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Abstract. We have performed deep Ks -band observations of the starburst region NGC 3603 with the infrared
camera ISAAC mounted on the VLT Antu. The total area covered by our data stretches from the NGC 3603
starburst cluster towards the south up to a maximal distance of about 37000 (∼12 pc). This enables us to reconsider
and redetermine the radial extent of the cluster which is found to be about 15000 ± 1500 (∼5 pc), exceeding previous
estimates by a factor of 2.5. King model fits are used to disentangle the count statistics of cluster stars from those
of field stars. With knowledge of the cluster radius we then construct and analyze the Ks -band luminosity function
(KLF) of the NGC 3603 starburst cluster. The KLF for cluster radii >3000 is rising down to the completeness limit
of our study at Ks ∼ 17m –17m. 5, corresponding to 1 Myr old cluster members of M ∼ 0.5 M . For the range of
intermediate luminosity stars we obtain a KLF slope of α = 0.35 ± 0.02 which is consistent with a Miller-Scalo
type initial mass function (IMF) of a ∼1 Myr old stellar cluster if one assumes a power-law index of β ∼ 2 for the
mass-luminosity relation of both intermediate mass main sequence stars and low mass pre-main sequence stars.
At the high luminosity end the observed KLF likely flattens (α ∼ 0.2), being consistent with a Salpeter type IMF
for NGC 3603’s massive main sequence stars.
Key words. stars: formation – stars: pre-main sequence – stars: luminosity function, mass function – H II regions –
ISM: individual objects: NGC 3603 – galaxies: starbursts

1. Introduction
Located at a distance of about 7 ± 1 kpc (Goss et al. 1972;
Moffat 1974, 1983; Van den Bergh 1978; Clayton 1986;
Melnick et al. 1989; Crowther & Dessart 1998; De Pree
et al. 1999; Pandey et al. 2000) towards the tangential
point of the Carina arm (l ∼ 291.◦ 6, b ∼ −0.◦ 5) NGC 3603
is one of the most luminous, optically visible H ii regions in
our Galaxy, with a total bolometric luminosity of ∼107 L
(Kennicutt 1984). Hence, it is frequently compared to the
30 Dor giant H ii region in the Large Magellanic Cloud, although 30 Dor has about 7 times the total ionization flux,
is about 10 times larger in diameter and about 40 times
more massive (Balick et al. 1980; Kennicutt 1984; Moffat
et al. 1994). Given their representative properties as well
as the relatively moderate distances, both NGC 3603 and
Send offprint requests to: D. Nürnberger,
e-mail: nurnberg@astro.uni-wuerzburg.de
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30 Dor are considered as local templates of starburst regions in distant galaxies.
The main source of ionization in NGC 3603 is a
massive cluster of OB and Wolf-Rayet stars (Goss &
Radhakrishnan 1969), which shows – apart from the
Galactic center region – the highest density of high mass
stars known in the Galaxy (Melnick et al. 1989; Moffat
et al. 1994; Drissen et al. 1995; Hofmann et al. 1995). Due
to the relatively low foreground extinction of AV ∼ 4 . . . 5m
(Moffat 1983; Melnick et al. 1989) the NGC 3603 OB cluster offers the unique opportunity to study its stellar content in great detail by optical photometry and spectroscopy. Thus it is well known that the Trapezium-like
system HD 97950 in the core of the cluster contains 3 luminous hydrogen-rich WNL stars, 6 O3 stars and many
other late O type stars at an age of 2 . . . 3 Myr (Moffat
1983; Clayton 1986; Melnick et al. 1989; Hofmann et al.
1995).
Recent studies of NGC 3603 address several fundamental questions related to the violent environments
of starburst regions: Do low mass stars form in such
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Fig. 1. Deep Ks -band image of NGC 3603 obtained with ISAAC mounted on the VLT Antu. The position of our primary target
source IRS 9 is marked by an asterisk. Overlayed contour lines indicate the spatial distribution of CS (2–1) emission measured
with the SEST (beam size ∼5000 ; Nürnberger 2002b; Nürnberger et al. 2002b). The dashed line outlines the region which is
overlapping with the data set of Brandl et al. (1999). The dotted horizontal line separates the northern part (tint up to 60 min)
and the southern part (tint up to 15 min). Note that offsets are given in the cartesian coordinate system, i.e. offsets in right
ascension represent ∆α · cos (δ).
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environments and do they form simultaneously to the high
mass stars? Does the IMF show a turnover or cut-off at
low stellar masses and does its slope vary on small spatial scales? By near-infrared adaptive optics imaging of the
central 1300 × 1300 , Eisenhauer et al. (1998; hereafter E+98)
studied the cluster population of intermediate and low
mass stars. According to their results, there is no turnover
in the initial mass function (IMF) down to 1 M stars
but stars with less than 4 M appear to be younger
< 1 Myr) than the more massive ones. Recently, by using
(∼
the Infrared Spectrometer and Array Camera (ISAAC) of
the Very Large Telescope (VLT) Brandl et al. (1999; hereafter B+99) aimed to push the observational limit to subsolar masses. From their analysis of the colour-magnitude
diagram and luminosity functions, they conclude that the
cluster hosts a significant number of low mass stars down
to 0.1 M , assuming an age of ∼0.7 Myr. Due to the lack
of field star reference images in both studies, these authors
corrected their observed star number counts for contamination from the general Galactic field either by transfering
star counts from the optical to the near-infrared (E+98),
or by assuming stars located at radii >7500 from the cluster center as field star representatives (B+99). The latter
attempt is likely based on results of Melnick et al. (1989),
who determined the radius of the NGC 3603 OB cluster via UBV photometry of 195 luminous stars which are
spread over a field-of-view of 50. 0 × 40. 5. They find a radius of <2.1 pc, corresponding to <6200 at the distance of
7 kpc. The populous cluster, however, may extend to radii
much larger than 10000 when less luminous stars are taken
into account. Ideally, reference fields should be taken well
beyond the extent of the cluster.
The VLT + ISAAC Ks -band observations presented
here cover a large region (∼30. 5 × 60. 6) of NGC 3603
with high sensitivity and sub-arcsecond spatial resolution.
These data were originally obtained to search for sources
which are deeply embedded in the adjacent molecular
clumps. Hence the field-of-view traces the molecular line
emission associated with the OB cluster. Also allowing a
direct measurement of the nearby Galactic field star population, the data bear a very good potential for a new determination of both radius and luminosity function of the
OB cluster. In this paper we study the radial stellar density profile of the cluster and show that it extends at least
up to ∼15000. Having established the cluster radius, we
disentangle the count statistics of cluster stars from those
of field stars and finally analyze the Ks -band luminosity
function of the NGC 3603 starburst cluster. Comparison
to the results of B+99 is made and implications on the
IMF of the cluster are briefly discussed.

2. Observations and data reduction
During the nights 28/29 and 29/30 May 1999 NGC 3603
was observed with the infrared camera ISAAC mounted
on ESO’s VLT Antu and equipped with a Hawaii Rockwell
1024 × 1024 pixel array at a scale of 000. 147 per pixel.
The observations were performed in the broadband Ks
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filter (λc = 2.16 µm, ∆λ = 0.27 µm). The target position was given by the infrared source IRS 9 (following the nomenclature of Frogel et al. 1977;
RAJ2000 = 11h 15m11s. 34, DECJ2000 = −61◦ 160 4500. 2) which
is located about 10. 2 south of the center of the
OB cluster (as defined by the mass center of the
Trapezium-like system HD 97950: RAJ2000 = 11h15m 07s. 3,
DECJ2000 = −61◦ 150 3800 ; Tapia et al. 2001).
Images were acquired in a jitter pattern of 3 × 3 positions with typical offsets of the order 3000 . Each jitter
cycle contained 10 single images, the first and the last one
centered on IRS 9. The integration time per image was
1 min, consisting of 20 co-averaged frames with 3 s individual exposure time. In total, 60 images (i.e. 6 jitter
cycles) were taken, resulting in an effective exposure time
of 1 hour for the central 8000 × 8000 wide area (see the illustration in Fig. 4). Based on this very deep imaging, a
detailed discussion of the stellar content around IRS 9 will
be presented in a subsequent paper.
Due to the vicinity of the OB cluster all target frames
show severe crowding of stars as well as large amounts of
bright diffuse emission. Therefore, they could not be used
to construct good sky frames. Instead, separate frames
(15 images), were taken in a region located about 40 to the
south of the OB cluster, and relatively void of stars and
diffuse emission. Again a jitter scheme was applied, with
each cycle containing 5 images (integration time 1 min
each) offset by ∼ 6000 . These images served two purposes:
they were used to construct a representative measure of
the emission from the sky, and due to a small overlap
with the target frames around IRS 9, also allowed the later
combination of all images to a final big mosaic. The entire
data set was obtained under photometric conditions and
very good seeing, leading to a typical image quality of
∼000. 45 FWHM measured on point-sources.
Furthermore, twilight flats as well as dark frames
were taken through the usual ISAAC calibration plan.
For the purpose of photometric calibration a set
of faint near-infrared standard stars was observed,
namely FS 19 (K = 13.796; Casali & Hawarden 1992),
S279-F (K = 12.026 ± 0.006, Ks = 12.031 ± 0.006), S064-F
(K = 11.722 ± 0.013, Ks = 11.724 ± 0.007) and S791-C
(K = 11.250 ± 0.014, Ks = 11.267 ± 0.008; for the latter
three see Persson et al. 1998).
All basic steps of data reduction were performed using routines within the IRAF and IDL software packages.
First, a median sky image was created for every set of
20 target images, and carefully checked if all stars had
been removed. Then the target images – including those
images that were used to create the sky frames – were
processed by subtracting the appropriate sky frame and
dividing by a dark-subtracted median flatfield taken on
the twilight sky. Finally, all images were corrected for bad
pixels and registered in order to produce the final mosaic.
When inspecting this mosaic we noticed a large number of fake binary and multiple stars towards the edges and
corners of the central frames as well as more or less elongated stellar intensity profiles (result of the superposition
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Fig. 2. Source selection based on parameters assigned by the DAOFIND and PHOT tasks using a 3 pixel aperture: roundness
(left), sharpness (middle) and photometric error (right) versus Ks magnitude. While the upper panels display all stellar candidates, the lower panels show only those sources which fulfill the selection criteria. Dashed horizontal lines indicate mean values,
solid lines mark ±3σ deviations (panels a), b), d) and e)) and +5σ deviations (panels c) and f )) from the corresponding mean
value.

Fig. 3. Distribution of all selected sources, i.e. bona-fide stars (represented by their three selection parameters) versus distance
from the center of the OB cluster.

of at least two images of one and the same star) spread all
over the mosaic. Obviously, ISAAC is suffering from image
distortion resulting in discrepancies of up to 4 pixels, i.e.
about 000. 6 (which is larger than the FWHM of the PSF)
in the position of sources. Hence, before combining the
individual frames, we applied a geometric transformation
of all target frames using both spline3 interpolation and
third order polynomial fitting.
After combining the corrected frames neither fake binary/multiple stars nor artificially elongated intensity profiles could be found any more. Nevertheless, in order to
check the positions of stars, the Ks mosaic was registered and compared to an optical image obtained with

the ESO / MPIA WFI on the 2.2 m telescope (Nürnberger
2002b). All over the mosaic, discrepancies in the peak position of stellar profiles were found to be less than a tenth
of the PSF width. The final mosaic is presented in Fig. 1,
and its corresponding effective integration time is given in
the left panel of Fig. 4.

3. Source selection / rejection and photometry
In a first step, we determined the typical FWHM of the
source profiles using the task IMEXAM within IRAF on
about 200 bright, non-saturated and relatively isolated
stars spread all over the Ks mosaic. We find that the
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Fig. 4. Distribution of integration time over the observed field-of-view (left panel) directly compared to the surface density of
all bona-fide stars (right panel). As in Fig. 1 the position of the infrared source IRS 9 is given by an asterisk. For illustration,
the inner white circle indicates a radius of 3300 inside of which B+99 have performed their study of cluster stars. The outer
white circle marks a radius of 7500 outside of which B+99 have derived their field star statistics. The square in the lower right
corner of the right panel gives the aperture size used for the evaluation of the stellar surface density.

FWHM does not vary significantly over the whole mosaic
and is on the order of 3 pixels (we measured 000. 45 ± 000. 03).
Then, by setting the detection threshold 5σ above the
background noise level the mosaic was searched for candidate stars with DAOFIND of the DAOPHOT package
(Stetson 1987). Next we performed digital aperture photometry using PHOT with an aperture of radius 3 pixels
– larger apertures increase the risk of flux contamination by nearby neighbouring sources – in order to derive
instrumental magnitudes for all candidate stars. During
the DAOFIND and PHOT procedures, three parameters
were assigned to each source: the roundness, the sharpness
and the photometric error. By considering their statistical scatter, these parameters were subsequently used to
discriminate between stellar objects and noise peaks of
diffraction spikes, saturated stars, hot pixels and/or diffuse elongated non-stellar structures.
We obtain the following mean values and standard deviations (averaged over the whole accessible magnitude
range): 0.07 ± 0.23 for the roundness and 0.40 ± 0.05 for
the sharpness (Fig. 2, panels a+b). Corresponding values
of the photometric error were determined on 0m. 1 wide bins

(Fig. 2, panel c) and amount to 0m. 19 ± 0m. 07 for sources
with Ks ∼ 19m. Taking these values into account, any object was excluded from the final list when either its roundness or its sharpness exceeded the mean value by more
than ± 3 σ, or its photometric error exceeded the mean
value by more than +5 σ (Fig. 2). The three criteria are
complementary to each other with respect to source rejection. Careful inspection of rejected objects showed that in
almost all cases they were indeed hot pixels or extended
starless emission features. A significant fraction of rejected
sources was located in the innermost 3000 of the OB cluster, where on the one hand the number of bright sources
with saturated stellar profiles (or with digital counts lying
in the non-linear range of the detector) is very high and
on the other hand a reliable detection of faint sources is
impossible due to the stellar crowding. About two dozen
of the brightest and highly saturated stars (e.g. IRS 9) are
not contained in our final list, which is therefore also incomplete for very bright stars. In the end, out of a total
of 10 216 stellar candidates a sample of 8964 sources, i.e.
bona-fide stars, was selected.
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Fig. 5. The spatial distribution of bona-fide stars. While in panel a the whole sample is displayed, the other panels show the
stars within (2m wide) bins of Ks magnitude. In order to enhance the visibility of low luminosity sources, the magnitude scale is
converted into a linear scale for the symbol sizes. Note by comparison with Fig. 1 that the brightest Ks sources (in total about
two dozen; e.g. IRS 9) are not included, as they are saturated and thus do not match our selection criteria.

Photometric calibration for our aperture photometry was achieved by measuring the photometric

zeropoint from observations of four different standard
stars (FS 19, S279-F, S064-F, S791-C) and applying the
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appropriate aperture correction. We estimate the typical
uncertainty of our photometry – including uncertainties of
the zeropoint and the aperture correction – to σKs ≤ 0m. 05
(11m < Ks ≤ 14m ), σKs ≤ 0m. 07 (14m < Ks ≤ 16m ) and
σKs ≤ 0m. 10 (16m < Ks ≤ 17m). Stars brighter than 11m are
close to the saturation limit, so that their photometry
is affected by detector non-linearity. Limiting magnitudes
(5 σ peak flux detections) are typically 19m. 4 for the noncrowded southern part of the mosaic, and 19m. 1 for the
cluster and bright nebulous regions.
In Fig. 3 the distribution of bona-fide stars is plotted
versus the distance from the center of the OB cluster. A
relatively large number of stars is found within 15000 of
the cluster center. While roundness and sharpness show a
very similar scatter at all radii, the scatter in photometric
error is clearly larger for stars within 15000 radius of the
cluster center. This is due to the increased stellar crowding. Profile fitting, i.e. PSF fitting photometry would provide more accurate results for stars in the crowded cluster
region. However, as the mosaic is composed of many individual images which do not or only partially overlap the
PSF is, strictly speaking, physically not the same all over
the mosaic. Furthermore, the results and conclusions presented here in this paper are not affected by the slightly
larger photometric uncertainty in aperture photometry.
In a forthcoming paper we will provide a complete catalog of stars with photometry derived from PSF fitting
procedures performed on those 20 images having the best
image quality. Again, we emphasize that results achieved
from aperture photometry are fully consistent with those
obtained via PSF photometry.

4. Completeness tests
Completeness limits were determined by adding artificial
stars to the mosaic, then using DAOFIND with the same
parameters as above to re-allocate them. Each test run
comprised 100 artificial stars which were randomly spread
all over the mosaic, but restricted in their magnitude to
1m wide bins. For the same magnitude bin the procedure
was repeated 10 times to obtain statistically significant
counts, before we continued with the next magnitude bin.
This way the magnitude range from 10m to 20m was covered. The total number of 10 000 artificial stars is roughly
the same as the number of bona-fide stars detected in
the mosaic and hence represents a statistically significant
sample.
Based on these statistics we conclude that our star
counts are basically complete (> 90%) for the magnitude
range 10m –17m all over the mosaic, except for the innermost 3000 of the cluster. About 30% of the artificial stars
are missed by DAOFIND when they are located at distances less than 3000 from the cluster center, which must be
attributed to the enormous stellar crowding in this area.
The fact that almost all sources with Ks ≤ 17m at radii
>3000 are retrieved, independent of the amount of diffuse
emission in their immediate vicinity, also proves our usage
of a uniform selection criteria all over the mosaic to be in
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general a good choice, at least for the magnitude range
10m–17m .
Beyond 17m the completeness of star counts significantly decreases and also varies with the amount of diffuse nebular emission. While for the 17m –18m bin still 85%
(southern half of the mosaic, low nebulosity) and 75%
(northern half of the mosaic, high nebulosity and stellar crowding) of the artificial stars are found, the count
numbers drop to about 60% and 50% (low nebulosity and
high nebulosity, respectively) for stars with magnitudes
between 18m and 20m .
According to these test results we assume a completeness limit of Ks = 17m at radii > 3000 from the cluster center for our further interpretation of the data set.

5. Results and analysis
5.1. Spatial distribution of bona-fide stars
A synthetic map of all bona-fide stars is shown in Fig. 5a.
Additionally, we present five maps for which the bona-fide
stars were grouped in bins according to their Ks magnitude (Figs. 5b–f).
Although the most massive and most energetic cluster
members of spectral type O and WR (see e.g. Melnick
et al. 1989; Moffat et al. 1994; Drissen et al. 1995;
Hofmann et al. 1995) are discarded from our sample due
to saturation, the few luminous sources (Ks ≤ 11m ; likely
high mass main sequence stars if they are cluster members) found in panel b are clearly concentrated towards
the center of the NGC 3603 cluster. In panels c and d
the same clustering is seen for stars with 11m < Ks ≤ 15m
(which are likely main sequence stars of high and intermediate mass if they are cluster members) as already noted
by E+98. Low luminosity sources (15m < Ks ≤ 17m ; see
panel e) are apparently spread all over the northern half
of the mosaic, but still with a slight tendency to cluster toward the OB cluster center. A significant fraction of
them is located at radii much larger than 5000 . Beyond the
completeness limit (Ks > 17m ; panel f) cluster stars seem
to be spatially wide-spread, though their surface density
is barely enhanced in comparison to the large number of
field stars. However, this appearance of less pronounced
clustering of faint sources is probably an effect of increasing incompleteness with decreasing radius from the cluster
center.
It is obvious from panels d–f that a significant number of stars is missed towards the cluster center, which is
more likely caused by the enormous stellar crowding and
hence our inability to reliably detect weak sources than
by any true deficiency of stars. This incompleteness is re< 1000 ) for the range
stricted to the innermost region (r ∼
m
m
13 < Ks ≤ 15 , but it affects a relatively large area (up
to r ∼ 3000 ) at fainter Ks magnitudes. One must keep
this in mind when analyzing and interpreting (Ks -band)
luminosity functions of the cluster center.
As can be seen in Fig. 5f, similar zones – which are
apparently void of low luminosity sources – are associated

544

D. Nürnberger and M. Petr-Gotzens: IR observations of NGC 3603. I.

Fig. 6. The radial density
√ distribution of all bona-fide stars.
Typical error bars (± N) are given for five distinct radii,
and are offset for better visibility. The dashed horizontal line
indicates the mean density of field stars, which was determined at radii between 18000 and 35000 . The cluster radius at
∼15000 ± 1500 (see Fig. 7 and the text for its determination) is
marked by the dashed vertical line. We also provide the position of IRS 9 and a separate statistics (dotted histogram) for
10◦ wide ring segments located within 500 wide annuli towards
IRS 9. For all the other 10◦ wide ring segments of the same
annuli, mean values and ±1σ deviations were calculated (solid
and dash-dotted straight lines, respectively).

with IRS 9 and the two prominent pillars. While the first
might be due to the crowding of luminous IRS 9 sources,
the latter two can be attributed to steep gradients and/or
large inhomogenities in the diffuse emission of the pillars.
This prevents a reliable photometry of Ks -band sources
(i.e. causes their exclusion from our sample) which are
definitely detected there. In that respect it is noteworthy
that our statistics (for both cluster stars and field stars)
are basically not affected by differential extinction. In all
six panels of Fig. 5 we do not recognize any significant
variation of star counts which might be correlated with
the observed distribution of molecular gas shown in Fig. 1.
This suggests two conclusions: First, the molecular clumps
associated with NGC 3603 are much more compact than
can be estimated from our CS (2–1) observations taken
with a beam size of ∼5000 . In fact, C18 O (2–1) data at (by
a factor of 2) higher angular resolution support this interpretation (see Fig. 1 of Nürnberger et al. 2002a). Second,
the bulk of field stars lies in front of the cluster, as recently
noted by Sagar et al. (2001). Such behaviour is also in full
agreement with NGC 3603’s location at the outer edge of
the Carina arm and beyond its tangential point.

Fig. 7. The radial density distribution of bona-fide stars with
Ks ≤ 17m (complete sub-sample). The solid curve represents
the best King model fit to the overall distribution (see the text
for details). Like in Fig. 6, the dashed horizontal line indicates
the mean density of field stars and the dashed vertical line at
∼ 15000 marks the cluster radius (given by the point at which
the King model fit decreases below the + 3 σ deviation from
the mean field star density). It can √
be considered accurate to
about ± 1500 . The error bars give ± N uncertainties.

from spherical symmetry. The right panel of Fig. 4 suggests that there exists an enhancement of stars towards
the SE-E direction, while a deficiency of stars may be
present towards the SW. In order to quantify a possible cluster elongation, we smoothed the observed surface density distribution with a circular Gaussian filter
of width σ = 3 pixels and fitted elliptical isophotes to the
smoothed distribution. The resulting ellipticity, defined
as e = 1 − ( minor axis / major axis ) , is 0.29 ± 0.01 with
a position angle of PA = 127◦ ± 2◦ . However, if we use
only the complete sample the ellipticity is much less pronounced but still present, having e = 0.22 ± 0.01 and
PA = 133◦ ± 1◦ .
The cause for the observed elongation might be tidal
interactions between the NGC 3603 cluster and either the
Galactic Center or the nearby Carina arm, since the elongation is oriented almost parallel to the galactic plane.
Alternatively, the cluster could have emerged from a nonspherical molecular cloud structure, which – as the cluster
is very young – is still reflected in the currently observed
stellar density distribution. CO and CS data (Nürnberger
2002a) do not provide evidence for a significant absorption
effect, i.e. there is no correlation between the elongated
shape of the cluster and the (non-)presence of molecular
material in the foreground.

5.2. Surface density of bona-fide stars and cluster
asymmetry

5.3. Radial density distribution of bona-fide stars

The stellar surface density distribution may be used to
study any possible deviation of the NGC 3603 cluster

In Fig. 6 we plot the radial surface density distribution of
all bona-fide stars covering distances up to 37000 from the
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Fig. 8. The radial density distribution obtained for bona-fide stars within eight distinct angular segments. Rapid turnovers to
zero are caused by reaching the borderline of the surveyed area. For the purpose of comparison, the central panel repeats the
overall distribution already shown in Fig. 7, and the dotted curve in the outer panels is the same King profile as in the central
panel.

center of the OB cluster, which is given by the mass center of the HD 97950 system (see Sect. 2 and Fig. 1). Star
counts were computed for concentric rings of width 100 and
normalized to the area of each ring. The error
√ bars shown
are derived from simple Poisson statistics (± N ). Dashed
horizontal and vertical lines indicate the mean density of
field stars (0.054 ± 0.010 stars / arcsec2 ) and the cluster
radius (∼15000 ), respectively. The following sections give a
short description of how these two parameters are derived.

5.3.1. King model fit
As the radial density distribution shown in Fig. 6 is expected to be affected by incompleteness, we consider for
further analysis only the complete part of our sample, i.e.
all bona-fide stars with Ks ≤ 17 m . For these sources we

compare in Fig. 7 the observed projected stellar density
profile with a King model.
Usually, King models are successfully used to fit stellar
surface density and / or surface brightness distributions of
Globular Clusters, old galactic clusters as well as dwarf
galaxies (e.g. King 1966; King et al. 1968; Djorgovsky &
King 1986). The observed density profile of NGC 3603 was
fitted with the empirical formula found by King (1962):
"
f (r) = k ·

1
1
p
− p
2
1 + (r/rc )
1 + (rt /rc )2

#2

where f (r) gives the density distribution of stars in projection in dependence on the distance r from the cluster
center. The parameter k is a normalisation related to the
total number of stars in the cluster center, rc is the core
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Fig. 9. The radial density distribution of bona-fide stars lying within the completeness limit of our study (which is Ks ∼ 17m ),
separated into the same four magnitude bins as already used for panels b)–e) of Fig. 5. For each magnitude range the best
King profile fit and the corresponding parameter set is given.

radius (also called the King radius) which essentially determines how strongly peaked the density distribution is,
and rt is the tidal radius where f (r) approaches zero.
The best King model fit to the overall distribution is
shown as a solid line in Fig. 7 and was obtained with the
following parameter set: k = 0.47 stars/arcsec2, rc = 2300
(0.78 pc) and rt = 130000 (44 pc). The procedure used a
non-linear least square fitting following the LevenbergMarquardt method (Press et al. 1989) and turned out to
be sensitive to the core radius but rather insensitive to the
other two parameters. Concerning rt , it is generally difficult to constrain the tidal radius from the stellar density
profile (e.g. Kaluzny & Udalski 1992). Furthermore, in
our case, the normalisation parameter k barely provides
any additional information because of incomplete star
counts (due to stellar crowding) for radii smaller than

3000 . Hence, the uncertainties of the found solution are
σk = ± 0.05 stars/arcsec2, σrc = ± 500 and σrt = ± 20000 .
We have also checked, if the slight ellipticity of the cluster does effect the result of the King model fit: In Fig. 8 we
plot the radial density distribution of bona-fide stars for
40◦ wide angular segments at eight distinct position angles and compare them with the overall density distribution (center panel). In agreement with Fig. 4 (right panel;
see also Sect. 5.2) we notice a slight enhancement of stars
towards the SE-E of the cluster center. Apart from this,
there are no significant deviations of the radial density
distributions at different position angles from the overall profile. Thus we conclude that the ellipticity does not
affect the results of our King model fit.
Similar to Figs. 6 and 7, E+98 show a plot of
the projected stellar density for the NGC 3603 cluster,
but limited to the core region (r ≤ 4000 ). While their
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absolute observed numbers of stars per square-arcseconds
at r = 3000 –4000 agree quite well with our values, their profile fitting yields a core radius of rc = 1300 (0.44 pc), much
smaller than the value derived from our observations. The
difference is mainly due to two facts: First, our number
counts for radii smaller than 3000 are underestimated due
to incompleteness caused by the very high stellar density
in the cluster center. Second, our study traces primarily
the intermediate and low mass stars, the most massive
stars of spectral type O are excluded due to saturation.
Therefore, the resulting core radius of rc = 2300 ± 500 should
be regarded as an upper limit.
As shown in Fig. 9, where we separate the complete
subsample into four magnitude bins equal to those used
in panels b–e of Fig. 5, the core radius is also highly dependent on the investigated magnitude range (i.e. mass
range): rc ∼ 300 (0.1 pc) for stars with Ks ≤ 11m (likely
high mass main sequence stars; panel a), rc ∼ 500 –1000
(0.2–0.3 pc) for stars with 11m < Ks ≤ 15m (main sequence
stars of high and intermediate mass; panels b and c) and
rc ∼ 3500 (1.2 pc) for stars with 15m < Ks ≤ 17m (mostly
low mass pre-main sequence stars; panel d). Obviously,
the more massive stars are more concentrated towards the
center of the NGC 3603 cluster. A similar behaviour has
been found for R 136 by Brandl et al. (1996; see their
Figs. 15 and 16).
Finally, we wish to note that it is very interesting that
a stellar cluster as young as the NGC 3603 cluster can
be well fitted with a King profile, because King models
describe solutions for stellar systems in dynamical equilibrium. Clearly, since important physical parameters –
such as stellar kinematic information (i.e. velocity dispersion) or the total stellar mass of the NGC 3603 cluster – is
lacking, we cannot evaluate the cluster’s dynamical status.
Nevertheless, it is possible to carry out some order of magnitude estimations. Let us assume a velocity dispersion of
σ ∼ 7 km s−1 , a typical average value for globular clusters
(Meylan & Pryor 1993). Then the cluster crossing time
tcross ≈ 2r/σ (where r is the cluster radius; see Sect. 5.3.2)
for the NGC 3603 OB cluster is 1.4 Myr, which is on the
order of the age of the cluster. Hence, the cluster should
still be largely unaffected by standard relaxation processes
that would bring the cluster close to an equilibrium state.
Only for its central 0.5 pc relaxation via two-body encounters may have played some role, since crossing times are
significantly shorter.
Also the very young Orion Nebula Cluster shows a radial stellar profile that is in accordance with a King profile
(Hillenbrand & Hartmann 1998). Since both clusters, the
NGC 3603 cluster as well as the Orion Nebula Cluster, are
too young to have experienced significant two-body relaxation, the structural similarity with globular clusters and
older Galactic clusters is striking. This suggests that some
very basic dynamical process must regularize the structural appearance of clusters. Proposed processes include
initial mixing and/or violent relaxation, or alternatively,
the formation of stellar structures close to an equilibrium
distribution.
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5.3.2. Cluster radius
We can now use the observed radial profile from Fig. 7
to estimate the radius of the NGC 3603 OB cluster. Using
the point at which the King model fit decreases below the
+3 σ deviation from the mean field star density (determined from radii between 18000 and 35000 ) as a quantitative
criterium, we derive a cluster radius of 15000 ± 1500 (marked
by the dashed vertical line in Figs. 6 and 7). Assuming a
distance of 7 kpc for NGC 3603, this corresponds to a linear radius of about 5 pc which is larger by a factor of 2.5
than the value assumed so far (Melnick et al. 1989).
This difference is not surprising as Melnick et al. could
only use optically bright stars which are more concentrated towards the cluster center, as already discussed in
Sect. 5.3.1, while the low luminosity stars are much more
wide spread. In particular, comparison of Fig. 9d to Fig. 7
reveals that the large number of low luminosity stars dominates the overall density distribution of cluster stars and
sets the cluster radius.

5.3.3. The infrared source IRS 9
In Fig. 6 we have also indicated the distance of IRS 9 from
the cluster center. Separate statistics (dotted histogram)
were calculated for 10◦ wide ring segments of 500 wide annuli, which cover the immediate environment of IRS 9. For
all the other 10◦ wide ring segments of the same annuli
mean values and 1σ deviations were calculated (solid and
dash-dotted straight lines, respectively). The coarse binning to segments of 10◦ causes the angular variations of
the stellar density to appear rather large. However, this
reflects the slightly elliptical shape of the cluster as well
as the small scale fluctuations of the stellar density (as
already mentioned in Sect. 5).
Inwards of IRS 9 (at r ∼ 6000 ) there seems to be a
local enhancement of stellar density, while stars seem to
be slightly deficient just outwards (at r ∼ 9000 ). Certainly,
this behaviour is statistically not significant (+1.1 σ and
−0.5 σ, respectively). But it is interesting to note as it
might correlate with IRS 9 being located on the OB cluster
facing side of an adjacent molecular cloud core (AV up to
30m) and having been blown free from its natal molecular
environment by strong stellar winds, which originate from
the O and WR stars of the main cluster. Such a scenario
is consistent with a wind-blown cavity, centered on the
OB cluster and mostly void of interstellar gas and dust
(Balick et al. 1980; Clayton 1986, 1990), as well as with
shape and orientation of two prominent pillars (Brandner
et al. 2000).
Furthermore, IRS 9 features several near-infrared excess sources (Tapia et al. 2001) as well as at least three
strong mid infrared emitters, which indicates that – although revealed from most of the interstellar material –
these sources must still be deeply enshrouded in massive
circumstellar envelopes of gas and dust (Nürnberger et al.
2002a; Nürnberger 2002b). The recent detection of IRS 9’s
brightest Ks -band source at radio and X-ray wavelengths

548

D. Nürnberger and M. Petr-Gotzens: IR observations of NGC 3603. I.


Æ


Æ


Æ

Æ

a

b

c

d

5.5

3.5

1.5
M

Ks

0.5

2.5

4.5

[mag]

Fig. 10. Ks -band luminosity function obtained for all bona-fide stars lying within the range 3000 < r ≤ 15000 . Panel a) comprises
both cluster stars and field stars, while the two groups are separated in panels b) and c). The distribution of field stars is
compared to the expected one according to the galactic disk models of Jones et al. (1981; dotted curve) and Wainscoat et al.
(1992; bold horizontal bars). In panel d the field star subtracted KLF of cluster stars is displayed again using 0m. 5 wide bins
instead of 0m. 1 wide ones, which allows direct comparison with the results of B+99 (r ≤ 3300 ; dotted histogram). Best fitting
< Ks ∼
< 16m ) are indicated by dashed lines. For bins longward of
results for the KLFs of intermediate luminosity stars (13m ∼
m
Ks = 17 arrows give a lower limit for the incompleteness correction of our sample, which is complete for Ks ≤ 17m . Assuming
a lower limit of 6.3 kpc for the distance of NGC 3603 and a typical interstellar extinction of AV = 4m. 5 apparent magnitudes of
stars convert into absolute magnitudes and corresponding spectral types of main sequence stars as annotated.

(Mücke et al. 2002 and Mücke, priv. comm., respectively)
confirms this picture.
Hence, even if IRS 9 might barely stand out from the
average density distribution of cluster stars, sources associated with IRS 9 most likely are in relatively early evolutionary stages when compared to the population of the
NGC 3603 OB cluster. Therefore, IRS 9 might count as
a sparse association of protostars in its own right (see
the discussion in Nürnberger et al. 2002a and Nürnberger
2002b for more details).

5.4. Ks -band luminosity function
Near-infrared luminosity functions are a powerful tool to
investigate emergent and initial mass functions (EMF and
IMF, respectively; Meyer et al. 2000). Hence, during the
last decade several studies have focused on determination and discussion of luminosity functions of young clusters (e.g. Lada et al. 1991, 1993a; Carpenter et al. 1993,
1997; Megeath et al. 1996; Hillenbrand 1997; Sirianni et al.
2000). However, although star formation in clusters occurs on short times-scales (i.e. in only one or two crossing
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Fig. 11. Ks -band luminosity function for cluster stars with
r ≤ 3300 after subtraction of a “field star population” which
was derived from the annulus 7500 < r ≤ 10200 (following Brandl
et al. 1999).

times; Elmegreen 2000; Elmegreen et al. 2000), relatively
large uncertainties in the most crucial parameters like the
mass-luminosity relation and the stellar ages make it often
difficult to interpret near-infrared luminosity functions in
terms of the underlying mass function.
Young starburst clusters provide a scenario in which
most of the stars are supposed to be formed (nearly)
coeval. Thus, age determination for a relatively small
number of cluster members allows to eliminate the stellar age as a free parameter in modeling the stellar mass
function. In the case of the NGC 3603 OB cluster, recent
studies by E+98 and B+99 have shown a relatively small
spread of stellar ages. Stars with less than 4 M appear
to be slightly younger (<1 Myr) than the more massive
stars (2 . . . 3 Myr). However, the debate on the ages of
both low mass and high mass cluster members is still open
(see e.g. the discussions presented in E+98 and Crowther
& Dessart 1998). In particular, taking into account the
uncertainties of current stellar evolutionary models one
might even speculate that low mass and high mass stars
of the NGC 3603 cluster are coeval.

5.4.1. The observed KLF
Based on our VLT / ISAAC data, the overall Ks -band luminosity function of the NGC 3603 starburst cluster is
presented in Fig. 10. Panel a gives the observed KLF of
all bona-fide stars with radii between 3000 and 15000 , i.e.
it comprises both cluster and field stars. After appropriate subtraction of field stars – their KLF is displayed in
panel b and discussed in Sect. 5.4.2 – we obtain the pure
statistics of cluster stars (panel c).
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The same KLF of cluster stars is shown again in panel
d, using 0m. 5 wide bins instead of 0m. 1 wide ones in order to
match the uncertainties of the photometric calibration of
the weakest sources and to allow direct comparison with
the results of B+99 (dotted histogram). For magnitude
bins longward of Ks = 17m arrows indicate a lower limit
for the incompleteness correction of our sample, which is
complete for Ks < 17m over the range 3000 ≤ r ≤ 15000 .
In order to look for radial trends we have also extracted
KLFs for five distinct annuli covering ranges from r ≤ 3000
to 12000 < r ≤ 15000 . These results are presented in Fig. 12
and can be directly compared to Fig. 10, as for each annulus the corresponding KLF of bona-fide stars (left column), field stars (middle column) and cluster stars (right
column) is provided.
Taking into account a distance modulus of 14m (i.e.
a lower limit of 6.3 kpc for the distance of NGC 3603) as
well as a foreground extinction of AV = 4m. 5, our apparent magnitudes convert into absolute magnitudes as annotated along the lower abscissa of Figs. 10d and 12c5.
Based on the KLF parameters provided by Jones et al.
(1981; their Table 2) we made an attempt to translate
these magnitudes into spectral types by simplifying that
all NGC 3603 cluster stars belong to luminosity class V.
The corresponding spectral types are marked along the
upper abscissa. Sources that are still in the pre-main sequence phase, however, are typically more luminous than
on the main sequence and corresponding spectral types
would shift to the right in our figures. For instance, assuming an age of 1 Myr for the NGC 3603 OB cluster
and using the stellar evolutionary models by Baraffe et al.
(1998), a star of 0.5 M will have Ks ∼ 17 m .

5.4.2. The field star KLF
The determination and subtraction of field star statistics
is required for an analysis and interpretation of the luminosity function. Therefore, as the NGC 3603 OB cluster
spreads out to radii of about 15000 (see Sect. 5.3.2), we
determine the statistics and the KLF of field stars at radii
larger than 15000 , i.e. the southern half of our survey area
is used for this purpose.
In order to check the reliability of the obtained field
star KLF, we compare it to that expected from the
Galactic disk models of Jones et al. (1981; dotted curve)
and Wainscoat et al. (1992; bold horizontal bars) in
panel b of Fig. 10 as well as in panels b1–b5 of Fig. 12.
Both models comprise geometrically and physically realistic representations of infrared sources within the Galaxy
and are complementary to each other in terms of the
Ks -band magnitude range. While Wainscoat et al. (1992;
see their Table 8) already list a KLF for the Galactic coordinates l = 330◦ and b = 0◦ (which are close to those
of NGC 3603), we have used the Jones et al. (1981) model
to calculate the total number of field stars per magnitude
bin towards the exact coordinates of NGC 3603 (l ∼ 291.◦ 6,
b ∼ −0.◦ 5). For this purpose we took into account
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Fig. 12. Ks -band luminosity functions derived for five distinct annuli covering ranges from r ≤ 3000 (top) to 12000 < r ≤ 15000
(bottom). The observed KLFs (which include both cluster stars and field stars) are found in the left column. In all cases field
star statistics were obtained at radii >15000 and normalized to the actually observed area of each individual annulus (middle
column). After field star subtraction the emergent cluster KLFs (binned to 0m. 5 wide units) are shown in the right column.
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adequate populations of field stars in the distance range
from 0.5 kpc to 14 kpc. The model results are in excellent agreement with our observed KLF of field stars
for the range 11m ≤ Ks ≤ 17m (the normalized values of
Wainscoat et al. 1992 for the bins 11 m –12m and 12m –13m
lie just outside the ordinate range).

5.4.3. The cluster star KLF
With appropriate field star statistics at hand, we disentangle the count statistics of cluster stars from those of field
stars at radii ≤15000 and analyze the pure cluster KLF.
This is done in several steps, considering different regions
within the cluster.
First, we directly compare our data to the KLF presented by B+99. These authors derive a luminosity function for the innermost 3300 of the NGC 3603 OB cluster,
which is shown in Fig. 11. Following the same procedure
as the one used by B+99, i.e. constructing the KLF for
cluster stars with r ≤ 3300 and subtracting a “field star
population” derived from the annulus 7500 < r ≤ 10200 , we
obtain a KLF from our VLT data that is also plotted in
Fig. 11. The comparison shows that our result does very
well reproduce the relatively flat KLF slope for Ks < 16m
reported by B+99. However, the two curves also reveal
significant discrepancies in number counts, in particular
for Ks > 16m , which may be due to various reasons. E.g.,
the data set of B+99 was obtained under slightly better
seeing conditions and with slightly larger total integration time (on the cluster center), which primarily explains
the diverging results at the faint luminosity end. Also,
the two samples have been derived from different selection / rejection procedures.
The flat slope of the KLFs in Fig. 11, however, is suspicious because it would be typical for a cluster consisting solely of main sequence stars (see the next but one
paragraph), which contradicts the findings of B+99 that
the low mass stars of NGC 3603 are still in a pre-main
sequence evolutionary phase. A steeper slope is expected
considering the large numbers of low mass pre-main sequence stars identified by B+99 (see their Fig. 2c). Could
the flat slope be due to the subtraction of a “field star population” derived from 7500 < r ≤ 10200 , which apparently
is within the cluster region since the cluster extends to
r ≈ 15000 ?
In order to clarify this, we plot the KLF for the cluster center again in Fig. 12 c1, but this time with field star
statistics derived from radii larger than 150 00 (i.e. the revised cluster radius was taken into account). In general,
our result and that of B+99 are again in good agreement.
Most interestingly, the resulting KLF slope is still very
flat, consistent with those shown in Fig. 11. Hence we
can rule out that the slope obtained by B+99 is affected
by their choice of field star subtraction. Since we know
from Sect. 4 that – at least for our data set – statistics of
NGC 3603 cluster members (in particular of low luminosity sources) obtained at radii <3000 are highly incomplete,
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we believe that the flat slope is caused by this incompleteness and thus not representative for the real KLF of
the cluster/cluster center. Expecting large uncertainties
due to the enormous crowding of stars within the cluster
center, we made no attempt to determine incompleteness
corrections for the individual magnitude bins of Figs. 11
and 12 c1 .
A much better approach is to study the cluster KLF
emerging from (complete) number counts in the range
3000 < r ≤ 15000 (Fig. 10). Panels c+d of Fig. 10 display
the field star subtracted KLF of cluster stars, with the
best power-law fit for the KLF of intermediate luminos< Ks ∼
< 16m ) indicated by a dashed line.
ity stars (13m ∼
In comparison to the results for the central cluster region and to the results of B+99 we obtain a much steeper
cluster KLF, with a slope of about 0.35 ± 0.02 (independent of the magnitude binning). Assuming an average age
of 1 Myr for the cluster stars (see the detailed discussion in E+98 and Crowther & Dessart 1998) and thus
using the mass-luminosity relation LK ∝ Mβ with β ∼ 1
for low mass pre-main sequence stars (Lada et al. 1993b),
one would expect values like α = γ / ( 2.5 β ) = 0.68 and
0.54 for power-law IMFs with slopes γ = 1.7 (Miller-Scalo
1979; Scalo 1986) and 1.35 (Salpeter 1955), respectively.
Increasing the mass-luminosity relation to β ∼ 2 (in order
to account for both the intermediate / high mass main sequence stars and the low mass pre-main sequence stars;
Lada et al. 1993b) should result in KLF slopes of α = 0.27
for a Salpeter type IMF and α = 0.34 for a Miller-Scalo
type IMF, which (i.e. the latter value) is obviously in very
good agreement with our fit result.
In full agreement with the results of E+98 we do
not find any turnover in the luminosity function down to
solar-type stars, and probably not even down to sub-solar
masses (Ks ∼ 17m –18m). Hence, the apparent turnover at
Ks ∼ 16m. 5 seen by B+99 must be an observational artifact due to incompleteness which they have presumed
in their paper already. Given the fact that our statistics
for both field stars and cluster stars show a turnover at
Ks ∼ 18m we believe that this is an observational artifact
too. At the high luminosity end (Ks ≤ 13m ) the cluster
KLF apparently flattens (α ≤ 0.2; see Figs. 10d and 12c1),
which would be consistent with a Salpeter type IMF for
NGC 3603’s massive stars which are already on the main
sequence.
From panels c2–c5 of Fig. 12 we find some evidence for
a steepening in the KLF with distance from the cluster
center: α ∼ 0.31 . . . 0.34 for the range 3000 < r ≤ 9000 and
α ∼ 0.42 . . . 0.49 for the range 9000 < r ≤ 15000 . If confirmed
this may be indicative for mass segregation within the
cluster at a relatively early evolutionary stage (∼1 Myr),
either as a result of initial conditions (massive stars are
born in the center) or as a result of rapid cluster evolution.
Given the uncertainty (± 1500 ) for the cluster radius, which
is half of the bin widths used here, the somewhat shallower
KLF slope (α ∼ 0.14) seen in panel c5 for the magnitude
> Ks ∼
> 11m might be caused by a remnant,
range 16m ∼
non-negligible contamination with field stars.
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– Although the highly crowded cluster center (r < 3000 )
needs to be treated carefully, the overall radial stellar
density distribution is successfully fit by a King profile with a core radius of rc = 2300 ± 500 (corresponding
to 0.78 pc ± 0.17 pc at a distance of 7 kpc). The core
radius is highly dependent on the investigated range
of Ks magnitudes, which suggests that the more massive stars are obviously more concentrated towards the
cluster center.
– The cluster spreads out to radii of the order 15000 (i.e.
about 5 pc). This is larger by a factor of 2.5 than the
value assumed so far (Melnick et al. 1989).
– The cluster radius is determined by the low mass stars.
Thus, underestimating the cluster radius converts primarily into an underestimation of the low mass cluster
population.
– For cluster radii larger than 3000 we find a gradual
steepening of the cluster KLF which might be interpreted as an evidence for mass segregation, either initial or dynamical.
– The KLF of NGC 3603 shows no turnover for
< 17m , which corresponds to M ∼
> 0.5 M for
Ks ∼
1 Myr old cluster members. Taking into account an appropriate correction for incompleteness the KLF probably rises even in the range Ks ∼ 17m –18m.
– In contrast to the flat KLF determined for the incomplete star counts at cluster radii <3000 , for radii between 3000 and 15000 we obtain a much steeper KLF,
with a slope of 0.35 ± 0.02 for the range of intermediate
luminosity stars. This is consistent with a Miller-Scalo
type IMF of a 1 Myr old stellar cluster if one assumes a
power-law index of 2 for the mass-luminosity relation
of both intermediate mass main sequence stars and low
mass pre-main sequence stars. At the high luminosity
end the observed KLF probably flattens (slope ∼0.2),
in agreement with a Salpeter type IMF for NGC 3603’s
massive stars which are also on the main sequence.
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