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Abstract. High-resolution AAT spectroscopy and lower resotMC being approximately 3—10 times more massive than the
lution spectrophotometry are presented for three early B-tyB&C (Dopita 1990; Lequeux 1984). Canonical distance esti-
stars that are members of the young, Inter-Cloud population Ineates for the LMC and SMC are49 kpc and~60 kpc respec-
tween the Magellanic Clouds. These spectra have been analytaealy (see Westerlurid-1990), although recent studies by Udalski
using LTE model-atmosphere techniques, to derive the stekdral. (1998), using Hipparcos data, suggest that both galaxies
atmospheric parameters and photospheric chemical compase some 15% closer than previously assumed. The interactions
tions. The latter should reflect that of theesent-day interstellar between the LMC and SMC and that between the Clouds and
medium (ISM) within the Inter-Cloud Region (ICR). the Galaxy are believed to have markedly influenced their evolu-

From a differential analysis, the three ICR stars appearttonary development (Gardiner & Noguchi 1996). Furthermore,
have amean metal abundance-df 1 dex lower than their Popu-the presence of a pair of such galaxies orbiting so close to our
lationt Galactic analogues, and 0.5 dex lower than the SMC stavn Galaxy, will produce observable tidal features not seen in
(AV 304). Hence, the ICR gadoes not reflect the present-dayisolated pairs (Wayle 1991).
composition of either the SMC (or LMC) ISM. Age (and dis- Extra-galactic H gas was first detected in the direction of
tance) estimates were obtained using the theoretical isochrotiesClouds by Kerr et all_(1954). It was later shown to extend
of Bertelli et al. [1994); these imply that the young, Inter-Cloudrell beyond the visible regions of each galaxy (Bok 1966) with
population has an age dispersion of at least 10-40 Myr, and padsridge of gas existing in the Inter-Cloud Region (Hindman
vide evidence for a distance gradient across the ICR. We discasal! 1963). The enormous extent of the system was uncovered
our results within the context of recent numerical simulations wfhen the sequence ofiitlouds forming the Magellanic Stream
the gravitational interactions between the Galaxy—LMC-SM@as detected (Mathewson et(al. 1077, and references therein),
that predict that the ICR was tidally disrupted from the SMExtending as a long filament some 1@&ross the sky from the
some 200 Myr ago. If the SMC was chemically homogeneousharth-east corner of the SMC. Given the correlation between
comparison of the ICR abundance determinations with the SNHO emission and stellar condensations, searches employing au-
age-metallicity relationship would then imply that the formaomatic scans of Schmidt plates have been undertaken for star
tion of the ICR must have occurredB.5 Gyr ago. Alternatively formation in both the Magellanic Stream (Bruck & Hawkins
and more plausible, we postulate that the ICR gas formed fr@@83) and the Inter-Cloud Region (Irwin etlal. 1985). Although
a mixture of SMC gas and an unenriched component. Thistlie former have yielded largely negative results, Irwin et al. es-
consistentwith model-predictions that both a halo and disc cotablished the existence of a blue stellar link between the Clouds.
ponent should have contributed to the material within the ICRubsequent CCD photometry by Grondin etlal. (1992, and ref-
during the tidal disruption. erences therein) and Demers & Battinelli (1998) have shown

the Inter-Cloud associations (ICA) to contain massive, young
Key words: stars: abundances — stars: atmospheres — stétsl6 Myr) stars at distances intermediate between those of the
early-type — galaxies: Magellanic Clouds LMC and SMC.

For a number of years, we have been using young, B-type
stars as tracers of thpeesent-day metallicity in the Magellanic
System. The spectral analyses of such objects yield reliable pho-
tospheric abundance estimates for the light elements such as
The Large (LMC) and Small (SMC) Magellanic Clouds are, N, O, Al, Mg & Si. These investigations have shown the
two small irregular galaxies orbiting our own Galaxy, with thénterstellar medium within the SMC to be underabundant by
approximately 0.7 dex (Dufton et al. 1990a; Rolleston et al.

Send offprint requests to: W.R.J. Rolleston - .
* Visiting Astronomer, Cerro Tololo Inter-American Observatory’.ng") and the LMC by approximately 0.3 dex (Rolleston et al.

CTIO s operated by AURA Inc., under contract to the National Sciend@26), Which are consistent with abundance results from H
Foundation. regions, A-type supergiants and most F—K supergiants as dis-

1. Introduction
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Table 1. Observational details of the programme stars.

Object a ) 1% B-V EMB-V)* SpT Association
(2000.0)

DI 1162 02273890 —734548.7 15.35 —0.20! 0.08 B2 ICA 46 (IDK-2)

DI 1239 023040.81 —7404453 1524 —0.31° 0.08 Bl ICA55

DGIK975 041958.62 —735226.2 15.06 —0.19° 0.12 B2 ICA 76 (IDK-6)

References: (1) Grondin et al.[(1990); (2) Demers & Irwin (1991); (3) Demers efal. (1991); (4) Demers & Battinelli|(1998); (5) Rolleston (1999).

cussed recently in Venf (1998, 1999). Furthermore, Rollestiionally, the blue spectral region facilitated the observation of
etal. [1993) presented tentative evidence forinhomogeneitiegriterstellar absorption gas in Ca H&K. Stellar observations were
the chemical composition of the SMC, with an apparent greagrb-divided into 1200 s integrations, so as to minimize the ef-
metal deficiency being found for an object in its eastern winfgcts of cosmic ray events, and these were bracketed by copper-
This is particularly interesting as the SMC wing protrudes intargon arc exposures for wavelength calibration. Bias frames and
the ICR. More recently, Hambly et al. (1994) presented moddlat-field exposures, the latter made using a quartz continuum
atmosphere analyses of two young B-type stars in the ICR dathp, were taken at the beginning and end of each night.
concluded that one star, DI 1194, exhibited a general metallicity The two dimensional CCD images were reduced using stan-
deficiency of as much as 1.0 dex, similar to the composition @érd procedures withirkR A (Tody!1986). Preliminary process-
the SMC eastern wing star, IDK-D2. ing of the CCD frames such as overscan correction, trimming
These studies confirm that star-formation is ongoing in tled the data section and flat-fielding were performed using the
ICR and is consistent with its material originating from thecpreD package (Massey 1997), whilst cosmic-ray removal,
SMC. Unfortunately, only a small amount of observationaxtraction of the stellar spectra, sky subtraction and wavelength
data (viz. stellar distances/ radial velocities/ metallicities) egalibration were undertaken using tasks within #r&CRED
ists for objects between the Magellanic Clouds. Hence, the staackage (Massey et al. 1992). After co-addition of the extracted
formation mechanism, homogeneity and origin of the gas strigpectra from the individual image frames, a signal-to-noise ratio
tures within the ICR are still unclear. Rolleston (1999) initiatedf ~60—70 was obtained in the stellar continua. Further manip-
an observational programme in order to address these issuéstion of the stellar spectra, viz. radial velocity corrections,
In December 1994, a low-resolution spectroscopic survey wastification of the stellar continuum and the measurement of
performed using the SAAO 1.9-m for some 30 blue objects disguivalent widths for the metal and non-diffuse helium line-
tributed across the ICR. From these spectra, seven objects vagrectra, utilized the suite of routines provided by the spectral
positively identified as having Magellanic-type radial velocireduction packageipso (Howarth et all 1994). Full details of
ties, early-B spectral types and hydrogen/ helium line-spectheese methods can be found in Rolleston et al. (1996) and ref-
that are consistent with that of luminosity class-v objects. erences therein. The equivalent width data for the non-diffuse
Subsequent high-resolution spectroscopy was obtained for thnebum and metal lines can be obtained from the authors upon
stars, for which we present the results of the model-atmospherquest.
analyses in this paper. Details of the programme stars, including
the spectral types deduced from the low-resolution study (Rollg-
ston 1999) and references for the existiBly photometry, are EZ' CTIO spectrophotometry
given in Table L. A preliminary inspection of the metal-line spectra revealed that
these features were intrinsically weak in all three programme
stars (see Se€t.4.1). This precluded the observation of absorp-
tion lines from two ionization stages of the same element, which
2.1. AAT high-resolution spectroscopy can be used to determine stellar effective temperatures. Addi-

tionally, Stvmgren photometry which can also be used to esti-

The _high-re_zsolution spectroscopy presented in this paper Wite temperatures were unavailable for these objects.
obtained with the 3.9-m Anglo-Australian Telescope (AAT) be- Hence, spectrophotometry of the programme stars was ob-

tween 2.9h November and 2! December 1995..The Royaltained usingthe CTIO 1.5-mtelescope and CSPEC spectrograph
Gre(_enwmh O.bservatory spectrograph (Stathakis & Johns uring the nights of 18/19"* December 1997. The combina-
1997), which is mounted at CasseqgrgiB, was operated W'th, tion of Grating #26 and a Loral 1K CCD provided a full-width-

the 82 cm camera (blaze-to-collimator), the R12008 gratig, ¢ o imum resolution of approximately 335and a useful
ar;d”a TdeI:] iKIfCCD'. This mstrlurr_lentafl conflggranor; y|°elde ectral coverage between approximaﬁe&SSO—SllB‘i. The
_ell_ ul-wi tl- a r']max'!’““m resolution o dap‘;;);ér;gtiig;of observations were performed using a widestit in photomet-

wo wavelength settings were required, V. . ric conditions and these were bracketed with exposures of flux

and A\\4460-4703, in order to observe the most importan&tandards viz. HR 9087 HR 718. HR 3454 and HR 1544. The
diagnostic lines for the determination of the stellar atmosphey, S ’ ' '

. jal CCD reductions to remove the ‘detector characteristics’
parameters and photospheric abundances (sed_Bect. 3). qu(}h

2. Observations and data reductions



730 W.R.J. Rolleston et al.: The chemical composition of the young, Inter-Cloud population

Table 2. Stellar parameters.

Star Terr log g 13 Mass  Age d Comparison Teg log g 13

(K) (dex) (kms') (Mo) (Myr) (kpc) (K)  (dex) (kms™)
DI 1162 20500 3.6 5 9.7 38 44 HR 39 20000 3.75 5
DI 1239 24000 3.8 5 11.3 25 41 HR 1886 23500 4.1 6
DGIK975 20000 3.6 5 9.3 41 35 HR 39 20000 3.75 5
AV 304 26500 3.9 10 12.9 10 42 HR 2387 26000 3.8 10

and the extraction of wavelength calibrated spectra were pro—1 A ‘ ! ! !
cessed using identical procedures to that described in[Séct. 2.1, ,, |
Flux calibration consists of two additional steps, an extinction

correction and an instrumental sensitivity calibration, and the;el 0
were applied within the@osLiT task (Valdes 1992).

2.3. Comparison stars

Relative flu

High signal-to-noiseéchelle spectroscopy of bright, normale
Populationr B-type stars have been obtained previously with
the 0.9-m coud feed telescope at Kitt Peak National Observa-
tory. These data provide a spectral coveragka)(ﬁQOO—4700°\

at a full-width-half-maximum resolution of 0A. Stellar spec- 0 \ \ \
trawere again extracted using similar techniques, and equivalent °°° 3700 3900 4100 4300 4500
width estimates for the non-diffuse helium and metal-lines have Wavelength/ A

been published by Hambly et &l. (1997). The programme stgajg. 1. (Bottom:) Part of the observed flux distribution for DI 1162, ob-

DI 1239, was also compared with our study of the SMC B-typained using the CTIO 1.5-m telescope, and which has been dereddened
dwarf, AV 304. Dufton et al.[{1990a) presented the equivaleas discussed in the text. Clearly visible are the lines of the Balmer series
width data for these observations, that were obtained with tfi@m Hy to Hi2), the Balmer discontinuity and the neutral helium-
3.9-m Ang|o-Austra|ian Te|escope in November 1989 using tH‘i@e spectrum. (TOp:) The dereddened flux distribution for DI 1162 is

UCLES spectrograph, 79 lines mrhgrating and the IPCS de-shown (histograms) rebinned to the resolution of the LTE model flux
tector distributions. Theoretical spectra are superimposed for the adopted at-

mospheric parameters of DI 1162 (solid curve), Yizg = 20500 K,

log g = 3.6, and forAT.=+1000 K. This figure illustrates the abil-
3. Data analysis ity of our methods to determine stellar effective temperatures to an

) accuracy of:1000 K.

The methods used to derive the stellar atmospheric parameters
are similar to those discussed by Rolleston et’al. (1993,/1996).
We have adopted theoretical results based omthas9 grid
of line-blanketed model-atmospheres (Kurlicz 1991) togetrstandard Galactic relation (Seaton 1979). Fortunately, the Inter-
with LTE radiative transfer codes. Although the assumption @floud Associations (ICA) are located far enough from the main
a normal, Galactic Populationchemical composition is not bodies of the SMC and LMC that they remain relatively unaf-
appropriate for these Magellanic stars (see $edt. 4.1), our téstsed by their internal reddenings (Grondin efal. 1990). Also,
have shown that the use of such models should not lead to $igmers & Battinelli (1998) have recently presented colour ex-
nificant errors in the resultant model-atmosphere analyses (sesses for a number of ICAs of which our programme stars
Rolleston et al. 1993; Hambly et al. 1997). are either members or are situated within a few arcminutes on
the sky, and we have adopted their values as given in Table 1.
The slope of the stellar continuum is sensitive to the colour ex-
cess (over the observed wavelength range); typically, a change
Effective temperatured{) were deduced for the programmeof 0.05 magnitudes in B — V) corresponds to a change of
stars by comparing model-atmosphere calculations with the @pproximately 1000 K in the derived stellar effective tempera-
served flux calibrated spectra obtained at CTIO (seelFig. ijre. However, it is the Balmer discontinuity which is the most
The latter had first to be corrected for the effects of interstalensitive temperature diagnostic for these early-type stars and
lar reddening; this was problematic as reliable optidal’j therefore, we placed greater weight on fitting the stellar con-
photometry only exists for two of the stars, viz. DI 1162 (IDKinuum around this feature. The quality of our fits imply that
A7: Grondin et all_1990) and DGIK-975 (Demers et al. 1991dhe random errors in the estimation of the effective temperature
and as the extinction in the Magellanic Clouds differs from the&hould be<1000 K.

3.1. Effective temperatures, surface gravities
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Table 3. Absolute abundances of the programme stars.

Star He C N (0] Mg Al Si

DI 1162 10.81#0.05 7.06:0.33 6.70 8.080.13 6.13 6.810.06
DI 1239 10.92:0.14 7.21 < 7.19 7.76£0.28 6.32< 5.86 6.04+0.04
DGIK 975 10.83:t0.05 <6.68+0.25 6.74 8.040.21 6.05< 5.76 6.22+0.15
AV 304 10.9+:0.1 6.85 6.890.17 8.16:0.16 6.84< 5.53 6.73£0.02
Normal 11.00 8.20 7.81 8.68 7.38 6.45 7.58
B-stars

Note: Errors (where quoted) refer to the standard deviation of abundance estimates obtained from individual lines. Uncertainties on the single
measurements should be typically less than 0.2 dex (sed¢ Séct. 3.1).

Table 4. Differential abundance analysis.

Star He C N (@) Mg Al Si Mean

DI 1162 +0.05 —0.96+0.30 —1.14 —1.01+£0.11 —0.98 —0.96+£0.11 —1.01+0.08

DI 1239 —0.60 < —0.42 —1.12+0.27 -0.78 < —-0.27 —1.28 —1.06+0.26

DGIK975 +40.00 < —1.34+0.23 —1.10 —0.98+0.26 —-1.06 < —-0.37 -—1.46+0.21 -1.194+0.20
—0.97+£0.37 —1.12+0.03 —1.04+0.07 —0.94+0.14 —1.23+0.25 —1.06+0.12

AV 304 —0.58 < —0.91 —0.46+0.11 —0.46 —0.57+0.06 —0.60+0.18

Surface gravities were primarily deduced by fitting the thé&alactic comparison stars will not lead to significant systematic
oretical profiles to the normalized AAT spectra of thediid HY  errors in the differential abundance analyses (see[Sect. 4.1).
lines; where the theoretical calculations have adopted the line- Rolleston et al.[(1993) previously analysed the SMC star
broadening theory of Vidal et al. (1973). It was also possib&/ 304, and their effective temperature (determined from the
to determine surface gravity estimates from the low-resoluti@i 111/ Si 1v ionization balance) and surface gravity estimates
CTIO spectra using the &1 HS, Hy and H3 line profiles. For have been adopted here, see Table 2. They also presented a dif-
all three programme stars, these estimates were consistent ¥étkntial study of AV 304 relative to the Galactic BOv5star
those obtained from the high-resolution AAT spectra. The deiR 6165 ¢ Sco). However, this object has an effective tem-
termination of these two atmospheric parameters is iteratiperature of 30500 K which is some 4000 K hotter than that
as the value deduced for the effective temperature dependsft@V 304. In order to minimize the introduction of system-
some extent on the adopted value of the surface gravity aatet errors into the differential abundance analysis, we have re-
vice-versa. However, the number of iterations was small as tuealysed AV 304 relative to the Galactic star HR 2387 which
Balmer discontinuity and the Balmer profiles are good indicaxhibits very similar atmospheric parameters (see Table 2).
tors of effective temperature and surface gravity respectively.

The adppted atmospheric parame.ters are listed inlﬁbl%_g Microturbulence
together with those for the corresponding bright, Galactic com-
parison stars. Effective temperature estimates were obtainedfoearly B-type stars, microturbulent velocitieg) can be de-
the latter from the Stimgren reddening free |- b] index using termined from, for example, their @line-spectra by removing
the calibration of Napiwotzki et all (1993) with further detail$he dependence of the derived oxygen abundance upon the ob-
being given in Hambly et al[{1997). In order to test the vaerved line-strengths (see Lennon ef al. 1988). Unfortunately,
lidity of our inter-comparisons, we obtained spectrophotomettiye intrinsic weakness of the metal-line spectra for the pro-
for 4 early B-type stars for which 8mgren temperatures havegramme stars (see Sdctl4.1) precluded any such measurement.
been determined previously, viz. HR 1887 (BO)5HR 1781 However, the Q1 line-spectra in the Galactic comparison stars
(B1.5v), HR 1923 (B2v-v) and HR 1765 (B2/-v). Effective were of such a high quality that it was possible to determine
temperatures were deduced from the flux calibrated spectrangdiable equivalent-width estimates for line-strengths of Aom
ing the procedures described above and for the adopted colbhe derived microturbulent velocities are tabulated in Table 2
excesses, B(— y), of Cunha & Lambert(1992), whilst surfacefor HR 39 and HR 1886, which are consistent with the canoni-
gravities were inferred from theddHd, Hy and H3 line pro- cal value of 5kms! that has been found previously from sim-
files. Our spectrophotometric temperatures differed from tilar LTE analyses of B-type main-sequence stars (Hardorp &
Stromgren temperatures of Cunha & Lambeért (1992) by leSsholZ 1970; Dufton et &l. 1990b). Therefore, we have adopted
than 500 K, while the difference in the two sets of surface gragur estimate for the microturbulent velocity of the correspond-
ity estimateslpg g) were approximately 0.05 dex. Hence, wéng standard star in the analysis of the programme objects. This
conclude that the adoption of photometric temperatures for @gems reasonable, given that we have carefully selected Galactic

comparison stars that display very similar atmospheric param-
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eters to that of the ICR stars. In any case, the intrinsic weakn@&able 5. Differential analysis of DI 1239 relative to AV 304.
of the metal-line spectra for the latter significantly reduces the
effect of errors in the adopted value of the microturbulence @pecies A[X/H]

the resultant abundance determinations (see[Sect. 4.1). oy _0.50+0.30
A microturbulent velocity of 10 kms' was determined for mg 11 —0.52
AV 304 from are-analysis of the oxygen line-spectrum. This was 11 —0.69

based on the observation of approximately 30 @bsorption
features. This is also compatible with the value derived for thg, . ¢ Properties of the Inter-Cloud gas.
Galactic comparison star HR 2387 (see Table 2).

Object Age d v, v K Weak
3.3. Sdlar vsins (Myr) (kpc) (kms') (kms') (mA)
IDK-D2 28 65 +170 +156 159

Stellar projected rotational velocities €in i) were estimated 38 44 4165 4186 190

by convolving theoretically generated spectra with rotationgf 1194 o8 67 1148 1169 168
broadening functions until they matched the observations.gf1239 25 41 4152 1176 269
should be noted that this procedure accounts for the effectgyfi3gg 9 37 +137 +197 42

instrumental broadening. Howeversin i estimates deducedpGik 975 41 35 +210 +172 133
from the hydrogen/ helium line-spectra were systematically
larger than those inferred from the metal-line spectrafor all three

programme stars. This was particularly the case for DGIK 9¢g0 criteria were used to confirm their membership, viz. stellar
where itwas impossible to simultaneously fit the weak metal apghjja| velocities and interstellar absorption lines. Radial veloci-
stronger hydrogen lines with the same broadening paramet@gs; deduced from the high-resolution AAT spectra (see Table 6)
Additionally for this star, the metal lines gave a significantliere corrected to the local standard of rest,f and are con-
larger value foru,: (210kms') than that obtained from the gjstent with the estimates of 136 km'sand 261 km s for the
hydrogen and helium line profiles (180 km'g. A closer exam- | SR velocities of the SMC (Hardy et al. 1989) and LMC (Luks
ination revealed that a positive correlation existed between the&sgnifs 1992) respectively. The interstellar @aH&K fea-
formation depth of the line core and the derived radial velocifyres were observed in the stellar spectra. For all the programme
of the absorption feature. This may be evidence for a stellggys, it was possible to identify absorption components due to
wind; but given the near main-sequence status of DGIK 9%3th Galactic low-velocity gas clouds and material associated
and its B2 spectral type —a wind of such magnitude is rathgiih the Magellanic System (see, for example, Wdyte 1990).
unlikely. However the estimate from the weak metal lines, thgence, it would appear that our targets are indeed members of
cores of which have formed at larger optical depths, will probne clouds.

ably better represent the radial velocity of DGIK 975 and is the ' gte|lar masses, evolutionary ages and distances (se¢Table 2)
value quoted in Table 6. This line shift may at least partiallfaye also been deduced from the adopted atmospheric parame-
explain the difference in implied rotational broadening requiredrs ysing methods as discussed in, for example, Rolleston et al.
for DGIK 975. However, no such line shifts are found in thgrgg7). We have selected the theoretical isochrones published by
other two stars and the (admittedly smaller) discrepancies @grtelli et al. [1994) for Z=0.004 and Z=0.001, which brackets
rather puzzling. Hence we have re-examined our data reductigff metallicities found for the Inter-Cloud stars (see S&ct. 4.1).
spectral analysis procedures for possible sources of error. Afys our distance estimates are expected to be slightly less than
ter exhaustive tests, we do not believe that the afore-mentioRggse derived by, for example, Demers & Battinélli (1998), be-
discrepancy is the result of an incorrect treatment of the absyse they adopted isochrones of higher metallicity (Z=0.004)
servational data. Additionally, we find no evidence of binaritynich results in the main-sequence being brighter and thus fur-
or composite spectra in either our high-resolution AAT spegyer away. Unfortunately, our absolute distance estimates may
troscopy or lower resolution spectrophotometry. On the COBso pe subject to systematic errors — and may underestimate
trary, the atmospheric parameters and chemical compositighs true values by upto 30% (see Rolleston ét al. 1996). This is
obtained from these data are internally consistent for each s{gg consequence of an inadequate treatment of the Balmer lines’
while the results for all three stars are compatible within OWings in LTE which leads to an overestimate of the stellar sur-
error estimates (see Séct}.1). Hence, although the differgide gravity. Hence, we have not included the stellar distance
rotational broadening required for the hydrogen/ helium an@ 5 primary membership criterion, although these are clearly

metal-line spectra remains unresolved, we do not expect itdgmpatible with the programme stars being associated with the
seriously compromise the model-atmosphere analyses.  pagellanic System (see Talile 6).

3.4. Magellanic System membership 3.5. Photospheric abundances

It is important to confirm that the programme stars are asso¢he adopted atmospheric parameters (listed in Table 2) were
ated with the gas enveloping the Magellanic Clouds. Primarilysed to derive absolute LTE abundances for both the programme
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The absolute abundances for the three Inter-Cloud stars and
AV 304 are given in Tablg]3. For comparison purposes, we have
listed the mean values reported by Gies & Lambert (1992) for a
sample of 39 early B-type stars found in the local field, namely
non-LTE abundances for He, C, N, O, Al and Si. The non-LTE
abundance for Mg has been taken from Kilian {1994) for 21 un-
evolved B-type stars in the local field and the Ori OB1, Sco-Cen
and Sgr OB1 associations. However, the atmospheric parame-
ters of our programme stars are somewhat cooler than those
used in these studies and different equivalent-width datasets
have been used to derive the individual element abundances.
Hence, for these reasons and those discussed above, it is more

.90 SIIIl 4567

®)
4550

instructive to compare the differential abundances presented in
Table4.

All three ICR stars appear to have absolute helium abun-
Fig. 2. Examples of the metal-line spectra (histograms) observed @ances that are similar to that found for Galactic B-type stars. In-
DI 1162, for spectral regions includira O 11 lines ancb) Sitnt lines.  deed, the differential abundances imply that there are no signif-
Theoretical profiles_(smooth curves) have been generated usingtent differences between the helium content of the programme
adopted atmospheric parameters derived for DI 1162 and the mefal;s and their Galactic analogues. Unfortunately, the weakness
abundances found in the Galactic comparison HR 39. Comparison 8¢y, etalline spectra only permitted the observation of rel-
tween the theoretical and observed line-strengths clearly illustrate the . .
large metal deficiencies found for the ICR stars. auvely few ab_sorptlon features, viz. 21€ 1 N 11, ~8 O 11, 1

Mg 11 and 3 Sitt1 lines; however, the results are encouragingly

self-consistent (see Taljlk 4). For each ICR star in turn, individ-
and comparison stars using procedures similar to those dgt element differential abundances lead to a mean metallicity
scribed in Dufton et al (1990a) and Rolleston et/al. (1997). D@rat has a standard deviation of 0.2 dex. Thus, we are confident
tailed line-by-line differential abundances were also performeght the mean differential metallicity given in the last column
relative to the ‘normal’ composition Galactic analogues HR 3@ Table[2, can be taken as being representative of the compo-
and HR 1886. Additionally, we have re-analysed the metal-liRgjon of the local environment within the ICR. Furthermore,
spectrum of the SMC star AV 304 (which should exhibita metady results do not show significant variations between the mean
licity typical of the present-day SMC) relative to HR 2387. Thgotospheric compositions derived for the three stars, despite
validity for using these bright Galactic disk B-type stars as stajieir quite different positions across the ICR (seelBig. 3). There
dards of Population chemical composition has been verifiegs some marginal evidence to suggest that the carbon abundance
by Hambly et al.[(1997). may vary, cf. DI 1239 and DGIK 975. However, the higher esti-
mate found for DI 1239 was based on the @920A line alone,
and the observational uncertainty in this case may be as large
as 0.4 dex.

The most striking result is the magnitude of the metal defi-

The mode|_a[mosphere ana|yses are summarized in Talles gp,mcy observed in the ICR stars, viz1.06:0.12 dex relative
and[B, the first presenting absolute abundances on a logarighrormal, Galactic comparison stars. Our previous analyses of
mic scale with [HEE12.0 dex, the other two listing differentialSimilaryoung, B-type stars in the Magellanic Clouds yield mean
abundances again on a logarithmic scale; errors (where quogfjciencies of-0.7 dex and-0.25 dex for the SMC and LMC
refer to the sample standard deviations. A typical observatiofigspectively. Thus the ICR objects would appear to have a metal
uncertainty of£20MmA in the equivalent-width estimate of ancontent that is significantly lower than even the SMC. For this
individual line would lead to an abundance erroref.3 dex. reason, we re-analzed our best target in the SMC (AV 304) rela-
Additionally, the effect of changing the atmospheric parametdpée to a new Galactic comparison star (HR 2387) with very sim-
by their error estimates was considered, ¥id.s ~ +1000K, ilaratmospheric parameters (see Table 2) —yielding a new metal
Alog g ~ £0.2 dex andA¢ ~ £3kms!, and led to changes underabundance of 0.60.18 dex. These results suggest that
in the absolute abundance estimates by less than 0.2 dex. FoftRdCR objects are some 0.5 dex more deficient in the light ele-
differential analyses, the atmospheric parameters of the relev@ents than their analogues in the SMC. As DI 1239 and AV 304
comparison star were derived using a similar technique as for #sess approximately similar atmospheric parameters, we also
programme targets (see S&cfl 3.1). This should reduce the efggformed a line-by-line differential analysis of DI 1239 rela-
of systematic errors in the estimates of the atmospheric pardive to the latter. Unfortunately, the equivalent-width datasets
eters, while uncertainties in the adopted atomic data will al&y these two objects have only 31Q 1 Mg 11 and 1 Siit line

be less important. Additionally, simplifications in the modelin common. The results of this direct comparison (see Table 5)

atmosphere analyses (eg. the assumption of LTE) should &% yield a greater underabundance ofiDél dex for DI1239.
be less significant for the differential abundances. Hence, we conclude that the present—day composition of gas in

Silll 45‘52 |
4560 4565 4570

Wavelength / A

| | | |
4555 4575 4580 4585

Relative intensity

4. Discussion of results

4.1. The chemical composition of the ICR stars
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—60°

i idence for a lower gas density in this region. However, a con-
i clusive explanation must await the analysis of UV HST and

| radio ATCA observations (see Lehner et al. 1999). Neglecting

| the IDK-D2 and DI 1194 sight-lines, as these radial velocity

i estimates of the ICR gas may be affected by a possible stellar

SMC component, there does not appear to be a correlation between
; h the observed LSR velocity and position across the ICR.
A R ANTRRIIITTTTT The Cau K velocities are also in good agreement with H
- velocities available near to our programme stars (see Lehner
~ et al.[1999). Moreover, the stellar radial velocities are also
03 comparable to those of the interstellar gas (see Tdble 6). For

DGIK 975, the observed stellar radial velocity of 210 ki $s
approaching ‘LMC-type’ velocities. This is interesting as De-
mers & Battinelli [1998) report a radial velocity estimate of
~270km s for another object in ICA 76, viz. A6-986. How-
ever, there does appear to be a paradox here. If ICA 76 formed
Fig.3. A schematic diagram of the LMC, SMC and the Inter-Clougrom material which originated in the LMC — then it might be
Region (ICR). Solid lines define the stellar concentrations within “bpxpected to find this reflected in the derived abundance pattern

Magellanic Clouds, while the dashed lines show thedfivelopes of for DGIK 975. Additionallv. the LSR velocity of the ICR gas
the Magellanic System. The positions of the three programme stars are . Y, Y 9

designated by open circles. Also shown are the positions of three Iagvards DGIK 975 is 'SMC-like’, and there is no evidence of
objects (solid circles) previously studied by Rolleston et al. (1993) aﬁd‘MC component.
Hambly et al. [(1994), and the SMC comparison star AV 304 (solid

triangle; Rolleston et al| (1993). 4.3. Evolutionary history of the Inter-Cloud Region

—80°

Stellar evolutionary ages were derived for our six target stars as

than the gas in the principle sites of star-formation in the SM&as occurred very recently across the entire ICR (see Table 6).
Our results suggest that the ICAs have an age dispersion of at

least 10—-40 Myr, which is in reasonable agreement with the pho-
tometric study of Demers & Battinelli (1998). They concluded

Previously, we have obtained AAT UCLES spectra for thrdbat star-formation started in the SMC wing and continued for
B-type stars in the ICR, viz. IDK-D2 (Rolleston et al._1993)-40 Myr before propagating across the ICR. Unfortunately,
and DI 1194, DI 1388 (Hambly et &l._1994). Although thes@ur stellar distances for the near main-sequence objects may be
observations and the new stellar spectra presented here ve¥éematically underestimated, due to the assumption of LTE
principally used to measure stellar features, they also provi§&e Seck.314). Moreover, the distance estimates obtained for
the first detection of interstellar absorption lines from the ICH€ two luminosity classt objects (IDK-D2 and DI 1194) will
gas. In Tablg®, we present the radial velocity and equivaleftso be affected by non-LTE effects plus theoretical uncertain-
width of the Caur K interstellar absorption for the Magellanicties in the stellar evolutionary calculations (see Bertelli et al.
gas component towards the six ICR sight-lines. The former ¢&#94). Hence, it is probably not worthwhile attempting to use
be compared with the stellar radial velocity, where all have be®Hr absolute distance estimates to constrain the distance of the
corrected to the Local Standard of Rest,{). For the two coolest ICR material. Howeverglative distances should be reliable for
stars (IDK-D2 and DI 1194) that have effective temperatur8rs with similar atmospheric parameters. Then neglecting the
of approximately 14 000 K, there might be a significant stell#0 mid-B luminosity classi objects, we see thata distance gra-
contribution to the Car K equivalent-width measurement. Wedient (see Tablgl6) is observed across the ICR with DGIK 975
estimate thatthis contribution may be as large asBe+mssum- (in ICA 76) being some 20% closer than DI 1162 (in ICA 46).
ing that the stellar photospheres of these objects are deficiEfts is compatible with the concept of a ‘bridge’ of material
in calcium by—1.1 dex relative to that found in our Galacticconnecting the eastern wing of the SMC to the outer western
comparison stars. There is also some observational evidencd@p of the LMC, and again is in agreement with the findings of
such a contamination, as the spectra show broader Ca K comiggmers & Battinelli (1998).

nents (at Magellanic-type velocities) than the Galactic absorp- Itis interesting to note that Rolleston et al. (1993) presented
tion towards these two sight-lines. However, the low Signa|_t3entative’ evidence for chemical inhomogeneities in the SMC,
noise obtained in the stellar continuum of these UCLES IP@8d in particular, a greater underabundance of metals in the
observations, do not allow us to distinguish between multipMC wing. Carbon{ 1.2 dex) and magnesiurs-(..1 dex) de-
Magellanic interstellar components and a significant stellar cdifiencies in the wing star IDK-D2 are remarkably similar to
tribution. The sight-line towards DI 1388 shows a significantihat observed for the 3 ICR stars, and are consistent with the
weaker absorption than the other sight-lines. This may be &ypothesis that both the SMC wing and ICR possess a common

4.2. Interstellar observations of the ICR gas
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origin. However, if the Inter-Cloud gas was tidally disrupted ifollowed by a more modest rise startind 0 Gyr ago and con-
recent history from the main body of the SMC, then it is to bénuing until the present epoch. Given the scenario whereby the
expected that this material would reflect the present—day SNB®IC is a thoroughly mixed system, then comparison of our
abundance pattern. Our results clearly show that the mateablndance determinations for the ICR with the age-metallicity
within the ICR does not reflect the present-day metallicity e&lationship of Da Costa & Hatzidimitrioll (1908), imply that
either the SMC or LMC. Furthermore, our study does not shae tidal structures within the ICR were disrupted approximately
any evidence of an SMC-LMC abundance gradient across 818 Gyr ago. However, investigations of the initial mass func-
ICR. The material would appear to be chemically homogenedian (IMF) within the ICR do not show any evidence of star—
within our errors, and if anything, DGIK-975 (which is closeformation at such an early epoch (Demers & Battirielli " 1998).
to the LMC) may be marginally more deficient in carbon anBurthermore, if the formation of the ICR occurred.5 Gyr
silicon. ago, then the recent simulations of the Magellanic Cloud orbits
The gravitational interactions between the Galaxy—LMC{&Gardiner & Noguchi_1996) imply that the ICR has survived
SMC are thought to have produced several tidal features sseveral pericentric passages of the SMC to the LMC.
as the Magellanic Stream and the ICR, and distorted the internal Alternatively, the SMC is not a well mixed system. There is
structures of the Clouds. Several groups have modelled somsame evidence for this. For example, Da Costa & Hatzidimitriou
all of these interactions. For example, Kunkel etlal. (1994) n(998) present observational evidence for two intermediate age
glected the gravitational influence of the Galaxy and adopted@pen clusters that have metallicitie®.5 dex lower than that
unbound orbit for the SMC with respect to the LMC. The nuexpected from the mean age-metallicity relationship. These ob-
merical simulations of Murai & Fujimotd (1980) and Gardinejects (Lindsay 113 and NGC 339) are situated in the south and
& Noguchi (1996) are based on models in which the Galaxy hastreme east of the SMC respectively. Furthermore, there has
an extended massive halo, and the Magellanic Clouds have pblkeen considerable controversy regarding the chemical composi-
orbits with the Clouds leading the Magellanic Stream. Althougton of the young, populous cluster NGC 330 (see Lennon et al.
the individual simulations lead to different interpretations of thE996), which may be up to 0.3 dex more metal-poor than field
kinematics of the Magellanic system, they all generally reprobjects of comparable age (although recent differential analyses
duce the main features of the internal structures of the Clounfcluster and field F—K type supergiants do not show significant
and a tidal bridge and tail structure in the ICR. These latter tiddifferences in the cluster abundances, Hill 1998). Bertelli et al.
structures are believed to have been generated by the recent r(8882) and Gallagher et al. (1996) present some evidence for
collision of the LMC/SMC about 200 Myr ago. In an interactiorthe outer halo of the LMC to be more metal-poerQ(7 dex)
of this type (Toomre & Toomre 1972), the more massive LMC than the adopted LMC metallicity 6£0.3 dex. Hence, we may
regarded as the “perturber” and the SMC is the “victim”. Leagbostulate that the ICAs formed from a mixture of SMC gas with
ing the lower mass SMC and falling inward towards the LMG3 metal content appropriate to that of the ISM-&00 Myr ago,
a bridge begins to detach just prior to pericentric passage; whiled diluted by a component with a lower abundance. This would
lagging behind the SMC, a tail begins to form at about the sarbe consistent with the scenario whereby the close encounter of
time (Kunkel et all_1994). These gas structures constitute tihe LMC tidally disrupted gas particles from both the SMC disc
ICR and are seen overlapped in the sky, with the tail materaid halo. Given that the ICAs formed from gas approximately
being more distant than the bridge (Gardiner & Noguchi 1996).5 dex more deficient in metals than the SMC, the required di-
We can use our abundance estimates of the ICR gas to plation factors range from 0.68 for unenriched (primordial) gas
constraints on these models. First, we shall assume that the tat.00 for gas with a metal content equal to that of the ICR.
terial, from which the ICR stars formed, originated in the SM@ is interesting to compare this scenario with the model pre-
disc. For dwarf galaxies like the SMC, the disc material shouttictions of Gardiner & Noguchi (1996). They predict that the
be chemically homogeneous provided the star—formation rateasio of particles in the tidal bridge to the number of particles
relatively constant and the infall of external material insignifin the tail originating from the disc and halo will be 1.4 and 3.3
cant. This is due to the expanding gas shells from evolving masspectively. Also, while the halo component makes a definite
sive stars that thoroughly mix the ISM over galaxy-wide scalesntribution to the bridge but only a very weak contribution to
on time-scales considerably less than the Hubble time (Kobtlie tail, the disc component makes a significant contribution to
nicky & Skillman[1997). The chemical enrichment of the Magboth the bridge and tail. Hence this model would imply that our
ellanic Clouds has been investigated using integrated propertergets are likely to be situated in the bridge and that higher
of star clusters (see Bica et al. 1986). More recently, Da Costetallicity objects would be present in the tail.
& Hatzidimitriou (1998) determined an SMC age-metallicity Although, Gardiner & Noguchi (1996) do not provide ratios
relationship using Ca triplet spectra of individual red giants,for the number of halo to disc particles in the tidal bridge and
in seven star clusters with ages betweeh-12 Gyr. They con- tail, their simulations illustrate that this hypothesis is plausible.
cluded that the enrichment of the SMC could be explained byHmwever, further radial velocity and metallicity determinations
simple ‘closed system’ model of chemical evolution, scaled for young, early-type stars in these tidal structures are necessary,
the present-day mean metallicity@.6 dex), gas mass fractionin order to constrain both the complex dynamical and chemical
(0.36) and formation epoch~5 Gyr). The enrichment his- evolutionary history of the ICR.
tory consists of a rapidr(~ 3 Gyr) initial metallicity increase,
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5. Conclusions Dufton P.L., Brown P.J.F., Fitzsimmons A., Lennon D.J., 1990b, A&A
. . 232,431
1. The three Inter-Cloud Region (ICR) stars display photesajiagher J.S., Mould J.R., de Feijter E., et al., 1996, ApJ 466, 732
spheric abundances that are deficientt.06+0.12 dex Gardiner L.T., Noguchi M., 1996, MNRAS 278, 191
relative to normal, PopulationGalactic comparison stars.Gies D.R., Lambert D.L., 1992, ApJ 387, 673
Furthermore, a differential analysis with respect to the SM@rondin L., Demers S., Kunkel W.E., Irwin M.J., 1990, AJ 100, 663

ondin L., Demers S., Kunkel W.E., 1992, AJ 103, 1234
stgrSA(\j/eiO4, show the ICR stars to be more metal-poor By, ' “Dufton PL., Keenan F.P. et al., 1994, ARA 285, 716

Hambly N.C., Rolleston W.R.J., Keenan F.P., Dufton P.L., Saffer R.A.,
2. The determination of stellar ages using the evolutionary cal- 1997, ApJs 111, 419

culations of Bertelli et al[(1994) imply that the Inter-ClouHardorp J., Scholz M., 1970, ApJ 154, 1111

Associations (ICA) have an age dispersion of at least 16tardy E., Suntzeff N.B, Azzopardi M., 1989, ApJ 344, 210

40 Myr. Moreover, our distance estimates support the vidill V-- 1998, In: Chu Y.H., Suntzeff N. (eds.) New Views on the Mag-

that a distance gradient is present across the ICR, with Wi(raujerlrlli\r:ic.](i/knlj(desr.r éip '\Slgg'eg‘gi)e(s' fg‘g;f‘lj‘sctisgophys 16. 570

LMC-side being some 20% closer than the SMC wing. Howarth |.D., Murray J., Mills D., 1994, Starlink User Note, No. 50.15
3. Based on the results of the model-atmosphere analyses;\y& M.J., Kunkel W.E., Demers S., 1985, Nat 318, 160
conclude that the ICR material does not reflect the presekigrr F.J., Hindman J.V., Robinson B.J., 1954, Aust. J. Phys. 7, 297

day composition of the principle sites of star-formatioKilian J., 1994, A&A 282, 867
within either the LMC/SMC. Kobulnicky H.A., Skillman E.D., 1997, ApJ 489, 636

4. A comparison of our abundance determinations for the IGR"Ke! W.E., Demers S, rwin M.J., 1994, In: The Local Group. Pro-

. . - . ceedings of the CTIO-ESO Workshop, La Serena
with the SMC age-metallicity relationship of Da Costa 8Kurucz R.,91991, In: Philip A.G., UpgrenpA.R., Janes P.L. (eds.) Pre-

Hatzid?mitriou (1998) was usgd to estimate the_epoch Of cision Photometry: Astrophysics of the Galaxy. L. Davis Press,
formation for the ICR. Assuming that the SMC is a well  schenectady, p. 27

mixed system, then we infer that the ICR gas was tidallyehner N., Keenan F.P., Smoker J.V,, et al., 1999, In: New Views of
disrupted from the SMG-8.5 Gyr ago, although thiswould  the Magellanic Clouds. Proceedings IAU 190, in press

appear to be inconsistent with theoretical models and thghnon D.J., Brown P.J.F., Dufton P.L., 1988, A&A 195, 208
initial mass function of the ICR. Lennon D.J., Dufton P.L., Mazzali P.A., Pasian F., Marconi G., 1996,

. A&A 314, 243
5. Alternatively, we postulate that the ICR gas formed fronLqequeux\]., 1984, In: Structure and evolution of the Magellanic Clouds.

a mixt.ure of SMC gas qnd an unenriched componerjt: For Proceedings IAU Symp. 108, Reidel, Dordrecht, p. 67

material which is approximately a factor of 3 more deficientyks T.H., Rohlfs K., 1992, A&A 263, 41

in metals than the SMC, the required dilution factor rangéassey P., 1997, A User’s Guide to CCD Reductions wittr, NOAO

from 0.68 for unenriched (primordial) gas to unity for gas Laboratory

with a metal content equal to that of the ICR. Massey P., Valdes F., Barnes J., 1992, A User’s Guide to Reducing Slit

Spectra withrar, NOAO Laboratory
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