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30 DORADUS: ULTRAVIOLET AND OPTICAL STELLAR PHOTOMETRY
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ABSTRACT

Stellar photometry is presented for 314 stars in a 97 x 9'7 field in the 30 Dor nebula centered on R136.
Magnitudes are computed from Ultraviolet Imaging Telescope images in up to 4 bands with effective wave-
lengths from 1615 to 2558 A, and from a ground-based CCD image in the B band. Spectral types and extinc-
tions are estimated using a least-squares technique, based on a spectrophotometric library compiled from IUE
spectra. The fit spectral types agree to one library spectral type bin and two luminosity classes with types
determined from optical slit spectra, for 34 of 39 non-WR stars. Approximately 35% of the 314 stars are fitted
to main-sequence spectral types earlier than B1. Extinction of the more reddened stars in 30 Dor is shown to
follow the Fitzpatrick 30 Dor extinction curve combined with a nebular curve of Fitzpatrick and Savage,
where E(B—V) for each component is determined by the least-squares fit. Assuming a foreground extinction
of E(B—V) = 0.10, average values of the color excess internal to 30 Dor are E(B— V)g = 0.11 + 0.02, from the
Fitzpatrick 30 Dor extinction curve component, and E(B—V)g =0.17 +0.17 from the Fitzpatrick
and Savage nebular extinction curve component. Most stars within the high surface brightness area centered
near R136 have low nebular extinction [E(B—V)g < 0.03], while stars outside this area typically have
E(B—V)gs < 0.30. Dust grains following the nebular extinction curve may have been expelled from the central
regions of 30 Dor by stellar winds, or stars in the outer regions may be behind or within dust clouds. We also
suggest that the difference between the Galactic extinction curve and the Fitzpatrick 30 Dor extinction curve
may result from the lower cumulative nucleosynthesis in the LMC and the long time necessary for the com-
ponent producing the local maximum at 2200 A (presumably carbon) to reach the interstellar medium in the

form of grains.

Subject headings: dust, extinction — ISM: individual (30 Doradus) — Magellanic Clouds —
techniques: photometric — ultraviolet: stars

1. INTRODUCTION

The 30 Dor region of the LMC contains the largest collec-
tion of very early type stars in the local group and is of con-
siderable interest for studies of the formation and evolution of
massive stars. Melnick (1985) determined spectral types for 69
stars in 30 Dor, using optical slit spectra. Spectral types for
other stars in the region have been determined by Walborn
(1986), Walborn & Blades (1987), and Parker (1992). Parker
(1992) recently determined UBV magnitudes for 3400 stars in
the 30 Dor region.

Extinction curves have been determined by Fitzpatrick &
Savage (1984) and Fitzpatrick (1985), from IUE spectra of stars
in the region. The Fitzpatrick (1985) 30 Dor curve is thought to
apply over a region about a degree in extent, while the curve of
Fitzpatrick & Savage (1984) is thought to apply primarily to a
region a few arcminutes across at the core of the nebula. These
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curves differ significantly from each other, and from the mean
extinction law derived for our Galaxy (Savage & Mathis 1979).

During the 1990 Astro 1 Spacelab mission, the Ultraviolet
Imaging Telescope (UIT) obtained 16 exposures centered on
the 30 Dor nebula. Images were obtained (mostly on the day-
light side of the orbit) in four intermediate-width bands,
denoted B5, A2, A4, and A5, ranging in effective wavelength
from 1615 to 2558 A. Preliminary results obtained in a study
utilizing the UIT 30 Dor images, plus images of a nearby field
centered on SN 1987A and a field centered on the SNR
49A + B were presented by Cheng et al. (1992). This study pre-
sents results derived from stellar photometry of more than 300
stars in the four UV bands and the B band in a 97 x 97 field
centered on R136, thereby allowing an investigation of the
angular distribution of the amount of extinction following each
of the two curves.

2. UIT AND GROUND-BASED IMAGES

Table 1 gives the image numbers of the UIT images used in
this investigation, together with the filter and the exposure
time in seconds. The procedure by which the UIT film images
are reduced to flux-calibrated arrays of integers is described in
Stecher et al. (1992). Large-format CCD images of 30 Dor were
also obtained at the Cerro Tololo Inter-American Observatory
(CTIO) 0.9 m telescope in the U, B, R, u, and Ho bands. Stellar
photometry performed using the B-band image is utilized
together with the UIT magnitudes in the spectral type and
reddening fits. Astrometric solutions are derived for all images
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TABLE 1
UIT IMAGES USeD FOR 30 DOR STELLAR PHOTOMETRY

Exposure UIT Bandwidth

UIT Image Time (s) Bandpass 4 (&) A)
FUVO0136...... 929 BS 1615 225
FUVO0137...... 473.0 BS 1615 225
FUVO0138...... 17.4 BS 1615 225
NUV0070...... 112.0 A2 1892 412
NUV0072...... 220 A2 1892 412
NUV0073...... 112.0 A4 2205 244
NUVO0127...... 95.0 AS 2558 456
NUVO0128...... 472.0 AS 2558 456
NUV0129...... 18.3 AS 2558 456

using Space Telescope guide stars as astronomic standards
(Lasker et al. 1990).

Figure la (Plate 25) shows the 9.7 x 9/7 section of UIT
image NUVO0128, the 472 s A5 (2558 A) exposure, centered on
R136 and resampled to a north-up, east-left orientation. The
insert is from the 95.0 s A5 exposure NUV0127. Figure 1b
(Plate 26) shows the same field extracted from the 473 s BS
exposure FUV0137, with a central insert from the 92.9 s expo-
sure FUV0136. The FWHM of Gaussian fits to the core of the
UIT PSF on these images is 275-3"0. Figure 2a (Plate 28)
shows the corresponding field from our R-band image, which
was obtained with a 2048 x 2048 CCD and resampled to the
same orientation and scale as Figure 1. Nebular emission is
present in both the UIT image and the ground-based image.
The diffuse ultraviolet nebular emission arises almost entirely
from dust-scattered stellar continuum, with a small contribu-
tion from two-photon recombination emission, while the
R-band nebular emission is presumably mainly from Ha.

3. PHOTOMETRY

IDL implementations of DAOPHOT (Stetson 1987) algo-
rithms are used to locate stars and perform aperture and
PSF-fit photometry. Aperture photometry uses an aperature of
radius 374 (3 px). PSF-fit photometry uses a 3”4 fitting radius,
with a PSF determined for each image from 12 isolated stars of
about the same aperture magnitude, near the midpoint of the
magnitude range for the image. The B photometry uses aper-
ture and fitting radii of 176 (2 px). Zero points for the UV
magnitudes are determined using IUE spectra, while the zero
point of the B-magnitudes is determined from Parker’s
photometry (1992) of 21 bright 30 Dor stars.

Combined aperture and calibration correlations for the UIT
magnitudes are determined by averaging IUE spectra of seven
bright stars in the Sanduleak catalog (1969), over the UIT filter
functions to compute expected magnitudes in the UIT bands.
These IUE spectra were used by Fitzpatrick (1985) in his inves-
tigations of the 30 Dor extinction curve. The IUE spectra were
reduced using the standard corrections for the sensitivity deg-
radation of the cameras, although the Fanelli et al. spectral
atlas used the newer Bohlin & Grillmair (1988) corrections for
the sensitivity degradation of the LWR camera. This slight
inconsistency in the treatment of the IUE spectra only affects
the UIT magnitudes by a few 0.01 mag, and thus has little or
no effect on the spectral type and reddening fits discussed later.
The star names and the numbers of the IUE spectra are given
in Table 2.

The additive constants necessary to adjust the UIT magni-
tudes to bring them into agreement with the IUE fluxes of the

TABLE 2

STARS AND IUE SPECTRA USED IN
DETERMINATION OF APERTURE

CORRECTION
Sanduleak IUE Spectrum
129-68.......... SWP 22483
129-68.......... LWR 17287
265-69.......... SWP 19560
265-69.......... LWR 15593
140-68.......... SWP 8896
140-68.......... LWR 7654
213-69.......... SWP 4913
213-69.......... LWR 4234
228-69.......... SWP 8927
228-69.......... LWR 7676
256-69.......... SWP 4968
256-69.......... LWR 4302
270-69.......... SWP 17184
270-69.......... LWR 13467

seven stars are computed for each image separately. The
average adjustment is then applied to all magnitudes com-
puted from that image. The standard deviation of the mean
adjustment is about 0.05 mag for each of the four bands, for
each of the images used in each band.

A final check on the UIT photometric accuracy is performed
by comparing the corrected UIT magnitudes with magnitudes
obtained from another independent set of IUE spectra for four
30 Dor stars in our field: R133, R135, R139, and R140. The
mean difference obtained between the UIT B5 and A5 magni-
tudes and magnitudes computed by averaging the IUE spectra
over the UIT filter curves is 0.033 mag, with standard deviation
0.103 mag. Therefore, 0.10 mag is our estimate for the uncer-
tainty in the magnitudes relative to the IUE flux scale, as
previously adopted for UIT photometry of stars in NGC 206
(Hill et al. 1992). Our estimate of the uncertainty in the B-
magnitudes is 0.05-0.10 mag.

Because of the differing sensitivities of the bandpasses,
varying numbers of stars are measured in the different bands:
314 are measured in the A5 band, 313 in B5, 165 in A2, and 75
in A4. B-magnitudes are obtained for 308 stars from a CCD
image. Table 1 includes the central wavelengths and band-
widths of each of the UIT filters.

UIT magnitudes are defined by the relation my;r = —2.5
x log fuir — 21.1, where fy,r is the average stellar flux over the
band in units ergs (cm? A s)”!. B5 band magnitudes range
from m, 4, = 8.45 to 15.87, while A5 band magnitudes range
from m,s¢ = 9.58 to 16.65. B-magnitudes range from 11.41 to
18.41. Histograms of the magnitudes measured in each band
are plotted in Figure 3.

Equatorial coordinates of the stars are determined by locat-
ing them on the ground-based Strémgren u image, for which
an astrometric solution is found using space telescope guide
stars as standards. The estimated errors in the positions are
less than 1” relative to the guide star frame (Lasker et al. 1990).
Table 3 gives the positions (R.A. and declination offsets in
arcsec from R136, cols. [2] and [3]), and magnitudes m,,,
Myg9, Maz1,> Myse, and Bin the UIT BS5, A2, A4, A5, and optical
B bands, respectively (cols. [4]-[8]). (Only a small portion of
Table 3 is included here; the full table is distributed on
CD-ROM). The equatorial coordinates (equinox J2000) for
R136 are a5990 = 5"38™42° and 8,000 = —69°6'1”. When a star
is measured on more than one image in a given UIT band, the
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FI1G. 1.—a) 12" x 12’ field centered on R136, extracted from 472 s A5 exposure NUV0128, with central region extracted from 92 s exposure NUV0127.
(b) 12" x 12 field centered on R136 extracted from 473 s BS exposure FUV0137, with central region extracted from 93 s exposure FUV0136. (c) Same as (a) with
positions of measured stars indicated by circles.

HiLL et al. (see 413, 605)
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F1G. 2—a) 12’ x 12’ field registered with Fig. 1a—1c, extracted from R-band CCD image obtained at the Cerro Tololo Interamerican Observatory 0.9 m. Diffuse
Ha emission is included in the band. (b) Same as (a), but stars having fit values of E(B— V)g less than 0.03 marked with circles, and stars with fit values of E(B— V)
greater than 0.30 marked with boxes.

HiLL et al. (see 413, 605)
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FiG. 3—Histograms of magnitudes measured in the BS, A2, A4, AS, and B
bands, in units of stars/mag.

measurement with largest estimated S/N is adopted. The mag-
nitudes are not corrected for extinction. Table 3 does not
contain an entry for R136, which is actually a cluster contain-
ing nearly 50 very early type stars, providing much of the
ionizing radiation for the nebula (Campbell et al. 1992). R136 is
unresolved in our images. The UIT fluxes for this object were
previously discussed by Cheng et al. (1992). For cases in which
no magnitude exists for a star in a given band, the magnitude is
recorded as 99.00.

Before further analysis, the stellar magnitudes are corrected
for foreground Galactic extinction [E(B—V) = 0.06] and
LMC halo extinction [E(B—V) = 0.04] according to the
reddening model for the region of Heap et al. (1991). These
foreground extinction corrections are 0.82 mag in the B5 band,
0.82 mag in A2, 0.90 mag in A4, 0.73 mag in AS, and 0.41 mag
in B. The corrections are determined by applying the Galactic
extinction curve (Savage & Mathis 1979) and the general (ie.,
non-30 Dor) LMC extinction curve (Fitzpatrick 1985) to a
Kurucz (1992) model atmosphere with effective temperature
30,000 K and log surface gravity 4.0. (Because of the width of
the UIT and B-filter curves, the corrections have a slight
dependence on spectral type.) Further extinction is assumed to
take place in 30 Dor, according to the 30 Dor reddening curve
of Fitzpatrick (1985) (called the “F extinction curve” below),
combined with the nebular extinction curve of Fitzpatrick &
Savage (1984) (called the “ FS extinction curve ” below). The FS
extinction curve differs from the F extinction curve primarily in
the ratio of the far-UV extinction to the near-UV and optical
extinction, with the ratio of B5 extinction to A5 extinction
lower by 36% (cf. Fig. 4).

Spectral types and extinctions for individual stars are deter-
mined by comparison to a set of IUE standard spectra using a
least-squares minimization technique. Fanelli et al. (1992) com-
piled a library of mean ultraviolet stellar energy distributions
derived from IUE spectrophotometry of 218 Galactic stars,
which are divided into 56 groups by spectral type and lumi-
nosity class. The spectral type groups important for our inves-
tigation are O3-6 V, O7-B0 V, B1-1.5 V, B2-4 V, O9-B0 1V,
B2-51V O5-6 111, BO-2 III, B3-6 I1I, O4-9 I, BO-2 I, B3-5 1, B6-9
I, and AO-2 I. The spectra of these groups are averaged over the
UIT bandpasses and the resulting my;; — V colors determined.
Ultraviolet colors for the spectral library will be presented
elsewhere (Fanelli et al. 1993, in preparation), along with a
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discussion of the overall morphology of the UV color-
magnitude and color-color diagrams.

The my;r —V colors are combined with the absolute V-
magnitudes, B—V colors, and the distance modulus 18.57 to
compute the predicted magnitudes in the UIT bands and the B
band for unreddened stars in the Fanelli et al. spectral class
bins. Panagia et al. (1991) determined a distance modulus to
supernova 1987a of 18.55, and suggested that the 30 Dor stars
have a slightly larger distance. Heap et al. (1991) used the
distance modulus 18.57 in their investigation of Melnick 42.

We then use the F and FS reddening curves to determine
magnitudes in all five bands for the 14 spectral type bins. We
adopt F curve E(B— V) values ranging from 0.09 and 0.16 mag,
combined with FS curve E(B— V) ranging from 0.00 to 0.60
mag. We therefore have a set of 14 x 480 reddened standard

TABLE 3
30 Dor STELLAR UV AND B PHOTOMETRY

UIT X Y LET3 Mmygg LY Mm;se B
1) 2 (3) “ %) (6) 7 ®)
0... —49.1 —261.0 1458 99.00 99.00 15.58 16.43

1... 0.6 —256.1 1534 99.00 99.00 1574 17.08

2... 20.2 —2519 1408 99.00 99.00 1517 16.39

3. 35.7 —2415 1464 99.00 99.00 1574  16.58

4... —46.3 —234.1 12.52 12.83 13.06 13.06 1421

5... —105.7 —2189 1560 99.00 99.00 16.05 16.33

6... —191.3 —210.6 14.28 1459 99.00 1560  16.51

7... —142.7 —-209.2 1475 99.00 99.00 1555 16.92

8.. 111.1 —209.2 1447 99.00 99.00 15.53 16.38

9... —14.8 —204.8 1515 99.00 99.00 16.33 16.77
10... 38.1 —-2012 1320 1375 99.00 14.38 1543
11... —1819 —196.2 1444 99.00 99.00 14.87 15.49
12.... —140.9 —1939 1289 13.18 13.14 1350 15.10
13.... -71.0 —190.9 1439 9900 99.00 1522  16.02
14.... —134.8 —188.5 1431  99.00 99.00 1553 16.70
15.... —-201.3 —182.8 1480 99.00 99.00 1542 1507
16.... —229.4 —-179.1 1097 11.55 11.67 11.85 13.76
17.... 114 —175.1 1587 99.00 99.00 16.23 16.47
18.... —-172.2 -173.7 13.87 1392 99.00 1471 15.82
19.... 343 —1723 1513 99.00 99.00 15.78 16.07
20.... —201.7 —170.3 1443 9900 99.00 1538 16.36
21.... —238.0 —166.2 1337 1390 99.00 1402 1536
22.... 65.7 —161.5 12.85 12.89 12.88 1322 14.11
23.... —2235 —159.2 1262 99.00 1282  13.18 14.86
24.... 340 —1452 1466 99.00 99.00 15.25 16.12
25.... —225.3 —146.1 1454 99.00 99.00 1581 16.80
26.... —629 —144.2 12.99 13.53 99.00 1426 15.71
27.... -9.5 —1419 1527  99.00 99.00 1584 16.13
28.... 56.4 —142.1 1522 99.00 99.00 1591 16.15
29.... 71.3 —139.6 13.80 99.00 99.00 1403 1458
30.... —243.0 —138.7 13.45 1380 99.00 1396 15.72
31.... —36.2 —136.8 1510  99.00 99.00 1557 1627
32.... 110.8 —135.5 1450 99.00 99.00 1491 1591
33.... —19.4 —131.7 1436 99.00 99.00 13.68 13.21
34.... 56.4 —1289 13.60 13.71 99.00 1441 15.17
35.... 30.5 —1280 1403 99.00 99.00 14.55 15.16
36.... —80.4 —126.5 1330 1341 99.00 1482 1549
37.... 62.0 —1249 13.84 99.00 99.00 14.14 15.78
38.... —107.9 —125.1 1412 99.00 99.00 1522 1651
39.... 13.2 —-1239 1476  99.00 99.00 15.01 14.85
40.... 48.7 —1244 1335 1345 9900 12.34 1237
41.... 63.8 —117.7 1434  99.00 99.00 14.70 14.77
42.... —17.1 —110.1 1491  99.00 99.00 1560 1590
43.... —108.1 —108.0 13.07 13.39 99.00 13.74 1536
4.. .. —1524 —104.9 11.07 11.59 11.77 11.93 13.53
45.... 132.8 —103.3 13.58 1400 99.00 1412 1551
46.... 41.3 —1024 1476 99.00 99.00 1598 16.54
47.... 56.0 —102.5 13.54 1375 99.00 1366  14.51
48.... —280.1 —99.9 1510 99.00 99.00 1575 16.36
49.... 30.1 —98.7 1455 99.00 99.00 1563 16.23
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TABLE 4
Ayir/E(B—V) FOR THE EXTINCTION CURVES USED

Aygo/E(B—V) Ay /E(B—V)  Ays6/E(B—V)

Curve A, 6,/E(B—V)
GalactiC.......coovvvveennnnnnn. 8.06
LMC ..o 8.49
30Dor(F) covveveinniieenns 9.93
30 Dor Neb. (FS) .............. 7.51

8.11 9.13 7.34
8.36 8.74 7.17
9.18 8.79 7.26
7.54 8.02 6.42

energy distributions against which to compare the energy dis-
tribution of each individual star. The factors Ay/E(B—V)
relating E(B— V) to the extinctions in the B5, A2, A4, and A5
bands are given in Table 4, for each of the extinction curves
used in this investigation.

For each of the 314 stars, we estimate the F curve extinction,
the F'S curve extinction, and spectral type as that combination
which minimizes the rms magnitude difference between the
model and the observations. Figure 4 plots Ay/E(B—V)
versus wavelength for the F, FS, and Galactic extinction
curves. The F and FS curves are sufficiently different that the
effects of extinction following each curve can be distinguished.

The UIT star number, estimated spectral type, estimated F
curve E(B— V), estimated FS curve E(B— V), and the rms mag-
nitude differences between the best-fit model and the observa-
tions are given in columns (1)—(5) of Table 5. (Only a small
portion of Table 5 is included here; the full table is distributed
on CD-ROM.) The average of the estimated values of the F
curve E(B—V)is 0.11, and the average of the estimated values
of the FS curve E(B—V) is 0.17. The rms variations in the
extinction are 0.02 for E(B— V) and 0.17 for E(B— V)gs. These
averages agree well with the two-component extinction model
for 30 Dor of Fitzpatrick & Savage (1984). The fit values of the
total AS band extinction range from 0.65 to 5.01 mag,.

Figure 5a is the observed color-magnitude diagram (CMD)
constructed from the m,¢, — B colors and m, ¢, magnitudes for
308. No extinction has been removed. Positions of the library
spectral standards are also given in Figures 5a and 5b, both for
the cases of foreground extinction only, and for the mean inter-
nal 30 Dor extinction values of E(B—V)r =0.11 and E(B
—V)gs = 0.17, in addition to the foreground extinction. Figure
5b shows the unreddened (in 30 Dor) dwarfs as circles, con-
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FIG. 4—Ayy/E(B—V) vs. wavelength for the F, FS, and Galactic extinc-
tion curves. Approximate wavelength ranges of the filters are shown by the
horizontal lines.

nected by dashed lines, while unreddened supergiants are
plotted as circles, connected by dotted lines. Reddened dwarfs
are shown as squares, connected by dashed lines, while
reddened supergiants are plotied as squares connected by
dotted lines. The separation between the dot-dash reddening
line connecting unreddened O3-6 V stars with reddened stars

TABLE 5
FiT SPECTRAL TYPES AND EXTINCTIONS

UIT Spectral Type EB—-V)e E(B—V)gs RMS
(1) 2 3) @) %)

0...... B1-15V 0.13 0.11 0.28

1...... B1-15V 0.15 0.17 0.08

2...... B1-15V 0.09 0.10 0.19

3...... B2-51V 0.09 0.00 0.24

4...... 05-6 111 0.16 0.26 0.16

Seenens 09-B0 IV 0.10 0.58 0.14

6...... Bi-15V 0.09 0.13 0.30

Toon. Bi1-15V 0.09 0.18 0.09

8...... B1-15V 0.12 0.11 0.30

9...... B2-51V 0.09 0.06 0.32
10...... O7-B0 V 0.09 0.25 0.23
11...... 05-6 111 0.13 0.58 0.08
12...... B0-2 III 0.15 0.01 0.14
13...... O7-BO0 V 0.09 0.39 0.20
14...... B1-1.5V 0.09 0.15 0.26
15...... BO-2 1 0.11 0.60 0.44
16...... 05-6 111 0.14 0.11 0.14
17...... 09-B0 IV 0.11 0.60 0.12
18...... O7-B0 V 0.09 0.31 0.20
19...... 09-B0 IV 0.09 0.54 0.21
20...... Bi-15V 0.16 0.05 0.24
21...... 03-6 V 0.09 043 0.08
22...... BO-2 1 0.15 0.23 0.31
23...... BO-2 III 0.12 0.01 0.01
24...... 0O7-B0V 0.12 0.38 0.11
25...... B24YV 0.09 0.00 0.29
26...... O7-B0 V 0.09 0.23 0.28
27...... 09-B0 IV 0.09 0.55 0.18
28...... 09-B0 IV 0.09 0.55 022
29...... 0491 0.16 0.53 0.10
30...... 0O7-B0 V 0.10 0.24 0.12
31...... 09-B0 IV 0.09 0.53 0.07
32...... 09-B0 IV 0.09 0.47 0.05
33...... A0-2 1 0.13 0.00 0.16
34...... 09-B0 IV 0.11 0.29 0.21
35...... 05-6 111 0.15 0.50 0.15
36...... O7-B0 V 0.09 0.26 0.47
37...... 07-B0 V 0.15 0.22 0.15
38...... B1-1.5V 0.09 0.11 0.18
39...... B0-21 0.09 0.59 0.26
40...... B6-9 1 0.16 0.01 0.53
41...... 0491 0.16 0.60 0.24
42...... 03-6 V 0.12 0.60 0.23
43...... O7-B0 V 0.11 0.18 0.02
4...... 05-6 111 0.16 0.09 0.14
45...... B0-2 III 0.09 0.19 0.07
46...... B2-51V 0.09 0.01 0.32
47...... 0491 0.16 0.49 0.08
48...... 09-B0 IV 0.09 0.54 0.17
49...... 0O7-B0 V 0.09 0.44 0.32
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FiG. 5—a) Observed m, ¢, — B vs. B CMD for 308 stars. No extinction has been removed. Dotted and dashed lines marking the positions of spectral standards
are as in b. (b) Expected positions in the m,, — B vs. B plane of Fanelli et al (1992) spectral library spectral types, plotted as circles for the case of foreground
extinction only, and as boxes in the case of average 30 Dor extinction. Dwarfs are connected by dashes, while supergiants are connected by dots. The slope of a
reddening line is indicated by the dot-dash line connecting the position and unreddened (except for foreground reddening) O3-6 V star with the position of the O3-6

V star with average reddening.

of the same type, and the line of increasing spectral type
enables the simultaneous determination of spectral type and
extinction. Figure 5a shows only the positions of the observed
stars and the lines from Figure 5b to allow the reader to judge
the level of agreement.

It is perhaps surprising that the variance of the estimated
values of E(B—V)gs is so high, since Fitzpatrick & Savage
(1984) model the nebular extinction component as a uniform
layer with E(B— V) = 0.18. However, their model is based on
IUE spectra of very few stars, In the two-component extinction
model of Fitzpatrick & Savage (1984), the nebular curve is
supposed to apply to the material in the core of the nebula,
which is behind the material whose extinction follows the F
curve. We find that the amount of nebular extinction varies
systematically over the field, as illustrated in Figure 2b. Large
values of E(B—V)gs (greater than 0.3) occur predominantly
outside a region of low extinction in the high surface brightness
core of the 30 Dor nebula. The smallest values of E(B—V)gg
(less than 0.03) are mostly along a north-south line extending
from about 1’ south of R136 to about 4’ north, in a band about
2" wide. This finding is in agreement with Fitzpatrick &
Savage’s (1984) determination that the stars R133, R139, and
R140 have low nebular reddening. The UIT numbers for these
stars are 192, 204, and 180. The corresponding E(B— V)gg
values are 0.0 for all three stars.

Figure 2b marks stars with values of E(B— V)gg less than
0.03 with a circle, while stars with fit values greater than 0.30
are marked with a square. The systematic dependence of the
degree of nebular extinction on location in the nebula is
evident. The low nebular reddening in the high surface bright-
ness part of the nebula may be a result of dust grains having
been expelled by stellar winds. Alternatively, stars in the outer

parts of the nebula may lie behind or within dust clouds. The
morphology of the nebular features in Figure 2, the R-band
image, suggests that this may be the case.

Table 6 gives the number of stars fit to each of the spectral
type bins in the library of Fanelli et al. (1992). Approximately
35% of the stars are fitted to main-sequence spectral types
earlier than B1. Melnick (1985) has tabulated spectral types for
44 stars in common with stars from Tables 3 and 5. For these
stars, plus seven others, Table 7 compares our photometric
spectral type estimates with those from slit spectroscopy. Esti-
mated spectral types are determined for 39 non-WR stars from
slit spectra. For 34 of these stars the difference between the fit
spectral type and the slit spectral type is at most one Fanelli et
al. (1992) spectral class bin and two luminosity classes. For 13

TABLE 6
SPECTRAL TYPES AND THE NUMBER OF STARS FIT

Spectral Type Bin Number Fit
036V ..ot 35
O7-BOV...ovviiiiiinnn.. 75
BI-15V .o 89
B2-4V ... 3
09-BOIV.....coevvnnnnn. 14
B2-5IV ..o 15
OS-6IIT ..., 28
BO-2HI..........coeeveennen. 12
B3-6III..........ccoeennnt. 2
04-091 ......oooeiiiinnnn. 17
BO-2I....cooiiiiiinnn. 13
B3-5T...ooiii, 7
B6-9T...coooiiiiiis 2
AO-2T......ooiiiin 2
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TABLE 7
MELNICK STARS: SPECTRAL TYPES AND FIT SPECTRAL TYPES

Melnick Fit Spectral

Star UIT Spectral Type Type
N 33 A0 Ia A0-21
R143 ...t 40 F71a B6-9 1
Mk70 ........oe.el 57 085 v® B0-2 1
MkS3 ..o 68 WN 8 B0-2 I
MkSL .o 77 04 1If 0491
Mk52 ..o, 78 Bl Ia B3-51
Mk 11 ..o 82 B0.5 Ia B0-2 1
Mk4........oooall 83 03 V(f) 05-6 111
Mk38 ...l 100 091 036V
Mk12 ... 103 B0.5Ia B0-2 I
Mk49 ...l 107 WN 7 05-6 111
MkS...o.oooviennns 108 0951 0491
Mk 3S5s ..ooeinnnn 113 osVv 05-6 11T
Mk 37,37w ......... 114 O4 1If, WN 7 05-6 111
Mk54 ...l 120 B0.5 Ia B0-21
R145..........ool. 124 WN 6 0491
Mk34 ...l 126 WN 4.5 05.6 111
Mk36 ............... 128 04V 036V
Mk80 .....oeennnnn 131 0951 05-6 111
MK6..oovvveeennnnen. 133 o v 036V
RI138.....ccceieniii. 136 A0 Ia B3-51
Mk39 ...l 137 o4 1If 0491
R134................. 137 WN 7
Mk42 ...l 142 03 If 0491
Mk 15,15s .......... 146 07V,04V 036V
R141................. 149 BO.5 I® 0491
Mk32 ...l 151 o8 I1° 05-6 11T
R142 ...l 157 BO Ia 0491
Mk24 ............... 160 o7V 036V
Mk8.....oooevinnne 161 oV 03-6V
Mk26 .......cc.eeee 162 04 Vf 03-6 V
Mk27 ..o 165 BO I® 05-6 111
Mk47 ..o 175 oS If 05-6 111
MK25 ..ooieinennn. 179 o3V 05-6 111
RI40N,S ............ 180 WC5, WN4 0491
RI137 ... 186 Bl Ia BO-2 1
MK60 ......ceeenn 188 BO I 05-6 111
RI33......cnil. 192 O7 pec 0491
Mk 57 .o 201 O7-B0 V
RI139 ... 204 O6laf 0491
Mk23 ...l 210 oMV 036V
RI35......iiiis 211 WN6 0491
Mk29 ...t 220 O7-B0 V
MKS9 .o 223 oV 036V
Mk 58 ..ot 227 o8V 05-6 111
Mk10 ...l 230 04V 05-6 11T
Mk21 .oooieinennn. 232 o7V 036V
MkSS .o 235 05 (f) B0-2 III
Mk 22,22W ......... 244 0?7+ Of 036 V
Mk1.....ooooooinnin, 246 Bl Ia B3-51
B2 256 Alb B3-51
RI32.....coiiiiil. 269 BO.5 Ia B3-51

? Parker 1992.
® Walborn 1986.

stars our spectral type is equivalent to the spectral type deter-
mined spectroscopically. Melnick (1985) notes that many of the
stellar spectra are contaminated by nebular emission, render-
ing classification difficult.

The mean of the rms magnitude residuals of the least-
squares fits in Table 5 is 0.25 mag. Residuals of the size can not
be accounted for by photometric error alone (estimated at 0.10
mag) or uncertainty in the spectral library magnitudes (also
estimated at 0.10 mag). The largest remaining known sources
of error are the uncertainty in the F and FS extinction curves,
which Fitzpatrick (1985) estimates at ~0.25 in (Eyg —V)/
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E(B—YV), and the granularity in the Fanelli et al. (1992) spectral
type bins, which can be estimated from Figures 5 and 6. Figure
6 plots magnitudes for the earliest library spectral types, for the
case E(B—V)g = 0.11 and E(B—V)gs = 0.17. We believe that
the rms residuals can be adequately accounted for by these
extinction and sampling effects. It is unlikely that the some-
what lower metal abundance of the 30 Dor stars compared to
the Galactic stars making up the spectral library of Fanelli et
al. affects the spectral type and reddening fits. The my; —V
colors of model atmospheres with LMC metallicity are only a
few 0.01 mag bluer than model atmospheres with solar metal-
licity for effective temperatures 20,000-30,000 K (Kurucz
1992).

As a test of the superiority of the F and FS extinction curves
over the Galactic extinction curve for fitting the 30 Dor stars,
spectral types and E(B— V) are also estimated using the Galac-
tic extinction curve for the 72 stars with magnitudes measured
in all bands. The values of E(B— V) are greater than 0.1 mag
for 39 of the 72 stars. The rms magnitude residuals are greater
for 85% of these stars, and the overall mean rms residual is
50% larger than in the case where the F and FS extinction
curves are used.

4. INDIVIDUAL STARS

R143 is assigned type F7 Ia by Melnick and by Feast,
Thackeray, & Wesselink (1960). The UIT magnitudes are fitted
best to the B6-9 I spectral type bin. Parker et al. (1992) suggest
that R143 is in fact a luminous blue variable (LBV), noting that
its spectral type has apparently changed in the past 40 yr from
a late F supergiant to an early B supergiant, then to a late B
supergiant. The UIT BS magnitude (from data obtained in
1990 December) is fainter than that derived from the IUE
spectrum obtained in 1992 June by Parker et al. by ~0.3 mag.
The UV color m,; ¢, — m,sg computed from magnitudes in the
B5 and AS bands is redder by ~0.5 mag than that obtained
using the IUE spectrum, suggesting that the spectral type may
have changed slightly since the time of the Astro I mission.

The two very recently formed massive stars pointed out by
Walborn & Blades (1987) correspond with UIT sources num-
bered 185 and 217, respectively. The least-squares fitting pro-
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FiG. 6.—Magnitudes m, ¢,, m, g9, M5, 4, M, 56, and B, for the earliest spectral
types in the Fanelli et al. library, for distance modulus 18.57, E(B—V)g = 0.11
and E(B—V)gs = 0.17, in addition to the foreground Galactic and LMC halo
extinction.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...413..604H

610 HILL ET AL.

cedure gives estimated spectral types O3-6 V and O7-B0 V,
with F curve E(B—V)=0.16 and 0.09, and the FS curve
E(B—V) = 0.08 and 0.20, respectively.

5. IMPLICATIONS FOR THE EVOLUTION OF THE UV
EXTINCTION CURVE

We have confirmed that the wavelength dependence of the
UV extinction for many stars in the 30 Dor region of the LMC
is quantitatively different from that of the Galaxy. Instead, the
local 30 Dor extinction follows a combination of the curves
of Fitzpatrick (1985) and Fitzpatrick & Savage (1984). The
Fitzpatrick (1985) extinction curve differs from the Galactic
curve (Savage & Mathis 1979) in that the local maximum at
2200 A, which was first found by one of us (Stecher 1965), is
greatly suppressed. It also has higher extinction at the shorter
UV wavelengths. The local maximum at 2200 A was attributed
to graphite by Stecher & Donn (1965) and to graphite and
other kinds of carbonaceous material by many others.

The general assumption has been that the grains form in the
atmospheres of evolved cool stars. The production of carbon
grains in cool stellar atmospheres requires [C/O] > 1, to avoid
having all the carbon tied up in CO, which probably does not
happen until the “third dredge-up” brings carbon into the
envelopes of evolved low-mass stars. Not until this happens
will there be a sufficient number of carbonaceous grains in the
interstellar medium to produce a strong 2200 A peak.

The Galaxy is an evolutionarily older system than the 30 Dor
region of the LMC; when stellar evolution and nucleosynthesis
have progressed sufficiently, 30 Dor should also have a strong
2200 A peak in its extinction curve. Interstellar shocks may
also play a role in locally modifying grain structure and the
extinction curve. Since heavy element abundance ratios are
expected to depend on the star formation history (e.g., Gilmore
& Wyse 1991), we would also expect the interstellar extinction
curve to be affected. A detailed discussion of the chemical evo-
lution of stellar systems with respect to their grain forming
processes is beyond the scope of this paper, but should be
carried out soon, since it now seems subject to observational
test.

6. SUMMARY

UIT ultraviolet magnitudes in four bands, together with
optical B-magnitudes, are presented for up to 314 early-type
stars located in a 9'7 x 9.7 field centered on R136. The magni-
tudes have an rms uncertainty estimated at 0.10 mag from a
comparison between the UIT magnitudes and IUE spectra.
Spectral types and E(B— V) color excesses are estimated using
the IUE spectral library of Fanelli et al. (1992) and the 30 Dor
extinction curves of Fitzpatrick (1985) and Fitzpatrick &
Savage (1984). Most fit spectral types agree within one Fanelli
et al. (1992) spectral type bin and two luminosity classes with
the types determined by Melnick (1985) from optical slit
spectra.

The mean color excesses following the two extinction curves
agree well with the predictions of the two-component extinc-
tion model of Fitzpatrick & Savage (1984). However, the
degree of nebular extinction is found to vary systematically by
large amounts over the 30 Dor field. The minimum of nebular
extinction in the central parts of the nebula suggests that dust
has been expelled from this region by stellar winds. We also
suggest that the form of the UV extinction curve can be under-
stood as a consequence of the evolutionary state of the stellar
population responsible for making the dust grains.
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