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Abstract. L-band data of 30 Doradus at 3.5 um taken with SPIREX (South Pole Infrared Explorer) is presented. The photometry
was combined with 2MASS JHK data at 1.25 -2.2 um. Colour-colour and colour-magnitude diagrams are constructed and used
to determine the sources with infrared excess. These are interpreted as circumstellar disks, and enable the fraction of sources
with disks (the cluster disk fraction or CDF) to be determined. We £nd that ~ 42% of the sources detected at L-band in 30

Doradus have an IR-excess.*
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1. Introduction
1.1. IR-excess as a measure of circumstellar disks

During star formation, young stellar objects (YSOs) are associ-
ated with the circumstellar material surrounding them, making
them bright at infrared wavelengths as the dust absorbs and
re-emits radiation from the central star. As the star evolves
towards the main sequence, the distribution of the surround-
ing material also changes, as is evident through the changing
spectral energy distribution (SED) of the source. SEDs can
therefore be used as an indicator of the evolutionary state of
a YSO. In particular, an excess in IR radiation above that of
a blackbody for class 11/111 YSOs can be explained by models
of circumstellar disks around protostars (eg. Lada & Adams
1992). In IR colour-colour diagrams, such stars lie outside the
region defned by the reddening band to the main sequence.
Colour-colour diagrams can therefore be used to identify the
stars with circumstellar disks in star forming regions, and to
estimate what fraction of the population this represents.

Send offprint requests to: M. Maercker

* Table 6 is also available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/

1.2. L-band over K-band

The excess emission is measurable in the K-band at 2.2 um,
making infrared excess detectable using JHK (1-2.2 um) obser-
vations. However, this radiation may be caused by a circumstel-
lar disk, the protostellar envelope or emission nebulosity from
HII regions and therefore JHK band observations alone may
not be sufficient to determine the nature of the IR excess. L-
band observations (3.5 um) prove to be the ideal wavelength for
detecting circumstellar disks (eg. Kenyon & Hartmann 1995).
Compared to JHK colour-colour diagrams, the stars with IR
excess are much more clearly separated in JHKL colour-colour
diagrams. Additionally, the continuum emission from the stel-
lar photosphere is generally bright enough in L-band to allow
the determination of the number of stars with IR excess com-
pared to the total number of stars in a given region (i.e. the
cluster disk fraction (CDF)). It is relatively easier to obtain L-
band data with the same sensitivities and spatial resolution as
JHK band observations than it is for mid-IR data, where the
signature from disk emission is even more pronounced (eg.
Rathborne 2003).

1.3. 30 Doradus

30 Doradus in the Large Magellanic Cloud is the most lu-
minous giant HIl region in the Local Group of Galaxies
(Kennicutt 1984) and is located at a distance of ~55 kpc
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(Vermeij et al. 2002). Star formation within the region was £rst
identifed by Hyland et al. (1992). Walborn and Blades (1997)
identify four phases comprising an age sequence for massive
OB cluster evolution (Walborn 1991a, 1991b) in £ve spatial
and/or temporal structures. The region shows recent and ongo-
ing star formation at discrete epochs, with a central cluster of
massive stars surrounded by extended nebulosity. The stellar
population consists of multiple generations, with pre-main se-
quence stars, early type main sequence stars and evolved blue
and red supergiants (Walborn & Blades 1997). Ages range from
young stars less than 1 Myr old, to the giant population with
ages up to 25 Myr. Two supernova remnant (SNR) candidates
have also been identifed (Lazendic et al. 2003). Using deep
broadband | and V WFPC2 images from the HST, Sirianni et
al. (2000) derived the IMF for the central cluster R136 in 30
Doradus down to 1.35 Mg, suggesting there are relatively
fewer lower-mass stars than in the Galactic IMF (though this
may also arise from not fully correcting for extinction from
the source). IR and radio observations show molecular gas and
warm dust concentrated in an arc to the north and west of the
central cluster (Rubio et al 1998). They found 84 IR sources
linked with the nebular microstructures and early O stars in
dense nebular knots. 6 of these could be matched with sources
found in this paper (Table 6). Identifcation of early O-type
stars was taken as evidence for star formation (Walborn &
Blades 1997). These knots have been revealed to be compact
multiple systems which are each similar to star forming regions
in the Galaxy such as the Trapezium system in the Orion clus-
ter (Brandner et al. 2001). In their paper Brandner et al. use
near-IR colour-colour diagrams obtained from NICMOS data
to identify pre-main sequence stars by their intrinsic IR-excess.
It is suggested that the spatial distribution of these stars indicate
the birth of an OB association. Present day star formation co-
incides with the dense regions of molecular gas (Johansson et
al. 1998) to the north and west of R136 and with their inter-
faces with the cavity created by the central cluster (Brandner et
al. 2001). It is the nearest and therefore most highly resolved
starburst region outside the Galaxy, thus making it a suitable
source to study extragalactic star formation.

This paper presents L-band photometry of the 30 Doradus
region taken with the SPIREX telescope at the South-Pole. IR-
excess is detected by combining the L-band data with JHK-
data from 2MASS. Colour-colour and colour-magnitude dia-
grams are presented, with a discussion on the implications for
massive star formation and the evolution of circumstellar disks.
Section 2 describes the observational data. Section 3 presents
the results of the photometry on the L-band images. Section 4
analyses the results and Section 5 provides an interpretation.

2. Observations
2.1. L-band data from SPIREX

The L-band data was taken using the 60 cm South Pole
InfraRed Explorer (SPIREX) (Hereld 1994; Burton et al. 2000)
at the Amundsen-Scott South-Pole station in the Antarctica in
1998 by the winter-over scientist Charlie Kaminsky. The tele-
scope was equipped with an Aladdin 1024x1024 InSb Abu de-

tector with £lters sensitive in the range from 2.4 - 5 um. The
camera provided a 10" £eld of view with a pixel size of 0.6”.
The diffraction limit of 1.4”, combined with seeing and track-
ing error, over the unguided observations, resulted in a typical
resolution of 2.6”. Observations were taken through the L-band
Elter (Acentra = 3.514 um, A = 0.618 um) by taking one set
of sky frames followed by two sets of object frames and an-
other set of sky frames. Each set consisted of £ve averaged
frames offset by approximately 30" from the previous frame.
This allowed for the easy removal of image artefacts from the
array and sky emission and of stars in the sky frames. The to-
tal on-source integration time was 9.25 hours. Reductions were
done automatically by the RIT SPIREX/Abu pipeline!. This
image was archival data from SPIREX, but unfortunately had
not been aux-calibrated, requiring us to determine the calibra-
tion through seperate observations (see Sec. 2.3).

2.2. JHK-band data from 2MASS

The observations from SPIREX were complemented with the
2MASS point source catalogue (PSC) (Cutri et al., 2003) and
Atlas Images 2. The 2MASS telescopes scanned the sky in both
hemispheres in three near infrared £lters (J, H and K; 1.25,
1.65 and 2.2 um respectively) and detected point sources in
each band which were brighter than about 1mJy using a pixel
size of 2.0”. Two 1.3 metre telescopes were used, located at
Mt Hopkins in Arizona and CTIO in Chile. Each used a cam-
era capable of observing in the bands simultaneously with the
256x256 arrays of HgCdTe detectors. The imaging was done
while the highly automated telescopes scanned over the sky in
declination at a rate of ~ 1’ per second. The images consist
of six pointings on the sky with a total integration time of 7.8
seconds (Kleinmann et al. 1994). The Atlas Images from the
2MASS catalogue were used to derive K-band magnitudes for
sources seen in the L-band that could not be matched with the
sources in the PSC.

2.3. Calibration data from CASPIR

In order to calibrate the SPIREX image, observations
were carried out in early April 2004 using the Australian
National University (ANU) 2.3m telescope at Siding Spring
Observatory, equipped with CASPIR (Cryogenic Array
Spectrometer/Imager) (McGregor 1994). CASPIR is a cryo-
genic re-imaging camera with pixel scales of 0.5”/pixel and
0.25”/pixel and 2 different readout methods. The detector is a
hybrid device with 256x256 pixels, capable of direct imaging
and spectroscopy between 1-5 um. To avoid saturation from
the sky in the L-band, a narrow band £Iter (Agentrar = 3.592 um,

A = 0.078 um) had to be used as well as the smaller pixel
scale, resulting in a 60 £eld of view. The standard star used
is listed in Table 1. The stars in 30 Doradus that were used to
calibrate the remaining stars in the L-band images are listed
in Table 2. These are bright and isolated stars in the SPIREX
image. Comparison of the relative photometry of the £ve stars

1 http://pipe.cis.rit.edu
2 Available at http://www.ipac.caltech.edu/applications/2MASS/IM/
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Table 1. Standard star used to calibrate the CASPIR images.

name RA (J2000) DEC(J2000) m,
(hms) (dms) Mag
BS2015 054446.5 -654408.0 3.711

Table 2. Stars in 30 Doradus used for calibration. Bright, isolated stars
were chosen from the SPIREX image and used to calibrate the re-
maining stars in the image. Their L-band magnitudes and errors were
determined from the standard star.

id RA (J2000) DEC(J2000) m

(hms) (dms) Mag
11 053806.6 -6903450 9.3+0.2
14 0538096 -690621.2 8.7=+x0.1
26 053816.7 6904142 83=x0.1
28 0538170 -6904008 8702
29 0538176 -6904120 9.6=+0.1

observed both with CASPIR and SPIREX indicates that indi-
vidual errors of +£0.1 to +£0.2 magnitudes are made, and taking
the weighted average this leads to a zero point error of 0.04
mags. This has been included in all subsequent error calulca-
tion.

3. Results

3.1. Photometry

The SPIREX L-band image of 30 Doradus is shown in Fig. 1.
Figure 2 shows an enlargement of the central region overlaid
with contours showing the nebulosity. A coordinate frame was
£t to the SPIREX images using the koords program in the
Karma package® and the 2MASS atlas images for the reference
frame. Photometry was undertaken using the IRAF/daophot
package®. The resulting auxes were calibrated using the stars
measured with CASPIR, to determine the zero point correction.
Error estimation was done using the addstar package by adding
220 arti£cial stars and running the same analysis as on the orig-
inal image. This resulted in a 90% completeness limit of 13.5
mag in L-band. In order to include stars from the 2MASS im-
ages possibly missed by the automated detection process used
to create the PSC, the same analysis was run on the 2MASS K-
band images. This resulted in 7 additional matches for sources
in the L-band image that were not matched with the PSC.

Matches between the SPIREX and 2MASS images were
con£rmed visually by overlaying and blinking the images. For
24 stars no match for the L-band stars could be found with the
JHK data. Table 4 summarizes the statistics of the detections
in the various bands. The results of the photometry including
errors are given in Table 6. Table 4 also lists the statistics in
the various bands for detections brighter than the 90% L-band
completeness limit.

Figure 3 shows a HKL colour image of the central region,
showing the bright features seen in the L-band, indicating re-
gions of massive star formation.

3 http://www.atnf.csiro.au/karma/
4 http://iraf.noao.edu/

3.2. Sensitivity

The detection threshold was assumed to be three times the
background variation oy, the typical standard deviation of the
background in a sky region near each source. This provides a
limiting magnitude of mymi; = 13.5. This corresponds to the
90% completeness limit determined by adding arti£cial stars.
However, the background is variable over the image, partic-
ularly on account of nebulosity and source confusion in the
more crowded regions. The faintest source detected has an L-
band magnitude of 14.5, corresponding to a 78% complete-
ness limit. This sensitivity has only recently been bettered by a
ground-based telescope; Stolte et al. (2004) achieved a limiting
magnitude of 15 at L-band using the 8m VLT. This illustrates
the improved sensitivity as a result of the low thermal back-
ground in Antarctica (100-300 mJy/arcsec? at 3.5um; Phillips
et al. 1999).

3.3. Foreground contamination

Off-source comparison images were not available for the
SPIREX images. An estimation of the foreground contamina-
tion therefore had to be made using the (J-K) colours of the
stars. If the visual extinction Ay to the source is known, the
(J-K) colour excess due to interstellar reddening between the
Earth and the source can be calculated. Assuming that the ma-
jority of all source stars are embedded and therefore addition-
ally reddened, any star bluer than this (J-K) colour is likely
to be a foreground star. Adopting an extinction parameter of
Ry = g4y Of ~ 3.4 (Selman et al. 1999) and the (B-V) and
(B-V)o colours for sources in 30 Doradus (Walborn & Blades
1997) gives a visual extinction of ~ 1.4 which corresponds to a
limiting (J-K) colour of ~ 0.25.

An additional estimation of the (J-K) colour of likely fore-
ground stars was done using only the 2MASS data. 8 off-source
£elds with 3’ radii were extracted from the PSC and com-
pared to a source £eld centred on 30 Doradus with a 7’ ra-
dius to encompass the entire area of the SPIREX image. The
off-source £elds were combined and the data was then plotted
in JHK colour-colour diagrams and the number of IR-excess
sources was determined. To minimise scatter in the colour-
colour diagrams, only sources that lay above the sensitivity
limit (SNR>10) in each of the bands were included. The statis-
tics for the £eld and source stars are listed in Table 3. As ex-
pected, the percentage of sources with an IR-excess is higher
for source stars compared to £eld stars. Comparing these JHK
colour-colour diagrams with similar diagrams for the entire
LMC using 2MASS data (Nikolaev & Weinberg 2000) shows
that these £eld stars occupy the same regions in the colour-
colour diagrams with a similar scatter around the mean values,
although the giant branch stretches much further along the red-
dening vector in the diagrams for the entire LMC data set.

As part of a comparison between the 2MASS data set and
the Sloan Digital Sky Survey, Finlator et al. (2000) trace stel-
lar spectral sequences in JHK colour-colour diagrams derived
from the 2MASS data. These show that stars of type M5 and
later lie at (H-Ks)~0.2 and (J-H)~0.6. The sequence moves to
bluer (H-Ks) and (J-H) colours for stars of type G5 and ear-
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Fig.1. SPIREX L-band (3.5um) image of 30 Doradus. Total integration time 9.25 hours; effective resolution 2.6”; pixel scale 0.6”; 90%

completeness limit at 13.5 mag; faintest star detected 14.5 mag.

lier, with (H-Ks)~0.05 and (J-H)~0.3 giving a (J-K) colour of
~0.35. The distribution of (J-K) colours over the source (Fig. 4)
using the 2MASS data indeed shows a peak at (J-K)~0.35 with
an additional peak at (J-K)~1 and a low rise in sources with
even redder (J-K) colours at (J-K)~ 2.4. Both peaks can be
found again in the same diagram for the £eld stars (Fig. 5),
although here the peak at (J-K)~1 is higher and the very red
sources are missing. The (J-K) distribution for the sources with
complete JHKL data (Fig. 6) follows the same distribution as
in Fig. 4 for the 2MASS data, indicating that (J-K) colour lim-
its determined using the 2MASS JHK data are also applicable
to the JHKL data. Assuming that the bulk of the stars in the
off-source £elds are foreground (i.e. not part of the 30 Doradus
complex), sources bluer than the (J-K)=0.35 colour limit are
therefore likely to be foreground. 27 such sources are found,
as indicated in Table 6. 12 of these have a moderate IR-excess
((K-L)< 0.6) and three a slightly larger value (of (K-L)=1.1,
1.3 and 2.5 respectively). Excluding these stars decreases the
cluster disk fraction from 43% to 42% (see Sect. 5.1) (Table 5).
Likely foreground stars are marked with boxes in Figs. 7 to 9.

Table 3. Statistics for the data from the 2MASS PSC for the combined
off-source £elds and the source £eld. The data for the £eld stars con-
sists of 8 off-source £elds with a 3’ radius each. The source data is
a £eld centred on 30 Doradus with a radius of 7’. Only stars brighter
than the sensitivity limit (SNR>10) in all 3 bands (15.8, 15.1 and 14.3
for J, H and K respectively) were included.

Data  number of stars  number of IR-excess  fraction
per arcmin? sources per arcmin®  (in %)
£eld 3.03 0.17 6
source 4.43 1.16 26
4. Analysis

4.1. Colour-colour and colour-magnitude diagrams

Colour-colour and colour-magnitude diagrams were created us-
ing the 2MASS JHK-band and the SPIREX L-band magni-
tudes. Only sources that were brighter than the 90% complete-
ness limit in L-band were used in creating the diagrams and
determining the fraction of IR-excess sources. Using the intrin-
sic (V-K), (J-K), (H-K) and (K-L) colours of the main sequence
and giant stars (Koornneef 1983) and their absolute visual mag-
nitudes My (Allen 1973), the locations of the main sequence
(spectral types O6-8 to M5) and the giant branch (spectral types
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Fig. 2. Enlargements of the central region of 30 Doradus with contours showing the nebulosity. Contour levels are 0.11, 0.22, 0.33, 0.56, 0.75,
0.97, 1.19, 1.42 and 1.64 mJy/arcsec?. The £rst four levels are labeled in the image. The image shows the nebulous arcs and denser knots in the
central region. These denser regions coincide with the distribution of molecular gas (Johansson et al. 1998) and are believed to be regions of

present day star formation.
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Fig. 3. HKL (Blue=H, Green=K, Red=L) composite colour image of 30 Doradus created using the 2MASS and SPIREX images. Regions
bright in the L-band (3.5um) can be seen to the north-east and west of the central cluster, indicating the presence of young stellar objects.
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Fig. 4. (J-K) colour distribution of JHK 2MASS data over the source.
There is a peak at (J-K)~0.35 which corresponds to the mean colour of
stars earlier than G5 in the 2MASS PSC (Finlator et al. 2000). Another
large peak occurs at (J-K)~1. Redder sources with (J-K)>1.75 are also
present. The median error in (J-K) is o-(3_x) = 0.08.

% of sources

Fig. 5. (J-K) colour distribution of the JHK 2MASS data for the £eld
stars. The peak at (J-K)~0.35 is still present, but is not as clear as in
Fig. 4. The peak at (J-K)~1 is higher and red sources with (J-K)>1.4
are essentially missing. The median error in (J-K) is o7(;_x) = 0.06.

KO to M5) were plotted in all diagrams using a distance modu-
lus of 18.7 magnitudes.

Figures 7 to 9 show these colour-colour and colour-
magnitude diagrams for 30 Doradus. In Figs. 7 and 8 the thick
solid curve shows the main-sequence. In Fig. 9 the main se-
quence for stars ealier than type BO is represented by the thick
solid curve. In all diagrams the thin solid curve shows the gi-
ant branch for types between KO and M5. The dashed curve
shows the reddening vector up to Ay = 30 mags, assuming an
extinction law oc 1717,
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Fig. 6. (J-K) distribution of the sources detected in all JHKL bands
in 30 Doradus. This distribution is similar to the distribution in Fig. 4,
with both peaks at (J-K)~0.35 and (J-K)~1 and red sources, indicating
that the limits derived using the 2MASS JHK data also apply to the
JHKL data. The median error in (J-K) is o(3_x) = 0.05.

Table 4. Number of detections in the different bands. The £rst col-
umn gives the total number of detections in the SPIREX image. The
second column gives the number of stars that could be matched with
the 2MASS PSC. Column three lists the number of stars additionally
matched by comparison of the K- and L-band images. The last column
lists the number of stars only found in the SPIREX L-band image. The
second row lists the respective numbers for stars brighter than the 90%
completeness limit. Using the (J-K) colour limit determined in sec. 3.3
suggests 27 of the stars detected at JHKL are likely foreground stars.

Total JHKL KL L
all stars 215 184 7 24
m. <13.5 (90% limit) 199 171 4 24

4.2. Fraction of reddened sources

A large number of stars in the JHKL diagram lie well to the
right of the reddening band, indicating an IR-excess. In deter-
mining the IR-excess the individual errors of all stars were used
(Table 6). All stars which lie at least 1o~ of their individual pho-
tometric error to the right and below the reddening band in the
JHKL plane are defned to have an IR-excess and are marked
with the star symbol. To estimate the uncertainty in this num-
ber, the number of stars that lie a 20~ distance to the right and
below the reddening vector was also calculated. This procedure
excludes 6 stars from the JHKL data set, one star from sources
found only in K- and L-band and also one star from those seen
at L-band only. The variation of the number of stars to the right
of the reddening band when assuming 1o and 2o distances is
taken as an estimate of the uncertainty of the number of stars
that have an IR-excess. Stars defned to have an IR-excess in
the JHKL plane are marked with the same symbol in Figs. 8
and 9 as well. In the colour-magnitude diagram (Fig. 9) we can
also include stars seen just at K and L (diamond shaped sym-
bols). We also include those seen only in the L-band by pro-
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viding a lower limit on the (K-L) colour (circle symbols) since
the 2MASS sensitivity limit at K is 14.3 magnitudes. These
stars therefore lie to the right of the circles in these diagrams.
This makes it possible to also estimate what stars seen in just
K- and L-bands have an IR-excess, by comparing their location
in Fig. 9 to the stars already identifed as having an IR-excess
based on JHKL colours. Four of the stars seen only at K and L
lie in the same region and are considered to have an IR-excess,
and so are counted towards the total disk fraction. 18 of the
stars seen just in L-band are also located in this region and are
also counted towards the total disk fraction. Table 5 lists these
statistics. Excluding stars bluer than (J-K)=0.35, as discussed
in Sect. 3.3, decreases the fraction of reddened stars in Table 5
by ~1%.

4.3. Mass range

Figure 10 shows the number of detected sources vs L-band
magnitude for all sources in the SPIREX image. At the distance
of 30 Doradus O3 main sequence stars have L-band magnitudes
of 12.8, 0O6-8 main sequence stars have magnitudes of ~ 13.9
and B0 main sequence stars have L-band magnitudes of ~ 15.5.
Masses can be crudely estimated by comparing the magnitudes
with those for stars of known spectral type (Allen 1973). The
histogram in Fig. 10 peaks at m_ ~ 12 magnitudes, showing
that we are mainly picking up the massive, early main sequence
stars, extending down to masses of order 20 M, (ie late-type
O stars). Figure 11 shows the percentage of stars in each mag-
nitude interval that have an IR-excess. The distribution seems
to peak closer to m_ ~ 11 magnitudes, suggesting that the IR-
excess possibly is not independent of mass. However, the IR-
excess biases these estimates to higher mass. IR-excess is de-
tected for masses down to ~23 M, con£rming that 30 Doradus
is a region of high mass star formation.

5. Discussion

5.1. IR-excess as an indicator of circumstellar disks

Using the JHKL data shows that ~ 43+5% of the stars detected
in 30 Doradus at L-band lie to the right of the reddening band
defned by interstellar extinction, and thus have an IR-excess
over a stellar photosphere. Models for sources with circumstel-
lar disks can explain such positions in the colour-colour dia-
grams (eg. Lada & Adams 1992). Stars showing an IR-excess
in the colour-colour and colour-magnitude diagrams (Table 5)
are interpreted as having circumstellar disks. The cluster disk
fraction (CDF) is therefore estimated as the fraction of stars
with IR-excess.

5.2. Spatial Distribution of IR-excess sources

Figure 12 shows the spatial distribution of the detected stars
in the central part of the SPIREX image (see also Fig. 3). It is
apparent that stars that do not show an IR-excess lie outside the
nebulous regions, whereas IR-excess stars lie within the central
nebula and along the arcs and knots in the image. Sources not
detected in the J- and H-bands are essentially confned to the

% of all sources

16 15 14 13 12 n 10 9 8 ¢ 6
mL

Fig. 10. L band luminosity function of all stars detected at L-band in
the SPIREX image of 30 Doradus. Unreddened O3 main sequence
stars have L-band magnitudes of 12.8 at the distance of 30 Doradus,
unreddened O6-8 main sequence stars have magnitudes of ~ 13.9 and
unreddened BO stars have L-band magnitudes of ~ 15.5. The majority
of detected stars have L-band magnitudes between 11 and 13, plac-
ing them where the massive, early type main sequence stars are. The
vertical line at m =13.5 shows the 90% completeness limit.

% of IR-excess sources

16 15 14 13 12 n 10 9 8 4 6
mL

Fig. 11. The percentage of sources with an IR-excess in the different
magnitude intervals. The distribution peaks at an L-band magnitude of
~ 11 indicating high mass stars. IR-excess is however detected down
to magnitudes of L~ 14.5. The vertical line at m_=13.5 shows the 90%
completeness limit.

string of nebulous regions in the centre. There seems to be a
string of stars only detected in the L-band along the arc north of
the central cavity. The centre of 30 Doradus itself lies in a halo
of molecular gas (Garay et al. 1993) and the sources only found
in L-band are found to preferentially lie in the regions where
[ClI] and CO line emission is detected (Poglitsch et al. 1995).
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Fig. 7. JHKL colour-colour diagram for 30 Doradus. The thick solid line is the main sequence for spectral types 0O6-8 to M5. The thin solid
line is the giant branch for spectral types KO ((J-H)=0.5, (K-L)=0.07) to M5 ((J-H)= 0.9, (K-L)=0.19), but is hard to see due to the number of
stars in that region. Dashed lines are the reddening vectors up to Ay = 30. Star shaped symbols are sources identifed as having an IR-excess.
be foreground stars (Sec. 3.3). Mean errors are indicated by the cross in the lower right of the diagram. 64 of the
bands lie outside the reddening band and are therefore counted as having an IR-excess. These are interpreted as
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coming from circumstellar disks around the stars (Sec. 5.1).
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Fig. 8. JHK colour-colour diagram for 30 Doradus. The same symbols are used as in Figure 7. Again the giant branch is hard to see, but extends
from (H-K)=0.13 to (H-K)=0.31 with the same (J-H) values as in Figure 7. The diagram shows all sources detected in the JHK- and L-bands.
IR-excess is much less clear in the JHK diagram than in the JHKL diagram. Based on the JHK data for these
stars alone would only give 49 sources with IR-excess compared to 64 sources using the JHKL data (Table 5) leading to an understimate of the

The separation of stars with an

cluster disk fraction.
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Table 5. Number of stars found with IR-excess and the reddening fraction. Numbers in the JHKL, KL and L columns are the number of stars
with IR-excess found in the respective bands. These are listed assuming 1o~ and 20 distances from the reddening band. Columns 7 and 8 give the
total number of sources with IR-excess at 1o~ and 20~. Column 9 gives the cluster disk fraction. Excluding possible foreground stars decreases
the CDF to ~42%. Only sources that are brighter than the 90% completeness limit (13.5 mag in L-band) are included when calculating the

fraction of IR-excess sources.

JHKL (1) JHKL (20) KL (lI6) KL (20) L(lo) L(20) total(lo) total (20)  frac
64 58 4 3 18 17 86 78 43+5%
8r -t
. ) &
& R
9r &l
44
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O O
O X
11 : ) .
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Fig. 9. Infrared L vs (K-L) colour-magnitude diagram for 30 Doradus. The lower thick solid line is the unreddened main sequence, the upper
thick solid line shows the location of supergiants for a distance modulus of 18.7 magnitudes. The dashed line shows reddening up to Ay = 30
mags. Star shaped symbols are sources with an IR-excess as determined from the JHKL diagram. Diamond symbols are stars only found in K-
and L- bands. Circle symbols are stars only found in the L-band and are located at the lower limit for their (K-L) colour. Sources in squares are
likely to be foreground stars (Sec. 3.3). The position of the stars only found in the KL-bands and L-band can be compared to the location of
stars with an IR-excess (star shaped symbols). Those occupying the same region are also counted as having an IR-excess, giving an additional

4 sources with an IR-excess found in K and L-bands and an additional 18 sources with an IR-excess found only in the L-band (Table 5).

IR-excess sources detected in all four bands tend to spread out
further throughout the region.

5.3. Disk evolution

Together with the CDF and the age of the cluster, it is possi-
ble to estimate the lifetime of circumstellar disks. Walborn and
Blades (1997) £nd several regions with different ages in the
30 Doradus region. The massive central region is estimated to
be ~ 2 — 3 Myr old, but a much younger population of less
than 1 Myr and an older population of about 4-6 Myr are also
found (Walborn & Blades 1997; Massey & Hunter 1998). Since
young stars are very bright in the IR, sources with an IR-excess
can be intepreted as being young stellar objects with some
of these sources possibly being more deeply embedded pro-
tostars surrounded by dust shells rather than disks (Sect 5.4).
However, depending on the distribution of dust around evolved
stars, these also present an explanation for the observed IR-

excess and it would be necessary to take spectra of the sources
to ascertain their evolutionary state.

Adopting a mean age for 30 Doradus of 2-3 Myr, the num-
ber of stars with IR-excess (~42%; Table 5 excluding fore-
ground stars) would imply that more than 50% of the circum-
stellar disks have disappeared after 2-3 Myr. It is possible that
the intense radiation from the early type stars in the 30 Doradus
region effectively destroys circumstellar disks and therefore de-
creases the CDF. Observations of HII regions in the Galaxy
have shown that externally illuminated circumstellar disks get
photoevaporated and disappear after 0.01-0.1 Myr. This has for
example been seen in the proplyds in the Orion Nebula (O’Dell
& Wen 1994). Proplyds are disks or oattened envelopes of cir-
cumstellar material that are photoevaporated from the outside
by an external ionizing £eld. The variation in the form of pro-
plyds is explained by a balance between stellar gas pressure
and radial pressure and radiation pressure from dominant stars
in the region. If this is the case for 30 Doradus, the lifetime for
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Fig. 12. Spatial distribution of sources in 30 Doradus. Circles mark stars without an IR-excess, squares mark stars with an IR-excess found in
the JHKL-bands, plus signs mark stars with an IR-excess found only in the KL-bands and crosses mark stars with an IR-excess only found
in L-band (there is no difference between white/black sources, this is only in order to make the stars in the nebulous regions more visible). A
string of stars only detected in the L-band follows the nebulosity to the north-east of the central region. Stars with an IR-excess are con£ned to
the inner regions inside the nebula. Sources without an IR-excess are mainly distributed in regions without any nebulosity. The 6 reddest stars

((K-L)> 3) are marked in the image with their id from Table 6.

disks estimated using the CDF of this region would be too low,
and derived lifetimes a lower limit.

Combined with earlier JHKL observations (Haisch et al.
2001b) of clusters NGC 2264, NGC 2362, NGC 1960 (ages be-
tween 2.5-30 Myr) and younger clusters NGC 2024, Trapezium
and IC 348, with ages down to 0.3 Myr (NGC 2024), predic-
tions on the lifetime of circumstellar disks can be made. For
all these clusters the fraction of sources with JHKL IR-excess
is determined. Each cluster is then plotted in a CDF vs. age
diagram (Fig. 13). The position of 30 Doradus in the diagram
is indicated. The error in the CDF for 30 Doradus is +8% due
to the uncertainty in the number of IR-excess sources (+5%,
Table 5) and allowing for an uncertainty in the number of fore-
ground stars. The errors in the age recect a mean age of 2-3
Myr. The location of 30 Doradus is consistent with the £t of
Haisch et al., despite this being for sources which extend to
much lower masses (0.13M¢g for NGC 2024 up to 1M, for
NGC2362 at the completeness limit; Haisch et al. 2001b) than
our study of 30 Doradus.

A least-squares straight line £t to the data shows a linear
relationship between disk fraction and cluster age. An esti-
mated disk lifetime of 6 Myr is derived. The initial disk frac-
tion appears to be very high (S 80%) and then declines linearly
with increasing age. Taking the contamination of foreground
stars into consideration yields a CDF of ~42% and an age of
~ 2.5Myr, then the CDF derived here lies just below that which
Haisch et al. would predict (Fig. 13). This indicates a quicker
evolution of circumstellar disks around massive stars or that

the disks indeed are being destroyed due to photoevaporation
or possibly both.

5.4. High mass stars

Whereas 30 Doradus contains a large range of stellar masses
(Brandner 2001), our observations are only sensitive to the
most massive stars. Since the derived CDF lies at the lower
end of the Haisch et al. prediction, this again indicates a faster
evolution of circumstellar disks around massive stars. Previous
studies of the 30 Doradus complex show 20 sources with
IR-excess in JHK colour-colour diagrams (Brandner 2001).
8 of these could be matched with L-band sources found in
the SPIREX image (Table 6) and have an IR-excess. The 20
sources were associated with Class | protostars and Herbig
Ae/Be or T Tauri stars by comparing the measured colours
with models. This again confrms the connection between star
formation, circumstellar disks and IR-excess. The majority of
sources in the Brandner paper however lie below the 2MASS
detection limit (15.8 mags in J-band), which explains why we
only identify 8 sources from their work. A scatter in the pho-
tometry of individual sources can be explained by differences
in spatial resolution and nonstandard NICMOS passbands. In
the Brandner study the sources of star formation were found
to follow the densest regions of the molecular gas and the in-
terface with the hollowed-out region from the central stars. The
same is true for most of the 24 stars detected only in the L-band,
which lie in the nebulous region north of the central star cluster
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The dot-dashed line is the best £t determined by Haisch et al. (2001b).

(Fig. 12) (see Sect. 5.2). In the L vs (K-L) colour-magnitude di-
agram they occupy the same region as the IR-excess stars from
the (J-H) vs (K-L) colour-colour diagram. This makes it likely
that these stars are in the process of forming and also contain
circumstellar disks. These properties are characteristic of pro-
tostellar objects and the sources only detected in the L-band
are possibly the equivalent of massive Class | protostars (Lada
et al. 2000). Since these stars are only detected in the L-band,
and not at shorter wavelengths, it also suggests they are heavily
embedded in dust shells, and are massive young stellar objects.

5.5. The reddest sources

In Fig. 12 six particularly red sources ((K-L)> 3) are marked
with their id from Table 6. Two of these are found in all four
bands, one only in K and L and three are only found in L-
band. The reddest source (#194, (K-L)>3.8) lies in a knot to
the north west of the central cluster. The other sources are in the
central nebula and coincide with the brightest arcs and knots of
the nebula. Three of the sources follow the chain of stars only
detected in L-band towards the north-east of the image (#127,
#190 and #200). Source #67 lies close to the central cluster.

5.6. Supergiants

The majority of the stars in the colour-magnitude diagram for
30 Doradus (Fig. 9) are located above the main sequence,
meaning that these stars are brighter than O6-8 type stars (the
sensitivity threshold of the SPIREX images lies at 13.5 mag-
nitudes, ~0.4 mag brighter than the location of O6-8 stars).
Massey and Hunter (1998) detected 31 O8V or earlier type
stars in the 30 Doradus cluster. Other studies also £nd a sig-
nif£cant number of supergiants and giants (Walborn & Blades
1997; Bosch et al. 1999; Parker 1993). The location of super-
giants between B0 and MO is drawn in the 30 Doradus CMD in
Fig. 9 as the upper thick solid line above the main sequence. Of
the four papers on the stellar population quoted here, unfortu-
nately, only Parker gives coordinates, so that it is not possible
to match our data with the other three studies.

Matching a BOI supergiant and a O3V star from the Parker
paper with the SPIREX data (stars #76 and #187, see Table 6)
shows that these two stars indeed occupy the region of the
CMD where most of the detected stars lie, making it likely
that supergiant, giant and early type OV stars are present in
30 Doradus.
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6. Conclusions

L-band photometry for 30 Doradus has been presented.
Combining the L-band data with shorter wavelength data from
the JHK bands proves to be a powerful method to detect IR-
excess. In particular, this IR-excess can be interpreted as emis-
sion from circumstellar disks, making L-band observations an
essential tool for identifying these disks. The clearer separation
of stars in the JHKL diagrams provides a better estimate of the
total cluster disk fraction than JHK data alone does. Only us-
ing JHK data tends to underestimate the number of stars with
IR-excess (an analysis using the same stars as in the JHKL
colour-colour diagram, but only considering the JHK informa-
tion, gives only 49 IR-excess sources as compared to 64 when
using the JHKL data (Table 5)). Comparing the results obtained
for 30 Doradus with other L-band studies of star forming re-
gions in the Galaxy shows an inverse relation between age and
disk fraction, giving further support to an estimated disk life-
time of 6 Myr and a very high initial disk fraction. Since the
sensitivity limit achieved for the observations in this study only
includes stars of type O6 and brighter, these results indicate
that high-mass stars form in a similar way to low-mass stars
through circumstellar disks, however, it is possible that disks
around high mass stars evolve faster than around low mass
stars. Several sources are seen in the L-band image that are
not found at shorter wavelengths. These sources are possibly
heavily embedded, high-mass protostars. The positions of these
stars in the colour-magnitude diagram indicate that they might
also be circumstellar disk systems. It is also possible that the
IR-excess originates from evolved stars (AGB stars) or young
high and intermediate mass stars (see Sect. 5.3). In particular
in the case of a complex environment with mutiple generations
as 30 Doradus (see Sect. 1.3), a closer spectral examination is
necessary to ascertain the evolutionary state of the sources.

No other extensive investigation of the JHKL colour ex-
cess has been made for 30 Doradus, making this the £rst study
of infrared excess using L-band data for a signifcant num-
ber of stars for this region. The data are consistent with sim-
ilar data obtained from Galactic sources, indicating that similar
processes are at work in star formation in the LMC.

The data illustrates the ability of Antarctic telescopes,
where the low thermal background improves IR sensitivity, to
probe the state of the embedded stars in star forming regions.
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Table 6. (Also available in electronic form at the CDS). Magnitudes for all sources (including foreground sources and sources below the 90%
completeness limit) in 30 Doradus. Stars with measurements in all four bands are listed £rst. Then stars with measurements in K and L only,
and £nally stars just detected in L-band. Column 1 gives the source id. Columns. 2 and 3 the RA and Dec respectively in J2000. The coordinates
for sources found in all four bands are from the point source catalogue, positions for the remaining stars are determined from reference 2MASS
images. Columns 4, 6, 8 and 10 give the JHK- and L-band magnitudes respectively. Columns 5, 7, 9 and 11 give the photometric errors. For
sources detected in all bands, the JHK magnitudes and errors are taken from the 2MASS PSC. A ‘null’ as error indicates that no photometric
error was given in the PSC. The L-band errors are combined from the errors in daophot and the errors due to the zero point correction. Sources
only detected in the K- and L-bands have magnitudes from this work. For sources not detected at J,H or K the upper limits on these magnitudes
are 15.8, 15.1 and 14.3 respectively. Stars with an IR-excess are marked with an ‘e’ in Col. 12 (comments). Likely foreground stars are marked
with “fg’. Stars that matched sources in Rubio et al. (1998), Brandner et al. (2001) and Parker at al (1993) are marked with ‘Rubio’, ‘Brandner’
and ‘Parker’ respectively together with the id assigned in the respective papers.

id RA(J2000) Dec (J2000) my o) My OH 117% oK m. oL comments
(hms) (dmys)

1 53750.2 -6904242 100 0.02 095 0.02 094 0.02 09.7 0.05

2 537505 -6904023 147 0.04 128 0.03 114 0.02 09.4 0.05 e

3 537 54.7 -690903.2 103 0.02 094 0.02 09.1 0.02 09.1 0.08

4 537570 -690338.9 129 0.02 119 0.03 11.6 0.03 10.8 0.05 e

5 53758.1 -690503.8 126 0.02 116 0.03 112 0.02 109 0.05

6 53759.1 -690841.3 11.0 0.02 100 0.03 09.7 0.02 09.6 0.05

7 538055 -690926.6 132 0.02 122 0.03 118 0.02 113 0.12

8 538 05.6 -690909.7 151 0.06 143 0.06 13.2 0.04 112 0.10 e

9 538 06.2 -690542.0 141 0.02 131 0.03 129 0.04 123 0.06
10 53806.2 -6902355 118 003 108 0.03 102 0.02 101 0.04
11 538 06.6 -6903454 105 002 09.7 0.02 094 0.02 093 0.04
12 53808.8 -6903454 135 002 126 0.03 124 0.03 121 0.07
13 538 08.9 -690647.9 143 0.03 132 0.04 129 0.03 122 0.06

14 538 09.6 -690621.2 093 0.02 09.1 0.02 09.0 0.02 087 0.04 e, fg
15 53810.0 -690343.2 121 0.02 109 0.03 102 0.02 09.7 0.04
16 53812.0 -690634.2 128 002 127 0.03 126 0.03 123 0.06 e, fg

17 538127 -690254.2 144 003 134 003 132 0.03 128 0.08

18 53813.2 -690536.6 127 0.02 123 0.03 122 0.03 122 0.05

19 538 13.6 -690833.0 153 0.05 140 0.04 137 0.05 128 0.10

20 538 14.6 -690057.6 120 0.02 109 0.02 106 0.02 103 0.05

21 53814.8 -690329.9 140 004 133 0.04 130 0.04 129 0.09

22 53814.9 -690348.6 125 002 125 0.03 125 0.02 123 0.06 e, fg
23 538154 -6904034 119 004 117 0.04 116 0.04 114 0.05 fg
24 53815.7 -690437.2 160 010 156 0.18 153 0.22 145 0.30

25 538 16.0 -691011.3 093 0.02 083 0.01 079 0.02 074 0.04

26 53816.7 -6904142 098 0.04 089 0.03 086 0.03 083 0.04

27 53816.7 -6904332 135 002 126 0.02 123 0.02 121 0.05

28 53817.0 -6904 00.8 101 0.03 092 0.03 089 0.02 087 0.04

29 53817.6 -6904 120 108 0.03 100 0.03 09.7 0.02 09.6 0.04

30 53818.3 -6904023 124 0.05 123 0.05 123 0.06 123 0.07 fg
31 53819.9 -690710.2 131 0.02 123 0.02 121 0.03 117 0.05
32 53820.9 -690350.0 122 002 118 0.03 116 0.03 112 0.05 e
33 538214 -690949.0 132 002 121 0.02 118 0.02 114 0.07
34 53823.6 -690829.4 151 005 145 0.05 145 011 134 0.12 e
35 538 23.7 -6904556 138 0.03 128 0.03 125 0.04 125 0.06
36 538 23.7 -6905035 126 0.02 126 0.02 127 0.02 127 0.06 fg

37 53826.7 -6908528 09.8 002 088 0.03 083 0.02 079 0.04
38 53827.8 -690614.8 152 005 143 0.05 142 0.07 143 0.25
39 53827.9 -6904322 148 008 136 0.06 133 0.05 126 0.06
40 538 29.5 -6908215 152 0.06 140 0.05 139 0.05 135 0.15
41 53829.9 -6911164 124 0.02 112 0.03 109 0.02 104 0.07
42 538 30.0 -6906259 136 0.02 129 0.02 128 0.02 117 0.10 e
43 53831.0 -690116.0 109 002 106 0.02 106 0.03 104 0.05 fg
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id RA(J2000) Dec (J2000) m; oy My OH mg oK my oL comments
(hms) (dms)

44 53831.3 -690816.1 13.7 0.04 128 0.04 126 0.04 123 0.05

45 53831.7 -690214.6 146 0.10 136 0.09 125 0.07 103 0.08 e

46 538 32.0 -690744.0 149 null 147 010 137 0.07 118 0.06 e

47 538 33.6 -6904505 121 0.04 11.8 0.07 115 0.06 10.8 0.04 e

48 538 34.6 -690556.8 13.7 0.14 127 0.10 108 0.04 085 0.04 Brandner 3a, e

49 538 34.7 -690606.1 136 0.14 135 0.23 125 0.12 115 0.07 e

50 53834.8 -690450.2 133 0.07 121 005 116 0.05 111 0.05

51 538 36.0 -690609.0 121 0.05 120 0.07 120 0.06 126 0.11 fg

52 53836.1 -690646.8 124 0.05 122 0.05 12.0 0.07 12.0 0.06

53 53836.1 -690557.8 10.7 0.02 106 0.02 104 0.02 103 0.04 fg

54 538 36.4 -690657.2 121 0.03 11.8 0.03 115 0.03 11.0 0.04 e

55 538 36.6 6905265 141 null 149 0.39 138 0.22 113 0.07 e, fg

56 538 37.0 -690507.8 11.6 0.03 115 0.04 114 0.04 112 0.06 fg

57 53837.4 -690842.7 134 0.02 125 0.03 123 0.02 122 0.05

58 53838.0 -690730.0 158 null 148 null 142 020 11.9 0.06 e

59 53838.1 -6907149 149 0.04 132 0.03 126 0.03 123 0.06

60 538385 -690629.9 139 010 129 null 120 null 112 0.09 Rubio 98, e

61 53838.7 -690613.0 142 0.08 140 011 137 null 141 0.16

62 538 38.8 -690649.3 127 0.02 124 null 123 0.02 121 0.06

63 53838.9 -6908146 11.2 0.03 109 0.03 10.7 0.03 10.3 0.04 e

64 53839.1 -690621.2 117 null 11.8 0.07 115 0.05 11.2 0.05 e, fg

65 538 39.3 -690552.1 140 0.0 137 0.12 13.0 0.07 11.7 0.05 Rubio 118, e

66 53839.4 -690606.1 135 0.12 134 019 133 013 142 0.20

67 53839.7 -690538.8 158 0.29 149 011 133 0.05 09.7 0.04 e

68 538 39.8 -6906349 148 0.1 148 0.21 135 0.11 115 0.06 e

69 538 40.2 -690933.1 147 0.04 139 0.05 136 0.05 13.7 0.16

70 538 40.5 -690557.1 11.2 0.09 11.1 0.11 108 0.07 103 0.04 e

71 538 40.8 -6906029 115 null 11.3 null 117 0.14 105 0.04 e, fg

72 538 40.9 -691008.8 135 0.02 127 0.02 125 0.02 125 0.10

73 53841.2 -690852.1 13.6 0.02 13.0 0.03 128 0.03 126 0.07

74 53841.2 -690258.2 138 0.04 137 0.06 13.6 0.06 13.0 0.08 e, fg

75 53841.3 -6908434 163 0.14 154 0.14 147 014 136 0.17

76 53841.3 -6905323 132 0.05 131 0.08 131 0.09 138 0.13 Parker 150

77 53841.4 -690354.0 157 0.08 133 0.02 115 0.02 088 0.04 Brandner 163, e

78 53841.6 -690513.9 113 0.05 111 0.06 10.8 0.03 104 0.05 e

79 53842.1 -6905553 119 018 119 0.22 116 0.13 115 0.07 fg

80 53842.2 -690804.2 138 0.02 13.0 0.02 129 0.02 13.0 0.09

81 53842.2 -6906144 116 0.08 116 0.13 11.0 0.06 11.0 0.05

82 53842.2 -690832.3 136 0.04 133 0.06 131 0.04 128 0.07 e

83 53842.4 -690458.1 115 0.02 114 0.02 113 0.02 114 0.05 fg

84 538424 -6906029 094 0.06 094 0.08 089 005 089 0.05 R136

85 53842.6 -690102.3 128 0.02 127 0.04 127 0.03 122 0.08 e, fg

86 53842.7 -6905424 111 0.05 11.1 0.06 11.0 0.03 10.8 0.04 fg

87 53842.8 -690928.8 124 0.02 11.1 0.02 103 0.02 09.6 0.04

88 53843.2 -690614.8 124 0.09 125 0.13 121 0.08 12.0 0.07 e, fg

89 538 44.0 -690659.4 140 0.13 137 0.17 13.0 0.13 118 0.06 e

90 53844.2 -690546.7 124 0.0 126 0.19 123 0.10 121 0.06 e, fg

91 538 44.3 -690605.8 12.1 0.02 118 0.05 115 0.04 111 0.05 e

92 53845.0 -690806.7 133 0.03 13.1 0.05 129 0.05 124 0.06 e

93 53845.1 -690446.9 142 0.2 140 0.16 135 0.17 124 0.09 e

94 53845.1 -6905085 129 0.14 127 0.17 11.7 0.10 102 0.07 Rubio 101, e

95 538 45.6 -690547.8 118 0.05 11.7 0.07 116 0.04 114 0.05 e, fg

96 538 45.7 -6906223 116 0.04 115 0.03 114 0.03 11.2 0.05 fg

97 53845.9 -6902434 134 0.04 125 0.04 123 0.04 122 0.06




Table 6. continued.

M. Maercker and M. G. Burton: L-band (3.5 um) IR-excess in massive star formation

15

id RA(J2000) Dec (J2000) m; oy My OH mg oK my oL comments
(hms) (dms)

98 538 46.1 -6905204 142 013 144 0.16 132 0.12 112 0.05 Brandner 11b, e
99 538 46.1 -690455.2 154 035 145 036 138 0.24 112 0.09 e
100 53846.3 -690313.3 140 0.03 13.0 0.04 127 0.03 124 0.06
101 53846.8 -690505.3 130 null 137 0.24 123 0.10 10.2 0.04 e
102 53847.1 -690501.7 129 null 133 0.20 114 0.08 08.8 0.04 Rubio 126, Brandner 12d,e
103 538476 -690848.8 130 0.02 119 0.03 115 0.03 114 0.05
104 53848.1 6904116 152 0.17 131 null 120 null 102 0.05 e
105 538 48.3 6904444 135 011 128 0.11 121 0.08 11.1 0.07 Rubio 138, Brandner 15b, e
106 538485 -6905326 09.2 0.02 083 0.04 079 0.03 07.6 0.04
107 53848.7 -6901386 129 0.02 114 0.02 104 0.02 09.3 0.04 e
108 53849.6 -6903439 167 0.18 158 0.19 152 0.19 134 0.13 e
109 5384958 -6906428 125 0.05 124 0.09 121 0.07 112 0.07 e
110 53850.0 -690338.2 140 0.03 134 0.04 129 0.03 122 0.07 e
111  53850.6 -690200.2 138 0.03 128 0.03 126 0.03 124 0.07
112 53851.1 -690855.7 143 0.03 135 0.03 132 0.04 13.0 0.07
113 53851.2 -690641.0 115 0.03 106 0.03 103 0.02 10.1 0.04
114 53851.6 -690807.1 105 0.02 103 0.02 10.1 0.02 09.8 0.04 e
115 53852.6 6911244 124 0.02 113 0.02 11.0 0.02 106 0.05
116 53852.7 -690437.6 163 0.20 149 0.14 136 0.06 112 0.06 Rubio 169, e
117 538529 -690321.2 156 0.08 143 0.07 13.8 0.07 136 0.13
118 538534 -690200.6 109 0.02 108 0.02 106 0.02 10.1 0.04 e, fg
119 53853.6 -6904588 136 0.18 135 0.25 121 0.12 109 0.08 e
120 53853.7 -690527.2 140 0.14 133 0.12 127 0.10 120 0.07 e
121 53853.8 -690332.0 142 0.04 133 0.03 131 0.04 13.0 0.09
122 538539 -690931.3 156 0.09 149 0.11 141 0.08 11.7 0.05 e
123 53854.7 -6907448 106 0.02 102 0.03 101 0.02 10.1 0.04
124 538548 -690649.7 136 0.02 127 0.02 125 0.02 126 0.06
125 538555 -690426.8 13.7 0.02 13.1 0.02 127 0.02 126 0.10
126 53856.2 -690841.3 140 0.05 126 null 123 null 124 0.06
127 53856.5 -690416.7 16.8 null 151 null 145 0.13 109 0.05 e
128 53857.1 -6906054 11.2 0.02 11.1 0.03 109 0.02 10.6 0.04 e
129 53857.3 -690709.8 121 0.02 11.7 0.02 11.2 0.02 10.7 0.04 e
130 53857.7 -691039.7 136 0.03 125 0.03 121 0.03 114 0.07
131 53858.3 6904214 153 null 151 null 143 0.14 120 0.06 e
132 53859.0 -6902445 141 0.03 134 0.03 133 0.04 129 0.08
133 53859.1 -6901084 128 0.02 115 0.02 109 0.02 10.0 0.04
134 53859.2 -690508.9 135 null 132 null 134 0.17 123 0.08 e, fg
135 539005 -690841.3 13.7 0.03 134 0.04 133 0.04 127 0.08 e
136 53901.0 -690758.8 13.7 0.04 128 0.05 125 0.04 125 0.05
137 53901.9 -690234.1 146 0.04 134 0.04 129 0.03 124 0.07
138 53903.8 -690346.4 149 0.02 143 0.04 136 004 136 0.16
139 5390438 -690409.8 123 0.03 122 0.04 121 0.04 11.7 0.06 e, fg
140 53905.3 -690416.0 155 0.1 157 0.22 151 0.20 133 0.15 e
141 539058 -6906 140 13.7 0.02 126 0.02 123 0.03 121 0.05
142 53907.2 -690152.7 11.7 0.02 107 0.02 104 0.02 102 0.04
143 539074 -690420.3 137 0.02 134 0.02 133 0.04 143 0.37
144 539113 -690201.3 121 0.02 119 0.02 116 0.02 11.0 0.05 e
145 539114 -690825.1 141 0.02 124 0.02 112 0.02 10.2 0.04
146 539125 -690408.8 132 0.02 128 0.03 127 0.03 126 0.07
147 539125 -690209.6 128 0.02 126 0.02 125 0.03 123 0.07
148 539143 -690525.1 151 0.04 142 005 137 0.05 136 0.14
149 539146 -6905035 125 0.02 115 0.02 113 0.02 11.3 0.05
150 53916.3 -690528.7 140 0.03 13.0 0.03 127 0.04 125 0.07
151 53916.3 -6907343 144 0.02 132 0.02 128 0.02 128 0.06
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152 539181 -690516.4 142 0.04 134 0.04 133 005 131 0.10

153 53918.2 -6908485 138 0.03 136 0.04 136 0.05 133 0.12 fg
154 53919.1 -6904224 145 0.03 135 0.04 133 0.04 134 0.12

155 539198 -6910109 13.1 0.02 120 0.02 114 0.02 109 0.05

156 53920.2 -6904170 152 0.07 142 0.07 139 0.07 135 0.18

157 53920.2 -690626.3 120 0.02 119 0.02 11.8 0.03 11.7 0.05 fg
158 539258 -691135.9 09.0 0.02 084 005 083 0.02 082 0.04

159 53926.0 -690629.2 148 0.05 144 0.08 140 0.09 143 0.27

160 539282 -690550.6 114 0.02 10.7 0.03 106 0.02 10.6 0.04

161 539289 -690656.9 146 0.03 13.7 0.03 134 0.05 13.3 0.09

162 539293 -690518.6 151 0.07 143 0.05 140 0.08 13.7 0.15

163 53929.7 -690342.1 131 0.02 122 0.02 119 0.02 11.6 0.06

164 53932.0 -690440.8 131 0.02 120 0.03 11.6 0.02 112 0.05

165 539321 -690543.8 138 0.03 127 0.03 123 0.03 121 0.05

166 539329 -690340.7 144 0.03 133 0.03 13.0 0.04 126 0.07

167 539336 -690855.0 135 0.02 127 0.02 124 0.02 124 0.05

168 539344 -6910448 138 0.02 128 0.03 125 0.02 121 0.08

169 539355 -690439.0 135 0.02 129 0.03 127 0.03 128 0.08

170 53935.8 -690408.0 13.6 0.02 125 0.03 121 0.02 119 0.05

171  53936.1 -6905154 140 0.03 131 0.03 128 0.03 129 0.08

172 539365 -690848.8 135 0.02 127 0.02 125 0.02 127 0.07

173 539378 -690501.0 124 0.02 11.3 0.03 11.0 0.02 10.8 0.05

174 53937.9 -691146.3 109 0.02 103 0.04 101 0.06 09.8 0.05

175 539385 -690900.4 142 0.03 136 0.02 123 0.03 105 0.06 e
176 539394 -6911521 099 0.03 088 0.04 085 004 08.1 0.06

177 539394 -6911521 099 0.04 090 0.04 085 0.04 08.8 0.05

178 53939.9 -690636.4 130 0.02 121 0.02 11.8 0.02 115 0.05

179 539418 -691130.8 103 0.02 094 0.03 089 0.02 086 0.05

180 53943.6 -691039.7 134 0.02 125 0.03 123 0.02 121 0.07

181 539447 -6904 304 129 0.03 123 0.03 121 0.03 121 0.07

182 539455 -690937.1 140 0.03 13.0 0.03 126 0.03 123 0.06

183 539524 -6909414 107 0.02 09.7 0.02 094 0.02 093 0.04

184 539557 -691028.9 132 0.02 121 0.02 11.7 0.02 11.8 0.10

185 538414 -69 03 05.8 - - - - 15.1 029 149 049

186 538433 -690521.5 - - - - 149 030 141 0.19

187 53848.2 -69 04 41.2 - - - - 127 012 111 0.07 Parker 1429, e
188 53848.9 -69 04 45.1 - - - - 134 0.18 105 0.05 e
189 538505 -69 05 02.0 - - - - 128 0.14 117 0.09 e
190 53854.3 -69 04 37.6 - - - - 153 029 122 0.08 e
191 539351 -69 06 28.8 - - - - 156 037 141 0.21

192 53815.3 -69 06 54.0 - - - - - - 12.6 0.08 e
193 538331 -69 06 11.5 - - - - - - 11.8 0.06 Brandner 7a, e
194 538341 -69 04 52.3 - - - - - - 105 0.04 e
195 538374 -69 02 51.0 - - - - - - 13.2 0.11 e
196 538405 -69 05 57.5 - - - - - - 120 0.06 e
197 53845.1 -69 05 00.2 - - - - - - 11.3 0.08 Brandner 13b, e
198 53845.3 -69 04 41.9 - - - - - - 12.0 0.06 e
199 53847.1 -69 04 40.1 - - - - - - 12.0 0.09 e
200 53848.38 -69 04 40.4 - - - - - - 11.1  0.07 Brandner 14b, e
201 538516 -6904 415 - - - - - - 128 0.12 e
202 538545 -69 05 00.2 - - - - - - 109 0.09 e
203 53855.1 -69 04 36.8 - - - - - - 13.3 0.14

204 53855.1 -69 05 21.8 - - - - - - 12.6 0.08 e
205 53855.9 -69 05 38.0 - - - - - - 11.5 0.06 e
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206 53858.3 -69 04 28.2 - - - - - - 12.0 0.12 e
207 53859.9 -69 04 19.6 - - - - - - 125 0.12 e
208 539023 -6904 41.5 - - - - - - 134 0.14
209 53902.6 -69 04 23.2 - - - - - - 12.8 0.09 e
210 53908.1 -69 04 05.2 - - - - - - 13.1 0.10 e
211 53908.3 -69 03 57.6 - - - - - - 13.4 0.16
212 53909.3 -69 03 53.3 - - - - - - 13.3 0.17
213 539095 -69 04 36.8 - - - - - - 134 0.13
214 53926.1 -69 11 29.0 - - - - - - 135 0.32
215 53958.4 -69 06 08.6 - - - - - - 12.6 0.18 e




