7..107M

.9

1989AJ....

THE ASTRONOMICAL JOURNAL

VOLUME 97, NUMBER 1

THE STELLAR CONTENT OF TWO OB ASSOCIATIONS IN THE LMC: LH 117 (NGC 2122) AND LH 118

PHILIP MASSEY®
Kitt Peak National Observatory, National Optical Astronomy Observatories,” P. O. Box 26732, Tucson, Arizona 85726-6732

CATHARINE D. GARMANY®
Joint Institute for Laboratory Astrophysics, University of Colorado, Boulder, Colorado 80309-0440

MARIABETH SILKEY
Kitt Peak National Observatory, National Optical Astronomy Observatories,” P. O. Box 26732, Tucson, Arizona 85726-6732

KATHLEEN DEGIOIA-EASTWOOD?®

Department of Physics and Astronomy, Northern Arizona University, Flagstaff, Arizona 86011-6010
Received 18 August 1988; revised 27 September 1988

ABSTRACT

Using CCD photometry and digital spectroscopy, we have investigated the stellar content of these two
adjacent OB associations in the LMC. We discuss in some depth the details of our CCD photometry
since we will be using the same methods to study other Magellanic Cloud associations. We find that
these associations contain about 50 stars more massive than 10.#;,. We have spectra for nearly all the
members more massive than 15.#;, allowing placement on a theoretical H-R diagram. Most of the
association members lie near the ZAMS, but our spectroscopy has tentatively confirmed two red super-
giants. These, and the previously known LH 117 B2 I supergiant, must be of lower mass than several of
the unevolved massive members of these associations, implying that these supergiants formed earlier
than the majority of the association members by about 6 to 10 million years. We derive an IMF for the
associations, finding a slope similar to what is known for massive stars within a few kiloparsecs of the
Sun. The Ha luminosity of the associated DEM 323 H 11 region reported by Kennicutt and Hodge is
about a factor of 2 lower than should be produced by the stellar Lyman-continuum flux from stars,
suggesting that either the nebulosity is density bounded and/or that the Lyman photons are lost to dust
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absorption.

I. INTRODUCTION

Two recent studies (Conti, Garmany, and Massey 1986;
Garmany, Conti, and Massey 1987) have presented spectral
classification for several hundred O and early B stars in the
Magellanic Clouds. The ultimate aim of these studies is to
directly determine the initial mass function (IMF) and star-
formation rate (SFR) for massive stars in the Clouds. When
we began this work, it was our intention simply to sample the
stars with UBV photometry in the literature, but it quickly
became apparent that stars in H 11 regions and crowded OB
associations were selectively ignored in such lists. Thus, our
spectroscopic studies have so far been concentrated primar-
ily on the field stars in these two galaxies. Nevertheless, it is
in these regions without photometry that much of the action
occurs: Conti, Garmany, and Massey (1986) did find many
early O stars by “fishing” in several of the OB associations
cataloged by Lucke and Hodge (1970), using Lucke’s
(1972) BV photographic photometry as a starting point.

Massey (1985) has emphasized that UBV photometry
and the resulting luminosity functions cannot be used to ac-
curately assess the massive-star population of a region. This
is basically due to the degeneracy in colors of stars hotter
than 30 000 K. This can be seen graphically by the overlap of
O stars (even early O stars) with B stars in the two-color
diagrams of Conti, Garmany, and Massey (1986). Never-
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theless, color information—and particularly U — B color in-
formation—is needed to select which stars need to be ob-
served spectroscopically. At latter spectral types the
degeneracy in the (U — B), (B — V) plane is removed, and
photometry alone yields adequate information for stars
<10-15 4, (i.e., later than about B0.5 V).

Accordingly, we have undertaken a comprehensive pro-
gram of CCD UBYV photometry of most of the populous OB
associations in both the LMC and SMC. The use of a CCD
for photometry avoids much of the difficulty in observing
stars within nebulosity, as sky can be determined locally and
hence nebular emission will affect the photometry only if it
varies on the spatial scale of a few arcseconds. In addition, of
course, many stars can be measured at once. However, the
principal advantage of the CCD is in the relative ease with
which crowding can be dealt with, by using such crowded-
field photometry programs as DAOPHOT (Stetson 1987).

In this paper, we present photometry for stars in two adja-
cent OB associations in the LMC, numbers 117 and 118 in
the list of Lucke and Hodge (1970). In addition, we have
obtained spectroscopy of the bluest and reddest stars in these
fields, and we can use these spectral types to directly deter-
mine the massive-star content of these two associations.

II. OBSERVATIONS AND REDUCTIONS
a) Photometry
All UBV observations for this project were obtained dur-
ing nine beautiful, photometric nights in late November and

early December 1985 using the CTIO 0.9 m and an RCA
CCD (RCA4). The filters used were the standard Kitt Peak

© 1988 Am. Astron. Soc. 107

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



.107M

.97.

1989AJ....

108 MASSEY ETAL.:LH 117 AND LH 118

CCD U (UG2 + liquid CuSO,) and “Mould” interference
B and V. Each CCD frame consisted of 316X 500 pixels
(after trimming), at a scale of 0.49 arcsec/pixel providing a
field 2.5< 4.0 arcmin in size, with the long axis oriented E-
W. Flatfield exposures were made each afternoon of the
“punto blanco” (white spot), illuminated by three projec-
tion lamps with color-balance filters. We found that while
these flatfield exposures were adequate for removing the
pixel-to-pixel sensitivity variations, exposures of twilight
were needed to adequately remove large scale gradients, par-
ticularly in the Uand B filters. Twilight sky was observed as
much opposite the recently set Sun as possible to reduce any
possible polarization effects. At the time, we attributed the
differences in the flatfield calibration between twilight and
the dome flats to be due to the color difference between them:
the color-balanced dome flats had a color of B — V'=~0.5,
while the twilight-sky color was more like B — V=~ — 0.5.
As the latter was closer in color to the colors of the stars we
were primarily interested in, we were not surprised that the
twilight skys did a better job on our (mostly blue) standards,
which we observed at several positions in the chip. However,
subsequently Alistair Walker (CTIO memorandum) has
found that twilight skys observed on this telescope do a bet-
ter job of flattening even for red stars.

The fact that we had observations of standard stars over
nine photometric nights allowed us to investigate the trans-
formation equations and aperture corrections (star profiles)
in a more detailed way than would have been possible during
a shorter photometric run. Although the data discussed here
for LH 117 and 118 were all obtained on a single night, the
use of standards from the other nights has allowed us to
make a better determination of the color terms in the trans-
formation equations and the instrumental zero points. As we
will use these transformations for other fields, and as we
suspect this information will be useful to other observers, we
will discuss our standard solution in some detail in the next
section.

1) Standard star solutions

Standards from the list of Landolt (1983) were observed
every night. We intentionally limited ourselves to fairly blue
standards, as our experience had shown that adequate trans-
formations could be achieved only over a fairly limited range
in color, particularly at U, where the response of the CCD is
dying. Typically, observations of five to seven standards
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were made seven to ten times per night in each filter. Care
was taken to bracket the airmass range over which we ob-
served the LMC and SMC. Table I lists the standards used in
this project.

Integration times for the standards ranged between 1 and
150 s. During the year following our run, the camera inter-
face was rebuilt, and it was subsequently found by Walker
(1988) that the effective shutter time was about 30 ms long-
er than the specified length. We have looked for this effect in
our data, by comparing standards of similar colors observed
with short exposure times and long exposure times, and have
derived a correction of 25 ms, in accord with Walker’s value.

In obtaining digital aperture photometry of the standard
stars on the CCD frames, a decision had to be made as to
whether to do a curve-of-growth analysis and attempt to
correct a finite aperture to one of infinite radius, or to simply
adopt some radius to which all photometry would be re-
ferred—and if so, what radius? The latter method is what in
practice is done in doing standard photoelectric aperture
photometry, with good results. On the one hand, one would
like to use as large an aperture as possible to include as much
of the light as one can, but as apertures of larger and larger
radii are used there is increased contribution from sky, as
well as bad pixels, “cosmic rays” (radiation events), and so
on (cf. Stetson 1987). At small radii, however, where the
signal-to-noise is the best, the effect of seeing and telescope
focus dominate the star profile, leading to inconsistent re-
sults from one frame to another. Although the seeing was
typically 1.3-1.7 arcsec (2.5-3.5 pixels), increasing the digi-
tal aperture size from a diameter of 18 arcsec to one of 20
arcsec resulted in an additional 195—2% increase in light for
a well-exposed star, and this increase continues for larger
apertures until masked by the photometric errors.

However, the fact that photoelectric photometry through
a fixed aperture in fact does work suggests that there is some
radius beyond which the same fraction of the light is ex-
cluded, despite variations in the seeing. Van de Hulst
(1952), and more recently King (1971) and Kormendy
(1973), discuss the profiles of stars obtained on photograph-
ic plates, and note that profiles of bright stars are detectable
at radii of arcminutes, at brightness levels far greater than
expected simply from the diffraction profile. Kormendy
(1973) makes a convincing case that these faint wings are
due to scattering off mirror dust and irregularities, and it is
perhaps unsurprising then that we see faint additional light
in our largest apertures. These faint wings of the point-
spread function (PSF) should simply scale with the core of

TABLE 1. Standard stars observed and residuals.

Star |4 B-V U-B Residuals Comment
<U> oy n <B> o n <V> oy n

GD246 13.090 -0.317 -1.188 -0.009 0.017 8 0.008 0.017 9 0.011 0.012 10

GD71 13.027 —-0.255 —1.099 0.003 0.019 13 0.008 0.012 12 0.005 0.015 13

Feige 11 12.061 -0.236 —0.978 0.011 0.015 15 -0.004 0.012 15 0.000 0.009 15

Feige 24 12.409 -0.199 -1.172 -0.018 0.016 11 0.010 0.011 11 -0.007 0.012 9

99-438 9.399 -0.155 -0.719 0.003 0.008 8 -0.007 0.015 6 -—0.002 0.007 7

BD-2 524 10.307 -0.104 —0.641 0.006 0.019 6 -0.012 0.015 6 0.010 0.013 6

BD-11 162 11.190 —-0.081 -1.138 0.021 0.005 4 0.010 0.014 5 -0.002 0.011 6

98-653 9.538 —0.004 -—0.097 -0.011 0.014 6 -0.005 0.013 9 -0.012 0.011 11

93-326 9.569 +0.454 —0.039 — — 0 0.016 0.016 2 0.004 0.015 3

96-36 10.589 +0.250 +0.111 — — 0 -0.015 0.019 12 -—-0.004 0.013 12 Too red for U solution.

115-271 9.695 +0.619 +0.099 — — 0 — — 0 — — 0 Too red for U or B.
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the PSF, which is confirmed for the photographic case by
Kormendy’s careful photometry. Therefore, selecting a
fixed-size aperture should merely exclude the same fraction
of light, and the choice will not matter as long as the aperture
is large enough to be insensitive to seeing, guiding, and focus
variations.

We were therefore driven to ask at what radius this occurs
on our frames. Since we had =~ 300 standard-star observa-
tions at our disposal, we could investigate this in some detail.
We used a series of concentric apertures and looked at the
differences between various combinations of apertures. We
found that the aperture correction from a radius of 3 pixels
to infinity could vary anywhere from 0.25 to 1.25 mag, de-
pending upon the seeing. However, essentially all of the var-
iations in these aperture corrections occur at radii equal to or
smaller than 8 pixels (diameter 8 arcsec). This is about the
smallest size aperture that one would typically use for photo-
metric aperture photometry and, given that one does not
have the additional centering error that one does with phote-
lectric work, is a reasonable value. At 10 pixels radius (10
arcsec diam) there was still a significant amount of light
excluded compared to larger apertures, but little variation in
this fraction from frame to frame. (The amount of light ex-
cluded by the 10-pixel-radius aperture compared toone of 15
pixels was 0.024 mag in the V filter, 0.025 mag in the B filter,
and 0.031 mag in the U filter, with scatter at the few milli-
magnitudes level.) We adopted a 15 pixel radius (15 arcsec
diam) aperture for measuring our standards.

Transformation equations of the form

u=U+A0+A4A1X(U—-B) +42XX,
b=B+BO0+BI1X(B—V)+B2XX,
v=V+CO0+CIX(B—=V)+C2XxXX

were used, where UBV are the standard magnitudes, ubv are
the instrumental magnitudes measured through the 15-
pixel-radius digital aperture, X is the airmass, and 4 0,...C2
are coefficients that must be determined from the standard-
star observations. In solving these equations, we used Peter
Stetson’s CCDCAL package, which weights each observation
inversely by the square of its uncertainty. The uncertainty is
the quadrature sum of the observational uncertainty (esti-
mated from the read-noise properties of the chip and photon
statistics) and the quoted uncertainty of the standard magni-
tude listed by Landolt (1983).

The color terms (A4 1,B 1,C 1) are not expected to change
during the course of the run, as these color terms are simply
due to the mismatch between our instrumental bandpasses
and the standard Johnson UBV bandpasses. Our instrumen-
tal bandpasses are the convolution of the mirror reflectivi-
ties, the filter transmissions, and the chip response. Of these,
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only the reflectivity of the mirrors is likely to change with
time, and then we may expect significant changes only after
several months, not during the course of a single run. We
expect the color terms at U and B to be significant: at U the
chip response is falling off very rapidly towards shorter
wavelengths, and the Mould B filter is known to have an
effective wavelength that is shifted several hundred
Angstroms redwards of the standard B bandpass, usually
leading to a large color term, =~ — 0.2, even with chips with
good UV and blue sensitivities (Massey, Jacoby, and Neese
1987). Similarly, the zero points (4 0,B 0,C 0) are a measure
of how stable the instrument is during the course of the run,
and one would hope that this is better than 1%.

We therefore first solved these equations night by night,
allowing each of the three terms to vary in each equation. As
expected, the color terms and zero points were found to be
very similar night to night. Accordingly, we reran the solu-
tions after first fixing the color terms to the average value
during the run. This did not increase the night-to-night scat-
ter, showing that there was no mathematical justification for
including the additional degree of freedom, and that the zero
points were constant to within the observational uncertain-
ties. Finally, we solved the equations with the zero points
fixed to the average value. Again, we found no increase in the
nightly scatter. This procedure should result in the best de-
termination of the extinction and transformation constants.
(An attempt to fix the extinction to an average value and
allow, say, the zero points to vary increased the nightly scat-
ter greatly, in accord with our expectations.)

The zero points and color terms adopted were as follows:

u=U+4949 — 034X (U—-B) + A2XX,
b=B+2313-0.222X(B—- V) + B2XX,
v=V+24954+0.007X(B—V)+C2XX.

The size of the zero points indicates the relative sensitivity of
the system (primarily the chip, as the filters all have similar
bandwidths and transmissions). Table II shows the change
of extinction over the course of the run, and the amount of
“additional nightly scatter,” i.e., what errors are present
over and above what we would expect given the estimated
errors on the instrumental and standard magnitudes. We see
that the average scatter of the standard solutions is approxi-
mately 0.015 mag for these “all sky” solutions. We expect
then, regardless of other errors, that our colors are unlikely
to be determined in an absolute sense to better than 0.020
mag.

We list in Table I the average residuals of each standard
star ((U ),(B ),(V)), thestandarddeviationsoftheresiduals
(o), and the number of observations of each star in each

TABLE II. Extinction terms and additional nightly scatter.

22/11/85 23/11/85 24/11/85 25/11/85 26/11/85 27/11/85 28/11/85 29/11/85 02/12/85

U(A2) 0.438 0.413 0.437 0.440 0.453 0.503 0.504 0.462 0.439
B(B2) 0.229 0.235 0.234 0.245 0.244 0.277 0.275 0.250 0.230
V(C2) 0.139 0.148 0.142 0.152 0.147 0.180 0.174 0.158 0.135
oy 0.012 0.008 0.024 0.020 0.024 0.016 0.021 0.020 0.020
oB 0.019 0.015 0.019 0.016 0.006 0.037 0.014 0.020 0.018
ov 0.008 0.009 0.014 0.015 0.020 0.014 0.010 0.016 0.012
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filter (n). Significant deviations from a linear color term
occur in the transformation of Unear U — B=0. Similarly, a
linear color term at B was adequate only for B — ¥ <0.5. We
attempted to use higher-order terms in the color equations
(including standard stars redder than those listed), and
while it was possible to obtain transformations that per-
formed better over a wider range of colors, we found that the
residuals for the bluest stars were always increased. Since we
are primarily interested in the photometry of stars whose
colors are well fit by the linear solution described above, we
retained this solution and accept that stars redder than the
limits given will have poorer photometry.

2) The program fields

The UBV observations of LH 117 and LH 118 were all
made on the night of (UT) 25 November 1985 between an
airmass of 1.30 and 1.35. In order to cover these two associ-
ations, exposures were made of five fields: two fields for LH
117 (designated “N” and ““S” for north and south in the
following), and three on LH 118 (designated north, south,
and “extra” (“X”)). Figure 1 [Plate 9] shows the location of
the fields, along with the outlines of the associations taken
from Lucke’s thesis (Lucke 1972). The identification of
bright blue stars from Sanduleak (1969) are also shown.
Table I1I gives the exposure information for each field. Both
short and long exposures were employed to extend the range
of magnitudes usefully studied. The “extra” field on LH 118
were intended primarily to obtain photometry of Sk

— 70°117 and Sk — 70°118 and no long exposure was made
at that position.

The frames were analyzed in Tucson ona VMS VAX 8600
and VAX 750 using DAOPHOT (Stetson 1987). Isolated stars
were used to define the PSF on a frame, and the resulting
profile fit simultaneously to all the stars in a region. In reduc-
ing the frames, care was taken to compare the identification
of stars on the U, B, and V frames of the short exposures to
make sure of consistent identification of stars, particularly in
the most crowded regions. The long exposures were treated
similarly, and as a final step the identifications on the short
and long exposures were compared.

The zero point for the instrumental magnitudes was de-
fined for each frame by an aperture of 3 pixels radius, and it
was necessary to determine the correction for each frame
from this small radius to the 15 pixel radius with which the
standards were measured. It is our experience that it is this
aperture correction that is the most uncertain in the photom-
etry of stars in relatively crowded regions, but the compari-
son of stars in common between the short and long expo-
sures, and in the overlap regions of the frames, was usually
reassuring. As the shorter exposures had only a few stars
with good photon statistics to use for the determination of

TaBLE III. Fields observed.

Field 1950 61950 Exposure Time (sec)
U B 1%
LH117N 0549 26.0 -70 03 46 1000,80 300,20 300,20
LH117S 0549 20.0 -70 0559 1000,80 300,20 300,20
LH118N 0550 06.3 -70 0525 1000,80 300,20 300,20
LH118S 0550 06.4 -7007 15 1000,80 300,20 300,20
LH118X 0550 03.2 -7009 01 80 20 20
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aperture corrections—sometimes only one—we believe that
it is the shorter frames (and hence brighter stars) that may
have the most absolute errors in their photometry.

The transformation equations given above were applied to
stars that were identified in all three filters, using the instru-
mental colors as a starting point and iterating. As a first step,
the short and long exposures of each field were treated sepa-
rately. However, since the U exposure times were chosen
(see Table III) so that a blue star would have similar counts
on all three filters for either the short or long exposures, it
was necessary also to combine the photometry of the long U
exposure with the short B and V exposures of each field in
order to pull out the photometry of any bright red stars that
were saturated on the long B and V exposures but invisible
on the short U exposure and hence would have been missed.
This resulted in the addition of three stars to the final pho-
tometry list for the five regions.

The final photometry is given in Table IV for LH 117 and
in Table V for LH 118. In many cases there were multiple
observations of the same star (from short and long expo-
sures, or stars in regions of overlap within LH 117 or LH
118). For these stars we have averaged the photometry,
weighting each observation inversely by the square of its er-
ror. The stars are identified in Figs. 2 and 3 [Plates 10 and
11] for LH 117, and in Figs. 4-6 [Plates 12-14] for LH 118.
The stars within each association are numbered from north
to south (from low x to high x on our frames). We have
shown the identification numbers in the figures for the least
crowded of the brighter stars, and the identification of other
stars can be inferred from their x and y values within each
frame. All stars for which we give photometry are marked
with dots.

Figure 7 shows the formal errors as a function of magni-
tude for the photometry of stars in Table IV (LH 117), and
Fig. 8 shows the errors for the photometry of stars in Table V
(LH 118). The larger errors in the latter near 17th magni-
tude are due to the fact that only the short exposures were
available for the “extra” field LH 118X. The errors in Figs. 7
and 8 are those estimated by DAOPHOT not only on the basis
of the chip characteristics and exposure level, but also on
how well the point-spread function fit the star profile. Thus,
at a given magnitude there will be some scatter. We give in
Table VI the “typical” error as a function of magnitude,
judged by eye from Figs. 7 and 8, and excluding the stars on
LH 118X. In Tables IV and V we have marked by a colon
any entry whose error is worse than twice this typical error at
a given magnitude and by two colons any entry whose error
is estimated to be 3o or greater. In addition, colons are added
for stars whose colors lay outside the limits well fit by the
linear transformation equations adopted, and for stars
whose “chi values” (a measure of how well the point-spread-
function fit) exceeded 2.0.

The actual photometric errors are hard to evaluate, as
there are few external checks available. One “‘internal”
check comes about as two stars occur on both our LH 117
and LH 118 tables. We see in Table VII that in fact our
measurements of the brighter of these stars (LH 117-
103 = LH 118-012) differ badly. However, as can be seen in
Figs. 2 and 4, this star is just barely on the edge of the LH 117
frames, but is well located on the LH 118 frames (see also
Fig. 1). Its photometry is flagged in Table IV as uncertain
due to a poor point-spread-function fit on the B frame, con-
sistent with the nature of the differences seen in Table VIL
For the fainter star (LH 117-090 = LH 118-004) the agree-
ment is good.
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FI1G. 7. Errors in the photometry of LH 117 as a function of magnitude.

Two of the stars for which we have CCD data also have
been observed photoelectrically, and are also given in Table
VII. In order to calibrate his photographic photometry,

Lucke (1972) obtained UBV photoelectric photometry of

several of the brighter stars in the region; unfortunately, the
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F1G. 8. Errors in the photometry of LH 118 as a function of magnitude.

only star in common is that for LH 117-103 = LH 118-012
discussed above, which is Lucke’s number 3. Our measure-
ment of LH 118-012 is in reasonable agreement with Lucke’s
photometry. Our star LH 117-016 is Sk — 70°116 (Sandu-
leak 1969), which is number 391 in the catalog of Ardeberg
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TABLE VI. Photometric errors.

Mag o
<16.5 0.010
16.5-17.0 0.020
17.0-17.5 0.025
17.5-18.0 0.030
18.0-18.5 0.040
18.5-19.0 0.050
>19.0 0.090

etal. (1972), who obtained UBV photoelectric photometry.
Here the agreement is also good.

Finally, in Table VII we compare our CCD measurements
with the iris photographic measurements made by Lucke
(1972) for stars in LH 117 and LH 118. This comparison is
shown graphically in Fig. 9. For well-measured stars, the
agreement is really quite excellent between Lucke’s photo-
graphic work and our CCD work, with the differences in V'
scattering about zero with an amplitude of a few tenths of a
magnitude. There appears to be a systematic difference in
the B — ¥ color of 0.1, in the sense that our photometry is
redder. However, it is also clear from Fig. 9 that the stars for
which Lucke describes his photometry as “poor,” or in
which a double or multiple image was measured, can differ
significantly from our CCD values.

In order to isolate the most massive unevolved stars, we
first computed a reddening-free index Q= (U —B)

— 0.72 X (B — V) using the photometry in TablesIVand V.
Allstars with @< — 0.70and ¥ < 17 are listed in Tables VIII
and IX. We give in Figs. 10 and 11 [Plates 15 and 16] the
identification of just these stars in LH 117, and in Figs. 12—
14 [Plates 17-19] for LH 118.

b) Other Imaging

LH 117 lies within the emission region Henize 180, also
known as DEM 323 (Davies, Elliot, and Meaburn 1976).
This nebulosity can be seen faintly in Fig. 1. According to
Kennicutt and Hodge (1986), its Ha luminosity is ranked
twenty-fifth of the =300 LMC H 11 regions for which they
have measured Ha fluxes. During an observing run on the
CTIO 0.9 m in November 1987, we obtained images of LH
117 in He and [O 111]. Due to cloudy conditions, the data
could not be calibrated into flux units, but we reproduce the
Ha frames in Figs. 15 and 16 [Plates 20 and 21] to show the
morphology of the excited gas.

¢) Spectroscopy

Classification spectra were obtained for many of the stars
in Tables VIII and IX using the CTIO 4 m telescope on the
nights of (UT) 2-3 January 1988. A coated GEC CCD inan
air Schmidt camera was used on the RC spectrograph with a
632 lines/mm grating (KPGL1) blazed at 4 4200. Wave-
length coverage was from A 3950to A 4750, with 2.5 A resolu-
tion. Pixel-to-pixel gain variations were removed by dome-
flat exposures of the “punto blanco” during the afternoon,
and the underlying bias structure was removed by averaging
multiple bias exposures made daily. Exposures of bright-sky
twilight showed no detectable difference in the slit function
compared to the dome flats. As the GEC chip suffered from
a high incidence of radiation events, integrations longer than

116

10 min were made in three equal pieces, and then median
filtered. A typical exposure of a 15th magnitude star re-
quired 10 min to reach a signal-to-noise of 70 per spectral-
resolution element. Exposures of a He—Ar lamp were made
at each new telescope position. The data were sky subtract-
ed, extracted, and wavelength calibrated using the CTIO
Sun workstation and IRAF.

Three of the stars in the photometry lists are bright
(V < 13) but not blue; two of these are sored (B — V> 1.5)
that they are good candidate red supergiants, e.g.,, LH 117-
064 and LH 118-225. These stars had also been selected as
red supergiant candidates from the Case objective-prism
survey by Sanduleak and Philip (1977), although they had
not been observed by Humphreys (1979) or Elias, Frogel,
and Humphreys (1985). Spectra were obtained of all three
using the CTIO (Yale) 1 m telescope on the night of (UT) 7
January 1988. The “2D-Frutti” two-dimensional photon-
counting array was used with grating 47 (831 lines/mm) in
second order, providing wavelength coverage from A 3750 to
45000 at 1.5 A resolution. Darks and flatfield exposures
were made each day, and then summed before reducing the
data. These 2D-Frutti data were reduced in a way similar to
the GEC data, using the KPNO Sun workstation in Tucson.

The classification of these spectra was straightforward.
Spectrum standards were compared to the program-star
spectra, and for the later-type stars recourse was made to the
Jacoby, Hunter, and Christian (1984) digital spectral atlas,
and to Jaschek and Jaschek (1987). For the O stars, the
classification comes primarily from the ratio of He 1to He 11,
most notably the A 4471 and A 4542 lines. The ratio of the
equivalent widths of these lines was compared to the compi-
lation by Conti and Alschuler (1971). For the early B stars,
more reliance was placed upon the spectral standards, which
came from Garrison, Hiltner, and Schild (1977). We also
utilized digital spectra of B type supergiant standards taken
on the CTIO 1 m telescope plus 2D-Frutti by Dr. Ed Fitzpa-
trick. For these B stars, our classifications were based pri-
marily on the relative strengths of Si 11, 111, and 1v. The spec-
tral types were determined independently by CDG and PM,
and were generally in agreement within one subtype. These
spectral types are given in Tables VIII and IX for the blue
stars. Six of the stars had previously been classified by Conti,
Garmany, and Massey (1986) from photographic plates;
the classification of three of these stars was rediscussed by
Garmany and Walborn (1987) from the same plate materi-
al. The B supergiant Sk — 70°116 was classified as B2 I by
Ardeberg et al. (1972), and we are in agreement with this.

In Table X we give the spectral types of the three bright
late-type stars for which we obtained spectra. LH 117-064
(Case 62-4) is likely a supergiant, given the strength of Ca 1
A 4226,and therelative strength of Sr 114 4215 to Fe 11 4263,
and the relative strength of Fe 1 414376 to Fe 1 4 4383. The
presence of strong TiO bands demonstrates that this star is of
type M, and the relative strengths of the bands at 4 4584 and
A 4761 suggest a type of M2, although we cannot exclude the
possibility that it is as late as M4. Nebular [O 111] and
Balmer emission are superposed upon the stellar spectrum,
shown in Fig. 17.

LH 118-225 (Case 62-8) is of somewhat earlier type, with
only a hint of TiO at A 4954; the ratio of the barely resolved
Cr1 A4254to Fe1 A 4250, and its overall appearance, sug-
gest a late K type. We call it K5-MO. The spectrum is shown
in Fig. 18. Although this spectrum is noisier than that of LH
117-064, the appearance of Ca1 A 4226 suggests that this
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TABLE VII. Comparison of photometry.

a) Comparison Between CCD Measures of LH117 and LH118
Star \% U-B B-V
LH117-103 13.50 -0.87:: -0.12::
LH118-012 13.53 ~-1.00 -0.08

LH117-90 15.00 -0.74 -0.14
LH118-04 15.00 -0.73: -0.07:

b) Comparison With Photoelectric Measurements

CCD Measures Photoelectric Measures
Star \'A U-B B-V A\ U-B B-V Reference
118-012 13.53 -1.00 -0.08 13.54 -0.95 -0.05 Lucke (1972)
117-016 12.09 -0.70 0.08 12.05 -0.72 +0.11 Ardeberg et al (1972)

c) Comparison With Lucke's (1972) Iris Photometry

1) LH117
Lucke # CCD# Iris CCD Comments
v B-V v B-V
3 103 13.48 -0.14 13.50 -0.12:: Also LH118-012
8 223 15.57 -0.28 16.11:: 0.20:: Lucke "poor"
9 217 15.80 1.03 15.71 1.05::
10 212 14.97 0.53 14.94 0.67:
11 214 13.15 -0.36 13.29 -0.19
12 206 14.51 -0.48 15.06 -0.18 Lucke "poor"
13 187 14.24 -0.15 14.61 -0.14:
14 197 14.57 -0.23 15.10 -0.15 Lucke "poor"
15 184 15.71 -0.30 15.97 -0.04:
16 152 13.80 -0.15 14.03 -0.09
17 168 15.26 -0.49 15.67 -0.17:: Lucke "double"
18 169 14.92 0.85 15.10 0.89:
19 198 15.20 -0.27 15.47 -0.14
20 191 15.80 -0.43 15.93 -0.11
22 183 14.90 -0.31 15.08 -0.15 Lucke "double"
24 154 15.17 0.71 15.24 1.08:: Lucke "poor"
25 146 14.54 -0.14 14.75 0.02:
26 131 15.53 -0.39 15.61 -0.17
27 117 15.81 0.49 15.76 0.81:
28 108 15.28 -0.18 15.77 -0.19
29 106 14.32 0.76 14.52 0.85:
30 98 14.77 -0.19 14.94 0.02 Lucke "double"
31 67 14.79 -0.27 15.50 -0.15 Lucke "double"
32 90 14.90 -0.27 15.00 -0.14 Also LH118-004
33 55 15.29 -0.46 16.04 -0.14:: CCD multiple
34 43 13.70 -0.11 14.08 -0.18 Lucke "poor"; CCD multiple
35 19 15.07 -0.15 15.25 -0.12
36 16 12.03 -0.04 12.09 0.08
37 14 14.63 -0.06 14.69 -0.05
38 64 12.83 1.62 12.67 1.71::
43 118 11.79 -0.00 12.23 -0.11 CCD multiple
2) LH118
Lucke # CCD# Iris CCD Comments
v B-V v B-V
1 241 13.34 -0.35 13.35 -0.23
2 239 12.64 -0.22 13.23: -0.20 CCD Multiple
3 234 15.56 -0.44 15.47: -0.21 Lucke "double"
4 225 12.87 1.87 12.69 1.92::
5 197 15.45 -0.30 15.39 -0.16
6 138 13.98 -0.32 13.94:: -0.18::
7 116 14.91 -0.31 14.90 -0.14::
8 34 15.95 0.97 15.77 1.14::
9 105 15.12 -0.29 15.00 -0.13:
10 72 15.55 0.47 15.47 0.64: Lucke "poor"
11 110 15.81 -0.16 15.83 -0.15:: Lucke "poor"
12 165 15.14 -0.36 15.14 -0.19
13 162 15.75 1.44 15.85 1.63:: Lucke "double"
14 161 14.02 0.77 14.04 0.87:
15 182 14.10 -0.31 13.88 -0.19
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FIG. 9. Comparison of Lucke’s (1972) iris photographic photometry with
our CCD photometry. The starred symbols indicated the stars for which
Lucke describes the images as “poor,” “multiple,” or “‘double,” or for
which it is clear from CCD data that they are several stars.

star is also likely a supergiant, although the spectroscopic
evidence is weaker. We note, though, that the number of
foreground Galactic stars this bright and this red that we
would expect to appear in the ~25 arcmin? covered by our
CCD frames of LH 118 is <0.1 (Ratnatunga and Bahcall
1985).

The star LH 118-071 is a foreground G dwarf. This is
consistent with the model of Ratnatunga and Bahcall
(1985), which predicts that one to two Galactic stars of such
brightness and color might be expected to appear on our
frames.

III. ANALYSIS
a) H-R Diagrams

The “‘observational” H-R diagrams (color-magnitude
relations) are shown in Figs. 19 and 20. Our next step will be
to transform to the theoretical plane (M, vs log T, ), but
first there are several comments worth making on the color-
magnitude diagrams. We have plotted these both with
B — V and U — B as the abscissa. In the B — V plot most
stars fall into a “blue plume.” In the U — B diagram, this

118

plume resolves itself into the main sequence, demonstrating
the usefulness of the U measures when dealing with hot stars.
We have plotted with different symbols the stars for which
we have good photometry and/or spectroscopy, and the
stars for which the photometry is poorer; the stars with poor
photometry will not be used in constructing the theoretical
H-R diagram. Ratnatunga and Bahcall (1985) use their
model of the Milky Way to predict the number of foreground
stars in various magnitude and color bins towards Local
Group galaxies including the LMC, and it is useful to consid-
er this in interpreting Figs. 19 and 20 and what follows. In
the region where B — V < 0.8, contamination will be insigni-
ficant; only a few stars are expected to be foreground, and
these are likely to be the stars to the red of the blue plume. In
the sparsely populated region for which 0.8 <B — V< 1.3,
the number of stars is consistent with their all being fore-
ground, and in fact the model prediction matches the ob-
served number remarkably well. For instance, using the area
covered by the two CCD frames centered on LH 117, we
would expect 0.3 stars in this color range with 13 < V' < 15,
and we observe 1. In the range 15 < V' < 17, we expect 3.1 and
we observe 5. In the range 17 < V' < 19, where incomplete-
ness should begin to matter, their model predicts 7.5 and we
observe 3. Similar results are obtained for the somewhat
larger area observed for LH 118, and, as discussed above, the
two stars tentatively identified as red supergiants fall in re-
gions of the diagram highly unlikely to contain any fore-
ground stars.

The photometry and spectroscopy discussed in the pre-
ceding sections can be used to derive temperatures and bolo-
metric magnitudes for the stars in these two OB associations.
Although for the most part the bluest stars have spectral
types, the photometry provides most of the information for
stars cooler than O9.

We first consider the reddening within LH 117 and LH
118. In Figs. 21 and 22 we show the two-color diagrams for
the two associations, along with the intrinsic relation for
early-main-sequence stars and supergiants. The reddening
line for an 09.5 V star is indicated by a dashed line. We have
cleaned these diagrams somewhat by restricting the dataset
to stars whose photometric errors are less than 0.07 mag in
U — B and B — V (compare with Figs. 19 and 20). By slid-
ing the data along the reddening line, we arrive at a mean
color excess E(B—V)=0.10 for LH 117, and
E(B — V) = 0.08 for LH 118. Our estimate of the error for
these “eyeball” estimates is 0.02. Note that while a single
average reddening seems to work adequately for LH 118
(Fig. 22), there are still a number of stars in LH 117 (Fig.
21) whose photometry suggests appreciably more redden-
ing. This is what we expect based upon a comparison of the
spectral types with the photometry in Table VIII: there ap-
pear to be variations in E(B — V) throughout LH 117. This
appears less true for LH 118 (Table IX), although there are
fewer stars present. Figures 15 and 16 show that the Ha
emission is very patchy, suggesting that the gas (and dust?)
is not distributed uniformly. These values may be considered
the “average minimum reddenings”; below, we will use a
relation between the intrinsic color (B — V), and a redden-
ing-free parameter to derive slighly higher values for the
average reddening.

For the stars without spectra, we will need to derive tem-
peratures and bolometric corrections from their UBV colors.
There are numerous discussions in the literature of the rela-
tion between temperature and (B — V), (see Bohm-Vitense
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TABLE VIII. Bluest stars in LH 117.
1950 Spectral Type
Star RA DEC X y \4 U-B B-V Q New Publ. Comment
16 05493278 -700320.0 106.1 178.0 12.09 —-0.70 +0.08 —0.76 B2I B2I Sk—70° 116
118 0549 19.78 -7004 48.7 284.7 316.6 1223 -092 -0.11 —-0.84 — O4:.III(f) Sk—70° 115
214 05491940 -700623.6 207.1 258.5 13.29 -1.09 -0.19 -0.95 034 03-4
103 054949.62 —-700425.8 244.3 45 1350 -0.87: —0.12: -0.79 09.7 — LH118-012
140 05492278 -700505.8 523 2165 13,52 —-098 —0.11 —0.90 O3-4(f*)  OS3III(f*)
152 054911.28 —700519.3 75.3 336.3 14.03 -0.92 -0.09 -0.86 — o7v
43 054939.12 -7003545 178.1 113.0 14.08 —-0.99 —0.18 -0.86 06V 06V
187 05490937 -700551.0 1381 3589 14.61 -0.95: -0.14: -0.85 O9V late O
14 05492457 —7003204 1052 2638 1469 —088 —0.05 —084 06.5((f) —
62 05492167 -7004029 191.3 2954 14.73 —-0.84 -0.12 -0.76 09V —
146 05491869 -7005094 58.0 259.0 14.75 —0.87: +40.02: -088 — — early B?
98 054927.76 -7004244 236.7 2326 1494 —-088 +0.02 -0.90 O9 —
206 05491256 —700615.1 1876 328.2 15.06 —-0.93 -0.18 —-0.80 O8 —
183 05492506 —700546.6 1349 1968 1508 —0.96 —0.15 —-0.86 O9 —
197 0549 1440 -700604.9 1678 3083 1510 —-089 —-0.15 —0.79 BO —
144 054900.76 -7005115 56.0 444.1 1523 —0.80:: +0.00:: —-0.80 O9 —
19 054934.73 -700327.0 120.8 1579 15.25 -0.79 -0.12 -0.71 09.5 —
198 05492091 -—-700604.6 169.6 241.2 1547 —0.89 —0.14 -0.79 BO —
67 05493535 -700406.1 200.8 152.8 15.50 —0.88 —-0.15 -0.78 — —
131 0549 26.61 —7004 58.7 394 1764 1561 —-0.95 —0.17 —-0.83 BO+EMS —
80 05492098 -700411.1 208.1 3029 1566 —0.80: —0.07: -0.76 — —
168 05491929 -700536.5 1126 2553 1567 —0.94:: -0.17: -0.82 — — mid B?
73 05492046 -—700409.9 2054 3083 1570 -0.81: -—0.14: -0.71 — —
108 05492563 —700441.0 2702 2553 1577 —-0.88 —-0.19 —0.74 B2 —
137 05492176 -700503.0 46.2 2268 1583 —-08 —-006 —-082 — —
224 05492142 -700701.3 2835 2412 1594 -084 013 —-0.75 — —
184 05491383 -—-700549.1 136.0 3128 15.97 -0.81: —-0.04: -0.79 — — mid B?
31 054938.62 -—700346.7 162.0 118.0 16.01 -0.88 —-0.18 —-0.76 — —
55 05493441 -700358.7 185.6 162.3 16.04 —-091: -0.14: -082 — —
51 054921.16 -700359.0 183.4 300.7 16.10 -0.92:: -0.05:: —-0.88 — —
119 05491857 —7004 48.8 284.6 329.2 16.10 —-0.88:: -0.12: -0.79 — —
223 05490867 —700650.3 257.0 3715 16.11: —0.82: +0.20:: —-0.96 — — OB+EMS
188 0549 30.20 —-700547.8 139.2 1439 1613 —-091: -0.11: -0.83 — —
186 054929.70 —-700547.4 138.2 149.0 16.15 —-0.78:: —-0.05:: -0.75 — —
128 054929.34 -—-700456.0 349 1479 1622 -082 -0.12 —-0.73 — —
135 054923.16 -7005000 408 212.1 1623 -087: —0.12: -0.79 — — late O?
82 05492265 -—700413.2 212.7 2856 16.28 —0.85 -0.12 -0.76 — —
99 05492872 -700425.7 2395 2226 1637 -—-0.86 —-0.10 —0.78 — —
143 05492258 -700507.1 54.8 218.7 16.47: -—0.87: 40.02:: -0.89 — —
165 054936.75 —700527.1 100.0 745 1648 —-0.87: —0.12: -0.78 — —
30 05494140 -700345.2 159.5 88.9 16.52 —0.86 -0.16 -0.714 — —
29 05490598 -—-700347.4 156.5 4588 1653 —-0.84 -0.15 —0.73 B2 —
159 0549 22.82 7005 24.8 90.3 2179 16.58 -0.84:: -0.15:: -0.74 — —
15 05492759 -700320.1 1053 2323 1660 —-0.78 —-0.04 —-0.75 — —
66 05493538 —700404.1 1968 1524 1664 —0.88: —0.14: -0.78 — —
151 054923.71 -7005158 727 2079 1671 -0.80 —-0.05 —-0.76 — —
110 05492350 -—700442.6 2729 2776 16.72 —-082 —-0.16 —0.71 — —
134 05491753 -700501.0 408 2702 16.77 —-080 —-0.09 —-0.74 — —
120 054926.19 -700449.4 2874 249.8 1683 -0.84 -0.13 -0.75 — —
92 05490981 -700421.0 2260 4198 1689 -0.80 +0.03 -082 — —
91 054919.22 -700420.0 2258 321.6 16.92 -0.81 —0.01 -080 — —
49 05493457 -700356.8 181.6 160.6 16.98 —0.89: —0.11:: -0.81 — —

Note: Stars 1-128 are on Fig. 10; 129-235 on Fig. 11

1981), but at least for O and B type stars a better relation is
between temperature and (U — B),, since the change in
(B — V), is quite small with temperature for stars this hot.
However, the discussion above indicates that we cannot
adopt a single value for E(B — V) or E(U — B), and for that
reason we chose instead to use Q, the reddening-free param-
eter defined above.

If we examine the intrinsic colors given by FitzGerald
(1970), we find that the relation between Q and (B — V),
(and hence effective temperature) is single valued as we pro-
ceed down the main sequence until we get to early A type
stars, after which it is not. Using the effective-temperature
calibration given by Flower (1977) with the intrinsic color
relations listed by FitzGerald (1970), we derive
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TABLE IX. Bluest stars in LH 118.
1950
Star RA DEC X y |4 U-B B-V Q Sp. Type Comment
239 055009.74 -700900.7 157.3 188.6 13.23: -082 -020 -0.68 O9 Blended with 240
241 05501259 -7009015 159.0 161.8 1335 -—-089 -023 -0.73 O5
12 05494983 -7004253 348 4205 1353 -100 -0.08 —-095 09.7 LH117-103
182 05495190 -700718.8 1624 400.3 1388 —-100 -0.19 —-0.86 O9IIII
138 055014.89 —700806.6 2657 164.0 13.94: -0.89: -—0.18: -0.77 Bl
240 055010.00 -700901.1 158.1 186.2 14.10: —0.99: -—0.16: -—-088 — Blended with 239
116 055016.73 —700556.7 2242 141.5 1490 -0.87: —0.14:: -0.77 B2
105 055010.72 -700548.8 207.1 203.8 15.00 —0.91: -0.13:: -0.82 BO
165 055001.11 -700653.3 1123 303.7 1514 —-093 -0.19 -0.80 O9
230 055008.90 -700826.7 872 196.3 1556 —0.85: —0.21: -—0.70 —
154 055009.51 -700637.1 809 2159 1582 —-0.89: -0.15: -0.79 —
78 055009.61 -—700528.1 165.1 2152 15.82: -—0.88 —-0.09: -082 —
110 055005.09 -7005519 2121 2623 1583 —-092:: -0.15: -0.81 Bl
169 055010.84 -700655.7 119.3 2023 1584 —-0.81: -0.16: -0.70 —
20 055026.75 -7004260 438 368 1584 —-0.85: -0.14: =075 —
222 05501730 -700817.6 283.8 139.5 1585 —0.88: -0.19: -0.75 —
211 0550 18.50 -7007 54.1 240.8 126.0 16.06 —0.85: —0.18: —-0.73 —
93 055029.67 -7005384 190.2 7.1 1630 —-087: -—0.13: -0.78 —
98 055012.26 -7005444 1985 1878 1643 -—-0.89: -0.11: -0.82 —
216 055002.07 -700805.2 259.8 2968 1644 —085: —0.13: =076 —
76 05500831 -700527.6 163.9 2288 1644 —083: -—0.14: -0.74 —
91 055025.05 -700537.7 187.7 550 16.55 -0.78: -0.07: -0.73 —
86 054946.74 -—-700538.2 181.0 4527 16.57 -082: -—0.08: -0.76 —
82 05500945 -7005332 1754 2169 1685 —087: —0.11: -0.79 —

Note: Stars 1-152 are on Fig. 12; 153-226 on Fig. 13; Stars 227-244 on Fig. 14.

log g = 3.994 — 0.267Q + 0.364Q>

for main-sequence stars with (B — V), < 0.00. We will apply
this equation to stars with B — ¥ <0.15, which in these asso-
ciations corresponds approximately to (B — ¥), < 0.00.

This transformation will take care of the majority of the
stars, but there are a handful of redder stars for which we
must find effective temperatures. Admittedly, most of these
will be foreground stars (as discussed below), but a few of
the lower-mass main-sequence stars will also fall into this
category. (A main-sequence star with (B — V), = 0 corre-
sponds to =~ 3.# ,.) In order to provide good continuity with
the bluer stars, we will first reconsider the matter of redden-
ing using Q. From FitzGerald’s (1970) intrinsic color rela-
tions, we find that

(B—V),=0.273(U — B), — 0.008
for main-sequence stars of type A0 and earlier, and hence

(B—1),=0.330Q —0.017, (B—1¥),<0.00.

We can use this last equation, then, to derive the color excess
E(B — V) in a star-by-star manner for the bluer stars. For
the stars with good photometry, we find that the most prob-
able color excess E(B — ¥) is 0.12 for LH 117, and 0.10 for
LH 118. (These are a little higher than the values derived
from the two-color diagram, which as expected provides es-
sentially the “average minimum reddening,” given how the
“eyeball” fits were made.) Thus, for the few stars for which
(B — V) >0.15 we will compute (B — V), from these some-
what higher values of the average reddening, and then use
the effective-temperature scale of Flower (1977) as follows:

log T = 3.99 — 0.510(B — V),
00<(B—F)y<0.2,

valid for main sequence and giants,
log T.; = 3.960 — 0.344(B — V),,
02<(B—"V)y<05,

valid for all luminosity classes, and

log Ty = 3.904 — 0.222(B— V), 0.5<(B— V),

TaBLE X. Other stars with spectroscopy.

1950

Star RA DEC X y V. U-B B-V Sp. Type Comment
117-064 0549 10.21 —7004 06.2 194.9 414.8 1267 2.23:: 1.71: M2l Case 62-4
118-071 0549 46.06 —70 0525.2 154.4 459.8 12.22 0.29 0.60 GV Foreground
118-225 05 50 01.26 —70 08 22.7 295.3 305.9 12.69 2.69: 1.92: K5-MO0I Case62-8

Note: 117-064 is on Fig. 10, 118-071 is on Fig. 12, and 118-225 is on Fig. 13.
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for giants and supergiants.
Next, we will derive the absolute bolometric magnitudes
for the stars without spectra:

M,,=V—A4,+BC—183.

We assume that the absorption 4, is 3.1 X E(B — V), where
we compute E(B — V) from Q as described above for stars
with B — ¥ <0.15, and use the mean reddenings given above
for the redder stars. We somewhat arbitrarily adopt a true
distance modulus to the LMC of 18.3.

We will use bolometric corrections (BC) as a function of
temperature derived from Flower’s calibration:

BC =23.493 — 5.926 log T,y, 4.5>log T,y >4.0

and

BC = —207.075 + 107.390
X log T.qe — 13.919(log T.)?,
40>log T.s>3.6.

I I i I
600 - LHIIB-225
500 — —
|
I
2 e
= FIG. 18. Spectrum of LH 118-225, which
o we have tentatively identified as a K5-
o 300 — | MOI supergiant. Note by comparison
with Fig. 17 the lack of TiO bands.
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The stars with spectra in Tables VIII and IX and the two
late supergiants in Table X were assigned temperatures and
bolometric corrections based on their spectral types. For the
B type stars we used the effective-temperature scale and bo-
lometric corrections given by Flower (1977), making use of
the analytical approximations given above for the main-se-
quence stars, and using the tabulated value for the B super-
giant. For the O type stars we used the recent calibration
given in Chlebowski and Garmany (in preparation), which
is based on work by Kudritski, Simon, and Hamann (1983),
Simon et al. (1983), Bohannan etal. (1986), and Voels et al.

(1988). The absolute visual magnitudes were derived from
the distance modulus and color excess, defined individually
for each star from the difference between the intrinsic and
observed colors. The choice of intrinsic colors has been dis-
cussed in Conti, Garmany, and Massey (1986): we have
used (B — V), = — 0.30 for the O stars and FitzGerald’s
(1970) colors for the B stars.

For the two red supergiants, we adopt the mean color
excesses discussed above, as our photometry will not be suffi-
ciently reliable for stars this red to derive E(B — V) directly.
For the M2 I star LH 117-064, we adopt log T = 3.53 and
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a bolometric correction of — 1.5 mag. For the “K5-M0”
star LH 118-225 we adopt log 7.z = 3.57 and a bolometric
correction of — 1.0 mag, following Humphreys and McEI-
roy (1984).

We list in Tables XI and XII the most luminous stars in
each of these associations (M, < — 6.0, corresponding to
=~ 15.# ). We see that there are only a few of these stars for
whcih we are missing spectral types, and that the number of
luminous stars in LH 117 is about twice that found in LH
118. We shall show in the next section that this trend contin-
ues to lower masses.

We can now construct the “theoretical” H-R diagram for

each association. These are shown in Figs. 23 and 24, where
we have again used only those stars with spectroscopy or
*“good” photometry—in other words, every star not marked
with a cross in Figs. 19 and 20. The evolutionary tracks by
Maeder and Meynet (1987) and Maeder (1988) are also
shown. These tracks are computed with a heavy-element
content Z = 0.02; a more appropriate value for the LMC
would be about half that (Lequeux er al. 1979; Dufour
1984), but there does not exist a complete set of evolutionary
models over the mass range of interest here with the appro-
priate Z. The effect of lower metallicities on the evolutionary
tracks will be to shift the ZAMS to slightly higher effective
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LHII7

F1G. 21. Two-color relation for the stars in LH

04 06 117. The light circles connected by solid line

segments show the intrinsic colors for main-

sequence and supergiant stars given by Fitz-

Gerald (1970). The dashed line shows the

reddening line for an 09.5 V star. The solid

T T — points show the stars with “good” photome-

try. The second plot shows the same relation

but with the stars shifted along the reddening
line by E(B — ¥) =0.10.
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F1G. 22. Same as Fig. 21 for LH 118. The sec-
ond plot shows the data shifted by E(B — V)
=0.08.
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TABLE XI. The most luminous stars in LH 117.

Star Log Teyy Miw E(B—V) Sp. Type Comment
118 4.65 -10.8 0.19 O4:III(f) Sk-70° 115
214 4.68 -9.7 0.11 03-4
140 4.68 -9.7 0.19 03-4

16 4.29 -8.9 0.23 B2l Sk -70° 116
152 4.60 -8.7 0.21 o7V
43 4.62 -8.5 0.12 o6V
103 4.48 -8.4 0.18 09.7 LH118-012
14 4.62 -8.3 0.25 06.5
98 4.55 -7.8 0.32 09
146 4.51 -7.8 0.33 —
187 4.55 -1.7 0.17 o9V
62 4.55 -7.6 0.18 o9V
144 4.55 -1.5 0.30 09
64 3.53 -74 0.10 M2I
206 4.58 -7.2 0.12 08
183 4.55 -1.2 0.15 09
19 4.54 -7.0 0.18 09.5
197 4.47 -6.6 0.14 BO
198 4.47 -6.3 0.15 BO
137 4.46 -6.1 0.23 —
51 4.50 -6.1 0.25 —
131 4.47 -6.1 0.12 BO

temperatures, but the size of the effect is quite small, about
0.01-0.02 dex, in going from Z = 0.02 to Z = 0.01 (Brunish
and Truran 1982).

We find in Figs. 23 and 24 excellent agreement with the
location of the ZAMS and the hottest stars. Most stars are
located on the left half of the main sequence (the “squiggle”

126

TABLE XII. The most luminous stars in LH 118.

Star Log T.;; Myq E(B—V) Sp. Type Comment
241 4.65 -9.3 0.07 05
239 4.55 —8.8 0.10 09

12 4.48 —8.4 0.18 09.7 LH117-103
182 4.53 -8.1 0.11 O9III
138 4.38 =71 0.07 B1
165 4.55 -7.0 0.11 09
225 3.57 —-6.9 0.08 K5-MoI
105 4.47 —6.8 0.16 B0

4 4.36 —6.1 0.17 —
78 4.46 —6.0 0.19 —

in the evolutionary tracks indicates the end of core-H burn-
ing). In interpreting these diagrams it is useful to remember
the discussion at the beginning of this section, that the stars
to the red of the “blue plume” in Figs. 19 and 20 are likely
foreground Milky Way members. We have marked with an
“F” the position of the foreground G star in Fig. 24, and
expect the smattering of fainter stars with log 7. ~3.8-3.9
in Figs. 23 and 24 also to be foreground stars. Note that in
going to the log 7., abscissa the hot stars have been
stretched out compared to their distribution in the B — Vor
even the U — B plane, but that the cool stars have been
squeezed together: although the K5-M2 supergiant appears
relatively near the foreground G star in Fig. 24, its B— V
color is much redder (cf. Fig. 22), and the star is much too
red and too bright to be a likely foreground object.

The most noteworthy feature of the H-R diagrams is the
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—4 - o @ ‘% ° _| we have good photometry. Evolutionary tracks
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evidence that the stars in these associations did not quite
form coevally. Most of the stars are located quite close to the
ZAMS, including stars of 40-60 .# ,. However, there are
stars of lower mass (20-30 .# , ) that have already evolved
to supergiants. This effect is probably even more pro-
nounced than is evident in the figures, as studies of the field
OBstars in the LMC (which should populate the entire mass
sequence) show that the current set of evolutionary tracks
does not extend sufficiently far to cooler temperatures; i.e.,
the actual main sequence is wider than the tracks indicate
(Humphreys and McElroy 1984; Fitzpatrick and Garmany,
in preparation).

Can these few supergiants be incorrectly placed? In the
case of LH 118, the spectroscopic evidence that LH 118-225
is a red supergiant is not overwhelming; we have noted above
that it is improbable that we would happen upon a fore-
ground Galactic star this red and this bright in the small area
covered by our CCD frames, but we cannot exclude the pos-
sibility. However, in LH 117 we have two evolved super-
giants: the B2 I star Sk — 70°116 (LH 117-016) and the
M2 I star LH 117-064. In the case of LH 117-064, we have
classified the star as M2 on the basis of the appearance of
weak TiO bands. One can imagine that with the lower metal-
licity of the LMC we may be underestimating the tempera-
ture this way. However, Elias, Frogel, and Humphreys
(1985) argue that this effect is small for the metallicity dif-
ference between the Galaxy and the LMC, amounting to less
than half a subtype for early M stars, which would affect the
bolometric correction by =~0.1 mag (Humphreys and McEl-
roy 1984). If we had misclassified this star, and it were actu-
ally as late as M4, then the bolometric correction would have
been underestimated by 1 mag (Humphreys and McElroy

1984). However, we see from Table XII that this star is 3
mag fainter than the O4 giant, and 2 mag fainter than the
034 stars. Similarly, the B supergiant is 2 mag below that of
the most luminous star, and 1 mag below the next two most
luminous stars. While there may be some uncertainty in the
exact bolometric correction to apply to a B supergiant (com-
pare Humphreys and McElroy (1984) with Flower (1977))
this is unlikely to introduce an error greater than a few tenths
of a magnitude, and we note that our spectral type and pho-
tometry agree with that of Ardeberg ez al. (1972).

We have indicated in Figs. 23 and 24 the putative main-
sequence lifetimes from the evolutionary models; we can see
that the evolved supergiants have probably formed between
6 and 10 million years earlier than the majority of stars in
these associations. The ages of the 30-60.# , stars in Fig. 23
are 1 or 2 million yr if we simply adopt Maeder and Meylan’s
(1987) isochrones, but in any event must be less than the
main-sequence lifetimes of 3 or 4 million yr. This is in con-
trast to the ages of the B and M supergiants, which must be at
7-12 X 108 yr old.

Herbst and Miller (1982) present definitive evidence of an
appreciable age spread among the stars in the young galactic
cluster NGC 3293, with the lower-mass stars forming first,
and star formation proceeding over 20 million yr. This con-
clusion came about as NGC 3293 has a well-populated main
sequence extending from late O type stars down through
1.5.# ,; however, the contraction time for the lower-mass
stars is 25 million yr, much greater than the lifetime of the
late O stars present in the cluster. In our two associations,
though, we see something more haphazard. Our photometry
does not extend to faint enough limits to determine whether
there is a background of lower-mass stars that may have
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formed earlier than the massive stars that populate the main
sequence. We note that the contraction time of a 5.4 star is
still very short (6 10° yr), and were our photometry to
extend down to 1.5.# ;, main-sequence stars, the confusion
with the LMC background would be enormous, as can be
inferred from the color-magnitude diagram for the LMC
field stars in Flower et al. (1983). However, our data do
show that star formation among the higher-mass stars was
not completely coeval on the timescale of ~ 10 million yr,
but that a few 15-25 .# , stars must have formed first. Of
course, some (or all) of the lower-mass stars could also have
formed at this earlier time and would still be near the ZAMS
given the longer time they spend on the main sequence.
However, we can safely assume that not many stars of higher
mass have formed earlier, as any star ending its life as a
supernova would clear the region of gas, making further star
formation very difficult.

There are a few hints in the literature that lead us to specu-
late that this situation is a common but generally unrecog-
nized characteristic of Galactic OB associations as well.
Humphreys, Nichols, and Massey (1985) show examples of
several H-R diagrams of Galactic OB associations (their
Fig. 1), and we can see the same effect in Tr 27 and Cyg OBI.
We have made a very cursory examination of the M, ,,
log T data for the stars in Galactic OB associations used in
the study by Humphreys and McElroy (1984) (a machine-
readable version of this containing the data for individual
stars was kindly made available by Dr. R. Humphreys), and
we find that this is more the rule than the exception: Ser
OB1, Vul OBI, and Sgr OB1 all show this effect to greater or
lesser degrees. With the thorough job of extracting spectral
types and photometry from the literature already performed
by Humphreys and McElroy (1984), we believe that the
“‘coevality question” posed by our study here can be thor-
oughly answered for Galactic associations.

One complication in such a study is the possibility that
spatially separated subgroups within “one” OB association
may have formed at different times. As discussed by Blaauw
(1964), there are several OB associations in which the earli-
est-type (and least evolved) stars are found in a concentrat-
ed section at one edge of the association, with the association
becoming less condensed and further evolved at the other
end. Nevertheless, thatis not the casein LH 117 and LH 118,
as far as we can tell. The two nearby, bright neighbors of the
B2 I supergiant (LH 117-016) are the O6 star LH 117-043
and the 06.5 star LH 117-014, as can be seen in Figs. 2 and
10. Similarly, the M2 I supergiant LH 117-064 is relatively
near the most luminous of the LH 117 stars, LH 117-118. In
LH 118 the OS5 star LH 118-241 is one of the nearest neigh-
bors of the K5-MO supergiant LH 117-225 (see Fig. 6).

b) The Initial Mass Function

We can use the data presented in the previous section to
construct the initial mass function (IMF) for these two asso-
ciations, although two caveats must be kept in mind. The
first of these is that there are simply not very many stars
here—in particular, the effect of small-number statistics for
the upper mass bins will be quite severe. We can alleviate this
somewhat by combining all the data for the two associations.
Second, and this may well be a more troublesome effect, is
the problem that we have just shown that the stars in the
associations were not all born at the same time. We will re-
strict ourselves to stars on the main sequence only and ignore
the supergiants in what follows, but in constructing the IMF
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for these associations we will have to assume that star forma-
tion was ““instantaneous.” This has the advantage over the
construction of field or composite IMFs in that we will not
have to correct for the relative ages of the stars populating
the diagram (with the resulting uncertainty in the main-
sequence lifetimes), but we are beginning with an assump-
tion that we already know is not strictly true, although, as
noted above, most of the main-sequence stars do fall near the
ZAMS.

We have decided not to make any background corrections
in our number counts for the following reason. We show in
Figs. 2-6 every star for which photometry has been per-
formed. A comparison with Fig. 1 will show that nearly all
the stars bright enough to have been measured lie within the
boundaries of the OB associations as drawn by Lucke
(1972). Although a few stars—including a few of the more
massive stars—occur outside the boundaries, even the fain-
test stars for which we have photometry occur very near the
edge of the boundaries in these cases rather than towards the
edge of the frame, say. We conclude that our data indicate
that the boundaries as drawn are a little too small. Fitzpa-
trick and Garmany (in preparation) find much the same
thing considering the “field” OB population of the clouds.

To construct the IMF, we first simply count the number of
main-sequence stars between mass tracks in Figs. 23 and 24
and divide by the total area, which we take to be 8.8 kpc?.
Using Scalo’s (1986) notation, the slope of the initial mass
function is

I' =dlog £(log 2)/d log - ,

where £(log »2) is the mass function in units of number of
stars born per unit logarithmic (base ten) mass interval per
unit area. For a power law mass spectrum

f(m) =Am‘}’,

the index y=T —1. (In Tinsley’s (1980) notation,
x= —T)

We give in Table XIII the number of stars in each mass
range, and the number per kpc? per unit log mass interval
(§(log 2)). (We have chosen mass tracks that have a nearly
constant logarithmic difference, but this normalization will
correct for the small differences.) In Fig. 25, we show the
run of log £(log ) with log »»; the slope of this relation is
the slope of the IMF, T, as given above. The error bars
shown are those due to {N counting statistics.

An (unweighted) least-squares linear fit gives a value for
theslope I' = — 1.8. The formal error on this slopeis 0.1 (it
is clear from Fig. 25 that the fit is good), but it may assign
too much weight to the high-mass bins, which contain only a
few stars; however, the low-mass bin may be a little low due
to possible incompleteness. .

This value for the slope of the initial mass function is simi-
lar to those found for massive stars near the Sun, estimates of
which range from I' = — 1.3 to — 2.4 (Garmany, Conti,
and Chiosi 1982; Scalo 1986; Lequeux 1979; Humphreys
and McElroy 1984). Mateo (1988) studied a number of
somewhat older LMC clusters, none of which contain stars
as massive as those studied here; the average slope found by
Mateo for stars with log 2 > 0.45 is 1.6-2.1, depending upon
what assumptions are used.

We noted above that the number of stars with M, , < — 6
(corresponding roughly to 15.# ) in LH 117 is about twice
thatin LH 118. We find from the numbers in Table XIII that
this trend continues to lower masses.
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TABLE XIII. The mass function of LH 117 and LH 118.
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TABLE XIV. Log number of Lyman photons (cm~2s~").

Mass Range

Number

£(logm)

Temp. BB Kurucz Models Auer and Mihalas Models
Mg LH117 LHI118 Total °K logg= 35 40 45 50 33 4.0 45
60-90 1 0 1 0.65 20000 2218 2042 2025 20.15 — — — —

22500 22.62 21.18 20.97 20.8¢ — — = — —
40-60 1 1 2 1.3 25000 23.00 21.84 21.62 2146 — @ — @ — —
25-40 4 2 6 3.3 30000 2355 23.05 2278 2262 — 23.30 2255  22.17
15-25 10 4 14 7.2 35000 23.97 23.90 23.74 2361 — 2398 23.74 23.58
9-15 36 21 57 29. 40000 24.30 — 2423 24.18 24.14 2433 24.21 24.15

45000 2456 —  — 2451 2449 — 2453 2448
59 57 34 91 41. 50000 24.79  — — 2476 2474 — 2477  24.73

¢) The Ha Luminosity and the Lyman Continuum Flux

For distant galaxies, the integrated Ha luminosity is one
of the main measures of recent star formation (e.g., Kenni-
cutt 1983). The LMC offers an opportunity to compare the
measured Ha fluxes with a known population of stars. With-
in a circular diameter of 6 arcmin Kennicutt and Hodge
(1986) measure the Ha flux of DEM 323 to be 4 10~ 1°
ergs cm 2 s~ !. With an assumed distance modulus of 18.3
and a correction for extinction 4y, = 0.2, this implies a lu-
minosity at Ha of 1.2 X 10%8 ergs s~ . This is about 30 times
the Ha luminosity of the Orion Nebula (Kennicutt and
Hodge 1986, and references therein), and implies 2 Lyman-
continuum photon flux of 1.2 X 10%°s™".

We can compare this number with the predicted flux for
the stars in the association. In Table XIV we present the flux
of Lyman-continuum photons for various effective tempera-
tures and gravities. The Kurucz (1979) models are LTE
models of solar composition and include the effect of line
blanketing. The Auer and Mihalas (1972) models are non-
LTE models computed with zero metal abundances (hydro-
gen and helium only). As shown by Panagia (1973), Giisten
and Mezger (1982), and Massey (1985), there is excellent

agreement between the models and a blackbody approxima-
tion at the high temperatures characteristic of hot O stars. At
lower temperatures, the blackbody model consistently pre-
dicts more Lyman photons than are predicted by either the
line-blanketed or non-LTE models; however, most of the
Lyman-continuum flux comes from the hottest stars. We
have used our adopted temperatures and bolometric magni-
tudes to derive radii for the O stars in Tables VIII and IX,
and computed the total number of ionizing photons per sec-
ond for each star using the models of Table XIV. For LH 117
we find that the expected amount of ionizing radiation is
2.0X10° s~! using the Kurucz models, and 2.5 10°° s~!
using the higher fluxes predicted by the simple blackbody
approximately. The majority of the radiation is contributed
by the three early O type stars: 1.6 10°° s~!. The Lyman
photon flux from the stars in LH 118 (Table IX) is 3.3-
5.5Xx10% s™!, about a factor of 5 lower than in LH 117,
consistent with its lack of nebulosity compared to LH 117
(see Fig. 1).

The number of Lyman-continuum photons we expect
based upon our stellar census of LH 117 is about a factor of 2
greater than what Kennicutt and Hodge (1986) detect from

2 I I I UL T T T I LR I UL
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F1G. 25. Initial mass function of these two
OB associations.
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the Ha emission. Although this discrepancy is not severe, it
is larger than that allowed by the 10%-15% errors of the Ha
luminosity and what we estimate to be similar uncertainties
in the determination of the Lyman-continuum fluxes. It may
be that the H 11 region may be density bounded rather than
radiation bounded. The H 1 maps of McGee and Milton
(1966) show reasonably strong H 1 emission, at least along
the line of sight. However, the CO map of Cohen et al.
(1988) shows that LH 117 and LH 118 are on one edge of
extended CO emission. This is reminiscent of “blister” H 11
regions, in which one side is density bounded and the other
side is ionization bounded. It may also be that some of these
Lyman photons are being absorbed by dust; although the
average reddening is relatively low, the absorption does vary
from star to star (see Table XI) and the Ha emission is
patchy.

IV. SUMMARY AND CONCLUSIONS

We briefly summarize our results below:

LH 117 and LH 118 contain =50 stars with mass
> 10.# . Of these, we have spectra for most of the stars
with mass > 15.# ,, including two newly confirmed red su-
pergiants.

Most of the stars in these two associations are in the first
half of their lives on the main sequence. However, the two
red supergiants and a B2 I star are of lower mass than several
of the unevolved, more massive members of the associations,
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leading us to conclude that these supergiants must have
formed =~6-10X 10° yr earlier than most of the association
members.

The IMF of the associations has a slope of — 1.8, similar
to what is observed for massive stars near the Sun.

The Lyman-continuum flux should produce roughly
twice the observed Ha flux, suggesting that the nebula is
density bounded rather than radiation bounded.
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FI1G. 1. Enlargement of the ESO “Quick Blue” Survey plate 057. The location of the five UBV CCD frames (Table I) is shown, along with the
identification of the Sanduleak (1969) stars.

Massey et al. (see page 110)
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FI1G. 2. Field LH 117N. The location of all stars with photometry is shown by dots in the “northern” field of LH 117. The
brighter, less crowded stars are shown with their numbers from Table IV. The frame shown is the long B exposure. The x,y
values for stars 1-128 in Table IV can be used with this figure.

Massey et al. (see page 110)
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FiG. 3. Field LH 1178S. Same as Fig. 2, but for the “southern” field of LH 117. The x,y values for stars 129-235 in Table IV
can be used with this figure.

Massey et al. (see page 110)
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FiG. 4. Field LH 118N. Same as Fig. 2, but for the “northern” field of LH 118. The x,y values for stars 1-152 in Table V can
be used with this figure.

Massey et al. (see page 110)
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F1G. 5. Field LH 118S. Same as Fig. 2, but for the ““southern” field of LH 118. The x,y values for stars 153-226 in Table V can
be used with this figure.

Massey et al. (see page 110)
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PLATE 14

F1G. 6. Field LH 118X. Same as Fig. 2, but for the “extra” frame of LH 118, located to the south of Fig. 4. The x,p values for
stars 227-224 can be used with this figure.

Massey et al. (see page 110)
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F1G. 10. Finding chart for the bluest stars in LH 117N. The stars in Table VIII with numbers 128 or less can be found on this
chart.

Massey et al. (see page 116)
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F1G. 11. Finding chart for the bluest stars in LH 1178S. The stars in Table VIII with numbers 129 or greater can be found on
this chart.

Massey et al. (see page 116)
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Fi1G. 12. Finding chart for the bluest stars in LH 118N. The stars in Table IX with numbers 152 or less can be found on this
chart.

Massey et al. (see page 116)
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F1G. 13. Finding chart for the bluest stars in LH 118S. The stars in Table IX with numbers between 153 and 226 can be found
on this chart.

Massey et al. (see page 116)
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FIG. 14. Finding chart for the bluest stars in LH 118X. The stars in Table IX with numbers 227 or greater can be found on
this chart.

Massey et al. (see page 116)
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FI1G. 15. An He frame of LH 117N. A few of the bright blue stars are indicated.

Massey et al. (see page 116)

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System311



1989AJ.....97..107M

PLATE 21

FIG. 16. An Ha frame of LH 117S. A few of the bright blue stars are indicated.

Massey et al. (see page 116)
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