particular the form e observational datasets utilized in this paper comprise high-

problem creates large uncertainties in the abundances deri?DIUtlon Spectroscopy( ~ 10000-40000) of 80 stars in
t

for refractory elements (eg. C, Si and Fe) which are particulal Galactic d'sfk’ open _clu::‘ttlarslla;somauor;s. Th|ts) repr(:_sentls
susceptible to grain depletion. e progress of approximately years of an observational

There have been several attempts to measure the magni paign and includes objects with Galactocentric distances

of radial abundance gradients using young, B-type dwarfs t:'b[%ted throughogt thteh rangel < ffzﬁ S 57% kplc. In i
tracers of metallicity in the Galactic disk. The first attempt was o © - W€ summarize the source of Ihe individual spectro-

by Gehren et al[(1985), who found an essentially flat relatigﬁopicdatasets—providingreferencesforthesteIIaratmospheric
) ' rameters and metal-line equivalent widths, and the primary

(zero gradient) for oxygen and nitrogen. Similarly, Fitzsimmo . .
etal. (1990, 1992) did not detect any systematic abundance Viplgrces of the cluster and stellar distance estimates. Smartt et al.

ations. Although these studies extensively sampled the reg 200 L1996k) demonstrated that using a homogeneous set of

within ~2 kpc from the Sun, viz. the Sagittarius, Local and . . . . -
Perseus spiral arms, they failed to adequately survey the 0&@8 reliable analysis of spatial and radial abundance variations
' to be undertaken. Indeed, with a few refinements (as discussed

disk beyond the Perseus spiral ar®,(~ 11 kpc). Further- .

more, a shallow gradient may indeed be representative of HeSectBL),bsuch ?. horTc(;gtteneclus_?ﬁt ozfzstabr§ cta nllbte gxtra_lc_:ted

solar neighbourhood (see Séct]6.4), and element depletion our-observational datasets. 1he objects listed in fa-
include 3 Galactic disk field stars; however, for simplicity

not occur until one reaches the Perseus arm and beyond. ) . ) :
recently, other groups including Kaufer et al. (1994) and KiliariF roughout this paper we will refer to the 22 objects generically

Montenbruck et al[{1994) made revised attempts of estimati?@ clusters.
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 6y

using very small samples, and errors in distance estimatestae methods used in the derivation of the LTE stellar atmo-
element abundances in the critical data-points at large Galaggheric parameters are similar to those previously discussed
centric distances. The study by Smartt & Rolleston{1997) WgsDufton et al. [1990a) and Hambly et al. (1997). Primarily,
the first to establish a significant Galactic abundance gradigié theoretical computations were based on the grid of line-
of oxygen using early-type stars. This investigation involveglanketed model atmospheres of Kuruicz (1991), together with
the analysis of some 50 stars from 18 young stellar clusterse radiative-transfer codes to derive the atmospheric param-
and associations with Galactocentric distances ranging freffgrs and chemical compositions. The atomic data were as dis-
6 < Ry < 18kpc; furthermore, it adequately sampled the oute{;ssed in Jeffery (1996). Further details on the individual deriva-
Galactic disk. Smartt & Rollestor (1997) derived an oxygefbns of the stellar parameters can be found in the papers refer-
abundance gradient 6f0.07 + 0.01 dexkpc ™', showing the enced in TablEI2. It should be noted that a subsequent non-LTE
first agreement of such stellar studies with Galactic tégion analysis of selected elements was undertaken (see$ect.5), in
and PNresults. Further, explanations were givenin this latter gader to estimate the magnitude of uncertainties inherent in the
per as to why previous attempts at measuring stellar abundaptg abundance gradients due to the neglect of non-LTE effects.
gradients found null results. More recently, Gummersbach et Gjven the merits of using a homogeneous set of stars (with
al. (1998) have re-analysed a slightly extended observatiosghilar effective temperatures and surface gravities, together
dataset of Kaufer et al. (1994) and found that errors inherenijith comparable equivalent width datasets), we have invested
their previous analysis did indeed contribute to the derivati%nsiderame effort in addressing possib|e sources of inhomo-
of a flat gradient. geneities in our sample. For example, the full dataset comprises
In this paper, we use our extensive observational datasetgfrs with effective temperatures spanning the range 17 500—
early B-type stars in Galactic disk, open clusters and asso@&500 K, while the size of the individual equivalent width
tions to derive estimates of abundance gradients for additiogatasets increases with the epoch of the observations (as a result
elements, viz. C, N, Mg, Al & Si. Unfortunately, it was notof technological advances). Furthermore, the original estimates
possible to derig S & Fe alindances for a statistically signif-of the stellar effective temperatures made use of both photo-
icant sample of stars, due to the weakness of theSi11 and metric and spectroscopic techniques, whilst it was not always
the Feur features. Sources of the observational data (stellar ggssible to determine a value for the microturbulegcklence,
mospheric parameters, distances, metal-line equivalent widt@have considered the effects of such possible inhomogeneities
are described in Se€l. 3. The analysis of the equivalent wig{fthin our sample on the derived elemental abundance gradi-
datasets were undertaken using LTE and non-LTE techniqugsis, and (where appropriate) we have identified sub-samples

tars (with similar atmospheric parameters) permits a detailed

LTE abundance analysis
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Table 2. Source of spectroscopic data (references).
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Cluster Stellar parameters/metal-line equivalent widths  Distance estimates (if different)
NGC 6611 Brown et al[ {1986b) Bhet al. (199D)

NGC 6231 Lennon & Duftori (1983) Shobbrogk (1983b)
NGC 6531 Brown et al[ (1986a) Knude (1992)

NGC 4755 Brown et al[(1986a) Shobbropk (1984)

IC 2944 Brown et al.[(1986a) Becker & Fenkart (1971)
Loose Assoc. Brown et al. (1986a) Dufton (1879)

NGC 3293 Brown et al! (1986a) Shobbropk (1983a)
Cepheus OB 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 +x 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 all (1996b, 1996c¢) -

S 285 Rolleston et al. (1994) -

RLWT 13 Smartt et al[ (19960, 1996c¢) -

Bochum 1 Rolleston et al. (1993a) Fitzsimmdns (1993)
Dolidze 25 Lennon et al. (1991) Moffat & Vodt (1975)
NGC 1893 Rolleston et al. (1993a) Fitzsimmdns (1993)

MR 1 Smartt et al[(1996a) -

S 289 Smartt et al._(1998b, 1996c) -

S 283 Smartt et al. (1996b, 1996c¢) -

of homogeneous stars. Below we discuss these consideratiwashave attempted to define a homogeneous subset of lines
in turn. 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-
As afirstapproach, we have considered the entire stellar sampiary Oi1 lines. For C, no lines satisfied the first criterion
The adopted atmospheric parameters were used to deduce &h#t so the blue and red lines were considered independently,
abundance estimates for all the observed metal-line featuresdiiile only one Mgi feature was observed in the\3900—
which atomic data were included in our line-formation codeg750A region. Thus, our subset of lines for each element in-
This comprised 4 @ lines, 10 Nit lines, 31 Qi lines, 1 Mgl clude 3 Carbon (@ 3920.69, 6578.10, 6582.90), 7 Nitrogen
line, 3 Al111 lines and 6 Sit1 lines. Mean elemental abundance@N 11 3995.00, 4601.48, 4607.16, 4613.87, 4621.29, 4630.54,
per star were deduced by taking the arithmetic mean of the43.09), 15 Oxygen (©3912.00, 3945.04, 3954.87, 3982.72,
estimates obtained from individual lines of the same specid972.16, 4078.84, 4092.93, 4132.80, 4590.97, 4596.18,
Similarly, a mean cluster abundance was derived from the me#888.86, 4649.14, 4650.84, 4661.63, 4676.24), 1 Magnesium
elementabundances of individual stars. Inthe model atmosph@vig 1 4481.23), 1 Aluminium (Atr 4528.91) and 3 Silicon
calculations, we assumed a value for the microturbulence (8111 4552.62, 4567.82, 4574.76) features.

5 kms! which has been found previously to be appropriate

from similar LTE analyses of B-type dwarfs (see Hardorp
ScholZ1970; Gies & Lambert 1992).

4.1. The full sample

‘3.3. 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-
The spectroscopic observations were obtained over a 15 yeargiers, could be reduced by restricting the sample of stars to those
riod. During this time, there have been significant technologioaith effective temperatures similar to that corresponding to the
advances with IPCS detectors being superseded by high reteximum line-strength of a particular ion. Our sample of 80
tive quantum efficiency and large format CCD's. Furthermorstars display effective temperatures within the range 17 500-
it is now routine to obtain high-resolution spectfa{ 40 000) 33500 K with a mean temperatureffy = 25275+ 3 750 K.

and complete wavelength coverage of faint stars withelle Furthermore, the objects are all (near) main-sequence stars and
spectrographs on 4-m class telescopes. The above havetfedmean logarithmic surface gravity of stars in our sample is
to different completeness levels of the metal-line equivalehiz g = 4.02 + 0.25 dex. Therefore, for each species under
width datasets for stars observed at different epochs. Heneensideration and for a surface gravitylef g = 4.0, we deter-

4.2. Homogeneous subsets of lines
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mined the temperaturd(,.,) corresponding to the maximumgramme stars. For approximately 25% of the sample, it was
line-strength, viz. 23 500 K (@), 25 000 K (N11), 27 500 (O1), possible to estimate a value for the microturbulent velocity
24000 (Alr) and 25000 K (Sim). For all the species studied,by adjusting this parameter so as to remove the dependence
the selection of stars with effective temperatures in the rangethe derived Qi abundance upon line-strength (see, for
|Tett — Tmax| < 5000 K and |Teg — Tmax| < 3000 K led example, Gies & Lambeit 1992). This method yielded a mean
to errors in the abundance estimates of less than 0.16 dex amcdroturbulence of 723.2 kms! for the sub-sample of
0.13 dex respectively for errors in the effective temperature strs. No temperature dependence on the derived value of
+1 000 K. We therefore investigated the effect on the estimatéswas observed; however, for 3 stars in+ y Per which
of abundance gradients for the afore-mentioned species usang evolving off the main-sequenclvdg ~ 3.7 dex), we
such sub-samples of stars. For the Mg481,& feature, the measured larger values-12 kms!) for the microturbulent
line-strength peaks at a temperature around 10 000 K whictvedocity. Excluding the latter 3 objects, we found a mean
considerably cooler than any of the stars in our sample. Henealue of ¢ = 6.2 & 2.0 kms . We therefore investigated
for this ion we arbitrarily considered subsets of stars withime possible effects of the afore-mentioned assumption on the
+5000 K and+3 000 K of the mean effective temperature ofesultant abundance gradients, by adopting our derived values
the stellar sample, viZl.g¢ ~ 25000 K. of microturbulence for the 25% of the sample and a value of
5 kms! for the remaining objects.

4.4. Photometric and spectroscopic temperatures

Ideally, Fhe gtmospherlc_parameters should be denved_ for_ilb_ Galactocentric distance
stars using similar techniques. However, for the determination
of the stellar effective temperature, in particular, this was nbBistance estimates to the Galactic clusters and associations
always possible. For example, spectroscopic temperaturesdan be derived using either photometric or spectroscopic tech-
early B-type stars can be deduced from the relative strengthsimfues. The photometric method employs the fitting of theoret-
lines from two ionization stages of silicon such asi85i1v ical isochrones to the observed colour-magnitude diagrams and
(see Smartt etal. 1996b). Unfortunately, it was not always possdlour-colour diagrams (see, for example, Fitzsimnions 1993);
ble to reliably measure equivalent widths of lines from two iorikence, this approach will provide reliable results for those clus-
ization stages of silicon due to a number of factors. First, if thers which possess well populated main-sequences. For the ob-
stellar temperature is sufficiently far from the temperature cgects within the Sagittarius, Local and Perseus spiral arms and
responding to the maximum line-strength of the ion, and/or thiee two more distant clusters Bochum 1 and NGC 1893, this
photospheric composition was of lower metallicity, the absorpriterion was certainly applicable. Therefore for these objects,
tion features are intrinsically weak. Secondly, for those stars tiwa primarily adopted values of Galactocentric distange
exhibit large projected rotational velocities, the lines are oftexee Tabl€I3) that were based on photometric distance estimates.
blended with other features or one requires much higher S/N to However, our most distant targets are generally associated
discriminate them from the stellar continuum. Furthermore, tléth H 11 regions which are sparsely populated (see, for exam-
Siitlines are subjectto relatively strong non-LTE effects; hengele, Turbide & Moffal 1993) and the main-sequence fitting tech-
it was only possible to use (where available) the®sirv ion- nique yields distance estimates with rather large uncertainties.
ization equilibrium to yield spectroscopic temperatures in tt&milarly, large uncertainties exist in the photometric distance
LTE analysis. estimates of isolated field stars. Thus, the derived atmospheric
Photometric temperature estimates were obtained from frerameters for the 3 field stars and individual stars in the outer
Stromgren reddening frep: — b] index using the calibration Galactic disk Hi1 regions were compared with the evolution-
of Napiwotzki et al. [[1993), which is appropriate for mainary isochrones of Bertelli et all {1994); isochrones were se-
sequence stars. However, it is important to establish whetlexted that were consistent with the observed metallicity of each
the different methods for deriving effective temperature esttar. These comparisons yielded stellar masses and luminosities,
mates could introduce a bias in the derived abundance gradiewtsich were combined with the visual bolometric corrections
Hence, we evaluated abundance gradients for two sub-samfagucz|1979), the published apparent visual magnitudes and
of stars corresponding to those with temperatures derived usiaddenings (see Tallé 2 for references) to provide individual
spectroscopic and photometric techniques. For bright, nornsgectroscopic distance determinations. Mean distance estimates
B-type stars in the solar neighbourhood, Hambly et al. (1993 each cluster/association were calculated using the arithmetic
did not find evidence for systematic differences between temean of the individual stellar distances. These methods are dis-
peratures derived using $tngren indices and the 8i/Sitv  cussed in detail by, for example, Rolleston etlal. (1997).
ionization equilibrium. 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,
As discussed in Se€i4.1, we initially adopted a value wfe also analyzed our dataset using spectroscopic distances for
5 kms! for the microturbulence parameter in all the proall targets.

4.5. Microturbulence§
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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 abundénteefers to the number of stars upon which the mean abundance estimates were
based. Where, > 1, the quoted error is the standard deviation of the mean stellar abundances andvwhdrethis refers to the standard
deviation of the mean element abundance as determined from the individual lines.

Cluster R, 12 + log[ X/ H] (n)

(kpc) Carbon Nitrogen Oxygen Magnesium Aluminium Silicon
NGC 6611 6.06:0.27 8.22-0.30 (1) 7.820.28 (2) 8.880.14 (4) 7.440.30 (1) 6.220.30 (1) 7.640.35 (4)
NGC 6231 6.880.19 — 7.96:0.26 (6) — 8.03-0.32 (4) — —
NGC 6531 7.280.29 — 8.2%0.07 (2) 8.84-0.18 (1) 7.8%0.30 (1) 6.3&40.30 (1) 7.7&0.09 (1)
NGC 4755 7.630.04 7.980.09 (2) 7.76:0.37 (6) 8.86:0.12 (6) 8.0%:0.21 (2) — 7.36:0.17 (2)
IC 2944 7.88-0.04 — 7.95:0.00 (2) 8.830.07 (3) 8.0&0.14 (2) 6.5%0.04 (2) 7.480.22 (3)
Loose Assoc. 8.1:80.05 — 8.16:0.30 (1) 8.880.07 (2) 8.08:0.30 (1) 6.3%:0.30 (1) 7.76:0.09 (2)
NGC 3292 8.190.02 7.780.30 (1) 7.740.24 (8) 8.8#%0.12 (7) 7.630.40 (4) 6.3&:0.06 (2) 7.46:0.23 (5)
Cepheus OB Il 8.780.08 7.63-0.16 (4) 7.56:0.36 (5) 8.7%0.25 (6) 7.4@-0.14 (5) 6.06-:0.20 (4) 7.46:0.22 (6)
NGC 2362 9.38:0.20 — 8.090.14 (3) 8.870.02 (3) 7.8%0.12 (3) 6.380.30 (1) 7.41%0.04 (3)
Berkeley 94 9.96:0.10 — 7.6%0.30 (1) 8.8&0.16 (3) 7.1%0.25 (5) 6.130.07 (2) 7.3%20.26 (5)
h + x Per 9.93:0.09 7.96:0.12 (4) 8.0%0.18 (5) 9.26:0.06 (3) 7.610.26 (4) 6.4240.27 (4) 7.520.67 (3)
NGC 457 10.40.3 8.0%0.40 (4) 7.830.30 (1) — 7.120.30 (1) 6.18&0.06 (2) 7.380.42 (5)
RLWT 41 10.4:1.0 7.84:0.17 (1) 7.290.30 (1) 8.160.20 (1) — 5.9530.30 (1) 6.8&0.01 (1)
Wat 1 11.6:0.8 7.62:0.09 7.330.30 (1) 85%0.19 (1) 7.220.30 (1) 5.820.30 (1) 7.240.07 (1)
S 285 12.30.3 7.58:0.04 7.780.45 (2) 8.86&0.22 (2) 7.460.04 (2) 6.0&0.27 (2) 7.680.33 (2)
RLWT 13 13.1#1.0 7.40:0.21 (1) 7.240.30 (1) 85@0.26 (1) 7.320.30 (1) 5.860.30 (1) 7.020.14 (1)
Bochum 1 13.20.2 7.74:0.12 (1) 7.620.05 (2) 8.580.20 (1) 7.340.09 (2) 5.990.30 (1) 7.45-0.02 (2)
Dolidze 25 13.21.2 — — 8.38:0.24 (1) — — 6.86:0.16 (1)
NGC 1893 13.30.2 7.54:0.20 (3) 7.360.30 (2) 8.8%0.29 (4) 7.230.08 (5) 6.060.11 (3) 7.29-0.20 (6)
MR 1 15.6+1.5 —_ — 8.08:0.03 (1) — —_ 7.14-0.04 (1)
S 289 15.40.7 7.44:023 (2) 7.160.18 (2) 8.3%0.10 (2) 7.120.04 (2) 6.1¢0.30 (1) 6.7%0.05 (2)
S 283 17.61.0 — 7.65:0.30 (1) 8.220.17 (1) 7.240.30 (1) 6.420.30 (1) 7.1%0.04 (1)
4.7. LTE results tion of a value of 5 km s! for the microturbulence, and the

.. erivation of Galactocentric distances using both photometric
Individual stellar and mean cluster abundances were deduce% 9 P

discussed above for the ‘Full sample’ and for each of the ‘Su _&spectroscoplc techniques, did not appear to bias the results.

samples’. These were combined with the estimates of Gala In Table[3, we present the LTE stellar abundances and the

. . a%opted Galactocentric distances that have been used to derive
tocentric distance to calculate the magnitude of the abundance . : .
. i > .the values of the abundance gradients summarized in Table 4
gradients — by a linear least squares fit through the data points. . - .
The fitting routine did not weight the points accordin toindividanOI shown graphically in Figl 1. The cluster abundances given
g ) . 9 P g . In Table[3 have been derived using the homogeneous subset
ual errors associated with each star or open cluster/ associat

§%tars With|Tog — Tiax| < 5000 K (see Sect413), and for
Egtr]rg:ggrﬂ\:\; ? ﬁf:g r?gaarl dsgaez?:,{zgnfgﬁﬁfezrggzhIglig?;rlibthﬁ_homogeneous subset of lines Ilsted in $edt. 4.2. Below we
é;ISCUSS the results for each element in turn.
dances were generally less than 0.2 dex for those clusters tor
which individual stellar estimates were obtained for two or more
stars. However, such an error estimate may be more realistiéof.1. Carbon
the total uncertainties in our techniques (including, for exan:

ple, systematic errors which may arise from the assumption o

LTE). It should be noted that the effect of including indiViduaéubsets of lines, viz. 1) the 39A0feature which was observed
errors on the data-points as tabulated in Table 3 did not s 95 10 clusters V\;ittR between 5-13 kpc, 2) data for the 4267
nificantly affect the magnitude or the associated errors of t € ture which was ogbtained for5 clustet'%g(N 9-13 kpc), and
derived gradlent§. 3) the red Q1 lines which were only observed for objects in the

The use of different sets of stars and/or stellar features er Galactic diskR, ~ 10-17 kpc). The @ 4267A doublet

. ) : o .

descrlbed n S_ec{@].l _to 8@4:6’ led to the following 9eNe{AY nown to be susceptible to strong non-LTE effects (see Eber
conclusions. First, the identification of homogeneous SUbsets&OEutler 1988); furthermore, this equivalent width dataset is

lines d'q not lead to significantly d'ﬁ"t“?”t gradients (ag col nly available for a restricted range of Galactocentric distances.
pared with the full sample), but rather itimproved the reI|ab|I|t3f.hus the Q1 4267A feature was excluded from our analy-

of the fits. Secondly, the imposition of a temperature constraiff * ~ - the other hand. the 39Rdine and the red @ lines

to within 45 000 K of that corresponding to the maximum Iine-Tg6578 10. 6582 gé) should be reliable. Indeed. the 3980

strength of a particular species also served to reduce the un Eliure alone yields a gradiente1).07 + 0.02 dex kpc!. An
tainty in the magnitude of the derived gradients without yielding ) X ;

I . ) . lysis of the red lines, which le th t t disk re-
significantly different results. Thirdly, the adoption of both pho%iqoigs;i c?u d eed;et a flor}e: sgr :(r:1 thsaégepgeilon 880;863”&%3\/ e\;z ) re
p_ 1 L . 1

tometric and spectroscopic temperature estimates, the assu

e full carbon equivalent width dataset yielded a gradient of
.0840.02 dex kpc . However, this comprised three distinct
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¥6.1 . . * i dance estimate for S 283-2 which was notin-
L] . . .

659 . o d6.8 . .. cluded in the final analysis (see SECt.4.7.2).
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squares fit through the data-points, the re-
sults of which are listed in Tablé 4.

this object maybe peculiar in that it exhibits enhanced C&Mable 4.LTE abundance gradients: calculated using the homogeneous
abundances relative to its mean photospheric metallicity (sedset of stars withlesr — Tmax| < 5000 K (see Secf. 413) and the
Smartt et al. 1996¢, Hibbens et(al. 1998). Furthermore, S 288agmogeneous subset of lines discussed in SettI4.2. corresponds

is associated with a region of strongiHmission and the neb- to the temperature atwhich the metal-line spectrum reaches a maximum

ular subtraction around theiCred lines was problematic. The
inclusion of this object leads to a shallower gradient for carb

line-strength, an@jipes IS
&t‘the element abundan

the number of lines used in the determination
ce gradients.

(and nitrogen); however, we caution against placing significance

on this data-point given the problems above and would encobifment Gradierltl Tmax Niines
. ’ . s o (dex kpc™ ) (K)
age higher resolution observations to check the validity of it's
carbon abundance in particular. Exclusion of the data-point for —0.07£0.02 23500 3
S 283 provides a gradient 6f0.07 & 0.03 dex kpc! as de- _8.82;[1060(1)08 ;? 288 175
termined from the red lines. Restricting the carbon dataset 1o :0'071 0 61 25000 1
those stars within 5000 K df,,,.. leads to excellent agreemen | _0'050 L 6 015 24000 1
between the abundance gr.adient deduced from the 3%20@ —0.06 +0.01 25000 3
red Cir lines — as the effective temperature of S 283-2 does not
satisfy this constraint.
We detected no significant differences in the gradients de- .
.7.2. Nitrogen

rived using separate sets of stars for which abundance analy-
ses were undertaken using either photometric or spectroscofiie analysis of the complete nitrogen equivalent width dataset
indicators. Indeed for carbon, our two subsets of stars witelds a gradient o£-0.05 dex kpc™!. However, this value may
Stromgren and silicon temperatures respectively possess cty@-biased by the inclusion of rediNlines for the outermost
parable Galactocentric distributions. From our analysis, we aisasters. Only one line (viz. N 3995A) fulfills our selection
conclude that the assumptiong#= 5 km s~ will introduce an  criterion for the identification of a homogeneous set of lines.
error of less than 0.004 dex kpt— which is within our quoted This absorption feature is observed in over 90% of our sample;
errors. Thus, we conclude that a carbon abundance gradiertt@fice, an estimate of the nitrogen gradient using this feature
—0.07 + 0.02 dex kpc! (as derived from the 3928 and red should be reliable. Indeed, using the temperature restricted sub-
Cu features) is appropriate for the present-day Galactic disksample of stars withT.g — Thax] < 5000 K, we derive a
nitrogen abundance gradient 0.07 £ 0.01 dex kpc™'; the
reliability of this measurement being reflected in the small stan-
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dard error. However, the magnitude of the gradient is criticalterived using both photometric and spectroscopic temperatures
dependent upon the status of the data-point for S 283-2. As digre in excellentagreement for stars within the same cluster, and
cussed earlier, both C&N are enhanced in the atmospherdafclusters at similaR?, values. Further, those stars for which
this star — and hence, the photospheric abundances may ndidté Sitii/Sitv and Stbmgren indicators were available, the
representative of the progenitor ISM (see Smartt et al. 1996€) derived from each method was in good agreement (within
Exclusion of this data-point leads to a steeper gradient for e expected errors af1000 K).
trogen, viz.—0.09 £ 0.01 dex kpc™*. Hence, we conclude that our dataset will not be biased, even
The majority of the remaining features that were observéldbugh stellar oxygen abundances have been derived using both
in our spectra are transitions arising from multiplets 5 and Jhotometric and spectroscopic temperature estimates, and that
of N11. Therefore, we attempted to use this additional subsetinear gradient of-0.067 + 0.008 dex kpc ™! best describes
of lines to confirm the magnitude of the nitrogen abundantiee current composition of the Galactic disk.
gradient. Excluding the data-point for S 283-2, the magnitude
of the gradient (based on lines of multlplets 5 and 12) is
good agreement with that derived for the 3goeature. Again,
there is no evidence to suggest that the adoption of photom@tr magnesium equivalent width dataset consists of only one
ric and spectroscopic temperatures will introduce a bias, whiteaiture, viz. the Mgt doublet at~4481. 2A; therefore our
using different treatments for the microturbulence parametiataset, by definition, forms a homogeneous set of lines. It
leads to a difference of less than 0.002 dex in the resultafiould be noted that for stars that display large projected rota-
gradients. Hence, given our concerns about the reliability @dnal velocities, the Mgt 4481A feature can be blended with
the S 283-2 data-point, we believe that a linear gradient thle nearby aluminium doublet (Al 4479A); although, the
—0.09+0.01 dex kpc! would better represent the variation ofatter feature generally makes a negligible contribution to the
nitrogen in the Galactic disk. 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.
The oxygen equivalent width dataset is the most extensive of Itwas not possible to ascertain directly whether the adoption
the species observed in our spectra. Furthermore, the gradiefitsoth photometric and spectroscopic temperatures affected
that are derived amgotcritically dependent on any specific datathe derived value of the magnesium gradient. However, as for
point. A gradient of-0.065+0.010 dex kpc ! is derived using oxygen, there was good agreement between stellar abundance
the full dataset; furthermore, we find that adopting a subsettimates deduced using different techniques within the same
of lines and stars improves the significance of the measumddsters, and between clusters at simifarvalues. Our data is
gradient, but does not significantly affect the magnitude.  best fitted with a gradient 6£0.07 & 0.01 dex kpc!.
Attempts were made to derive gradients using only those
stars with photometric temperature determinations, and orll)? 5. Aluminium
those with spectroscopic determinations. However, only two
data-points of oxygen abundances derived using photomefrlee decrease in aluminium abundance as a function of increas-
temperatures exist for Galactocentric distances greater tlieg R, is clearly observed (see Fig. 1); however, the extreme
R, ~ 10 kpc. No significant gradient was detected for thig, data-point for S 283 is discrepant from this linear trend.
subset of stars which samples the Galactic disk dier 7— For this latter object, the derived Ak abundance is slightly
10 kpc. However, we have previously highlighted the dangevger-abundant as compared with the solar neighbourhood (see
involved with using spatially and statistically restricted samplé&martt et al._ 1996b). The-elements (O, Mg, Si) for S 283-2
of stars (Smartt & Rollestan 1997). Additionally, it may be thathow consistent deficiencies relative to the solar neighbourhood
the metallicity is effectively constant across theg ~ 7-10 kpc —as would be expected, since these elements are believed to have
region which covers the Local, Sagittarius and inner part of thesimilar nucleosynthetic origin. However, it is unclear whether
Perseus arms (see Fitzsimmons €t al. 1992 and[Sdct. 6.4). the derived aluminium abundance estimate for S 283-2 reliably
Conversely, the analysis of clusters in the outer regigaflects the present-day composition of the ISM at this position.
(Ry ~ 10-17 kpc) utilizes mainly spectroscopic temperatuf@nce this data-point is derived from one line in one star (and
indicators. However, several inner clusters were also analysgeen the caveats described in SECT-4.7.1), we have excluded it
using this technique, and so stars with silicon ionization equilifrom the current analysis which has the purpose of estimating
rium temperatures are reasonably distributed across the Gathe-linear decline of aluminium abundance with. We shall
tocentric rangeR, ~ 5-17 kpc. The magnitude of the gradienteturn to this point in Sedt. 8.3.
using such a sub-sample{.066 4 0.012 dex kpc™') is in ex- The full aluminium equivalent width dataset yields a gradi-
cellent agreement with that derived using all the stars. Thisest of magnltudeLO 059 dex kpc!. This comprises observa-
not surprising, given thatitis the lower metallicity objects fountions of the 4474 doublet (which is not always resolved from
in the outer disk that mainly give rise to the oxygen gradierthe nearby and much stronger Mdine at 44814), the weak
However, the important point to note is that, oxygen abundanctsl 2A line which is poorly observed, and the 4538loublet

4{17 4. Magnesium

4.7.3. Oxygen
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which fulfills our selection criterion. Using a homogeneous satmicroturbulence of 5 km=s and for two helium fractions

of lines (viz. Alit 4528,3\) for the homogeneous set of stargy = 0.09 andy = 0.20. However, it should be noted that our
(ITeg — Tmax| < 5000 K), we deduce an abundance gradiergntire stellar sample appeared to possess normal helium com-
of —0.050 £ 0.015 dex kpc L. This value does not appear to bgositions (iey = 0.09).

biased by the inclusion of stars with different temperature indi- The models, which contained only hydrogen and helium,
cators or by the adoption of 5 knt & for the microturbulence assumed a plane-parallel geometry with both hydrostatic and ra-
parameter. diative equilibrium. Non-LTE line-formation calculations were
performed using the codesTAIL (Giddings 1981) andUR-

FACE (Butler[1984).DETAIL calculates the level populations
whilst allowing for departures from LTE, arklRFACE com-

In early B-type stars, the three lines arising from thaSiulti- putes the emergent line profiles and fluxes. Computations were
plet at 4552-74 are moderately strong and are isolated — petindertaken for the grid of model atmospheres described above,
mitting the determination of reliable equivalent widths. Thesend a grid of element compositions corresponding-th2,
features were well observed in approximately 80% of our stel-0.8,—0.4, 0.0 and-0.4 dex relative to solar for the two species
lar sample, and thus form a homogeneous dataset. Our analgsisand Mgr1. Further details can be found in McErlean et al.
shows a reasonably tight fit of the observed cluster abundanE¥99).

to a linear decline of-0.06 & 0.01 dex kpc™!. The magnitude
of this gradient would appear to be unaffected by the adopti
of different temperature indicators or a value of 5 kmt gor

4.7.6. Silicon

8™ 2. Non-LTE stellar atmospheric parameters

the microturbulent velocity. Element abundances were deduced by comparing our observed
equivalent widths with the theoretical predictions generated us-
5. Non-LTE abundance ana|ysis — verification |ng the above grld of non-LTE model atmospheres. However,
of the LTE approach the derived atmospheric parameters used in Bect. 3 were com-
) puted in LTE, and it is important that we adopt values appro-
5.1. Method of analysis priate to our non-LTE models. However, rather than estimating

It is important to demonstrate that the assumption of LTE doB@N-LTE effective temperatures/surface gravities for individ-
not bias the derived abundance gradients, before we proceed@bstars, we have derived a transformation betwggrlog g
discuss our results in the context of other investigations. A figPints in the Kurucz LTE and non-LTE grids of model atmo-
non-LTE analysis of our observational dataset would be a néitheres. The temperature conversion was deduced from a com-
trivial task. This would involve the determination of non-LTEParison of the temperature—optical depth scales of the LTE and
atmospheric parameters and non-LTE line formation calcuRR@N-LTE models, for optical depths corresponding to that of
tions for approximately 80 stars and 6 species. The formertie line-formation regions. This implied that for models with
problematic, as the spectral data obtained at earlier epochssé'i‘@"ar structures, the effective temperature label of the unblan-
no longer readily available (which would prevent the use of atgted non-LTE model was typically 1500-2 500 K higher than
profile fitting techniques). Also, McErlean et &l. (1999) havéat for the Kurucz line-blanketed model. We have adopted a
shown that their non-LTE calculations (see Sect.5.2.1) do Agfhperature correctiol\T’, of +2 000 K for LTE effective tem-
produce reliable results for some species. Furthermore, weRfsatures between 20 00030000 K akd ~ +2500 K for

not believe that the amount of effort that would be required 000 < T3 < 32500 K.

is commensurate with the additional information that maybe A gravity correction was derived by investigating the sen-
gained (see Seff5.2.3). We have therefore undertaken a ridfiity of the Balmer line wings to non-LTE effects. The-
LTE treatment of two species, viz. oxygen and magnesium, @¢etical non-LTE hydrogen line profiles were generated us-
test the validity of our LTE results. Lines ofand Mg pos- INg DETAIL/SURFACE for our grid of model atmospheres (see
sess the hottest and coolest peak line-strengths of the 6 speeREL5.L11). These were compared with LTE hydrogen line pro-
under consideration, and so, should illustrate the magnitude/i§is @gain generated usingrrack for the same grid of model-

non-LTE effects for our sample. Our approach is discusseddinospheres. A comparison of the LTE and non-LTE profiles at
detail below. 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

A grid of non-LTE model atmospheres, suitable for the anagurface gravity by upto 0.3 dexfii** ~ 35000K. Thus, we
ysis of main-sequence B-type stars, was generated using @8Heptedagravity correction ef0.1 deng'EgEOOO STg " <
codeTLUsTY (Hubeny1988). This grid covered an appropri32 000 K and —0.2 dex for32500 < T,z* < 35000 K. It

ate range in effective temperatug® (00 < T.g < 35000 K) should be noted that our findings for non-LTE gravity effects
and included logarithmic gravities frof5 < log g < 4.5 dex. are similar to those of Mihalas & Auer (1970).

Models were calculated within the above parameter space at in- Hence, for our non-LTE analysis of the oxygen and mag-
crements of 2 500 K and 0.25 dexlig andlog g respectively, nesium line-spectra, we transformed our LTE atmospheric pa-

5.1.1. Non-LTE model atmospheres
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rameters (see Sekl. 4) into appropriate non-LTE:{logg) (see FigR). One of these data-points represents the mean oxy-
pairs by applying the temperature and gravity corrections dgen abundance derived for the isolated field star RLWT-41
scribed above. This type of transformation assumes that thiich was noted by Smartt et &l. (1996b, 1996a) to currently lie
temperature and gravity corrections are orthogonal. Given tinethe inter-arm gap between the Local and the Perseus spiral
relatively small magnitudes of the non-LTE corrections, argrms. Given its very low metallicity for a Galactocentric dis-
non-orthogonal effects should be much smaller than the obgance of 10 kpc, it may have formed in situ between the spiral
vational uncertainties associated with the determination of taems. The second data-point that is discrepant represents the
atmospheric parameters (VIAT ~ 1000 K and Alogg ~ mean oxygen abundance as determined from 5 stars in the open
0.2 dex). This also justifies our use of ‘step-like’ temperaclusterh + x Per. This is a well observed cluster in the Perseus
ture/gravity corrections as opposed to graduated transformspiral arm and should be representative of the solar neighbour-
tions. A value of 5 km s! for the microturbulent velocity was hood. Hence, atfirstinspection, itis not obvious why the oxygen
adopted for all stars in the subsequent non-LTE analysis. Thlsundance is so discrepant from the linear decline observed for
has been found previously to be appropriate for main-sequetite Galaxy. However, our LTE analysis revealed that 3 of the
B-type stars by Gies & Lambelt(1992). Indeed, our tests showked- y Per stars are indeed evolving off the main-sequence, and
that values of derived using the @ line spectra were very sim- we measured larger values (12 km for their microturbulent

ilar in LTE and non-LTE. velocity. Adopting a value of 5 kmrs* 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
Our LTE analysis demonstrated that it was possible to idgmrovides encouraging agreement. However, it is important to
tify homogeneous sub-samples of stars for each species (s@esider possible sources of inhomogeneities between the two
Sect{ 4.B). Hence, we have adopted similar homogeneous sidtasets. First, the dataset of lines used in these analyses are
sets of stars inthe non-LTE analysis. Fan(tars were selecteddifferent. Secondly, the non-LTE line-formation calculations
with effective temperatures withia5 000 K from the peak line- for O11 were not reliable forTJ*T® > 30000 K; a conse-
strength of the species which corresponds to 29 500 K in najence of the model-atmosphere cod@si(A1L. /SURFACE) in-

LTE. However, the Mgi spectrum has a peak line-strength thatdequately modelling the @ ion. Hence, we re-analysed the

is much cooler than any of our stellar sample; thus, we cons@di1 dataset in LTE using the same subset of lines/stars as used
ered objects withir=5 000 K of the mean effective temperaturén the non-LTE analysis (see Séct. 511.3). The result is very en-
of the stellar sample, viZl.z ~ 27000 K for the non-LTE couraging with the revised LTE analysis yielding a gradient of
models. —0.061 4 0.006 dex kpc!, in excellent agreement with the

In Sect[4.R, we identified homogeneous subsets of lines fan-LTE result.
each species, with which the LTE abundance analysis was un-
dertaken. However, it was not possible to model all of thege2 > Magnesium
transitions withilsURFACE/DETAIL. Thus, we have performed ™ 9
a non-LTE analysis using a homogeneous subset of 9 oXjre non-LTE analysis of the Mg ion did not suffer from the
gen lines (Qr1 4072.16, 4078.84, 4092.93, 4132.80, 4590.9pmplexities associated with theiOion. The observational
4596.18, 4638.86, 4661.63, 4676‘32)4and the magnesium dataset consists of the Mg4481.23& transition, and this was
doublet (Mgt 4481.23&). 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 4 0.010 dex kpc™t, again in excellent agreement with
5.2.1. Oxygen our LTE investigation (viz—0.073 4 0.012 dex kpc!).

5.1.3. Homogeneous subsets of lines/stars

5.2. Non-LTE results

The non-LTE analysis of the @line-spectra yielded an abun-
dance gradient of-0.061 + 0.005 dex kpc*. The mean clus- 5.2.3. Conclusions

ter, oxygen abundances are tightly distributed around the leas - . .
squares fit, with only two points deviating by more than 0.2 de@(l% 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 LTt stars has not required such an approach in order to determine
is a reasonable assumption when analyzing the spectra of maadid stellar abundances (see Lennon €t al. 1996, Venn| 1999).
sequence B-type stars (Hardorp & ScHolz 1970; Péters| 1976). In order to demonstrate the validity of our methods, we con-
Secondly, non-LTE effects in such a temperature and gravitiglered one of the most metal deficient stars in our sample, viz.
regime have been found previously to be relatively small for tf8289-2 which has a Galactocentric distance of 15.4 kpc and a
6 species under consideration (see, for example, Becker & Butean metallicity of approximately0.5 dex relative to the so-
ler[1988,1989, 1990). Thirdly, by using sub-samples of stdes neighbourhood. Stellar atmospheric parameters were derived
with similar effective temperatures, our approach is essentiallging the Sin/Sitv ionization balance and the hydrogen line
a differential treatment, which should minimize the effects gfrofiles for both a normal metallicity, LTE model-atmosphere
such systematic errors. Thus, we conclude that the LTE analJzx = 28500 K; logg = 4.0 dex; A[X/H]| = 0.0 dex)
sis should be reliable for estimating the magnitude of the metaid a reduced metallicity model-atmosphérgr(= 29 000 K;
abundance gradients in the present-day Galactic disk; althougly,g = 4.0 dex; A[X/H] = —0.5 dex). We note that (as ex-
we recognize that the absolute abundance values at any papexsted) the temperature-optical depth scales are very similar
ular Galactocentric distance may be in error. In the subsequfartboth models, while the higher effective temperature label in
discussion (see Selcl. 6), we have adopted the results of the tR& latter case probably reflects the decrease in line-blocking.
analysis. An abundance analysis was subsequently undertaken using both
models, and excellent agreement (to within 0.03 dex) was found
6. The nature of the observed Galactic abundance gradient 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.

Smartt & Rolleston[(1997) were the first to report the detec- Moreover, adirect comparison with the work of Kaufer etal.
tion of a significant Galactic abundance gradient using yourfd294) is not valid. First, this investigation combined their own
early-type stars. In this current paper, we have utilized the saRrstar abundance estimates with azimuthally averaged values
dataset of clusters with the addition of NGC 457; furthermortken from previously published work in the literature. Their
we have comprehensively examined the significance of adoptfgjivation of a shallow (or non-existent) gradient illustrates the
homogeneous subsets of lines and stars. In summary, this std@ggers of using an inhomogeneneous dataset, where abun-
is in excellent agreement with the results of Smartt & Rollestofiance estimates have been determined using different model-
and internal agreement is found between the non-LTE and L##nosphere codes, atomic data/model atoms and techniques.
treatments. This suggests that it is not the chosen methodol&@gondly, Kaufer et al. (1994) adopted incorrect abundances or
whichis important’ for examp|e’ afull LTE treatment (SEbt 4),@'Stances for two outer disk objects, viz. Dolidze 25 and S 208-6
full non-LTE treatment (Sedtl 5), or a combination of LTE line(see Smartt & Rollestdn 1997 for further details).
blanketed model-atmospheres and non-LTE line formation cal- It should be noted that we do not dispute the magnitude
culations (Smartt & Rollestdn 1997, Gummersbach ét al. 1998j the gradients found by Gummersbach et al. (1998), nor their
but that a consistent approach must be used to derive abunddnethodology, butrather their explanation for the failure of previ-
estimates in a homogeneous stellar dataset. ous investigations to detect such gradients. Indeed, both investi-
More recently, Gummersbach et &l (1998) determined ab@@tions derive an oxygen gradientef.067+0.008 dex kpc ™.
dance gradients for C, N, O, Mg, Al and Si using a sample §uch excellent agreement is probably not surprising, given the
16 early-B main-sequence stars at Galactocentric distance®lgthora of Qr lines observed in the spectra of early B-type
R, ~5-14 kpc. This study entailed a re-analysis and an eXars, and the fact that a consistent approach was used within
tension of the observations of Kaufer et al. (1994) towards tRach study. Gradients deduced for nitrogen, magnesium and
Galactic centre. In general, their results are in good agreemafytminium are also found to be in agreement (within the errors
with our study — yielding a mean, light element, abundance g@f-measurement). Hence, the shallower gradient found by both
dient of—0.07 dex kpc 1. However, Gummersbach et &I, (1998ytudies for aluminium may be a real effect in the Galactic disk.
ascribe the fact that they now determine significant abundarfe@ the other hand, significant differences exist between our esti-
gradients (cf. Kaufer et al._ 1994, Kilian-Montenbruck et amates of the Galactic abundance gradients for carbon and silicon
1992) to their use of a sub-solar metallicity model-atmosphefgee Table}) and those presented by Gummersbachietall (1998).
We dispute that this is the real reason for the derivation of a sté€@r estimate of a carbon gradienti9.07 4 0.02 dex kpc™';
gradient. For example, our tests have shown that the assuffipgood agreement with that found for nitrogen and the
tion of a normal, Galactic Populatiochemical composition do €lements. Gummersbach et al. deduce a much shallower gra-
not lead to significant errors in the resultant model-atmosphélignt, viz.—0.035 + 0.014 dex kpc*. For silicon, our data is
analyses of B-type stars in the Magellanic system, where méited by a slope 0f-0.06 + 0.01 dex kpc " which is consis-
deficiencies are upto 0.8 dex (see Dufton ef al._1990b, Roltent with our results for oxygen and magnesium; in contrast to
ston et al[1999). The arguments forwarded by Gummersbdedmmersbach et al., who measure a much steeper decline of
etal. {1998) tend to imply that it is not possible to reliably study0-11 = 0.03 dex kpc™*. One would expect a correlation be-
such metal-poor stars — unless an appropriate metallicity mod#ieen the gradients deduced for O-Mg-Si, as thesgements
atmosphere is adopted. However, previous work on metal-poor,

6.1. A comparison with previous B-star studies
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possess similar nucleosynthetic origins. Gummersbach et alpdsition for S 283-2 (7.650.30 dex) compared to the nebular
not comment on their apparent lack of correlation. studies of \lichez & 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
Itisalsointeresting to compare our results with those found frommderlying O-Mg-Si values) in the atmosphere of S 283-2 —
nebular studies and, in particular, of other young objects susimilar to the behaviourfaC & N. Correlations have been ob-
as Hu regions. The only elements in common between theserved for CN—Na and CN-Al in the atmospheres of globular
latter investigations and our study are nitrogen and oxygen. cluster red giants (see, for example, Kraft et’al. 1997). These

correlations have been explained by very deep mixing, which

Nitrogen: Shaver et al[ (1983) deduced a nitrogen gradientW\OUIOI produce nitrogen and S(_)d_'um overabundances _and, per-
—0.09040.015 dex kpc ! from a study of 67 Hr regions span- aps, somewhat smaller aluminium enhancements (via proton

ning the rang@.5 < R. < 14.0 kpc. More recently, Afflerbach capture processes). Hence, our (_)bserved correlation between

eta? (199'7)gderivgd agvglue ef()p()72 40.006 dex{(pcl from the enhancements of Al and C&N in the atmosphere of S 283-2

the [NHI] 57 um lines in 18 Hi regions with Galactocentric may be causal. For example, if the photospheric abundances are

distances betweeR, ~ 0— 12 kpc. By comparison, studies 0frepresentative of the present-day metal-content of the ISM, this
g * ’

older planetary nebulae have yielded a slightly smaller gradié:rGﬂLild be idn_d:far:ive of anbi_nitia(ljmass f(lij_:tion (IMdF_) in the outer
of 0,05 dex kpc ! (Pasquali & Perinotto T993). alactic disk that was biased towards intermediate mass stars

relative to high mass stars (which are the dominant sourae of

elements). However, the observed IMF appears approximately
Oxygen: This element was also studied by Shaver et al. (198&)nstant over a range of environments within the Local Universe
and Afflerbach et al.[(1997) who deduced an oxygen abungnd there is no reason to believe that the outer Galactic disk is
dance gradient 0f-0.070 + 0.015 dex kpc' and—0.064 +  any different. Indeed, these correlations are only found in one
0.009 dex kpc™! respectively. In a study of disk planetary nebstar in one Hi region and given the possible problems with the
ulae, Maciel & Quireza (1999) reported an oxygen gradient ghservational data as discussed in $Ect.i4.7.1, we cannot draw
—0.06 dex kpc . any firm conclusions from our abundance results. Further, the

Comparison of our results for young, B-type stars with anaiiuminium enhancement is greater than that found for C&N,

yses of Hiregions demonstrate excellentagreement (for atleagid there is no other evidence for a flattening of the C, N or Al
those elements in common, viz. nitrogen and oxygen). Thusgundance gradients Bt > 15 kpc.

would appear that the discrepancies between earlier sets of in-
vestigations have beenresolved, and that abundance gradients of . lationshi ¢ ion decline i llici
—0.09 dex (nitrogen) and-0.065 dex (oxygen) are appropriate6'4' Linear relationship vs step function decline in metallicity

6.2. A comparison with Galactic nebular studies

for young objects in the Galactic disk. In our discussion so far, we have implicitly assumed that
the Galactic abundance gradients can be described by a lin-
6.3. The peculiarity of the distant star S283-2 ear decline in metallicity with increasing values Bf. Re-

cently, Twarog et al[{1997) challenged the validity of this as-
There is an apparent correlation between the individual sumption. Using a sample of 76 open clusters, they derived
elements (O, Mg, Si) and betweéN & Al within the atmo- [Fe/H] abundances based on DDO photometry and/or moder-
sphere of S 283-2. The former group are all deficient by similgfe dispersion spectroscopy. They concluded that a significant
amounts relative to objects in the solar neighbourhood. Thisclsange in metallicity does occur over the Galactocentric range,
not surprising since they possess a similar nucleosynthetic g5 < r, < 15 kpc, but rather than a linear transition with
gin; a-elements are believed to be predominantly produceddistance, Twarog et al_{1997) interpreted their results as being
the violent deaths of massive stars (ie. Typgupernovae). We consistent with a relatively abrupt discontinuity in the metallic-
note that our stellar oxygen abundance is in excellent agrgg-of the Galactic disk neaR, = 10 kpc. Their data provided
ment with the gas phase abundance of 8.2 dex as determinegd¥ervational evidence for two distinct groups of clusters; an in-
Vilchez & Esteban (1996) forthe S 283Heg|0n The domi- ner group betweelQg = 6-10 kpc and an outer group between
nant source of nitrogen in the ISM is still a matter of debate. Itjggg = 10-15 kpc, with the latter group being0.3 dex more
thought that intermediate mass statd/;, < M < 8Mp) pro-  metal deficientthan the former. Furthermore, the metallicity gra-
duce primary nitrogen through dredge-up episodes in the cougiént within each group was weak to non-existent. Twarog et al.
of their evolution (RenZini & Vol 1981), with SeCOﬂdary nitro-(lgg‘/) argue that previous Samp|es were inadequate to eluci-
gen production occuring in stars with a wide range of mass@gte the precise nature of such sub-structure within the Galactic
Such mixing processes for primary nitrogen production are agisk; given the significant scatter between the data-points, the
companied by continuous mass loss via a stellar wind on the kgglp function was effectively smeared into a linear gradient.
giant branch (RGB) and asymptotic giant branch (AGB), anthys for example, Janés (1979) who made a tentative detection
the eXpUlSion of a Significant fraction of the remaining mass tﬂ such a feature in the past — interpreted itas a Steepening of
the form of a planetary nebula. We find a higher nitrogen cofhe gradient rather than a discontinuity. It should be noted that
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the open cluster dataset (age$0 Myr—10 Gyr) of Twarog et Table 5. Results for the two-zone model.
al. (1997) sample quite different epochs compared to the young

stars and Hi regions that we have discussed. Hence, an agdement d[X/H]dR; (dex kpc)

metallicity relationship may also confuse any comparisons, as Ry <10.5kpc R > 10.5 kpe Full dataset

well as the fact that the elements we have presented have tot@lly —0.06 £0.05  —0.04 £0.04 —0.07 4 0.02

different origins to iron, the bulk of which is synthesized in lovN —0.04+0.04 —0.09£0.08 —0.09 +£0.01

mass SN Type | supernovae. O —0.02 £ 0.01 —0.10£0.05 —0.067 £ 0.008
Simpson et al[(1995) also suggested that their idgion M9 —0.13£0.03  —0.03£0.02  —0.07+0.01

—0.02+0.04 +0.05+0.04 —0.050=+0.015

abundances (of nitrogen and sulphur) derived from far-IR oﬁ!—
—0.06 £ 0.04 —0.06 = 0.05 —0.06 £ 0.01

servations may be better fit with a step function rather than h
linear gradient; however, their results could not definitively dis-
criminate between the two cases. The discontinuity occurre
a Galactocentric distance of approximately 6 kpc with a di
ference of~0.6 dex between the mean metallicity level of th
two zones (withird < R, < 10.5 kpc). Rudolph et al_ (1997)

presented inconclusive evidence of a two step function for tIS critically dependent on the data-point for S 283-2 which we

}A(:fgﬂN/é) gr:ac:'elnifgg;) = R;g t§th17t kpf' Ofn thte_ ot?tertﬂan% excluded from our analysis (see SBECi. 4.7.2). Inclusion of the
erbach etal.il ) contestthata step function fits the aby undance estimate for this object would lead to a much flatter

dance data within the inner 10 kpc of the Galactic disk; they fi . o
linear gradients of approximately0.07 dex kpc * for nitrogen, rb adient {-0.01 dexkpc ) in the outer zone.
oxygen and sulphur from the study of 34 compaat kegions
with R, ~ 0-12 kpc. Vichez & Estebar{ (1996) concluded tha®xygen: this metal-line spectrum represents the most extensive
although the metallicities of outer diskiHregions are signifi- in our sample. The LTE results presented in Eig. 1 clearly show
cantly below solar, the gradient in this part of the Galaxy may eat a gradient is small or absent in the inn&g (< 10.5 kpc)
relatively flat — which is further evidence of a two-tier relationfegion; in contrast, the abundance estimates for clusters in the
Smartt (2000) has presented a full review of these tidgion, outer disk decline by approximately0.1 dex kpc . Itis inter-
PN and B-star studies, and concludes that there is no strongsting to note that the non-LTE analysis provides a significantly
idence against the simple linear form of the Galactic abundarlaeger coefficient of determination than the LTE least-squares
gradient. fit. Furthermore, in non-LTE both regions exhibit comparable
We have inspected our homogeneous dataset of metal aliygen gradients (see Fig. 2) to that obtained for clusters over
dances, over the Galactocentric range 6-18 kpc, to see if thé@ entire Galactocentric range. It is possible that small non-
is any evidence for a step function. Such a conclusion coli@E effects may be sufficient to explain the lack of an observed
perhaps explain why Fitzsimmons et al. (1990; 1992) found géadient in the inner6(0 < R, < 10.5 kpc) region. How-
systematic abundance variations — as these studies extensioegf, we find that the gradients are often ill-defined within each
surveyed the region within-2 kpc from the Sun, but failed to zone, with their magnitudes being critically dependent upon the
sample sufficiently the outer disk beyond the Perseus spiral 2hfl data-points. This is a consequence of the small number of
(Rs ~ 11 kpc). Furthermore, Twarog et al. (1897) suggestétata-points within each zone which also covers a small range of
that our oxygen dataset presented by Smartt & Rolle5ton (19%@lactocentric distances, and the observed scatter in metallicity
provides evidence for their alternative interpretation. The Bt any one particular Galactocentric radius (see, for example,
clusters and associations betwepn ~ 6-10 kpc exhibit no Edvardsson et &l. 1993).
gradient at all. The entire source of the gradient is provided by

the oxygen abundance estimates for the 10 cIusters/associat}\ggénesium: no significant gradient was detected in the outer

in the outer disk & > 11 kpc). The latter group exhibit oxy- gisk This contrasts with a steep decline in metallicity observed

gen compositions approximately 0.5 dex lower than the clug; R, < 10.5 kpc, although the measured spread in the abun-
ters/associations in the solar neighbourhood. dances in this region is as large as 0.35 dex.

As Twarog et al. [(1997) concluded that there was evi-
dence for a metallicity discontinuity in the GalacticISM around . ) ]
R, ~ 10 kpc, we have followed their approach by estimatingluminium: a shallow .g'rad|ent.may be present in the inner
abundance gradients within an inng,(< 10.5 kpc) and outer ZON€; however, the positive gradient observed in the outer region
zone R, > 10.5 kpc). The results are tabulated in Table 5 ani§ Skewed by the data-point for S-289.
discussed below.

_|{rogen: the scatter in the abundance estimates is relatively
arge (~0.25 dex) at any particulaR,. Again, there is no evi-
Gence to suggest that a two-zone model would be more appro-

Rgate. However, the slope of the gradient within the outer zone

Silicon: like oxygen, the silicon line spectrum is well observed.
Carbon: there is no evidence to suggest that a two-zone mod@P0th zones, the least-squares fits to the data yield gradients

bon dataset is much smaller than that obtained for other species 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 °# ¢ .o, ]
more clusters. - * ° M.

7. Discussion: abundance ratios I ]
in the disk and chemical evolution 18 | . . ]

7.1. Chemical evolution models

Portinari & Chiosi[1999) have recently presented NEW CNEMICAI-2.2. [ttt bbb bbb 0.4
evolution models of the Galactic disk. They investigated the [ 1 0s
dependence of disk evolution upon the star formationrate (SFR), [ M) 1 os
as a function of both the total surface mass density and the | .
surface gas density. Star formation, and the subsequent stellar | J . ® 1 e
wind outflow and supernovae explosions, tends to supportthe  ~ R o L T 1 ..
surrounding gas against further gravitational contraction; hence, | . B°° o . 1
star formation becomes a self-regulating process. Using the star | . * 17
formation law of Dopita & Ryder[{1994) which incorporates L
this type of self-regulation, Portinari & Chio51(1999) have been

able to reproduce the radial oxygen variations (viz. agradientof 5675 "5 o 11 1z 13 14 15 16 17 15 19 27
—0.07 dex kpc1). However, these models require the infall of

gas to have occurred at a greater rate in the inner regions during R, (kpe)

the formation of the Galactic disk. Simulations of this “insidez; . 4. o4 b Plotted here aralog Mg/O andb log Si/O versus Galac-

out formgtl_()n” scenario also predict that the r§d|al abunda% entric radius Rg) for each of our clusters (filled circles). Ratios
profile within R, ~ 8 kpc should flatten, approximately 15 Gyhyere determined using the abundance estimates listed in[Table 3. The
after the formation of the Galaxy. However, these models can Rglid square symbols are the non-LTE oxygen and silicon values de-
simultaneously reproduce the oxygen abundance gradient @@t from B-stars in Orion (Cunha & Lambért 1994), and the dashed
radial gas distribution. With further development of dynamicéihes are the solar ratios from Grevesse & No&ls (1993). Typical er-
models incorporating radial gas flows, Portinari & Chipsi (20009r bars are shown in each frame. The least-squares fits to our data-
have been able to also reproduce the magnitude of the oxy@@iﬁlts are shown as dotted lines. Their values-6f01 4+ 0.02 and
abundance gradiemtithout having to assume the inside-ouf-007 £ 0.02 dex kpc ! respectively imply flat gradients within the
formation model of the Galaxy. Unfortunately, it is not possibl&°'S-
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
asitreproduces the gas distribution and the presence of the 4gi® as a function of Galactocentric radius. We derive a gradi-
molecular ring. ent forlog N/O of —0.04 4 0.02 dex kpc ™!, implying that in the
outer Galactic diskR, ~ 16-18 kpc), the N/O ratio is-40% of
the solar value. Rudolph et al. (1997) have also measured N/O
ratios in Hit regions withR, = 0-17 kpc. While they observe
In Fig.[3 we have plotted the logarithmic abundance ratios afdecreasing trend of N/O with increasifiy, Rudolph et al.
Mg/O and Si/O as a function of Galactocentric radius. Thaaim that their data is better fit with a step function. We have
ratios were calculated using the element abundance estimaigglied a least-squares fit to thdisd N/O, R,) data-points, and
presented in Tab[g 3, and in each case, a least-squares straighive a gradient 0£0.03+0.01 dexkpc™!, in good agreement
line fit to the data-points indicate a flat relation. Indeed, this vgith our stellar data.
not surprising as similar O-Mg-Si correlations are observed in Vila-Costas & Edmunds$ (1993) observed a proportional de-
the Magellanic Clouds (Rolleston etlal. 1993b. 1996) and M&8ease ofog N/O with decreasingpg O/H (or increasingz,) in
(Monteverde et dl. 2000). Furthermore, the observed correlatmitarge sample of spiral galaxies, for metallicities greater than
of Si and Mg with O (Fid.B) provides firm evidence that theyhat corresponding to an oxygen abundanciEef log[O/H] ~
are all primary elements, produced durif§ and subsequent8.3 dex. They proposed that the dominant source of nitrogen
160 burning in pre-supernova( 2 10M) massive stars (seeat such metallicities was secondary production, ie. synthesized
Arnett[1996; Matteucci & Francols1989). from C and O seed nuclei of the progenitor interstellar material
Itis more interesting to compare the abundance ratios of #irough the CNO-cycle in a range of stellar masses. In such
ements which are predicted to be formed in distinctly differeatregime, primary nitrogen production makes a minimal con-
nucleosynthetic sites and during different phases of stellar ewdbution, and the simple closed-box models of Vila-Costas &
lution. In Fig[4a, we show our estimates of the logarithmic N/@dmunds reproduce the observed evolution of the N/O gradi-

4 -1

log Si/0

-1 —1.8

4 -2

7.2. Abundance ratios



W.R.J. Rolleston et al.: The Galactic metallicity gradient 551

o® ] but that M33 and M81 (Uchez et al[ 1988; Henry & Howard
AT @ 1995) exhibit much shallower gradients. By contrast, Henry
o or * ] & Howard {1995%) find a markedly steeper gradient of N/O in
> OO - e 1 M101. Advances in modern instrumentation warrants a more
w [ . ‘. : . ] detailed study of external galaxies to improve the global com-
R « 2 . o c pilation of Vila-Costas & Edmund§ (1993).
“lar . 1 Itis possible that some B-stars in our sample may show pho-
-16 1 tospheric nitrogen abundances which are not representative of
-18 ] the progenitor material. Evolutionary models suggest that tur-
-2 e e e aa e e 02 bulent diffuse mixing in the radiative envelope of massive stars
L (CYR may cause some core processed material to be mixed to the
L 1 -0z surface (eg. Dennissenkov 1994; Fliegner et al. 1996). Photo-
T zg """" ST 1 04 spheric nitrogen enhancements are to be expected, accompanied
Lo, 1-0s 2 by carbon deficiencies (as it is mainly C which is converted to
L . 1 08 L:O N in the CNO-cycle), but whether or not this is a common oc-
i * . . ]_, 2 currence in massive stars is still controversial (Gies & Lambert
L ) * 1 12 1992, Venri 1999). We find no evidence of an anti-correlation
i * e 1 1. between C and N (see Fid. 4c and Hibbens et al. 1998); hence,
e bttt bbbt e ees] 16 we believe our discovery of a significant N/O variation within
ol ] the Galactic disk, open clusters to be real, in good agreement
0 (€ ] with nebular studies of external galaxies.
] While the Triple Alpha reaction is believed to be the nu-
0.8 - . . .
- [ ] ] clear process responsible for the production of C nuclei, the
P e — o ] major source (or stellar mass range) which contributes carbon
@ e . . ] to the ISM is still rather uncertain (see Garnett et[al. 1999;
I to < ] Gustafsson et @l. 1999). Recent work on HST-UV spectraiof H
or ' . ] regions in M101 and NGC 2403 (Garnett ef’al. 1999) indicates
oRr * ] that the C/O ratio may show a gradient of approximatelyl to
T T S e e P P —0.2 dex scalelength!. However, the observations consisted of
only 3 data-points per galaxy. Furthermore, their abundance cal-
R, (kpe) culations/analysis were critically dependent upon two factors,

Fig. 4a—c.Plotted here ara log N/O, b log C/O andc log C/N versus viz. 1) the determination of a correction factor for the internal
Galactocentric radiusi) for each of our clusters (filled circles). Ra_galactlc reddening, and 2) the unobserved amount§ of (_:arbon
tios were determined using the abundance estimates listed in[TablEgt have depleted onto grains. The observed gradient in C/O
The solid square symbols are the non-LTE B-star values for Oriady be explained if the stellar winds of massive stars play an
(Cunha & Lamberf 1994); the star symbol represents the gas-phésgortant role in the yields of both C and O. Metallicity depen-
values of the Local ISM (Meyer et al. 1998, Sofia et al. 1997); and tideent yields, whereby C production increases with metallicity at
dashed lines are the solar ratios from Grevesse & Noels (1993). Typig@jreater rate than O production, have been suggested previously
error bars are shown in each frame. The least-squares fits to our dBWMaeder (1992). In Fifl4b, we plot the logarithmic C/O ratio
points of—0.04 & 0.02, —0.02 & 0.03 and—0.01 £ 0.02 dexkpc ™" 4 3 function of Galactocentric distance. Unfortunately, due to
for plot a—c respectively are shown as the dotted lines. the large scatter in the individual estimates of the C/O ratio,
it is not possible to conclude whether our dataset supports the

ent. By contrast, at low metallicitie$% +log[O/H] < 8.0dex) findings of Garnett et al. (1999). We note that our absolute val-
secondary nitrogen production becomes less significant (dugi&s of thdog C/O ratios are significantly offset from the Orion
its inherent dependence on metallicity), and a break in the NADd solar values — see Hig. 4b. This may be possibly the result
gradient is predicted. Our estimates of the N/O ratio and oxygehour absolute LE C & O alundances being in error, and the
abundance inthe outer Galactic disk (Viz; N/O~ —1.3dexat line-strengths of the carbon and oxygen line-spectra peaking at
log O/H ~ 8.3 dex) are quantitatively consistent with the lineadlifferent temperatures. However, this should not prevent the de-
dependence observed by Vila-Costas & Edmunds in early-tyiggtion of any significant trends in the C/O ratio. In any case, we
spirals (assuming a Sbc type for the Milky Way; de Vaucouleuigcommend that a more extensive study be undertaken using the
& Pencé 1978). Hence, it would appear that secondary prodied Ci1 lines and non-LTE techniques, in order to investigate
tion dominates the evolution of N in the Galactic disk out tthe C/O relationship in the Galactic disk. Finally, we note that
approximately 17 kpc. thelog C/N variation shown in Fidl4c appears flat, within the
We note that our results are in reasonable agreement wigatively large uncertainties, which is also consistent with that
the N/O variation observed in NGC 2403 (Garnett ef al. 1997pund for M101 and NGC 2403.
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then the steepness of the abundance gradient (in real physical
terms) is closely constrained by the mass of the galaxy. Clearly,
I (a) | future evolutionary models of spiral galaxy formation and evo-
0 1 lution need to take account of this observed correlation. In order
I | to put our results of the Milky Way into context, we have repro-
o ® 1 duced the figure of Garnett et al. in Hifj. 5. This demonstrates
005 1 o e | that the Milky Way sits along the normal sequence in both the

— . ] plots, indicating its chemical history has been reasonably nor-
o {){ ] mal in the context of other spirals, given its mass. However, in

¢ 1 order to elucidate the mechanism responsible for creating radial

o1r * o 1 abundance gradients and the apparently homologous evolution
of our Galaxy and other similar spirals — new models will need
I . 5 ] to incorporate the observed correlations between such global
—0.15 8 properties as discussed, for example, by Garnett et al.

gradient dex/kpc

, * { 8. Conclusions
-0.2 [—+—t+———

1. The abundance analyses are based on an extensive observa-
o1l (B | tional dataset comprising high-resolution spectroscopy of
80 B-type main-sequence stars in 19 Galactic, young open
clusters/associations distributed ogex R, < 18 kpc.
or 1 2. Using homogeneous subsets of stars and lines, we deduce
significant abundance gradients for C, N, O, Mg, Al & Si.
-01 % *_ o 1 We conclude that the radial distribution of light elements in
o e the Galactic disk can be represented by a linear gradient of
—02 | % . N o 1 —0.0740.01 dex kpc !, with a steeper gradient being more
i * . appropriate for nitrogen, viz-0.09 & 0.01 dex kpc™!.
os L o | . Abundance gradients derived for oxygen and magnesium
i ° using LTE and non-LTE model-atmosphere techniques do
not differ significantly. Thus, we conclude thatthe LTE anal-
oar * i ysis should be reliable for estimating the magnitude of the
metal abundance gradients in the present-day Galactic disk.
—05 - 1 4. Comparison of our nitrogen and oxygen gradients for young,
P R B-type stars are in excellent agreement with the analyses of
H 11 regions. Thus, it would appear that the discrepancies
Absolute B Magnitude 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,

gradient dex/scalelength
[ ]
w

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 ofzMThe viz. the use of inhomogeneous datasets, and/or the use of

filled and open circles represent non-barred spiral galaxies and ‘mixed’ small_ samples of objects with a restricted range of Galacto-
types respectively. The Milky Way is shown as the large open star with centric distances. ) . )
Mz = —20.1 and R(scale) = 3.5 kpc (de Vaucouleurs & Pénce 1978P- Twarog et al.[(1997) report evidence of an abrupt disconti-
We also show the stellar abundance gradient in M33 as derived by nuity in the metallicity of the Galactic disk @, ~ 10 kpc.
Monteverde et al (2000) as the large filled star. 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
Garnett et al[(1997) and Skillman {1998) have highlighted that elements have a similar nucleosynthetic origin. On the
there is a remarkable correlation between the magnitude of the other hand, théog N/O ratio displays a linear decline of
oxygen abundance gradient (in dexkpy in spiral galaxies —0.04 + 0.02 dexkpc! with R,. This result is in good
and the galaxy luminosity (as measured by; Mwith the tru- agreement with that found for H regions in the Milky
ely non-barred spirals displaying a tighter relationship with less Way (Rudolph et al.”T997) and external spiral galaxies (see
scatter. However, no such correlation is found when the abun- Vila-Costas & Edmunds 1993). Our results suggest that sec-
dance gradientis expressed in terms of dex per disk scalelength.ondary nitrogen production (cf. primary production) is dom-
If the mass-to-light {// L) ratios are similar in these galaxies, inantin the Galactic disk out t& 17 kpc.

7.3. The Milky Way as a normal spiral galaxy
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7. Garnett et al. (1997) have demonstrated that there is a®ehren T., Nissen P.E., Kudritzki R.P., Butler K., 1985, In: Danziger
markable correlation between the abundance gradient and!.J., Matteucci F., Kjaer K. (eds.) Proc. ESO Workshop on Produc-
the luminosity of a spiral galaxy. Comparison of our results tion and Distribution of CNO Elements. p. 171
for the Milky way with this relationship, suggests that ouffiddings J.R., 1981, Ph.D. Thesis, University of London

Galaxy has had a reasonably normal chemical history, givEi¢s P-R. LambertD.L., 1992, ApJ 387,673
its mass Grevesse N., Noels A., 1993, In: Prantzos N., Vangioni-Flam E., Casse

M. (eds.) Origin and Evolution of the Elements. Cambridge Uni-
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