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ABSTRACT

We report 0715 resolution near-infrared (NIR) imaging of R136, the central region of 30 Doradus in
the large Magellanic Cloud. Our 12'8 x 128 images were recorded with the MPE camera SHARP II at
the 3.6 m ESO telescope, using the adaptive optics system COME ON+. The high spatial resolution
and sensitivity (20th magnitude in K) of our observations allow our H- and K-band images to be com-
pared and combined with recent Hubble Space Telescope (HST) WFPC2 data of R136. We fit theoretical
models with variable foreground extinction to the observed magnitudes of ~ 1000 stars (roughly half of
which were detected in HST and NIR bands) and derive the stellar population in this starburst region.
We find no red giants or supergiants; however, we detect ~ 110 extremely red sources which are prob-
ably young, pre-main-sequence low- or intermediate-mass stars. We obtained narrow-band images to
identify known and new Wolf-Rayet stars by their He i (2.189 um) and Bry (2.166 um) emission lines.
The presence of W-R stars and absence of red supergiants narrow the cluster age to 3—5 Myr, while the
derived ratio of W-R to O stars of 0.05 in the central region favors an age of ~3.5 Myr, with a relatively
short starburst duration. For the O stars, the core radius is found to be 0.1 pc and appears to decrease
with increasing stellar mass. The slope of the mass function function is I' = —1.6 on average, but it
steepens with increasing distance from the cluster center from I' = —1.3 in the inner 04 pc to I' = —2.2
outside 0.8 pc for stars more massive than 12 M. The radial variation of the mass function reveals

strong mass segregation that is probably due to the cluster’s dynamical evolution.

Subject headings: H 1 regions — infrared: stars — ISM: individual (30 Doradus) —
Magellanic Clouds — stars: early-type — techniques: image processing

1. INTRODUCTION

The 30 Doradus region in the LMC is the largest and
most massive H 11 region in the Local Group. Within a
diameter of 15’ (200 pc), it contains more than 8 x 10°> M
of ionized gas (Kennicutt 1984), and the gas shows a highly
fragmented shell-like structure in the Bry line map
(Poglitsch et al. 1995). Fast expanding shells with 100-5000
M, and kinetic energies up to 10°! ergs indicate several
past supernova events (Kennicutt & Chu 1994). About 2400
OB stars in the inner 60 pc, known as the stellar cluster
NGC 2070, produce approximately 4.5 x 10°! Lyman-
continuum photons per second, which is 1/3 of the total
ionizing radiation in the entire 30 Doradus region (Parker
1993; Walborn 1991). The bolometric luminosity of the
inner 4.5 pc core of this cluster is 7.8 x 107 Ly, (Malumuth
& Heap 1994) and hence much larger than in the Galactic
H 11 regions such as Orion, W49, or NGC 3603. The stellar
ages range from about zero (for the obscured protostellar
regions) to 10—12 Myr (Melnick 1992, p. 253). The center of
this stellar association, R136 (HD 38268), is an unusually
high concentration of massive and bright O, B, and Wolf-
Rayet stars. Standard ground-based observations suffering
from atmospheric seeing show three main components in
R136: a, b, and c. Of these, R136a was at one time thought
to be the most massive star ever known, with a mass of
about 2500 M, (Cassinelli, Mathis, & Savage 1981). Using
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speckle techniques, Weigelt & Baier (1985) demonstrated
that R136a consists of at least eight stellar components.
Subsequently, the Hubble Space Telescope (HST) observed
R136a with its Faint Object Camera (FOC) (Weigelt et al.
1991; de Marchi et al. 1993), the Wide Field Planetary
Camera (WFPC) (Campbell et al. 1992; Elson et al. 1992;
Malumuth & Heap 1994; Parker, Heap, & Malumuth
1995; Hunter et al. 1995), the Fine Guidance Sensor (FGS)
(Lattanzi et al. 1994), and the Goddard High-Resolution
Spectrograph (GHRS) (Walborn et al. 1992; Heap et al.
1994).

Its large mass of ionized gas, a population with stellar
masses over 100 M, and its relative proximity make R136
and its surroundings the closest example of a starburst
region. Hence, it provides a unique laboratory for studying
the fundamental physics of starbursts: How old is the
central burst? Are stars still forming? Are there red giants?
Are there low-mass pre-main-sequence objects or is there a
rather high lower mass cutoff? How important is spatially
variable extinction toward the individual stars for the popu-
lation analysis? Does the mass function in the inner region
differ from its surroundings, and, if so, is this a result of
dynamical relaxation? Previous studies suffered from low
spatial or spectral resolution; therefore, our observations
investigate the properties of this starburst region via high-
resolution photometry and line imaging. We report on
near—diffraction-limited adaptive optics observations of
R136 in the H and K bands and in the He 11 (2.189 um) and
Bry (2.166 um) lines. We combine our adaptive optics
observations with recent WFPC2 measurements in the U,
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V and I bands (Hunter et al. 1995) to obtain multicolor
photometric information from 0.3 to 2.5 um. We then fit
theoretical stellar models to the measured UBIHK colors,
accounting for spatially variable extinction, to derive the
stellar population and dynamics of R136.

2. DATA REDUCTION

2.1. Observations

We used ESO’s adaptive optics system COME ON +
(ADONIS) at the ESO 3.6 m telescope at LaSilla, Chile,
together with the MPE near-infrared camera SHARP II.
This joint system has produced many interesting observ-
ational results during its first 2 years in operation (Léna
1994). COME ON + (Beuzit et al. 1995) was the first adapt-
ive optics system open to the astronomical community. In
1995 January, it was mated to the user-friendly system
ADONIS (Hubin et al. 1993). The shape of the atmospheri-
cally distorted wave front is measured at visible wave-
lengths, using a Shack-Hartmann wave front sensor. The
correction for atmospheric turbulence is performed via a 52
piezo actuator deformable mirror that is driven by a closed
online control loop with a correction bandwidth of up to 17
Hz. A reference source within the isoplanatic patch of the
observed near-infrared (NIR) wavelength is needed for the
correction. This source must be brighter than approx-
imately 13th magnitude in ¥ band and must possess either
a bright, pointlike feature or an extended but unstructured
brightness profile in order to be tracked properly by the
wave front sensor. Due to its high spatial concentration, the
central cluster of stars forming R136a can itself serve as the
wave front reference.

The MPE SHARP II near-infrared camera (Brandl
1995b) is equipped with a 256 x 256 pixel Rockwell
NICMOS III array detector and is optimized for high-
resolution broad- and narrow-band imaging from 1.1 to 2.5
um. The Nyquist sampling theorem requires at least two
pixels across the FWHM (full width at half-maximum) of
the point-spread function (PSF) in order to sample the
beam sufficiently. SHARP II’s image scale of 0705 per pixel,
resulting in a total field of view of 12”8 x 12"8, therefore
provides the possibility of diffraction-limited imaging at
wavelengths longer than 1.4 um on the ESO 3.6 m tele-
scope. Wide-band filters provide color discrimination in the
J (1.10-1.40 ym), H (1.45-1.85 pum), and K (1.95-2.45 um)
bands, and a circular variable filter (CVF) covers the H and
K bands with a spectral resolution A/AA =~ 60. The total
throughput of the camera optical system, including the
quantum efficiency of the detector, is approximately 54% in
the H band and 33% in the K band. The array detector is
read out with four custom designed DSP boards (Hofmann
et al. 1995), permitting integration times per frame ranging
from several minutes down to 50 us. For very short integra-
tion times a custom-made, cold mechanical shutter can be
used. By the time this article is printed, a new version of the
SHARP II camera will be available at ESO, offering differ-
ent pixel scales and several spectroscopic utilities.

The present analysis is based on a total integration time
of 190 minutes in K and 40 minutes in H, with an integra-
tion time per frame of 20 and 30 s, respectively. In order to
identify Wolf-Rayet stars, we used the SHARP II CVF for

_observations in the He (10 — 7) line at 2.189 um, at 2.153

um, covering the Bry line, and at 2.240 um for continuum
subtraction. The total integration time was 32 minutes for

the He 1 map and 20 minutes each for Bry and spectrally
nearby continuum measurements; the integration time per
frame was 240 s.

Our observations of R136 were made on 1994 December
27 (K-band and emission lines) and 1995 March 10 (H
band); the atomspheric conditions were fairly good with
long-term optical seeing values below 1”. We selected a field
southeast of R136 with R136a near one array corner in
order to cover a wide cluster radius and simultaneously get
Melnick 34 (Mk 34), a relatively isolated, bright Wolf-Rayet
(W-R) star which could be used as a PSF reference.

2.2. Data Processing and Image Quality

We corrected the image for bad pixels of the detector
array (only 1%; no clustering or bad lines and columns).
The sky frames used for subtraction from the on-source
frames were calculated from the median of several field
positions taken ~1' away from R136. The flat field was
produced from the average of several twilight sky frames
which have more flux than a typical sky frame and hence
reveal even very small variations in detector sensitivity.

The Strehl ratio (SR) is a useful measure for describing
the quality of near—diffraction-limited imaging; it is defined
as the peak intensity of the PSF normalized to the peak of a
diffraction-limited Airy disk so that SR < 1.0. A system is
considered to be diffraction limited if SR > 0.8. In a real
astronomical optical system, the SR is reduced by wave
front errors, originating either from static aberrations in the
optical system itself or from insufficiently corrected atmo-
spheric disturbances. The SR of sources in adaptive optics
observations depends largely on the brightness of the wave
front referencing object, its angular distance to the target
object, and the actual seeing conditions. A typical adaptive
optics PSF is characterized by a near—diffraction-limited
spike on top of an extended (~3"5), Gaussian-like seeing
“background,” plus some artificial structure due to insuffi-
ciently corrected low-order aberrations. In order to calcu-
late a “practical” Strehl ratio, we computed the
two-dimensional Airy function on a 256 x 256 pixel grid,
corresponding to diffraction-limied imaging. This Airy
pattern was shifted to the actual source peak position (on a
finer subgrid) and normalized to the measured source flux.
Our SR is the ratio between the brightest pixel in the mea-
sured PSF and the theoretical diffraction pattern, taking the
central obscuration of the telescope secondary mirror into
account. For this calculation, we took only relatively bright
and isolated sources at different distances from the wave
front reference (in this case the cluster center). If the
extended background contains a significant amount of flux
due to uncorrected higher order modes, this leads to a rela-
tively small SR. The almost diffraction-limited spike,
however, is not affected by the surrounding halo, and the
spatial resolutionin the image is indeed better than the
Strehl value indicates.

We achieved a SR of 24% for the H-band observations,
which is in good agreement with the system specifications
for comparable observing conditions (ESO 1995); the width
of the “raw” PSF is FWHM (H band) =~ 0718. The SR of
about 17% for the K-band data is slightly worse than
expected, for reasons discussed below. The H-band data
show a spatially constant value of the SR within & 12”5 (see
Fig. 1), emphasizing the excellent atmospheric conditions
during that night. Therefore, assuming a constant PSF for
all stars in the H-band image seems to be reasonable. The
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K-band data, taken in December under similarly good
atmospheric conditions, show a significant amount of addi-
tional triangular coma-like aberrations, inherent in all
sources, but with varying strength. Each PSF has two
“coma wings ” separated by ~0723 to the southeast and the
north, with relative peak intensities of roughly 1/3 and 1/10
of the central peak, plus a slight elongation to the
southwest. This aberration is independent of the actual
atmospheric conditions and was probably introduced
somewhere in the adaptive optics optical system itself.
Figure 1 shows the relative amount of “coma intensity.”
The central source peak is still quite compact [FWHM (K
band) ~ 0719, compared to 0715 for diffraction-limited
imaging], but the SR is smaller than in the H-band data,
due to missing flux contained in the “ coma peaks.”

We applied the Lucy-Richardson deconvolution algo-
rithm (Lucy 1974) to “CLEAN” the image of the effect of
the “dirty” beam. We did not attempt to obtain super-
resolution. The algorithm, as it is implemented in our IRSI
software package (Eckart & Duhoux 1990), is an iterative
nonlinear deconvolution method based on the comparison
of the untreated input map with the current estimate of the
deconvolved map, reconvolved with the PSF. We took the
W-R star Mk 34 to derive the PSF reference after removing
iteratively several faint neighboring sources. For the
K-band image, we calculated a mean PSF from different
stars, accounting for the spatial variations described above.
After a sufficient number of iterations, the deconvolution
program converges to the maximum likelihood solution.
We used 4000 iterations for R136, resulting in a map of
delta functions which were then reconvolved with a Gauss-
ian restoring beam that corresponds to the diffraction limit
of the 3.6 m telescope: 0715 in K and 0712 in the H band.

Figure 2 shows a contour plot of the resulting H-band
image. For the first time at NIR wavelengths, the crowded
core of R136a is resolved into its individual components.
Our map shows excellent agreement with recent HST
images as far as the spatial resolution and the source posi-
tions are concerned. We also present a log-scaled K-band
image in Figure 3 (Plate 13); color images showing a com-
parison with HST data have already been presented by
Brandl et al. (1995) and Brandl (1995). The faintest (>3 o)
sources are 20th magnitude in K; thus, the dynamical range
in the image is roughly 9 mag. However, toward the
crowded central region, faint stars in the vicinity of brighter
stars remain undetected. Previously cataloged stars within
our field of view are listed in Table 1.

2.3. Photometric Analysis
2.3.1. The Photometry Package PLUCY

Determining photometric fluxes in crowded star fields is
a complex issue and requires careful testing and comparison
of different methods. The special properties of R136 require
a photometric program which satisfies at least these three
requirements: (i) the derived source fluxes should be insensi-
tive to inaccuracies in a constant background subtraction;
(ii) spatial variations in the background (e.g., nebular emis-
sion within the cluster) should be taken into account; (iii) it
should be possible to analyze over 1000 stars simulta-
neously. We investigated several techniques, including cir-
cular aperture photometry with different sized apertures on
the raw J-function maps (produced by the Lucy-Richardson
algorithm) and the DAOPHOT package (Stetson 1987).

Vol. 466

Ultimately we chose the PLUCY photometry package
(Lucy 1994; Hook et al. 1994), a two-channel photometric
image restoration program which fulfills all the require-
ments listed above. Since use of PLUCY is not yet very
widespread, we give a short description of the basic prin-
ciple:

The true intensity distribution on the sky at the jth pixel,
¥, is considered to be the sum of a smooth extended light
distribution y; (e.g., background from the instrument or sky
plus extended nebular emission) and the source fluxes y}.
The latter image is zero everywhere except for d-functions at
the positions of designated point sources. Startmg from an
initial guess (which may be Y y; =Y y¥=13), the algo-
rithm iteratively maximizes an objective function Q which is
the sum of a likelihood and an entropy term:

a), W,ln')l:’
N

background

0= ZJ: I;In(®;) — 2.1)

where I; is the observed intensity distribution, ®@; is the
estimate of that distribution, and a controls the strength of
regularization (¢ =0 corresponds to the standard Lucy-
Richardson algorithm). The term y; is a “floating default”
image, and in this implementation it is obtained by smooth-
ing the current estimate for the background (y; with a
Gaussian kernel. Convergence is usually reached after
several tens of iterations.

The source positions in PLUCY must be known in
advance. Therefore, we compared the local maxima posi-
tions in our deconvolved NIR maps to the WFPC2 maps
(Hunter et al. 1995). Since the alignment uncertainty is less
than +07075, we generated a common source position list
which served as the input list for PLUCY.

We took measurements of two nearby standard stars
(Bouchet, Manfroid, & Schmider 1991) plus one standard
star at approximately the same air mass, for flux cali-
bration: HD 38921 (SAO 196100) of spectral type A0 V,
HR 2015 (6 Dor) of spectral type A7 V, and BD +0°1694
(HD 292693) of spectral type K7 V. The flux differences
were less than 0.01 mag in K. The H-band measurements
taken on two nights, one of which had cirrus clouds, varied
by 0.28 mag; hence, we calibrated the flux based on the
unclouded night for the H band, and on all nights for the K
band. Furthermore, we made some additional fine correc-
tion to the photometry as described below. We took the
distance modulus to the LMC to be —18.57 mag.

2.3.2. The Photometric Errors

Proper evaluation of photometric errors is fundamental
to our analysis. In general, there are two potential contribu-
tions that account for photometric errors in crowded fields:
(1) the flux determination for known sources separated by
less than the FWHM of the PSF is uncertain (“ crowding ”);
(2) undetected faint stars may enhance the intrinsic flux of
brighter sources (“blending”). We estimated the photo-
metric errors by producing an artificial “delta map” with
values according to the H-band flux and location of the
sources. The peaks were shifted randomly by +1 pixel to
account for source position uncertainties, and the result was
reconvolved with the H-band PSF. Appropriate noise,
taken from our sky frames, was added. The flux information
from PLUCY was compared to the input fluxes; the photo-
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Fi1G. 1.—Left: The Strehl ratio (in %) in our H-band data for several sources at different distances from the wave front reference in pixels. The constant
value excludes spatial variation of the PSF as a relevant source of photometric errors. Right: The intensity ratio of the “coma peak ” to the main source peak
in the K-band data (in %). The values are between 20% and 40%, increasing slightly with the distance to the center.

metric accuracy is shown in Figure 4. There is very little
scatter of the bright sources; for faint sources, the results are
somewhat worse than those described by Hook et al. (1994).

Another possible source of error that has to be con-
sidered, particularly in adaptive optics observations, is a
spatially varying PSF. This is particularly important for
observations in which the wave front reference source is
outside the field of view or spatially separated by more than
the isoplanatic patch size from the target. Since the refer-
ence source lies within our relatively small field of view and
the seeing conditions were excellent, spatial variations of
the PSF are not important for our observations, as we have
already shown in Figure 1. However, the photometric
uncertainties in the K-band map can be severe for faint
sources that are affected by the “coma wings” of a bright

neighboring source. Fortunately, these cases show an obvi-
ously enhanced K-band magnitude relative to their UVIH
magnitudes. We checked the positions of the affected
sources relative to their neighbors. In cases of blending by
the coma-like structure (only 26 sources), their K-band
magnitudes were ignored in the further analysis.

3. IDENTIFYING STELLAR TYPES

Now we derive the stellar population in R136 by compar-
ing the measured stellar luminosities to theoretical model
calculations for each individual star. In order to cover the
widest possible wavelength range, we combine the data
from our high spatial resolution H- and K-band maps
(0715) with recent WFPC2 observations (~ 0706 resolution
in V), which were taken in the F336W, F555W, and F8§14W

1.5

Fic. 2—Contour plot of our 12”8 x 12”8 field of view in H band. The contour levels are at 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 75, and 100% of the maximum
intensity, which corresponds to 11.2 mag in H band. North is up, and east is to the left. The spatial resolution is 0712. The inset enlarges the central 372 x 372.
Crosses indicate the positions of the sources detected by HST; their size is according to the measured V magnitudes.
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TABLE 1
PosITIONS OF PREVIOUSLY CATALOGED STARS WITHIN OUR FIELD OF VIEW
H M
Number Number Name Spectral Type x y «(2000) 6(2000) U |4 1 H K
3. 498 R136al WN 411 57 42343 0272 —8.77* —17.34* —7.29* —17.59* —17.68
17 ...... R136alB 413 56 42.43 02.2
5 i 511 R136a2 WN4-w 413 61 42.45 02.2 —8.13 —6.84 —6.79 —6.92 —6.93
6...... 467 R136a3 WN 397 45 42.37 02.6 —8.21 —6.79 —6.81 —-17.11 —17.09
21 ... 474 R136a4 423 47 42.38 01.9 —-7.95* —647° —6.28* —6.15* —5.65*
20 ...... 519 R136a5 Of3/WN 419 66 42.47 02.0 —-7.30 —5.87 —5.73 —5.67 —5.32
19 ...... 454 R136a6 394 36 42.33 02.7 —7.95° —6.512 —6.34* —6.34* —6.42*
24 ...... 509 R136a7 425 61 42.45 01.9 —-17.23 -5.74 —5.61 —5.26 —3.96
27 ...... 480 R136a8 424 50 42.40 01.9
9 ...... 637 R136b Of/WN 378 132 42.78 03.1 —-17.78 —6.48 —6.51 —6.73 —6.67
10 ...... 681 R136¢ WN 337 168 42.95 04.2 —17.55 —6.33 —6.56 —-17.32 —747
8 ...... 880 Mk 34 WN4.5 297 455 44.30 05.3 —17.83 —6.50 —6.50 —6.93 —17.02
41 ... 716 Mk 35N 05-71V 87 204 43.09 10.9 —6.66 —5.18 —4.94 —4.66 —4.65

Notes.—The star numbers are from Hunter et al. 1995 (H) and Malumuth & Heap 1994 (M). Stellar types are based on measurements by Melnick 1985,
Campbell et al. 1992, Parker et al. 1995, and Heap et al. 1994. x and y are pixel coordinates on our 256 x 256 detector, expressed as 512 x 512 for a more
accurate source location; (0, 0) corresponds to the lower right corner in the contourmap. The pixel row orientation on the detector is parallel to the N-S/E-
W direction to within 3°. Zero coordinates are R.A.(2000)=05"38", decl.(2000)= —69°06'. Our field of view covers the area (2000)=05"38™42:17-44:52;
8(2000) = —69°05'5977-06'12"5.

® Due to crowding, three star pairs, H(3+17), H(19 +26), and H(21+27), could not be photometrically resolved (star 26 has no specific name and is

therefore not listed here). We added the fluxes and give the combined magnitude only for the first member of each pair.

filter bands (Hunter et al. 1995). The combined HST and
SHARP II data provide good photometric information on
more than 1000 individual stars, roughly half of them in
four or five bands (UVIHK). The wide spectral coverage
(0.33-2.45 um) enables us to match accurately the observed
stellar fluxes with stellar photometric models. We computed
these models by combining recent stellar evolution calcu-
lations (Schaerer et al. 1993) with the Kurucz (1992) Atlas
9.3 model atmosphere grid. This approach enables us to
derive an estimate for the star’s age, initial mass, and fore-
ground extinction. With additional information from our
He II and Bry line maps, we are further able to identify
Wolf-Rayet stars, most of which were known from previous
observations.

3.1. Combining Adaptive Optics and HST Data

The combined WFPC2 source list contains 1090 sources
within our field of view, of which we detected 531 in either
H or K band; 498 of these were detected in both H and K
bands. Three hundred forty-one sources have reliable flux
information in all five bands, and more than 657 sources
were detected in at least three bands. With only five excep-

by
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FiG. 4—The photometric accuracy of the PLUCY program in the
crowded R136 region (see text). Shown is the difference between true and
measured magnitude, depending on the true magnitude of the source.
Sources with values below zero appear to be bluer due to missing IR flux
for given UVI magnitudes. Filled dots indicate sources inside the central
3”3 around R136al; triangles indicate sources outside the central region.

tions, all stars brighter than ¥ = 16 mag were detected in
the NIR. Most of those we did not detect are either very
faint blue sources with ¥ > 20 mag or were detected in only
one of the HST bands.

In addition, we find 58 red sources not detected in UV I,
26 of them have reliable flux information in both H and K
bands and were included in our final analysis. The large
overlap in the SHARP II and HST source lists illustrates
the comparable sensitivity limit of both observations.

We converted the HST F336W, F555W, and F814W
filter band magnitudes into ground-based U- and V-band
magnitudes through the relations U = F336W +0.30 and
V = F555W —0.06 (Hunter et al. 1995). The F814W filter,
here referred to as the I band, is centered at 0.814 ym with a
spectral width of 175.8 nm; we applied no ground correc-
tion to this band. As indicated in Figure 4, there may be a
small calibration offset to our photometric data. We found
that adding 0.05 mag to our H and K magnitudes yielded
an overall better fit between the data and the models; thus,
H' = H + 0.05 and K’ = K + 0.05 are the magnitudes used
to compare with the models.

3.2. Photometric Models

Schaerer et al. (1993) computed a grid of stellar evolution
models at initial metallicity, Z = 0.008, close to that
observed in the LMC (Kontizas, Kontizas, & Michalit-
sianos 1993). On an initial mass grid (2, 3, 4, 5, 7, 10, 12, 15,
20, 25, 40, 60, 85, 120) M, they derive the star’s present
mass, bolometric luminosity, and effective surface tem-
perature as a function of time. Meynet et al. (1994) com-
plemented these models with a set of tracks assuming a
mass loss enhanced by a factor of 2 for 12 Mo <m, < 120
M. Since the mass loss of the massive stars in R136 is
observed to be significantly higher than for comparable
galactic stars (Heap et al. 1994), we used the Meynet et al.
models for m > 12 M. Low-mass stars (m <5 M) can
spend a significant time (i.e., comparable to or longer than
the estimated age of R136) in a pre-main-sequence (PMS)
phase, in which the star’s luminosity is governed by gravita-
tional contraction and deuterium burning. Schaerer’s
models do not account for PMS evolution. Since main-
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sequence stars less massive than 10 M evolve little in their
initial 10 Myr, we have interpolated the L., and T, of
Schaerer’s models to add additional mass points at 6, 8, and
9 M. For each mass point, we also interpolated the time
grid into smaller time steps between the points given by
Schaerer et al.’s evolution models. In addition, young low-
mass stars may show a significant IR excess due to a cir-
cumstellar disk. Because of such theoretical uncertainties in
existing PMS stellar evolution models, and since our images
do not reach deep enough to detect many low-mass stars,
we have not attempted to account for the PMS evolution of
the low-mass stars. All quoted ages should therefore be
understood as the time from the zero-age main sequence
(ZAMS).

3.3. Model Atmospheres

We combined the Kurucz (1992) ATLAS 9.3 stellar atmo-
sphere models with the Schaerer et al. stellar evolution
models to determine the photometric band magnitudes of a
star of given mass as a function of time. We did not derive
model spectra for the W-R phase, since W-R star emission is
governed by the complex line and continuum radiation
transfer in an optically thick wind which is unaccounted for
in the Kurucz models. Kurucz’s models cover temperatures
up to 50,000 K, so that for the most massive stars we needed
to extrapolate toward higher temperatures by assuming
blackbody emission, or adopting non-LTE models (Kunze,
Kudritzky, & Puls 1992), which are in good agreement with
those of Kurucz at T, > 25,000 K. The bolometric magni-
tudes were computed from the effective temperature T
and the radius r as My, = —10log (T.¢[r/ro]1/%/17,200 K).
The band magnitudes were derived using the Johnson
system (Johnson & Morgan 1953) and were calibrated with
the following zero magnitude fluxes in units of [ergs cm ™2
s nm7!']: U, 427x1078%; VvV, 3.64x107%; 1,
1.12 x 1078; H, 1.19 x 107°; and K, 4.17 x 107 1%, From
the combined stellar evolution and atmosphere models, we
thus derive UVIHK band Iluminosities on a two-
dimensional grid of stellar mass and age. Figure 5 shows the
U- and K-band luminosity evolution for stars of different
masses.

3.4. Extinction and Reddening

From detailed studies of dense galactic H1n regions,
we know that the extinction can vary significantly on

absolute mag

time t [Myr]

FiG. 5—The U (solid line) and K (dotted line) luminosity evolution of
stars with different ZAMS masses as a function of age. Stars with m < 25
M, become red supergiants, whereas more massive stars turn into red
supergiants, high-mass-loss WN stars, and finally into increasingly hotter
WC stars. Supergiants are identified easily from their U — K color, demon-
strating the need to cover a large wavelength range to identify stellar types.
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subparsec scales due to, e.g., windblown bubbles and
shells, or dense flows from photoevaporating gas clumps
and circumstellar disks (Bertoldi & Jenkins 1992); hence,
we allow for variable extinction (and thereby reddening)
for each source. In addition to this spatially variable local
extinction, there is an average reddening toward R136 that
consists of three components: absorption in our Galaxy
with E(B—V)=0.07, LMC foreground reddening with
E(B—V) = 0.16 (Fitzpatrick 1985), and absorption within
the 30 Doradus/R136 region. Previous analyses assumed a
constant reddening value, which varied from
E(B—V) = 0.53 (Campbell et al. 1992) to 0.38 (Hunter et al.
1995). We left the extinction a free parameter that is to be
determined for each star individually. We assumed the
“universal” reddening law (Rieke & Lebofsky 1985), so that
the extinction magnitudes relate as A,/4, = (1.531, 1.324,
0.6, 0.175, 0.112) for x = (U, B, I, H, K). We fitted the
models to the measured band spectra by minimizing the
residuals on a three-dimensional grid of ZAMS stellar mass
my, age t, and extinction A,. A typical case is presented in
Figure 6 for the spectroscopically known O5-7 main-
sequence star Mk 35N (our star number 41).

3.5. Fit Accuracy

To test our fitting algorithm, we fitted UBV band model
tracks to 30 Doradus OB stars (Schild & Testor 1992) with
spectroscopically determined spectral types. For most stars,
our identifications were in agreement with the spectro-
scopically derived types within one spectral subclass.
Taking near-infrared colors into account, the fit accuracy
could be improved significantly. We tested our fit routine
(with solar metallicity) on several galactic infrared standard
stars and also found good agreement. However, there are
some exceptions to this, which we detail below.

Since the luminosity evolution within the first 10 Myr of
stars less massive than about 10 M, is less than about 0.5
mag and is thereby comprable to the luminosity difference
between adjacent mass points, the age estimates we derive
for stars with M <10 M are somewhat uncertain. For

T T T T T T T T T T T T

best fit

— — — dereddened

-------- observed

Magnitudes

LI L B L B L L

2.6 2.8 3.0 3.2 3.4

Fic. 6.—Fitting the spectroscopic O5-7 main-sequence star Mk 35N
(our number 41). The observed UVIHK magnitudes (asterisks connected
by dotted line) were derived by subtracting a distance modulus D, = 18.57.
The closest match between the observed band spectrum and a model
spectrum required a dereddening by A, = 1.47 (solid line) to match the
spectrum of a 1.5 Myr old 60 M, star (triangles and dashed line), consistent
with the spectroscopic classification.
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example, an 8 M, star at 10 Myr has a similar luminosity as
a 9 Mg star at ZAMS, the 8 M, star being only slightly
redder. Given our photometric uncertainties, it is thus diffi-
cult to distinguish between, for example, the two alternative
identifications, 8 M /10 Myr, and 9 M /0 Myr. Hence, the
estimated age of stars <12 M, are not reliable.

In the derived age distribution (Fig. 13), we found a sig-
nificant overabundance of stars with ages equal to the first
time step at given mass. The error between the observed
color and the model identification for these stars is also
higher than for other age identifications. This over-
abundance is due to the coarseness of our mass grid. A star
that our algorithm identified, as, e.g., 12 M at age 0.1 Myr
may be better fit by an 11 M, star at several Myr age, for
which we have no color information. Thus, most identifica-
tions of stellar ages between 0 and 0.1 Myr should be con-
sidered unreliable.

About two dozen low-mass stars were best fitted with
ages of several hundred million years. Those low-mass stars
show only little luminosity evolution on the main sequence,
and the observed fluxes would also be in good agreement
with stars of a few million years. Since this affects only the
identification of a few low-mass stars, and their high fitted
ages are due to small photometric uncertainties rather than
significant luminosity evolution, we restricted the ages
allowed in the fit to a maximum of 7 Myr.

Deriving the ZAMS mass of massive stars via photo-
metry using broadband colors alone is difficult (Massey et
al. 1995, and references therein). For example, there is only a
difference of about 0.03 mag in (B— V'), between a BO V and
an O3 V star, and even the change in (U — B),, between an
09 V and an O3 V star is less than 0.10 mag. These values
lie typically within the uncertainty of the color calibration.
Adding two NIR photometry bands to the three visual
improves the identification in two ways. The color differ-
ences are larger, e.g., (U—K), between a 60 M and a 15
M main-sequence star ranges between 0.10-0.19 mag,
depending on age. Furthermore, the photometric errors are
reduced significantly by “averaging” over five measure-
ments.
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A coeval population of main-sequence O stars covers
over 3 mag in luminosity. If all stars in R136 were at the
same age, discriminating the stellar types would be easy,
even if they had variable foreground extinction and
reddening. However, luminosity evolution of the most
massive stars within only a few million years produces lumi-
nosity variations comparable to the ZAMS luminosity dif-
ference between stellar types. For example, a 40 M, star at
4 Myr has B = —6.10 mag and is brighter than an 85 M
star (B = —5.93 mag) at ZAMS. The ambiguity due to a
possible age spread can be only partially resolved by com-
parison of the star’s colors. If independent evidence can
narrow the age spread of the cluster (e.g., abundance of
W-R stars, absence of red giants), the accuracy of the mass
determinations is improved.

In order to estimate quantitatively the reliability of our
mass determinations, and its dependence on the photo-
metric noise level and the spread in reddening, we simulated
“observed” photometric band magnitudes and tried to
recover the stars’ masses.

To the theoretical UVIHK magnitudes of 54 OB stars at
different ages, we randomly added dust extinction with a
distribution similar to that observed, plus typical measure-
ment errors. The latter have a Gaussian distribution with
half-maximum values of 0.3 mag in H and K, and 0.15 mag
in UV (see Fig. 3). Each of the 54 model stars was thereby
multiplied 100 times, and the resulting set of 5400 stars was
analyzed by our fit program under different age constraints.
The result is shown on the left in Figure 7, where the ab-
scissa indicates the “true” ZAMS mass, and the ordinate
indicates the ZAMS mass which was assigned by the fit
program. The size of the dots corresponds to the number of
stars in each identification bin. The vertical scatter is a
measure of the uncertainty of the mass identification; it is
very small for stars less massive than 20 M, but becomes
significant for the O stars. More than half the 60 M, stars
in our sample were identified as 25 M, or 40 M, stars, and
some were even identified as 85 My or 120 M. Fortu-
nately, however, this dispersion would not unduly affect our
statistical analysis of the global cluster properties.
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FiG. 7—Fitted star ZAMS masses vs. actual masses from a sample of 5400 main-sequence stars of different stellar types and ages with random extinction
and measurement errors (see text). The size of the dots corresponds to the number of stars identified at this mass. The gray shaded area indicates the mass

regime of O stars.
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In order to study the cluster’s global properties, we do
not need accurate individual star masses. Our O-star test
sample contains a total mass of 115,600 M. the stars that
were fitted with too small a mass have 42,375 M ; those
with too high a mass add to 31,995 M. A total of 41,230
M were assigned correctly. The total fitted mass is only
17% lower than the original mass. Since our test sample has
a flat mass spectrum and the probability of misidentifica-
tion increases with mass, the total effect on a sample with a
“standard ” Salpeter (Salpeter 1955) or Miller-Scalo (Miller
& Scalo 1979) initial mass function (IMF) would be less
significant. From our statistical tests, we estimate a typical
error of 30% in the fitted mass of an O star.

As we will show in § 4.3, we can restrict the cluster age by
the relative abundance of stellar types. Since luminosity
evolution is the main source of misidentifications, a
restriction of the possible age will result in a more precise
mass determination. This is demonstrated in Figure 7,
where we show the results of a test on a set of stars with
“true” ages between 2.5 and 3.5 Myr, and the same age
constraint to the fit program. We see that the number and
spread of misidentifications is much reduced over the pre-
vious test set: less than 1% of the initial total mass is
missing in the fit masses, and misidentified stars are only
shifted to their neighboring mass bin. Therefore, we will
compare the results on mass function and core radius in § 4
with those derived by a fit restricted to 2.5-3.5 Myr. This
yields another possibility to check the reliability of our
approach.

4. RESULTS

We derived reliable photometric fluxes for most sources
in our source list, except for some fainter sources for which
our photometric accuracy test indicated uncertain photo-
metric information. The fitting procedure processed a total
of 634 sources with reliable fluxes in at least three bands,
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excluding the candidate W-R stars. Out of these sources, 82
could only be matched to model spectra with an extinction
in excess of A, = 3 mag, or with 4, > 2 mag but unusually
large residuals between the observed and model fluxes.
These sources were selected out as candidate young stellar
objects (YSOs) with IR excess emission due to circumstellar
disks or cocoons (see § 4.2.2). For the remaining 552 sources,
we derive reliable mass estimates.

4.1. Extinction

Figure 8 shows the numerical and spatial distribution of
extinction for 634 sources with reliable photometry in at
least three bands. Most stars show extinctions in excess of
the A, =0.71 mag expected to arise from foreground
extinction from our Galaxy plus the LMC in the direction
of 30 Dor. Our median extinction is close to the A, = 1.17
mag, corresponding to E(B— V) = 0.38, assumed by Hunter
et al. It appears that the stars in the core of the cluster show
almost no extinction in excess of the Galaxy plus LMC
foreground. One possible explanation for this could be a
lack of dust or gas in the central region, due to, e.g., a wind
or supernova blown bubble. Since the extinction hole coin-
cides with the dense cluster of W-R stars, this is a reason-
able interpretation. The stars surrounding the core,
however, show correlated, enhanced extinction. Note that
Ay = 1 mag excess extinction corresponds to a gas column
density of 6 x 102! ¢cm?, which on a scale of 1 pc corre-
sponds to a gas density of 2000 cm ™3, a density not atypical
inside young galactic H 11 regions (e.g., the Trapezium). The
photoevaporation of YSO circumstellar disks by the
massive stars in the core could well serve as a long-term
source of gas in the inner region of a young H m region and
can result in an inside-out density gradient (Bertoldi &
Jenkins 1992).

An alternative explanation for the extinction hole in the
cluster center could be a systematic photometric error due
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FiG. 8.—Left: Distribution of the individual stellar extinctions for the 634 sources which were detected in at least three bands. Milky Way plus LMC
foreground extinction contribute A, = 0.71 mag. The Hunter et al. mean value of 4, = 1.17 mag is indicated by the vertical dashed line. Right: Spatial
distribution of the individual stellar extinction. The size of the dots indicates the amount of extinction in excess of the Milky Way and LMC foreground
Ay = 0.71 mag. Open circles correspond to 4, < 0.71 mag; the largest dots correspond to A4, = 3 mag. The “red” sources corresponding to the shaded
region in the left figure were excluded. Axis coordinates are in arcseconds relative to R136al.
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to crowding of the most luminous sources. If we had sys-
tematically underestimated the NIR luminosities of the
sources in the cluster center, this would have led to appar-
ently bluer colors and smaller reddening corrections.
However, our photometric tests (Fig. 4) do not show a sys-
tematic flux decrease for sources with H < 16 in the inner
cluster; the error dispersion far exceeds any systematic flux
quenching, and since we do not find large reddening fluc-
tuations, we favor a real extinction hole.

4.2. Derived Stellar Population
4.2.1. The Wolf-Rayet Stars

The continuum and strong line emission of Wolf-Rayet
stars depends on complex non-LTE transfer effects in their
winds; hence, there is presently no accurate NIR photo-
metric model for such stars. Thus, we used the SHARP II
CVF to identify Wolf-Rayet WN-type stars spectro-
scopically. We did not attempt to search specifically for
WC-type stars, since all previous observations have only
shown WN-type features within R136. Ten years ago,
Melnick (1985) derived the stellar types of bright stars in the
vicinity of R136, although his ground-based spectra did not
resolve the individual central components. Previous mea-
surements with the HST/PC6 in the narrow-band
He 11(468.6 nm) filter (Campbell et al. 1992; Parker et al.
1995), and GHRS spectroscopy of individual stars in the
very center of R136 (Heap et al. 1994) have identified several
W-R stars. Table 1 lists the main W-R components of R136
plus two spectroscopically known stars outside the central
region but within our field.

WN stars are subdivided into the spectral types WN2-9
according to the strength of their emission lines: smaller
numbers signify stars with stronger lines of more highly
ionized atoms. The WN2-5 stars form the “early” WNE
subgroup, whereas WN6-9 are “late” type WNL stars,
although WNL stars are physically younger than WNE
stars. The NIR provides important W-R line diagnostics,
such as Bry at 2.166 um [which almost coincides with
He (14 — 18) at 2.165 um], He1(10 » 7) at 2.058 um,
and He (10 — 7) at 2.189 um. Normal O stars show Bry
and He 11 in absorption, although He 11 emission has recent-
ly been observed in extreme Of stars (Conti et al. 1995).
WNL stars show strong Bry and He 1, but weak He 11 emis-
sion. WNE stars have strong He 11 lines but weak Bry emis-
sion. Approximate spectral classifications of WN stars can
thus be based on their IR spectra (Crowther & Smith 1996);
several typical spectra (from Eenens et al. 1995) illustrate
this in Figure 9.

To identify WN stars, we took CVF measurements of
He 11 and Bry emission lines plus a continuum measurement
at 2.240 pm. One continuum channel sufficed because the
differences in the spectral indices of the brightest stars are
small and the calibrations could be checked from spectro-
scopically known stars in our field. We cross-calibrated our
line and continuum maps using the fluxes of about 20 OB
stars and the O5-7 V star Mk 35N. The right contour plot
in Figure 10 shows our He 1 line map of the central 4” x 47,
continuum subtracted and normalized to the continuum
flux of each source. The Bry map was adjusted such that the
flux from the precisely determined WN 4.5 star Mk 34 is
equal in both He 1 and Bry maps. Since this is an adjust-
ment relative to the He m map, WN stars later than WN 4.5
should clearly appear in the Bry map (Fig. 10, left).
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F1G. 9.—K-band spectra of different WN-type W-R stars, obtained at
the Cerro Tololo Inter-American Observatory 4 m telescope (Eenens et al.
1995). The three spectral regions used in our measurements and covered by
one CVF resolution element 4/AA ~ 60 each are shaded.

Our identifications of possible W-R stars agree with pre-
vious measurements, but they also reveal some additional
information. We detect strong He 11 emission from the com-
ponents R136al, R136a2, R136a3, R136a5, and Mk 34
(outside Fig. 10), indicating luminous WNE-type stars, or,
as in the case of R136a5 (Heap et al. 1994), an extreme Of
star in a transition between the main sequence and W-R
phase. R136a7 shows very strong emission in the Bry map
but is not visible in He 1, suggesting that R136a7 may be an
Of-type star (Parker et al. 1995) or another W-R star of
spectral type WNL. R136b and R136c appear in both maps
with slightly stronger fluxes in the Bry line map: The com-
ponents R136a4, R136a8, and R136a6 do not appear in our
emission-line maps and are thus probably main-sequence O
stars.

We detect several stars less luminous than the individual
R136a components but which also show relatively strong
emission in either the He 11 or the Bry line. The stars 35, 46,
48, 57, and 58 (according to the Hunter et al. list) appear in
both maps but with different intensities: e.g., the flux of star
48 relative to star 46 is significantly larger in the He m map
compared to Bry. Unfortunately, the spectral resolution
(and thus the signal-to-noise ratio) in our maps is too low to
identify their spectral nature reliably. However, they will be
interesting targets for subsequent spectroscopic obser-
vations with Fabry-Perot interferometry.

4.22. The“ Red” Sources: Embedded Y oung Stars on the Way to
the Main Sequence

Several red supergiants were found in the surrounding 30
Doradus region (Hyland et al. 1992), indicating that star
formation began there at least 10-12 Myr ago (Melnick
1992). Are there red supergiants in R136 as well? Only stars
with initial mass smaller than <40 M become red super-
giants at an age larger than =5 Myr. Any massive red
supergiant in R136 should be seen readily in our NIR
images. Even the luminous blue variable phase predicted by
the Meynet models for stars of order 40 M, show my ~
12-16 and should be obvious. Less massive, 15 M red
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FiG. 10.—Left: Normalized Bry line map of the central 4" x 4”, taken with the SHARP II CVF. Right: Normalized He u line map of the same region.
Both maps were continuum subtracted and normalized to the nearby continuum intensity to derive the equivalent width of the spectral line flux. The linear
gray scale represents the flux intensity and allows comparisons between the individual components. The initially higher spatial resolution was degraded to
~0"2 in order to be less sensitive to small spatial variations between continuum and line channel. The big bold-faced numbers indicate the positions of the
central components R136a1-8; the smaller numbers indicate the star’s numbers in the Hunter et al. list.

supergiants have mg = 11.9-112 (mgz ~ 12.6-11.8), and
even a 7 M red supergiant has mg ~ 11.9. Hence, super-
giants should be amongst the brightest stars in our field.
However, we do not detect any supergiants in our field of
view.

We do find about 110 faint red sources with reliable
photometric fluxes which could only be matched to model
spectra with an extinction in excess of 4, =3 mag (the
shaded part in Fig. 8), or with 4, > 2 mag but unusually
large residuals between the observed and model fluxes.
Most of these sources were not detected in the HST U
band; some were also not detected in the V band, and some
went completely undetected by HST. Table 2 lists all our
“red” sources with their apparent magnitudes, and Figure
11 displays several typical broadband spectra of the red
sources. Their UVIHK magnitudes steadily decrease
toward longer wavelengths. Since for an unreddened ZAMS
2 M, star, the band spectrum would be flat at approx-
imately 1.5 mag, the red sources cannot be late-type stars
but are either late-type foreground stars, strongly extincted
massive stars, red giants, or cold, luminous pre-main-
sequence stars with a possible infrared excess.

We estimated the number of field stars not belonging
to the 30 Doradus starburst. At the galactic latitude of
b = —31°, the probability of finding at least one galactic
foreground star in our field of view is only 8% (Allen 1976).
In order to include LMC field stars, we checked the star
density on ESO Schmidt plates in the vicinity of the 30
Doradus cluster. The sensitivity of the V-band Schmidt
plates is sufficient (West 1995) to detect all main-sequence
stars with masses large enough to evolve into red giants
with K magnitudes typical of our “very red ” sources. This
provides an upper limit on the possible contamination of
our “red” sources due to red giant field stars. From the
plates, we found that the probability of at least one star in
our field (including the galactic foreground stars) is only
~ 37%. Furthermore, the probability that a contaminating

field star will actually be a red giant is typically 0.25, so that
the total probability of finding a contaminating red giant
star in our field is 0.25 x 0.37 = 0.09. Hence, the chances
that a significant number of the red sources are foreground
or background stars is negligible.

Figure 11 shows the spatial distribution of the red
sources, showing that the red sources are spread through-
out our field and appear to follow the overall cluster stellar
density profile, which indicates also that they are indeed
members of R136.

Small-scale clumping of dusty gas in or in front of R136
could lead to a strong extinction and extreme reddening of
some cluster stars. Since we do find normal extinction stars
very near some of the red sources, this gas clumping would
need to be on a scale smaller than ~0’4, or 0.1 pc, with
fairly high gas column densities. However, such a level of
extinction should also be observed for some of the brighter
objects, not just for those with My > —3. There are 400
other stars in our field with My > —3 and ~110 with
Mg < =3, but no “red” source with My < —3. This
excludes the possibility of clumpy foreground extinction,
which should not discriminate between bright and faint
stars. The red sources cannot be red giants within the
cluster, as red giants of these magnitudes would correspond
to very old stars (>350 Myr). The 30 Doradus cluster is
already known to be a young region in which the oldest
stars have ages of only 1012 Myr (Melnick 1992).

The most attractive interpretation is the possibility that
the red sources are young, low- or intermediate-mass PMS
stars, which are still embedded in dense circumstellar gas or
have significant infrared excess emission from circumstellar
disks. Solar metallicity stars with masses below 5 M do
need several Myr to reach the main sequence, and in the
solar neighborhood, solar mass young stellar objects show
IR excess emission from their disks up to ages of order 10
Myr. In fact, even in 30 Doradus, several protostellar
objects were recently found: knots of infrared emission, and
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TABLE 2
RED SOURCES WITHIN OUR FIELD OF VIEW*
# X y U \" 1 H K # x y U v 1 H K
814 458 97 19.33 19.01 1821 17.08 15.78 2765 385 445 —— 22.96 21.56 19.45 18.52
938 481 199 18.99 19.29 18.70 16.74 16.42 2772 215 115 — 2298 21.28 19.45 18.90
1027 261 57 20.22 1948 1881 17.43 16.65 2796 72 152 — 23.09 21.34 18.87 18.39
1075 499 352 20.85 19.58 1862 — —— 2817 254 194 — 23.15 21.33 20.25 19.10
1095 423 445 20.41 19.62 18.90 17.17 16.47 2818 394 290 — 23.15 21.99 19.30 19.17
1175 279 84 20.20 19.79 19.05 17.67 16.91 2866 283 291 — 23.37 21.64 19.58 18.79
1196 383 193 20.18 19.83 1899 17.50 16.52 2884 409 250 — 2345 22.05 —-  18.92
1245 97 293 2062 19.92 19.24 1816 17.15 2902 277 295 — 23.53 21.67 20.08 19.70
1277 344 136 — 1999 1944 16.53 16.18 2926 492 439 — 2366 22.25 19.58 18.39
1469 320 111 — 2036 19.01 17.32 16.94 2947 353 251 — 23.75 22.05 20.30 —-
1485 305 99 — 2037 19.563 17.70 17.00 3034 281 134 — — 19.58 16.83 16.36
1500 249 149 21.27 20.39 19.73 17.98 17.18 3043 349 128 —— — 19.74 19.80 18.11
1530 483 443 20.09 20.43 19.65 18.03 17.67 3050 419 145 — — 19.95 18.19 17.67
1617 492 144 — 2057 19.22 17.00 16.81 3075 433 175 — —  20.53 18.47 17.89
1667 295 73 — 2065 19.95 1857 17.41 3097 150 72 — — 2095 19.47 18.14
1697 473 148 — 2069 19.88 18.22 16.97 3114 154 96 — —  21.10 2043 1816
1731 199 429 —  20.74 19.34 17.32 16.83 3206 440 286 — —- 21.72 19.20 19.38
1747 216 257 — 2077 1949 17.99 17.67 3217 189 33 — — 21.78 19.15 18.89
1822 238 274 — 2090 20.10 1876 17.97 3228 441 335 — — 21.83 19.38 18.70
1824 408 242 — 2090 — 19.69 1842 3237 225 249 — — 21.86 19.83 19.24
193¢ 240 393 —  21.06 19.48 17.46 17.21 3246 332 308 — — 21.90 19.88 20.00
1991 361 301 —  21.15 2040 1851 17.90 3261 269 110 — — 21.96 19.09 18.27
2003 281 37 — 21.17 19.68 17.84 17.37 3278 380 311 — — 2201 17.49 17.17
2025 237 471 — 2121 19.97 1830 17.99 3317 431 431 — — 2218 19.86 19.40
2033 201 60 — 21.21 19.09 16.56 16.3¢ 3319 351 369 — — 2219 19.90 18.99
2036 402 344 — 21.22 19.95 1838 18.17 3322 308 303 — — 2219 19.94 19.39
2046 424 340 — 21.23 20.00 1823 17.34 3386 291 268 — — 2241 19.67 1891
2090 469 198 —— 21.31 19.73 18.70 18.23 3466 224 66 — ——  22.76 23.04 19.72
2095 456 347 — 21.32 1997 18.33 18.00 9912 139 175 — ——  —  19.26 18.52
2157 373 239 — 2141 — 1842 1835 9915 271 169 — ——  ——  22.56 18.90
2169 157 92 —  21.42 2018 18.19 1839 9917 288 30 — — — 19.07 19.48
2239 340 295 —  21.58 20.21 1850 1831 9919 328 226 — — —  20.80 18.39
2275 58 266 ——  21.65 20.19 18.78 17.89 9920 329 347 — —  — 1922 18.97
2313 331 254 — 21.71 20.34 1827 17.98 9924 354 223 — — —— 19.53 18.70
2347 218 84 — 21.79 2042 18.23 1815 9931 372 197 — —  — 1987 1837
2350 412 351 —  21.79 20.17 1841 1827 9932 373 205 — — — 19.09 17.94
2378 145 209 —  21.84 2037 1853 18.57 9934 378 179 — — — 2319 19.38
2412 282 93 —  21.92 2037 1827 1794 9935 380 157 — — — 17.72 16.65
2420 436 155 —  21.95 20.65 18.19 17.20 9937 401 210 — —  —— 18.94 19.05
2470 451 162 — 2206 — 18.72 1873 9939 413 226 — — — 1796 16.74
2490 59 293 — 2211 20.71 1889 18.66 9941 418 258 — — — 19.86 19.22
2506 299 265 — 2216 21.33 19.29 18.54 9942 420 151 — —  18.87 17.09
2520 144 17 — 2220 2058 1926 — 9943 421 8 — — — 17.32 17.14
2528 240 286 —  22.23 20.63 18.71 18.46 9944 423 198 — — — 21.33 19.30
2534 225 154 —  22.23 20.59 1848 18.11 9946 433 144 — —  — 1939 17.46
2602 126 289 —— 2243 20.80 18.52 17.87 9953 450 453 — —  —— 19.59 19.40
2611 342 251 — 2246 20.78 19.04 18.81 9958 460 127 — — —  19.60 17.39
2627 387 395 — 22,52 21.23 1895 1832 9960 474 251 — — — 18.05 17.66
2637 385 253 — 2254 — 1895 17.69 9961 485 240 — — —  19.47 17.90
2657 251 48 — 2263 21.10 1898 1855 9963 493 260 — — —— 19.51 18.26
2672 254 51 — 2265 21.11 19.10 18.74 9964 495 80 — — — 16.76 17.29
2692 247 170 — 2271 21.40 20.21 21.40 9965 495 130 — — — 17.50 17.35
2720 219 262 — 2281 2097 19.71 1935 9966 497 66 — — —  16.07 16.20
2763 161 253 — 2296 21.03 1885 19.24 9967 497 233 — -— — 17.05 18.17
* The 108 red sources, probably pre-main-sequence YSOs, within our field of view. The first column contains the identifica-
tion number given by Hunter et al. 1995; numbers > 9000 are previously unknown sources. A blank line indicates that there has
been no reliable detection in this particular band. We also give the x and y pixel coordinates and the apparent UVIHK
magnitudes without corrections.
candidate protostars with masses of 15-20 M, one only 4.2.3. The OB Stars
40" west of R136 (Hyland et al. 1992; Rubio; Roth, &
Garcia 1992). Unless the lower mass cutoff of the IMF is Excluding the W-R stars and PMS candidates, we
above several M, we should in fact expect to find many derived the properties of the remaining stars by comparing
evolving PMS stars. We plan to investigate the nature of their observed multiband luminosities with our models.
our red sources in subsequent polarimetric observations. Table 3 contains the measured UVIHK magnitudes of the
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F16. 11.—Left: Typical broadband spectra of four red objects with decreasing magnitudes toward longer wavelengths. For comparison, we show also the
spectrum of a faint, blue B star (top curve). Right: The spatial distribution of the red sources follows the cluster profile. The size of the dots corresponds to the
absolute K-band luminosity: the biggest dot is My = — 3 mag, the smallest M = 1.3. The apparent lack of red sources in the very center can be explained by
the position-dependent detection limit, which is smallest in the center. The red sources in general are not very luminous and, if there are any at all, they may

therefore remain undetected.

TABLE 3

MAGNITUDES OF THE 25 BRIGHTEST MAIN-SEQUENCE STARS
IN Our FIELD OF VIEW

Number x y U vV 1 H K

30 ...... 432 4 1339 1426 1402 1393 1418
31 ... 351 76 1344 1435 1408 1366 1448
35...... 434 32 1365 1442 1427 1398 14.18
36 ...... 415 115  13.66 1443 1398 1334 1340
39 ... 487 59 1361 1453 1431 1399  14.07
40 ...... 479 72 1362 1454 1435 1393  14.10
45 ... 398 151 1381 1462 1431 1396  14.00
46 ...... 428 121 1394 1467 1426 1373 1379
47 ...... 454 110 1394 1469 1431 1376 1371
48 ...... 415 103 1391 1472 1437 1401 1392
49 ...... 475 51 1385 1474 1453 1424 1422
50 ...... 398 82 1392 1475 1448 1400 1395
52 ..., 369 65 1382 1476 1455 1418  14.00
55 ... 345 82 1392 1480 1453 1415 1421
57 ...... 325 180 1433 1481 1423 1324 1298
58 ...... 425 77 1395 1482 1455 1423  14.03
59 ...... 385 224 1411 1482 1435 1374  13.66
62 ...... 385 55 1402 1496 1475 1460 15.10
64 ...... 489 110 1431 1506 1468 1429  14.26
65 ...... 397 144 1433 1512 1449 1398 13.77
66 ...... 393 65 1425 1513 1488  14.63  14.88
68 ...... 462 228 1443 1516 1476 1422 1415
6 ...... 385 90 1432 1516 1503 1451 1442
71 ... 333 56 1431 1517 1500 1455 1452
77 ...... 365 75 1427 1524 1499 1486 1549

Nortes.—The entire list contains ~ 1000 stars, except YSO candidates
and W-R stars which were included in separate lists. The columns are the
Hunter et al. star number, the relative x and y coordinates on our detector
but on a 512 x 512 pixel subgrid, and the measured UVIHK magnitudes.
The WFPC2 magnitudes were converted to ground-based UVI magni-
tudes according to the relations in Hunter et al. The entire list will be
available on CD-ROM.

25 brightest main-sequence stars in our field of view. (Table
3 appears in its entirety in computer-readable form in the
AAS CD-ROM Series, Vol. 7.) We minimized the differ-
ences between measured and model magnitudes by varying
the foreground extinction, stellar age (with the constraint
t < 7 Myr), and ZAMS mass. The minimum total difference
then yields an estimate for each star’s reddening, initial
mass, present-day mass, age, effective temperature, and bolo-
metric luminosity.? Stars that were detected in only one or
two bands were fitted with a fixed extinction of 4, = 1.57,
which is the median in our field. Table 4 lists the spectral
classification of 1000 stars. Stars detected only in U and V
correspond mostly to B and A types. No completeness cor-
rection factor has been applied to the shown numbers. Our
detection limit reaches luminosities corresponding to
ZAMS stars of a few M, or sub-stellar mass PMS stars,
though we have not modeled PMS stars in detail for lack of
reliable evolutionary models. Therefore, the “red” sources
are not included in Table 4; if ZAMS masses were fitted
with high extinction values, then the red sources would
belong to spectral types B1 V and later.

We compare the stellar colors (Fig. 12) with theoretical
evolution tracks after correcting the observed magnitudes
for extinction. Note that our model fits minimize the
residual between observed magnitudes and model magni-
tudes in a five-dimensional UVIHK space, whereas each
color-magnitude diagram (CMD) represents only a two-
dimensional projection of this space. Thus, in such a color-
magnitude diagram, the stars’ correspondence with the

2 The complete computer-readable list can be obtained from the
authors upon request.
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TABLE 4

BRANDL ET AL.

NUMBER OF STARS DERIVED FOR EACH
SPECTRAL SUBTYPE FROM 1000

FITTED SOURCES

Mass Spectral Total
M) Type Number
.......... WN 8
120...... o3V 5
85...... 04V 8
60...... o5V 14
40...... 06-7V 19
25...... o8 Vv 52
20...... oV 29
15...... BO.5 V 55
12...... B1V 73
10...... B15V 62
9...... B2V 48
8...... B3V 47
T...... B4V 57
6...... B5V 68
5.0.... B6-7V 76
4...... B8V 89
3...... A0V 223
2...... A5 V and later 75

theoretical evolution tracks do not appear as convincing as
if they were seen in the full five-dimensional magnitude
space. However, the latter is impractical to visualize.

Most of the stars that we do not have data for in all five
bands are of low luminosity and therefore lie in a region of
the CMD in which the intrinsic scatter due to luminosity
evolution is significantly smaller than in the regions popu-

lated by rapidly evolving massive stars.
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4.3. Cluster Age

Although we determined ages for each star individually,
we can constrain the cluster age simply from the presence of
W-R stars, which indicates that star formation must have
commenced at least 3 Myr ago. An upper age limit comes
from the lack of red supergiants, which indicates that 40
M, stars probably have not entered their luminous blue
variable (LBV) phase, and ~ 30 M stars have not entered
their pronounced red supergiant phase. Indeed, our derived
age distribution (Fig. 13) does show a clear decline of stars
with age estimates larger than 4 Myr. The peak near 0 Myr
is an artifact of the discrete mass binning (see § 3.5). Could
star formation have commenced 4 Myr ago and continued
until very recently, as suggested by our age distribution?

An intriguing method to constrain the age and duration
of a starburst is the analysis of the relative abundance of
W-R and O stars. The minimum ZAMS mass of a star with
a final W-R phase (with enhanced mass loss and Z = 0.008)
is ~35 M, and its lifetime is about 5.5 Myr, of which the
W-R phase lasts for 0.5 Myr (Meynet et al. 1994; Maeder &
Meynet 1993). Stars with m, > 15 My are considered O
stars. The quoted mass range and duration of the W-R
phase depend on the stellar mass loss, which is not well
understood. Ignoring the uncertainty introduced by a
poorly constrained stellar mass-loss evolution, the ratio of
W-R to O stars then depends on the shape of the IMF
above 15 M, as well as the beginning and the duration of
the star burst.

From HST photometric data, Parker et al. (1995) esti-
mated a W-R to O star ratio of 0.11 + 0.03 in R136, which
they could match with a model of high-mass-loss stars, a
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F16. 12—Color-magnitude diagrams from the reddening-corrected observed band luminosities (open circles). Theoretical evolution tracks for most mass
bins are shown as lines labeled by their corresponding mass. The differences between the two diagrams illustrate the uncertainties when using only two or
three wave bands for identification. Asterisks indicate the sources fitted as 85 M, stars. W-R stars and red PMS candidates are not plotted.
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F16. 13.—Stellar age distribution from the model fits for stars more
massive than 12 M. The peak near 0 Myr is an artifact of the discrete
mass binning. The possible ages in the fit were restricted to 0-7 Myr.

shallow IMF (I'~ —1) with a high upper mass cutoff
(m,, > 80 M), and a short burst (Ar < 1 Myr) ~3.5 Myr
ago. However, calculating the W-R/O star ratio for R136
may be biased by an unusually high concentration of W-R
stars at radial distances of 8"—14” from the cluster center.
This “ ringlike ” structure includes the known and candidate
Wolf-Rayet stars Mk 33S, Mk 34, Mk 35, Mk 37, Mk 37W,
Mk 39, Mk 42, and R134. The “ringlike” concentration of
the most massive stars leads to a hump in the radial surface
mass density profile as observed by Malumuth & Heap
(1994, Fig. 13). Assuming an IMF slope I' = —1.6 for this
region (see § 4.4.3), we would expect many more massive O
stars than observed by the HST.

Whether or not these W-R stars belong to the starburst in
R136 cannot be determined unambiguously from our data.
On average, massive stars tend to settle toward the cluster
center, but due to close encounters with other massive stars
or binaries even the most massive stars can be ejected into
the cluster outskirts. However, we know of no dynamical
mechanism that would selectively eject about 50% of the
total number of W-R stars in the entire region, but not the
other massive O stars. Therefore, we assume that the outer
W-R stars are not related to the central starburst.

Hence, we adopt a W-R/O star ratio that includes all
known W-R stars within our field of view (R136a1, R136a2,
R136a3, R136c, Mk 34) as well as stars that are believed to
be in a transition phase between O and W-R star (R136a5,
R136a7, R136b). We find W-R/Oy,, = 8/127 = 0.06, a value
unaffected by mass classifications derived from the age-
restricted fit as described in § 3.5.

The W-R/O ratio of our full field may be biased, as it
includes the entire core of the cluster but only about one-
quarter of the surrounding region. Therefore, we calculated
the W-R/O ratio in a circular region around R136al. Since
we have no information on the O star population outside
our field of view, we restrict our W-R/O analysis to the
region within a radius of 7”. This value is large enough to
cover the R136 region entirely, but it should not be affected
by the “ring” of W-R stars further out. Seven W-R stars (all
the stars listed above, with the exception of Mk 34) are
known within 7”. In order to derive the number of O stars,
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we take their number in our field of view for the outer parts,
multiply by four assuming radial symmetry, and add this
number to the value derived form the central cluster (which
is entirely within our observed field). Then we find W-
R/Oyp, <7 = 7/187 = 0.04.

Both estimates are in good agreement, indicating a rela-
tively low ratio of W-R/O =~ 0.05. This value would be
expected for a cluster age of ~3.5 Myr (Parker et al. 1995,
Fig. 6), assuming twice-enhanced mass loss (as observed by
Heap et al. 1994), an upper mass limit of 120 M, and an
IMF slope of I' ~ — 1.6 (as derived in § 4.4.3). Given the age
of ~3.5 Myr, W-R/O = 0.05 also suggests a relatively short
duration of the starburst (t,, < 1 Myr) rather than contin-
uous, ongoing star formation (Parker et al. 1995, Fig. 7).

4.4. The Stellar Mass Function

The initial mass function (IMF) describes the stellar mass
distribution at birth, £(m). Constraining its shape and mass
range in a massive starburst region is one of the foremost
challenges in modern astronomy. Starbursts play an impor-
tant role in the star formation history and evolution of
galaxies, as they can alter dramatically their color, lumi-
nosity, and morphology. In a starburst galaxy, the star for-
mation rate can be inferred indirectly from, e.g., the total IR
or Bry luminosity. If most of the stellar radiation is
absorbed by dust and reradiated at IR wavelengths, the
total IR luminosity is an approximate measure of the stellar
content. On the other hand, the luminosity of the hydrogen
recombination lines provides a measure for the total ion-
izing radiation luminosity. In either case, the measured
luminosities are dominated by the most massive stars,
which comprise only a small fraction of the total stellar
mass. Estimates of the total star mass thus depend critically
on the shape and range of the IMF.

Sudden bursts of star formation may have an IMF that
differs from that in regions of “quiescent” star formation.
A detailed study of the IMF in starburst regions may reveal
crucial insights into the different modes and processes that
regulate star formation. R136 provides a unique
opportunity to study a starburst IMF in detail, as it is the
only massive starburst near enough to allow for a direct
measurement of the IMF through the identification of indi-
vidual stars.

For simplicity, the IMF is often fitted by a power law
with constant slope at intermediate and high mass:

é(log m)d log m oc m™ d log m ; 4.1

at low mass, m 0.5 M, the IMF is generally observed to
level off. In general, I' = I'(m) = 0 log &(m)/0 log m. Stars
may only form between a lower mass, m,,, and a
maximum, m,,, beyond which I" drops significantly.

Since massive stars are much brighter, m,, is more easily
measurable, provided that there are sufficient numbers of
stars to measure a statistically significant drop of I'. For
small clusters, the number of stars may drop to zero at
intermediate stellar masses, so that a determination of a real
IMF cutoff is not possible. In massive clusters that are older
than 2-3 Myr, the most massive stars are increasingly
depleted as they turn into W-R stars (for which an accurate
initial mass determination is nearly impossible) and die
shortly afterward in supernova explosions. Here the
observed mass function, usually referred to as the “ present-
day mass function” (PDMF), differs from the IMF, and a
determination of the latter is possible only up to the mass of
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a star whose lifetime equals the age of the cluster. The shape
of the IMF at low masses and the lower mass cutoff are also
difficult to constrain, especially for distant, dense star clus-
ters like R136. Studies in the solar neighborhood indicate
that my,,, ~ 0.1 M.

Early studies of the IMF in our galaxy found I' = —1.35
(Salpeter 1955) at intermediate masses. Miller & Scalo
(1979) found I = —1.5 in the mass range 1-10 M. Recent
studies show, however, that I may vary substantially from
region to region. An emerging trend is that regions with a
high star formation rate (such as OB associations) some-
what favor the production of more massive (m > 15 M)
stars. Outside 30 Doradus, Massey et al. (1989) found
I' = —1.8 £ 0.1 for the OB associations LH 117 and LH
118. In 30 Doradus, I' = —108 + 0.2 for the massive stars
in LH associations (Hill et al. 1994), while the entire region
hasT" = — 1.5 + 0.2 (Parker & Garmany 1993).

Using our mass determinations of ~ 1000 stars in R136,
we are in a position to not only determine the cluster’s
average high- and intermediate-mass IMF, but also to
measure radial variations in the IMF slope that may be due
to the cluster’s dynamical evolution.

4.4.1. Previous IMF Determinations in R136

Previous investigators have examined the IMF slope in
R136 with apparently conflicting results: Malumuth &
Heap (1994) calculated the mass of each star from the mea-
sured B magnitude at B = 12.5-16.5 mag, i.e., for stars more
massive than ~20 Mg, using the spectral synthesis
program CLUSTMOD and assuming a cluster age of 3
Myr. Excluding the W-R stars, they derived

= —0.90 + 0.38 inside the central 3”3 x 3”3 and
I' = —1.82 + 0.41 outside. On the other hand, Hunter et al.
(1995) determined individual stellar masses from the dered-
dened WFPC2 colors and isochrones for a cluster age of 4
Myr. With six mass bins from 2.8 to 15 M, they derived
I'=—-12+0.1 and found no significant variation with
radial distances between 0.5 pc and 4.7 pc, and hence no
evidence for mass segregation beyond 0.5 pc.

4.4.2. Completeness

In order to derive the PDMF for all stars in our sample,
we have to take into account that a significant number of
stars may have remained undetected due to crowding. Espe-
cially in the cluster core, many stars with luminosities above
the detection limit for isolated sources remain undetected
because they are obscured by nearby, brighter objects.
Hence, we introduce a completeness correction factor
(CCF) that is multiplied with the observed quantities
(number counts, total mass, etc.) to obtain a correction esti-
mate for their true values. Since incompleteness is in general
a function of the source position, brightness, and observed
wavelength, the CCF must be derived for several luminosity
and radial bins. This is usually done by adding artificial
sources to the observed image and a subsequent determi-
nation of the percentage of redetected sources. Since the
maximum spatial resolution is proportional to the wave-
length, and since crowding is more severe for lower
resolution images, one would expect larger correction
factors at longer wavelengths for similar sensitivities at all
wavelengths. Hunter et al. (1995) calculated and published
the CCFs for their F555W and F814W images (their Table
4) and demonstrated a general trend of increasing CCF with
increasing wavelength. Because of the good agreement
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between our NIR and the HST observations, and since the
total number of sources in our combined multicolor sample
is based on the HST counts anyway, we may also apply the
Hunter et al. CCFs in our analysis. This means that we
cannot correct properly the observed number of sources
which appear only in the NIR bands. However, these
sources (as we have discussed in § 4.2.2) generally show large
reddening, and their mass estimates are so uncertain that
they were excluded from the cluster mass mass profile

anyway. 4.4.3. Mass Segregation

W-R stars form the final short (~ 500,000 yr) epoch in the
life of stars with mass in excess of ~40 M. W-R stars are
the brightest NIR sources in R136, and we notice a high
relative abundance of them in the very center of the cluster.
From the Meynet et al. (1994) evolution tracks, it appears
that a star in its W-R phase is at an age (depending on its
initial mass) between 2.8 and 5.5 Myr, the upper limit being
somewhat uncertain because it derives from an inter-
polation between Meynet’s evolutionary tracks. Since the
W-R phase is short and limited to a narrow stellar mass
range, the local density ratio between W-R stars and O stars
varies substantially with time and depends strongly on T,
m,,, and the duration of the starburst (Parker et al. 1995).
The high W-R/O star ratio of (5/29) in the central 1” of
R136 is striking evidence for strong mass segregation and a
short starburst duration. This ratio is several times larger
than what would be expected from an unsegregated IMF
with normal Salpeter IMF and an instantaneous burst 3
Myr ago.

Another indication for mass segregation comes from the
variation of the PDMF slope with distance from the cluster
center. For our entire field of view, we find
I' = —1.59 + 0.10 (Fig. 14). However, for r < 0.4 pc we find
I'=-133+0.16, and for 04<r<08 pc, we find
I'=—1.63 + 0.18. For r > 0.8 pc, we find that a single
power law does not fit the distribution very well, so we
derived separate slopes for the higher (m > 12 M) and
intermediate (m < 25 M) mass ranges. In the upper range,
I'= —2.16 + 0.29, indicating a strong deficiency of high-
mass stars, while the lower mass range, I' = —1.52 + 0.09,
is similar to the value of I' = —1.5 measured by Parker &
Garmany (1993) on a larger scale in the 30 Doradus region.
The error bins in Figure 14 include the statistical (Poisson)
errors, the errors from the completeness correction (given in
Hunter et al’s Table 4), and a 30% error on the individual
mass determination.

As described in § 3.5, restricting the burst age spread
improves the accuracy of the mass determination, but with
a loss of generality. Hence, we recalculated the slope for our
sample of stars, allowing only ages between 2.5-3.5 Myr
(see Fig. 7). For our entire field of view, we find

= —1.57 + 0.10. Separated in different radial bins, we
find '=—-129+020 (r<04 pc), '=—1.46+0.23

(04 <r<08pc),and I' = —2.12 4+ 0.09 (r > 0.8 pc). The

slopes derived this way are almost identical to the ones
determined from the more general fit. The smaller difference
illustrates the reliability of our fit procedure for the deter-
mined mass spectrum of the cluster.

We have also investigated the effect of a fixed mean
reddening of A, = 1.55 (instead of individual extinction as a
free fit parameter) to the derived mass function. The average
slope for all stars in our field is not affected significantly; the
slope for the central region flattens from I' = —1.33 to
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FiG. 14.—Slope of the mass function for stars in our entire field of view and three different radial bins, corrected for completeness. The slope in the entire
fieldisI' = —1.59 + 0.10. Forr <04 pc,I' = —1.33 + 0.16,for 0.4 <r < 0.8 pc, ' = —1.63 + 0.18, and for r > 0.8 pc, I' = —1.52 + 0.09 (for m < 25 M ;)
and ' = —2.16 + 0.29 (for m > 12 M ). The lines show linear fits to the data; the length of the lines corresponds to the fitted mass range. The error bars
include the statistical (Poisson) errors, the errors from completeness correction and a 30% error on the individual mass determination. W-R stars and “red ”

objects were excluded for reasons also described in the text.

= —1.26, whereas outside 0.8 pc the slope for both
intermediate- and high-mass stars becomes steeper:
I'=—-152toI'=—-183and I'= -216 to T = —2.62,
respectively. Hence, neglecting the individual stellar extinc-
tion strengthens the differences in the slope between inner
and outer regions and may lead to overestimating the mass
segregation.

Thus, both from the high abundance of W-R stars and
from the variation of I" we see clearly that the mass distribu-
tion in the center of R136 is weighted toward more massive
stars. This may be due to a spatially variable IMF—more
massive stars were born toward the center and stayed
there—or it may be the result of dynamical processes that
segregated an initially spatially uniform mass distribution.
We cannot disprove the first option; however, a quantitat-

ively dynamical analysis shows that strong mass segrega-
tion must surely have taken place in R136.

4.5. The Dynamical Evolution of R136
4.5.1. The Core Radius of R136

If a star cluster is in near-thermodynamic equilibrium
(clusters can never be in complete equilibrium, or they
would require infinite mass), it consists of an isothermal
core with radius r, surrounded by a tidally truncated halo
of radius r,. Its projected profile is described observationally
by a King (1962) distribution:

o o T
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The core radius is the distance at which two-dimensional
quantities (e.g., star counts, luminosity or mass distribution)
fall to half of their central value, I(r,) = I,/2. The core
radius may also be expressed in physical terms (Spitzer

1987):
2
r, = 395 ,
4nGp,

where o, is the central, radial velocity dispersion and p, is
the central mass density. The values of r, derived from
observations of the quantity I(r) and via g, and p, are equal
to within ~10% for clusters with r,/r, > 10 (Lightman &
Shapiro 1978). To first order, cluster dynamics are governed
solely by the core radius; hence, we begin our dynamical
discussion with a presentation of r, derived from our
observations.

The mass determination from our fit permits us, within
the limits of completeness, to make true density profiles of
the cluster, to which we fit King profiles and derive core
radii (Fig. 15). However, we find that stars of different
masses show pronounced, systematic variations of the core
radius, ranging from 0”2 to 1"2. This result follows naturally
from the progressive increase of I' with radius: massive stars
dominate at the center, thus their “core” is smaller than
that of light stars. Since the radial variability of I" (and
hence the mass dependency of r,) is not due to incomplete-
ness, we present, rather than a single number for the core
radius, a plot of our derived values for various lower mass
cutoffs ranging from our detection limit of 2 M, to 40 M
(Fig. 16). The curve begins flattening around 15 My, which
corresponds to a main-sequence spectral type B0.5. The
uncertainty in the core radius for each mass cutoff is deter-
mined in large part by the graininess of the mass distribu-
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Fic. 15.—Fit to the mass density distribution of stars with m > 4 M,
which is the mass range that we covered by the completeness correction
(solid line). Fitting a standard King profile yields r, = 0797 + 0707 (0.24
po). If we restrict the fit to stars with m > 15 M, the number of stars drops
significantly, but the core radius also shrinks to r, = 0748 + 0709 (0.12 pc)
(dashed line). Going to even higher cutoff values, a pure power-law fit yields
approximately the same y2 as the King fit. The first data point was not
included in the fit.
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Fi1G. 16.—The core radius as a function of the detected mass range
r, = f(my,;,). The mass density distribution was corrected for complete-
ness; however, the first measurement (r, = 1'21) includes all determined
stars and is not complete toward a lower mass cutoff. The error bars for the
fit to the m > 40 M, distribution are somewhat arbitrary, since this dis-
tribution is also well fit by a power law (the result of the King fit depends
strongly on the start values). The reliable results in between the outer data
points show a clear trend toward smaller core radii for brighter stars (i.e.,
less sensitive observations).

tion, which limits the accuracy of core radius
determinations even in globular clusters (several thousand
times older than R136), where the luminosity difference
between stars dominating the mass (an M dwarf or lighter)
and those dominating the luminosity is limited to a factor of
10 or so. Young clusters like R136 with many extremely
luminous stars are affected even more by the granularity
problem. Our methodology, which determines the mass of
each star, can reduce the uncertainty in the Core radius to its
minimum value (Sams 1995). Misjudging the true cluster
center is also a potential source of error in the core radius
calculations. We evaluated this effect by shifting the
nominal cluster center 072 in 12 radial directions, and we
found that the derived core radii varied by no more than
0705. In addition, subclustering of massive stars can cause
significant profile irregularities such as that at r ~ 2” (Fig.
15).

Again, we have checked the differences deriving from an
age-restricted fit. For stars with, e.g., m > 15 M, we find
r. = 0735 + 0705, a slightly smaller value than in the nonre-
stricted fit. However, the individual core radii, derived from
an age-restricted fit, support the trend that the core radius
depends on the observational lower mass cutoff.

Our finding that no single r, describes R136 may also
explain the discordance among previously derived core
radii. Hunter et al. (1995) calculated the core radius by
summing up the luminosities of all stars within a unit area
at different radial distances and converting these values into
total masses, assuming a mass-to-light ratio m/L ~ 0.008,
and they found r, <0708 (0.02 pc). We consider this
approach somewhat unreliable for the following two
reasons. First, a few very bright W-R and O stars, which are
unusually concentrated but which contribute only a few
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percent of the total dynamical mass, will dominate the lumi-
nosity profile. This central peak contains most of the lumi-
nous stars and may lead to a significant underestimate of
the core radius. Second, the m/L ratio depends on T, m,,,
and my,, and evolves with time after the initial starburst.
The technique of estimating m from L and the m/L ratio is
not hopeless, however, as sophisticated models exist to cal-
culate it (Bruzual & Charlot 1993). Proper application of
the method requires accurate knowledge of the local
PDMF and burst age, without which the uncertainties in
the derived core radius may be far larger than the formal
errors indicate.

In contrast, Malumuth & Heap (1994) calculated the
ZAMS mass for the massive stars individually, using a spec-
tral synthesis program and adopting a cluster age of 3 Myr,
and they summed up the stellar masses per unit area as a
function of the radial distance. They derive r, ~ 0796 (0.24
pc), a core radius that is about 10 times larger than the
measurement by Hunter et al. From the surface brightness
profile at the same data, Campbell et al. (1992) calculated
r. < 0725. De Marchi et al. (1993) derivedr, ~ 0”6 and r, =
0”4 from the light distribution in deconvolved FOC images
taken in the F130M and F346 filters, respectively. Several
ground-based measurements yielded core radii in the range
between r, = 0”8 (Moffat, Seggewiss, & Shara 1985) and
r. = 173 (Meylan 1993).

4.5.2. Cluster Dynamics

Here we study the dynamics of R136 as an isolated
N-body system. This assumption is justified by the fact that
r/r. is large (=16; Meylan 1993), so that the cluster’s
central regions are relatively free of gravitational tides from
the LMC. Because the cluster relaxation time, t,, is density
and mass dependent and therefore varies significantly
throughout the cluster, it is customary to consider the relax-
ation time of the entire cluster system as a whole via the
half-mass relaxation time (Lightman & Shapiro 1978):

3

_ Urel
' = 154G?minIn (04 N) “4
=5 x 108 yr (N/5 x 10%"2(m/M o)~ 13(r,/5 pc)*/? ,
@4.5)

where N is the total number of stars in the cluster, m =
my,/N is the mean stellar mass, v, is the mean relative
velocity between a star and its neighbors, n is the local star
density, and r, is the half-mass radius. The half-mass relax-
ation time is the relaxation time at the mean density for the
inner half of the cluster mass, for stars having an rms veloc-
ity characteristic of the cluster as a whole. We now estimate
this timescale and compare it to the time required for the
population of heavy stars to evolve. If the relaxation time of
high-mass stars is significantly shorter than that of the
mean cluster stars, and less than or equal to the cluster age,
then dynamical evolution and mass segregation could be
responsible for the PDMF slope variations observed across
R136.

We determine m by integrating the PDMF (using our
“average” value of I' = — 1.6) over appropriate upper and
lower mass ranges:

Myp I
fmlowx dx (46)

j'mup xl‘ 1 dx

Miow

m= my/N =
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Fortunately m is only very weakly dependent on My, and
reasonable values of my,,, varying from 0.1 to 0.3 M, give m
varying from 0.3 to 1.0 My, from which we choose 0.5 M.
The core radius for the mean cluster stars can be taken from
Figure 16. Bearing in mind that the data for m <4 M
begin to become incomplete, we take r, = 1”0 as the effec-
tive core radius of low-mass stars. To calculate the half-
mass radius from r,, we require r,, which has been
determined by two independent investigations. Malumuth
& Heap (1994) find r, = 170 with r, ~ 100" fitting well
within their 17'5 radius field. Meylan (1993), on the other
hand, measured the profile of R136 out to 100” in B and V
bands. In both cases, he found that the cluster profile was
best fit by two distinct King profiles, a smaller profile with
r.=1"3 and r, = 21", which is superposed on a larger
profile with r, = 15" and r, = 1500". The central surface
density of the very large scale profile is only 1/100 that of
the smaller profile, and so it plays little role in the gravita-
tional dynamics of the central cluster. The fact that our
derived core radius for low-mass stars is in agreement with
that of Malumuth and Heap, as well as with the smaller one
of Meylan’s profiles, suggests to us that r, = 21” is a reason-
able estimate for dynamical considerations of the central
star cluster. Hence, we find the effective half-mass radius of
R136 to be r, = 0.2r,, when r,/r, =~ 10 (Spitzer 1987, p. 16),
or0.2 x 21" = 1.1 pc.

To determine N, we require the total mass of the cluster
within r,, which cannot be evaluated directly because most
of the mass is due to stars below our detection limit. Instead
we are forced to estimate the total central mass from the
observed total K luminosity and the m/Lg ratio. Current
stellar evolution codes (Bruzual & Charlot 1993) predict the
m/Lg ratio of a starburst as a function of time for different
IMFs and mass cutoffs. Using a Salpeter IMF with m,,, =
0.1 M and m,, = 125 M, and a burst of age 3.5 x 10° yr,
they find that 1 M of stars produces 1.2 K magnitudes.

For R136, however, the actual m/Ly ratio is rather poorly
constrained in part because the initial upper and lower mass
cutoffs are not well known, and because their present-day
values may have been altered by dynamical mass segrega-
tion (which would act to decrease m/Lg in the cluster’s
central regions). The uncertainty in m/Lg due to these effects
can be estimated by examining m/Ly for different IMF mass
cutoffs. Decreasing the upper mass cutoff to 65 rather than
125 M, for example, produces an m/Ly variation of 0.5
mag, while increasing the lower mass cutoff decreases the
m/L, ratio. Let us then conservatively estimate the error in
m/L, due to mass cutoffs at 1 mag. In addition, m/L is time
dependent over the range near the expected cluster age of
3.5 x 10 yr: from 3.0 x 10 yr to 4.0 x 10° yr (roughly the
age range of R136), it varies by over 1 mag. Hence, we
estimate that the total uncertainty in m/L, is ~1.5 mag.
Using the total measured K magnitude K = 8.6 and the
distance modulus D; = 18.6 to the LMC, this corresponds
to ~3 x 10* M of mass contained within the projected
central 20”. The upper limit on this value is 1.5 x 10° M.
Our estimate lies close to the value of 1.7 x 10* M derived
by Malumuth & Heap, but it is 25 times smaller than the
7.5 x 10° M, derived by Campbell et al. (1992). Even given
the uncertain values of m/L,, we find the Campbell et al.
value unlikely, particularly given the fact that any signifi-
cant variation of the most uncertain quantity (the lower
mass cutoff) acts to decrease the m/L, ratio. Finally, we
estimate the total number of stars in the central part of the
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cluster to be N = m,,/m ~ 3 x 10*/0.5 = 6 x 10*. Using
the values derived above, we find t,,, = 7.8 x 107 yr. Taking
our extreme upper limit for the number of stars in the core
as 10 times larger, we derive t,;, = 2.5 x 108 yr as the evolu-
tionary time for the entire cluster.

However, our finding that the core radius r, is mass
dependent already showed that mass segregation may at
least partially have taken place in R136. Therefore, we esti-
mate the time required for mass segregation under the fol-
lowing simple assumption. Let the cluster population
consist of two mass ranges: rare, heavy stars with my, and
common, light stars with m;. Initially, the cluster potential
will be domiated by the light stars, and if the light and
heavy stars are mixed equally, then the ratio of the relax-
ation times for the two populations is given by (Spitzer
1987) :

2\3/2 .
b 044 M (1 + ”—”) , @7

Ly my v

where vy and v, are the mean velocities of the heavy and
light stars. When my/m; > 1 (i.e., v4/v: < 1), thus t,54/t,, ~
0.5 my/my. Hence, if the W-R and O stars have m > 20 M,
and the mean stellar mass is 0.5 M, they will evolve
2my/m; = 80 times faster than the cluster as a whole. To be
conservative, we choose our upper limit for ¢,, = 2.5 x 10®
yr to be the evolutionary time for the entire cluster, and we
find that the heavy stars will sink to the center in only
t,g = 3 x 108 yr (if we had chosen our preferred value of
t,, = 7.8 x 107 yr, the heavy star relaxation time would be
t,g = 1 x 108 yr, several times smaller than the derived
cluster age).

In fact, the evolution of massive stars will occur faster
than these estimates because as they become more concen-
trated toward the center, they will interact more and more
frequently with each other rather than with the light stars,
and consequently they will suffer larger angle deflections
more often, leading to a more rapid evolution. This is tanta-
mount to assuming a certain amount of “preclustering” in
30 Doradus which increases dramatically the likelihood of
significant mass segregation. Let us consider the half-mass
relaxation time for stars in the core itself. From equation
(4.4), and using a core radius of 0.1 pc (our derived value for
the heavier stars) and estimating the central density from
the surface brightness and m/Lg ratio to be ~ 105 M pc~3,
we find that the relaxation time for 10 M, stars in the core
is t(10 M) ~ 10° yr. Now since t, & N(r)r¥?m~ /> and
N(r) ocr, then t, oc r**m~ 2, and hence at r = 10r, the
relaxation time for the same 10 M g starsis ~ 107 yr.

This differentiation leading to mass segregation is an
accelerating process, which tends to settle the most massive
stars in the core, even as the cluster is forming. Hence, with
some preclustering, the mass segregation timescale could be
as short as 105-10° yr.

In any case, the relaxation time for massive stars is prob-
ably less than the cluster age, and so some dynamical relax-
ation is certain to have occurred. The estimates presented
above are very conservative, but they show nevertheless
that dynamical mass segregation must have played an
important role in producing the radial variations of the
PDMF. Because our derived value for the half-mass relax-
ation time, t,y, is comparable to the cluster age, we cannot
completely rule out a position-dependent IMF; however,
there is no need to invoke one, either.
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5. SUMMARY

Near-infrared imaging with adaptive optics is a powerful
néw tool for ground-based observations; it produced dif-
fraction limited images of R136 which compare well in
resolution and depth with those of HST. Indeed, we detect
not only a representative sample of the HST sources, but
also a new population of highly reddened sources which are
most likely pre-main-sequence objects. By combining our
adaptive optics observations with HST data, we fit stellar
evolution models to the measured UVIHK magnitudes and
derive the stellar population. As our wide wavelength cover-
age allows us to solve for the extinction of every individual
star, rather than assigning a mean extinction to all stars, the
derived stellar masses are the most accurate yet for the
upper and intermediate regime of the mass function in a
massive starburst.

Our most significant findings are as follows:

1. The extinction varies significantly from star to star
within the cluster. Its variation has a range of 1-2 mag,
which substantially affects stellar classifications based on
multiband photometry.

2. We detected and confirmed the previously known WN
stars by NIR emission-line observations.

3. We detected a population of at least 110 red objects
(roughly half of which have not been seen previously), which
are probably pre-main-sequence stars, and which are still
embedded in dense circumstellar gas or show IR excess
emission from circumstellar disks.

4. We found no red giants or red supergiants within our
field of veiw, which constrains the age of the cluster to be
less than 5 Myr.

5. An even younger age of ~ 3.5 Myr can be derived from
the observed W-R/O star ratio of ~0.05.

6. The average mass function within R136, I' = — 1.6, is
not significantly different from the surrounding 30 Doradus
region, but the slope varies slightly with distance to the
cluster center.

7. The slope of the mass function plus the derived W-R/O
star ratio indicate a short starburst duration, significantly
less than 1 Myr.

8. The derived core radius depends strongly on the
observational lower mass cutoff (i.e., the sensitivity of the
observations); this may explain the contradictory results of
previous observations.

9. Both mass function and core radius variations indicate
strong mass segregation, which is almost certainly due to
the dynamical evolution of the cluster.

Together these results comprise the most detailed study
of the stellar population in a massive starburst. They
suggest that the upper end of the IMF is similar to that
observed locally in the Galaxy and demonstrate the impor-
tant effects of dynamical evolution upon spatial variations
of the PDMF. We expect that NIR adaptive optics, with
high spatial resolution and dust penetrating ability, will
play an ever-increasing role in future studies of starburst
populations.
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PLATE 13

F1G. 3.—190 minute K-band exposure of R136. The field of view is 1278 x 12”8, corresponding to 3.2 x 3.2 pc2. North is up, and east is to the left. The
spatial resolution after deconvolution is 0715 FWHM;; logarithmic scaling has been used. The faintest stars visible have 20th magnitude in K.

BrANDL et al. (see 466, 256)
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