
Wasserburg, Geophys. Res. Lett 3, 249 11976)] 
10 Th~s does not mean that these trends orlg~nate 

through the mlxlng of only two components We 
beeve that the lhnear trends record b n a ~ t - k e  m x -  
n g  between a volume of mantle with composton C 
and another mantle volume of ds tnc t  sotope com- 
poston that can be descrbed by reference to the 
external components. We use the notlon of mantle 
components as reference coord~nates In Isotope 
space. The lsotoplc composltlon of any part~cuar 
volume of mantle 1s actually the product of a unque 
sequence of geooglcal processes, not smply the 
m x n g  of the DM, EM, and HIMU components. 

11. The MORB and OIB databases clearly show the ten- 
dency for oceanlc basalt data to focus on the nternal 
component C (2-4). However, not a ~ndv~dual OIB an0 
MORB data suites converge on C. For example n the 
equatorla Atlantc, local mxng veciors n PbIPb sotope 
space extend beyond C w~th 2~Pb /2c~Pb  > 20 as a 
result of hot snot-ridge interacton between the MORB 
mantle beneath the r~dge at 1.7"N and the S~erra Leone 
plunie (29). The Serra Leone olurne can be vewed as a 
mult~component mlxture of C-ke,  HMU-Ike, and local 
oepeted mantle. Other examples of hot soot-rdge In- 
teractlons that show slm~lar complex~ty Include the 
Reykjanes R~dge (301, the southern Mid-Atlant~c R~dge 
(51, and Galapagos spreading center (31). We vlew 
plumes as ~or~s is tng of both C matera and other ma- 
ter~als of variable compostons that can be descr~bed as 
multicolnponent mlxtures of the external components 
DM EM1 EM2 and HMU, w~tl? a multstage lh~story of 
mlxlng (10). 

12 M. Tatsulnoto Earth Planet. Sci, Lett. 38, 63 (1978). 
13. M. D. Fe~genson, J. Geophys. Res. 91 9383 (1 986). 

M Tatsumoto E. Hegner D. M. Unrul?, U.S. Geol. 
SUP/. Prof, Pa,oer 1350 (1987) p. 723 M. D. Kurz 
W.  J. Jenkns, S R. Hart D. Cague. Earth Planet. 
Sci. Lett 66, 388 (1 983)' M. D. Kurz. M 0. Garc~a, F 
A. Frey, P. A. O'Br~en. Geochim. Cosmochim. Acta 
51 2905 (1987): H. Staud~gel et a/. Earth Planet. 
Sci. Lett. 69. 13 (1 984): C Y. Chen and F. A. Frey, 
Nature 302 785 (1983): M. 0. Garc~a, D. W. Mue- 
now. K. E.Aggrey J R.  O'Nell, J. Geo,ohys. Res. 94, 
10525 (1 989). 

14. 6. B Hanan and J.-G. Sch~lling J. Geophys. Res. 
94 7432 (1989). R J Poreda, J.-G. Sch lng,  H. 
Crag, Eaith Planet. Sci. Lett. 11 9 31 9 (1 9933. 

15. J. J. Mahoney et a/. Eariil Planet. Sci. Lett. 121, 173 
(1 993). 

16. L. Dosso B. B. Hanan. H. Bouaault. J -G. Sch~ lna  
J.-L. Joron, :bid. 106, 29 (1991):~. Staudacheret a:. 
ibid. 96, 1 1 9 (1 989). 

17. B B Hanan. D. W. Graham P J. M~chael, J.-G 
Schilling Eos 73, 582 11992), B. B. Hanan D W. 
Graham P J M~chael Min. Mag. 58A 370 !i 994) 

18. D. W. Graham, D. M. Chr~st~e, K S. Harpp, J E. 
Lupton Science 262, 2023 (1 903). 

19. C and PHEM have s~miar ntermedlate e'Sr!e6Sr and 
"13Nd/'"'Nd ratlos approx1mate;y 0.7035 versus 
0.7047 and 0 51290 versus 0.51273 [E,,, (9) of 5.0 
versus 1 81 respectively (4. 5;. In contrast, FOZO 
or~g~nally was estmated to have depleted e7Sr/56Sr 
ratlos and "13Nd/'44Nd Isotope signatures of about 
0.7025 and 0.51 314 (c,, - 10) respectvely (2) but 
these have been mod~fied toS'S1-leSr = 0.7035 and 
'43Nd/'4"Nd = 0 51 29 (3). 

20. We use the 4.57-Ga reference geochron determned 
iron? meteor~tes (32) as a reference to d~scuss the Pb 
Isotope composton for the bulk Earth and mass bal- 
ance for Earth's Pb resewors ~n the 2oPb/2"'Pb versus 
2"Pb12"Pb diagram Meteor~tes and Earth are as- 
sumed to have a common age and to lhave nltiay had 
the same Pb sotope compos~tion because meteorites 
and average modern terrestr~a Pb f a  on the same Pb/ 
Pb sochron, the 4 57-Ga geochron. This geochron IS 

the 'ocus of a!l Earth resewolrs that lhave evolved from 
Earth's startng Pb Isotope compos~tion, but with d.Xer- 
ent U!Pb rat~os. Because most mantle and crustal rocks 
plot belov! the geochron and because the bulk Earth 
must e on 't, either an unknown reservorploitng above 
the 4.57-Ga geochron or a younger age for Earth's Pb. 
movlrlg the geochror, down, IS required to ach~eve Inass 
ba'ance. 

21. R. L. Rudnick alnd S L. Goldstein, Earth Planet. Sci. 
Lett. 98, 192 11 990). 

22. C.  J. Allegre, E Lewlr,, B .  Dupre, Chem. Geol. 70, 

21 1 (1988); S. J. G. Galer and S. L. Goldsten Geo- 
phys. Monogr Am. Geophys. Union ~n press: G. 
Manhes, C J. Allegre, B. Dupre, B Hamen,  Earih 
Planet. Sci. Lett. 44 91 (1 979). 

23. A. W Hofmann K. P. Jochum, M. Seufert, W. M. 
Wh~te, Earih Planet. Sci. Lett. 79 33 11986). 

24. A. W. Hofmann and W M. Wh~te ibid, 57, 421 
(1982) M. T McCulloch. :bid. 11 5. 89 (1993). 

25, The external components EM1 , EM2 and HIMU are 
generally thought to represent recycled materials that 
may accumulate n regons of phase transton or dens~ty 
contrast 133. 34). Lkely locat~ons ~nclude the core-man- 
tle boundary the upper-ower mantle transit~on, or the 
shallov!est asthenosphere (pensphere) (35). The region- 
al dstrbut~on of these materials w~thln the mantle may 
account for some of the contrasts in the Pb and He 
Isotope covar~atons for the MORB subpopulat~ons. 

26. C. J. Allegre, T. Staudacher P. Sarda. M. Kurz, Na- 
ture 303, 762 11983); R. K. O N~ons and E. R. Ox- 
burgh, ibid. 306 429 11983). L. H. Kelogg ap,d G. J. 
Wasserburg, Earth Planet. Sc i  Lett. 99, 276 (1 990) 

27. A. E. Ringwood S. E. Kesson W Hibberson, N. 
Ware, Earih Planet. Sci. Lett. 11 3, 521 (1 992). 

28. P. J. Tackley, D. J. Stevenson G A. Glatzma~er G 
Schubert, Nature 361 699 (1993); M. Ste~n and A. 
W. Hofmann, /bid. 372 63 (1994). 

29. J -G Sch~ll~ng, B B. Hanan, B. McCuly, R.  H. K~ngs- 
ley D. Font~gnie J. Geophys. Res. 99 12005 (1 994) 

30 C H. Langmu~r, R.  D. J. Vocke, G. N. Hanson, S. R.  
Hart Earfh Planet. SCI, Lett. 37, 380 (1978). S.-S. Sun, 
M. Tatsumoto, J -G Schlllhng, Science 190, 143 (1 975). 

31. S. P. Vermaand J -G. Schll~ng, J. Geophys. Res 87, 

10838 (1982); S. P. Verma, J.-G. Sch l~ng,  D. G. 
Waggoner Nature 306, 654 11 983) 

32. C. Patterson. Geochim. Cosmochim. Acta 10, 230 
( I  956). 

33 C. G. Chase, Earth Pianet. Sa. Lett. 52, 277 (1 981 ). 
M. T. McCulloch ibid. 11 5 89 (1 993). 

34. C J. Allegre and D. L. Turcotte, Geophys. Res, Lett. 
12  207 11985). D. McKenz~e and R.  K. O Nions 
Nature 301 229 (1 983), A. E Rngwood J Geoi. 90 
61 1 11982). 

35 D. L. Anderson, Rev. Geophys. 33. 125 (1995). 
36. S. R.  Hart, Nature 309, 753 (1 984). 
37. B. B. Hanan and J.-G. Schlll~ng, Geol. Soc. Aust. 

Abstr Ser 27. 43 11 991). 
38 J. S. Stacey and J. D, ~ ramers ,  Earth Pianet. Sci. 

Lett. 26 207 (1 975). 
39. W. M. Wh~te, /bid. 11 5, 21 1 11 993). 
40. D. M. M~ller, S. L. Goldsten, C. H. Langmur, Nature 

368, 514 (1994): B Peucker-Ehrenbr~nk, A. W. Hof- 
mann S R Hart, Earth Planet. Sci. Lett. 125, 129 
(1 994). 

41. C Patterson and M Tatsumoto, Geochim. Cosmo- 
chim. Acta 28 1 (1 964); S:S. Sun, Phiios. Trans. R. 
Soc. LondonA 297.409 (19801. D. Ben Othman, W. 
M. White, P. J. Patchett, Earih Planet. Sc i  Lett. 94, 1 
11989). 

42 We are grateful for.the perspectives and arguments 
expressed by D. Anderson, K. Farley S. Galer R.  
K~ngsley, J Lupton J.-G. Sch~lng G Waggoner and 
W. White. Fnanc~a support was provded by the NSF. 

10 October 1995: accepted 7 March 1996 

Pre-Main-Sequence Star Candidates in the 
Bar of the Large Magellanic Cloud 

J. P. Beaulieu," H. J. G. L. M. Lamers, P. Grison, R. Julien, 
C. Lanciaux, R. Ferlet, A. Vidal-Madjar, E. Bertin, E. Maurice, 

L. Prevot, C. Gry, J. Guibert, 0. Moreau, F. Tajhmady, 
E. Aubourg, P. Bareyre, J. de Kat, M. Gros, B. Laurent, 

M. Lachieze-Rey, E. Lesquoy, C. Magneville, A. Milsztajn, 
L. Moscoso, F. Queinnec, C. Renault, J. Rich, M. Spiro, 

L. Vigroux, S. Zylberajch, R. Ansari, F. Cavalier, M. Moniez 

Candidate pre-main-sequence stars were observed in the bar of the Large Magellanic 
Cloud during the search for dark matter in the galactic halo. Seven blue stars of apparent 
visual magnitude 15 to 17 had irregular photometric variations and hydrogen emission lines 
in their optical spectra, which suggested that these stars are pre-main-sequence stars of 
about 10 solar masses. These stars are slightly more massive and definitely more luminous 
than are Herbig AeBe pre-main-sequence stars in our own galaxy. Continued observations 
of these very young stars from another galaxy, which are probably at the pre-hydrogen- 
burning stage, should provide important clues about early stages of star formation. 

T h e  early stages of star formation are gen- 
erally hidden from optical observations be- 
cause the stars are embedded in their circum- 
stellar dust clouds. T h e  laver the mass of a 
star, the slower its contraction toivard the 
maill sequence where H is ignited. There- 
fore, the only pre-main-sequence stars that 
are optically visible in the galaxy are the 
low-mass T Tauri stars (M = 1 to 5 Mc, 
where M, is solar mass) and the slightly 
Illore massive Herbig AeBe (HAeBe) stars of 
2 to 9 M,. In galaxies with a loiver metal- 
licity, the pre-main-sequence stars are ex- 
pected to have less d ~ ~ s t .  This attribute lnight 
enable us to observe and study the pre-main- 

sequence phase of more massive stars in oth- 
er galaxies, thereby extending our kno~vledge 
of the early evolution of stars to younger 
phases. Here, we report the serendipitous 
discovery of HAeBe stars in the Large Ma- 
gellanic Cloud (LMC) with the EROS ex- 
periment ( 1 ). 

The EROS database was used to search for 
quasi-stellar objects (QSOs) behind the Lb?C 
for spectroscopic studies of the absorption 
components of gas in the Lb?C. About 10 to 
12 QSOs down to magnitude -20 were ex- 
pected in the field of the EROS charge-cou- 
pled device (CCD) camera. Because the 
EROS photometry has only two filters and it 
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is impossible to select QSOs on the basis of 
two-color photometry, we decided to search 
for QSOs on the basis of their light curves. 
We expected about two or three QSOs with 
irregular brightness variations in the EROS 
data set. Seven objects were identified on the 
basis of three criteria: (i) BE — RE < OS 
magnitudes (1), to exclude the red irregularly 
variable stars; (ii) photometric variability 
larger than twice the standard deviation; and 
(iii) either a nonperiodic light curve, or a 
periodic light curve whose most probable pe
riod was greater than half the duration of the 
observing campaign. Subsequent spectroscop
ic observations showed that all seven objects 
were stars in the LMC; the stars were conse
quently named EROS LMC HAeBe candi
dates (ELHCs). All the objects showed irreg
ular amplitude variations of about 0.2 to 0,6 
BE magnitudes in their light curves (Fig. 1). 
Most of the stars showed variability on a time 
scale of —10 days superimposed on slower 
variations, except for ELHC7, which had a 
very pronounced dip in its light curve with a 
time scale of —30 days. On the basis of the 
light curve alone, the stars cannot easily be 
classified or grouped into the same class of 
objects. 

Six of the stars are relatively bright, with 
mean BE and RE magnitudes between 14.7 
and 15.8 (Table 1). These magnitudes corre
spond to apparent visual magnitude V — 14.8 
to 15.8. Assuming a typical interstellar galac
tic foreground extinction of A v — 0.2 plus a 
mean extinction of A v — 0.30 for the bar of 
the LMC and a distance modulus of 18.50 for 
the LMC, we conclude that the absolute vi
sual magnitudes M v of the stars (except 
ELHC7) are in the range M v — —3.2 to 
—4.3. This range excludes a classification as 
cataclysmic variables because such variables 
would have been several magnitudes fainter. 

The EROS (Experience de Recherche d'Objets Sombres) 
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The mean B — V (blue light minus visible 
light) color of the stars is between —0.01 and 
0.10. Correcting for the mean reddening E(B 
- V) — 0.17 of the LMC stars, we find 
intrinsic colors of (B — V)0 -0.18 to 
—0.07. These are typical values for stars of 
spectral types B3 to B9. Combining these 
colors with the values of Mv , we conclude 
that the objects are B-type stars with luminos
ity classes of about II to III. 

The luminosities L of the six stars, derived 
from M v with the bolometric corrections 
adopted from the intrinsic colors (2), are log 
L/LQ — 3.5 to 3.9 (Table 1). In this estimate, 
we have assumed that the stars have no cir-
cumstellar (CS) extinction. If there is circum-
stellar extinction, the intrinsic colors will be 
bluer, the spectral types earlier, and the lumi
nosity larger. The CS extinction cannot be 
very large because the minimum allowed val
ue of (B — V)0 is —0.32. We also calculated 
the magnitudes and colors for an assumed 
additional extinction of E(B - V) 

cs 0.15. 
In this case, the luminosities are in the range 
log L/LQ - 4.2 to 4.8 (except ELHC7). The 
variable ELHC stars are probably abnormal 
B-type giants similar to galactic HAeBe stars 
because they have irregular photometric vari
ables (3). 

The possibility that the ELHC stars are 
LMC counterparts of the galactic pre-main-
sequence HAeBe stars is supported by the 
optical spectra. Low-resolution spectra of the 
ELHC stars in the wavelength range o{ 3600 
A < X < 7000 A were obtained in August 
1994 at the European Southern Observatory 
1.5-m and 3.6-m telescopes equipped with 
Boiler and Chiven spectrographs (4). All the 
targets have a stellar-type spectrum with a 
very strong Ha emission line and strong pho-

tospheric Balmer absoiption lines; hence, the 
targets are stars, not QSOs. The stellar radial 
velocity derived from the Balmer absoiption 
lines is 270 km s_1, which proves that the 
stars belong to the LMC. We estimated the 
spectral type for each star on the basis of the 
presence or absence of classification lines. 
However, because the metallicity of the LMC 
stars is about one-half that in our galaxy, 
several of the classification lines are weaker. 
Therefore, the classification as B-type stars 
from the spectra agrees roughly with a similar 
classification on the basis of the colors of the 
stars. 

We suggest that our program stars are 
pre-main-sequence stars, similar to the ga
lactic HAeBe stars. This suggestion is sup
ported by the following arguments: 

1) All the stars have Ha emission lines 
with equivalent width in the range 11 to 
130 A, quite similar to the range of 8 to 126 
A for the galactic HAeBe stars (5). Normal 
Be stars have smaller Ha equivalent widths 
and do not show the rapid, irregular photo
metric variations of our stars. 

2) The colors and the presence of the 
strong photospheric Balmer absorption 
lines and He I absorption lines in some stars 
suggest spectral types between late B (for 
stars without strong He I lines) and mid- to 
early B (for stars with He I lines). 

3) The spectra of several of our stars show 
evidence for Balmer continuum emission, 
possibly as a result of circumstellar gas that is 
optically thick in the Balmer continuum, 
which indicates the presence of an accretion 
disk or an optically thick wind (6). 

4) The ELHC stars have irregular photo
metric variables. Irregular photometric vari
ability is characteristic of HAeBe stars. The 

700 750 800 850 700 750 800 850 

Time (days) 

Fig. 1 . The light curves in 8 E of the program stars measured in 
the EROS experiment. Variations of the nightly averages, which 
have a typical SD of 0.015 magnitudes, are shown. 
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Table 1. Photomety and approxmate spectral types. Two extreme est~mates of c~rcumstellar reddening, which defne a poss~ble range of lumnos~ty and 
effect~?ie temperature T,,, (in kel?i~n), are gven for each star. 

Log L / L ,  
Log L/Ls,  

Star N (J2000) 
6, RE 6 - I' (6 - V)o i 4  (derived :zE (assum~ng H a  8 (J2000) Log Tei; from M,,) CS 

extnct~on) 
(4 

galactic IHAeBe stars of earl\- spectral type 
exhibit small brightness variations (1V - 
0.1) mith a time scale of 20 to 63  days and 
with no  evidence for clear periodicities, as 
n;ell as large brightness changes that are com- 
pletely irregular and unpreclictable. The  tiine 
scale of about 12 to 43 day-s for photometric 
variations of our LTroeram stars is similar. 

L u 

5) T h e  most important characteristic of 
the  galactic H h e B e  stars is their association 
with nebulosities and their location in star- 
forlning regions. Unfortunately, n7e do not 
kno\v if our stars are in star-forming regions 
in the  bar of the LLIC. However, the two- 
dimensiollal optical spectra of our stars 
S ~ O L V  that all of them (except ELHC1, for 
which the resolution and sig~lal/lloise ratio 
are too lorv) are located in H I1 regions. 
This findine indicates that our stars are 
associated mith 0 stars, that is, nit11 yoimg 
regions mhere star formation might occur. 

The  ELHC stars are i ~ p  to 10 times as 

Fig. 2. Locations of the ELHC stars in the 
Hertzsprung-Russel diagram. The ELHC stars are 
ndcated by two pos~t~ons: the c~rcles and squares 
correspond to the mnmum value of E(B - V) = 0.1 7 
and to E(B - V )  = 0.32, respect~vey. The ocatons 
ot the galact~c HAeBe stars (8) are ndcated by tran- 
gles. The dotted line s the upper Imit of the HAeBe 
stars, 10~1th the exception of two lumnous hot and 
cool stars. The solrd rne IS the maln sequence, 
shown along with masses. 

luminous as the galactic IH.%eBe stars in the 
u 

salne temperature range (Fig. 2). The  lumi- 
nosity of the stars suggests that they are pre- 
main-sequence stars with masses between 7 
and 12 b1, if E(B - V) = 3.17, or between 12 
and 25 L,lp it E(B - V) = 0.32. These Inasses 
are greater than those of the galactic H.%eBe 
stars, which are typically in the range of 2 to 
9 Ms. 

The observed upper linlit for the galactic 
IH.%eBe stars coi-respollds approximately to 
the location of the galactlc birth line (8) for 
an accretion rate of 10pi M,: yearp'. This 
line gives the location of the pre-main-se- 
quence stars in the Hertzsprung-Russel dia- 
gram \\,hen they- beco~ne optically vislble 
through their surrounding dust clouds. For 
stars Inore luminous than ahout 2 X 10' L,, 
the birth lilne coillcides \\;it11 the nlain se- 
quence. Thiis, pre-main-sequence stars of bl 
> 9 M, are not expected to be optically 
visi17le before the\- reach central IH ignition on 
the ~naill  sequence. The  ELHC stars are clear- 
ly above the galactic birth line, which lnigllt 
be partly attributable to a selection effect of 
the briglitest variable stars in tlie Lh4C. IHo\v- 
ever, of the many galactic HheBe stars stud- 
ied, at lnost one of them reaches the bright- 
liess of the ELHC stars in the same tempera- 
ture ranee. 

W e  propose three possible explallatiolls 
for the  dissimilar luminosities of the ELHC 
stars: 

1)  T h e  lo\v n~etallicitv of the LMC stars 
results in a slnaller amount of clust around 
contracting stars than in our galaxy-. As a 
resi~lt, LLIC pre-main-sequence stars mill be- 
colne opticall\- visible in an earlier phase of 
their contraction than \\,ill their galactic 
counterparts. 

2) T h e  accretion rate of the vre-main- 
sequence stars in the LLIC may be higher 
than for galactic stars of the same luminositv, 

u 

possibly because the radiation pressure in 
circumstellar matter of low metallicit\- is 

snlaller than for galactlc stars. This effect 
will shift the birtli line to greater luminosit\-. 

3) A n  accretion disk, an associated nebula, 
or hot11 might contribute a nownegligible 
fractlon to the luminosity of the ELHC stars. 
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