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ABSTRACT

We have obtained deep JHK imaging of the central region of the NGC 2024 embedded cluster, allow-
ing three-color measurements of 151 sources. We show that contamination by background sources is
small, and we reject a small number of sources that are probably foreground. We use a Monte Carlo
isochrone fitting technique to estimate the luminosities and masses of the low-mass members of the
embedded cluster. We find that the IMF between ~0.04 and ~0.5 My can be fitted within the errors
with a power law of slope —1.2 in linear mass units (or —0.2 in logarithmic units). There is no indica-
tion of a turnover of the IMF at the bottom of the main sequence; it appears to continue down to
~0.04 M, with no significant deviation (within our moderately large errors) from the power law. This
estimate of the IMF includes only the primary members of binary (or multiple) systems. Of a subset of
35 sources, 24 (69%) appear to have infrared excesses indicating possible circumstellar disks, supporting
arguments that disk formation is not inhibited in high-density clusters.

Subject headings: H 1 regions — ISM: individual (NGC 2024) —
open clusters and associations: individual (NGC 2024) — stars: low-mass,
brown dwarfs — stars: luminosity function, mass function

1. INTRODUCTION

The Orion complex is the most thoroughly studied star-
forming region (Goudis 1982; Genzel & Stutzki 1989).
Unlike more nearby sites of star formation like Taurus-
Auriga and p Ophiuchi, where only low-mass stars are
being formed at present, Orion displays simultaneous
ongoing star formation at all stellar masses (Zinnecker,
McCaughrean, & Wilking 1993). It is therefore an ideal site
to extend measurements of the initial mass function over a
broad range of masses.

The NGC 2024 H 1 region is one of the most conspicuous
features of the Orion complex. It is located in the Orion B
(=L1630) giant molecular cloud (Maddalena et al. 1986),
near its interface with the b subgroup of the Orion OB1
association (Blaauw 1964). Under the hypothesis that star
formation in the Orion OBl association is propagating
from the a to d subgroups (Elmegreen & Lada 1977;
Blaauw 1991), star formation in NGC 2024 would have
been triggered by activity in the neighboring b subgroup,
whose nuclear age is estimated at 5 x 10 yr (Warren &
Hesser 1978).

The structure of the H 1 region and its associated molec-
ular material have been discussed in detail by Barnes et al.
(1989), who also found a cluster of about 30 infrared point
sources. A more extensive survey enabled Lada et al
(1991b) to discover many more faint members of the NGC
2024 cluster in their study of the global star formation in the
Orion B cloud. These studies suggest that NGC 2024 is an
excellent site to study the low-mass IMF: (1) it is at rela-
tively high Galactic latitude and contains a very dense infra-
red cluster, which stands out clearly compared with the
density of background sources; (2) the large column density
of molecular material provides a nearly opaque screen that
further reduces the degree of background contamination;
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and (3) the large number of sources allows the embedded
cluster to be studied with good statistics.

In this paper, we present the results of a new, deep near-
infrared survey of NGC 2024 in the J, H, and K bands,
which samples most of the area covered by the embedded
cluster. The infrared photometry of the sources is analyzed
by fitting models of young stars and substellar objects to
determine the mass function. Our analysis is based on a
technique developed in a previous study of the p Ophiuchi
cluster (Comeron et al. 1993, hereafter CRBR, and
described further in Williams et al. 1995). The sensitivity of
our survey should allow us to detect massive substellar
objects in the cluster; at the age of NGC 2024, these sources
should still be in a stage of deuterium burning that provides
a brief interval of stable energy output before they begin to
fade permanently from sight. Our results will be compared
to those obtained applying the same technique to the p Oph
cluster.

2. OBSERVATIONS AND DATA REDUCTION

Observations were carried out in 1993 October 23-26,
with the Steward Observatory 2.3 m telescope, using a
NICMOS3 256 x 256 HgCdTe array in a camera that pro-
vides a scale of 0764 per pixel. Frames were taken in the J
(1.25 pm), H (1.65 um), and K (2.2 um) bands. Each frame
was constructed from a set of 16 short exposures, with small
telescope motions between exposures to allow for efficient
flat-fielding and bad pixel removal. A flat field is con-
structed by median averaging the set of exposures of a given
field, rejecting the highest and lowest values of a given pixel
to eliminate stars and cosmic rays. Exposure times for indi-
vidual exposures were 30 s for both the H and K bands and
90 s for the J band.

The fields were selected from the K-band mosaic
published by Lada et al. (1991b). So far as possible, regions
with bright nebulosity were avoided, and where portions of
our frames were contaminated by nebulosity, we discarded
these regions from further analysis. A total of five fields was
imaged with some overlap among them, so that the area
covered by our survey is approximately 30 square arcmin.
Figure 1 displays the limits of this area.
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F1G. 1.—Map of the surveyed area of NGC 2024, showing the positions
of the sources detected in 2 um. The offsets are referred to the position
a = 5%39™5%0, 6 = —1°56'30” (equinox 1950.0).

Reduction of the frames was performed under the IRAF
image analysis software. Astrometry was performed with
the DAOFIND task and with positional references from the
2 um survey of Barnes et al. (1989). These positions are in
good agreement with those derived by offsetting the tele-
scope from SAO 132444 and using the pixel scale given
above. We estimate the overall positional accuracy to be
better than 3”.

Photometry of the array images was carried out using the
PHOT task under IRAF and calibrated by means of
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F1G. 2—Histogram of apparent K magnitudes. The completeness limit
is at about m, = 17.

observations of the JHK standard stars HD 22686 and HD
40335 (Elias et al. 1982). The task parameters were opti-
mized to avoid contamination of the measurements due to
the crowdedness of the field, leading to selection of a 571
aperture for the source and an annulus of 970 and 1079
inner and outer diameters for sky. We verified that our
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F1G. 3—J—K, H—K) diagram for all the sources detected in J, H, and K. The sources lying at very small values of J —K for their H—K color are all
very faint, and their position in this color-color diagram very probably is caused by erroneous magnitude measurements.
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results were not sensitive to reasonable changes in these
parameters. The rms photometric accuracy in each band is
estimated to be better than 10%, except for very faint
sources near the visibility limit where the uncertainties can
be somewhat larger. The completeness magnitude is not
uniform through all the frames as a consequence of faint
local nebulosities that may make faint sources fall below the
detection limit. As a result, we cannot verify completeness
by obtaining a deeper image for part of the field as we did
for p Oph. However, from comparison with this previous
work (CRBR), we estimate the completeness limits over
most of the surveyed field to be m; ~ 19.5, my ~ 18.5, my ~
17. A total of 261 sources was detected in K, 213 in H, and
152 in J. All sources detected in J were detected in H and,
with the exception of one source near the detection limit in
both J and H, all sources detected in H were detected in K.

Figure 2 shows a histogram of the K magnitudes in the
surveyed area. Stars brighter than myg ~ 9.5 are missing
because they tend to be surrounded by bright nebulosity
and therefore were excluded from our survey. Our histo-
gram is similar to those of Lada et al. (1991b) and Hodapp
(1994), with the distribution peaking near my ~ 12. Lada et
al. attributed this peak to the incompleteness of their survey
for stars fainter than my ~ 13. However, our survey and
that of Hodapp have significantly fainter limits, showing
that the peak at mg ~ 12 is a real feature of the apparent
luminosity function of the cluster; this behavior is very
similar to the result of McCaughrean & Stauffer (1994) for
the Trapezium cluster. A color-color diagram is presented
in Figure 3.

3. DATA ANALYSIS

3.1. Basic Method

At the age of an embedded cluster, young, low-mass stars
are still contracting toward the main sequence, invalidating
the application of main-sequence relationships among
mass, luminosity, and the effective temperature. Time-
dependent models of early stellar and substellar evolution
(D’Antona & Mazzitelli 1985, 1994; Nelson, Rappaport, &
Joss, 1986; Laughlin & Bodenheimer 1993; Burrows et al.
1993) are required to interpret the infrared observations.
The models predict the evolution of luminosity and tem-
perature for a given mass; these parameters can be com-
pared to the measured magnitudes and colors. This
comparison has to take into account the wavelength-
dependent obscuration by the intervening dust, spectral fea-
tures in the atmosphere of the star, and the possible
existence of circumstellar disks.

The procedure followed by us to fit the models to the
observations is described in detail in CRBR and in Williams
et al. (1995). In summary, the age of a source is assumed to
be known (see discussion below), and a trial temperature is
chosen for the fit. Assuming the object has no infrared
excess due to circumstellar emission, the intrinsic colors of
the object are assumed to be determined uniquely by the
temperature through the Planckian behavior corrected for
the (temperature-dependent) atmospheric features in each
band. Given the theoretical isochrone, the temperature cor-
responds to a luminosity (or equivalently an absolute bolo-
metric magnitude). With the bolometric magnitude and
theoretical colors as boundary conditions, we attempt a fit
to the observed colors correcting for extinction. The fit is
optimized by adjusting the trial temperature (and accom-

Vol. 473

panying bolometric magnitude) and the extinction. There
are essentially two unknowns, the temperature and the
extinction in one of the bands; the rest of the parameters are
given by the stellar models and the extinction law. Thus, in
principle, measurements in two colors would suffice to fit
the source properties. In general, we require at least three
colors as a check on the underlying assumptions and on the
presence of infrared excesses. The residuals in a least-
squares fit to the three-color photometry determine whether
the model satisfactorily reproduces the observations.
Through the theoretical models, this best fit provides the
mass of the object.

3.2. Infrared Excesses

In general, the embedded sources will have varying
degrees of infrared excess. Adams, Lada, & Shu (1987) use
the spectral index n =d log (Af,)/d log A to distinguish
general types of source. Class I sources (n > 0) are inter-
preted as protostars whose luminosity is dominated by acc-
retion of infalling material onto a central, immersed object.
Class II sources (0 > n > —2) are taken to be T Tauri stars
surrounded by a nebular disk responsible for the infrared
excess of the source, either by reprocessing the short-
wavelength emission of the central object or by producing
energy from the infall of matter onto it. Finally, class III
sources (—2 > n > — 3) are believed to be the central object
after dispersal of the nebular disk.

Given the limited wavelength coverage of our JHK pho-
tometry, we have tentatively taken all sources with
H — K > 3.5 to be class I (including those detected only at
K with M < 14). As discussed below, these sources consti-
tute no more than 6% of those detected in our survey. Class
I sources are not modeled adequately by our method; if
instead these sources were very heavily obscured class II or
IIT sources, they would be added to the high-luminosity,
high-mass counts and would have little effect on the low-
mass IMF which is the focus of this paper. We therefore do
not include them in our analysis.

As in CRBR, we fit colors of sources of class II and III in
a way that approximately reproduces the theoretical spec-
tral energy distributions. This fit assumes the emission is
dominated by the photosphere up to the peak of the spec-
tral energy distribution, and that for longer wavelengths
there is a power-law excess expressed as a magnitude differ-
ence Am, with respect to the blackbody law. For NGC
2024, where we have only J, H, K, photometry, this
approach is equivalent to identifying class II sources as ones
which are fitted adequately at J and H but which show a
modest excess at K compared with class III ones. For stars
with temperature above ~4500 K, the J, H, K bands no
longer sample the spectrum adequately to determine a tem-
perature. Therefore, we have ignored the details for stars
best fitted by masses above 2 M, simply treating them as
“high-mass” stars.

3.3. Source Models

For masses below 0.2 M, we have used the models of
Burrows et al. (1993). The mass range below 0.2 M has
also been studied by D’Antona & Mazzitelli (1994). Some
discrepancies in the stellar models still persist due to differ-
ences in the input physics, but to first order these issues are
understood (see discussion in Burrows et al. 1993 and
D’Antona & Mazzatelli 1994). In this mass range, the differ-
ences between the models of D’Antona & Mazzitelli and
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Burrows et al. arise largely from the different treatment of
the atmosphere. A discussion of the effects of an incomplete
atmospheric model on the location of the pre-main-
sequence tracks in the luminosity-temperature diagram can
be found in Burrows et al. We have selected their tracks in
our analyses in the low-mass and substellar range because
of the more detailed treatment of the atmosphere than in
D’Antona & Mazzitelli. The uncertainties in our obser-
vational analysis appear to be dominated by uncertainties
in the ages of the embedded sources rather than by the
likely errors in these models.

We have used the tracks of D’Antona & Mazzitelli (1994)
above 0.2 M. The differences among different sets of
models in this mass range are relatively small. To ensure a
smooth merging with the models used for M < 0.2 M, we
have taken the results listed in Tables 3 and 7 of D’Antona
& Mazzitelli. These models are based on Alexander,
Augason, & Johnson (1989) and Rodgers & Iglesias (1992)
opacities and MLT convection. Although choosing another
set of isochrones, with different convection and opacity
parameters, would result in measurable differences in lumi-
nosity and temperature, such differences are small com-
pared to the uncertainties in our analysis due to age effects.

The spectral energy distribution in the infrared for
objects with temperatures above ~3500 K is reasonably
well approximated by that of a blackbody. At lower tem-
peratures, absorptions due to neutral and low-ionization-
potential species and to molecules become important. In
this range, we have computed corrections to the blackbody
fluxes based on the atmosphere models by Allard & Haus-
childt (1995), which include most important atomic and
molecular species. Although these models are likely to
underestimate the fluxes at H and K for our objects, as
shown by those authors, the agreement is satisfactory
within our photometric accuracy.

3.4. Foreground Extinction

We have used the extinction law of Rieke & Lebofsky
(1985). Although the extinction in star forming regions at
blue and visible wavelengths is known to vary from the
standard law, such variations are small in the infrared
(Rieke & Lebofsky 1985; Clayton & Mathis 1988).

4. RESULTS AND DISCUSSION

Most distance determinations to NGC 2024 are consis-
tent with a distance modulus of 8.1 to the Orion B cloud,
equivalent to a distance of 415 pc, as found by Anthony-
Twarog (1982) from narrow band photometry of B stars.
We have adopted this value for the present study.

4.1. Background, Foreground, and Interloper Contamination

Because of the proximity of NGC 2024, its small spatial
extent, its angular separation from the galactic plane, and
the obscuration of the background sources by the molecular
cloud, we expect that nearly all of the infrared sources
detected in our survey are physically related to the cluster.

We have estimated the potential contamination by fore-
ground stars using the model of Jones et al. (1981) of the
Galactic K luminosity function. In the direction b = —17°
of NGC 2024, and up to a distance of 415 pc, one would
expect to see some 440 stars per square degree brighter than
mg = 17 and with spectral type M5 or earlier. Due to the
steepening of the luminosity-mass relationship at the faint
end, later type M dwarfs would only slightly increase this
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count. Scaled to the 30 square arcmin of our survey, we
would expect to find three to four foreground sources
earlier than M5 V (ie., with mg < 14.5) and a smaller
number of fainter ones. We have found five likely fore-
ground sources, identified by their relatively blue colors
(H — K < 0.3). These sources have been excluded from our
further analyses.

Background contamination is mainly due to red giants at
large distances from the galactic plane; it is decreased by the
dimming of background stars by the dust in the molecular
cloud. The average extinction due to the NGC 2024 cloud
can be evaluated from the '3CO observations of Bally,
Langer, & Liu (1991), who found velocity-integrated line
intensities of up to 60 K km s~ ! along some lines of sight.
Adopting 45 K km s~ ! as an average value, and the cali-
bration of 1 K kms~! - 4, = 1 mag derived by Bally et al.
for the excitation conditions of Orion, we estimate A, = 45
mag for the average background extinction. Using the
Rieke & Lebofsky (1985) extinction law, this translates to
Ag ~ 5.0 mag. The unobscured K magnitude for back-
ground sources still to be above our detection limit should
therefore be my = 12 or brighter; from Jones et al.’s (1981)
models, the expected number of such sources in the direc-
tion of Orion is about 175 per square degree, or only one to
two in our whole survey. However, the assumption of a
uniform background extinction usually underestimates the
number of background sources, as in a clumpy cloud a
good part of the contamination comes from faint back-
ground sources observed through extinction “holes.”
Comeron, Torra, & Rieke (1996) have estimated the
required correction to take into account the clumpiness of
the cloud; in the case of a cloud at the latitude of NGC
2024, and assuming a typical clump mass spectral index
o = —1.6, the above estimate for the number of back-
ground sources should be multiplied by a factor of less than
2, still making it insignificant. Other derivations of the
extinction in NGC 2024 (Mezger et al. 1988) tend to give
higher values than the one adopted by us. On the other
hand, a few areas of our survey probably have extinctions
below the mean value; even with generous assumptions
about these areas, no more than ~5% of the detected
sources can arise from the background.

Finally, we can estimate the probability of finding a star
accidentally lying in the region occupied by NGC 2024 but
having no physical relation to it. Again, the most likely type
for such an interloper is an early M dwarf. Taking the
density of stars of all types earlier than M5 at the position of
Orion according to the parameters of Jones et al. (1981),
and assuming a depth of the NGC 2024 cluster of ~0.6 pc
(similar to its size in the plane of the sky), the probability of
finding an interloper in the sampled volume is less than 1%.

4.2. Class I Sources

Two of our sources are very close to the positions of the
far-infrared sources FIR 1 and FIR 3 studied by Mezger et
al. (1988). Their positions, colors and magnitudes are given
in Table 1. The color indices would imply extinctions A, >
50 mag if they arose from extinction by intervening dust,
and they are possible class I sources with strong infrared
excesses. Mezger et al. estimate a mass of ~15 M, for FIR
1 and ~50 M for FIR 3, suggesting that they are proto-
stellar cores which may ultimately give rise to intermediate-
or high-mass stars. In addition to the maxima correspond-
ing to FIR 1 and FIR 3, we have found four more near-
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TABLE 1
SOURCES IDENTIFIED IN 1300 um AND NH; SURVEYS

Number o (1950) 4 (1950) J H K Remarks

| R 5h39m1081 —1°55'12" 17.6 141 FIR 1

2.t 539 10.9 —15530 17.1 14.0 11.8

3o 539 11.6 —15542 19.2 154 FIR 3

4........ 539 12.3 —15519 154 13.7

Seevenens 539 13.9 —15743 12.0 11.5 114  IRS 22 (Barnes et al. 1989)
6....... 539 12.3 —15457 17.6 14.5 12.3

infrared sources within 5” of NH; peaks in the survey of
Gaume, Johnston, & Wilson (1992). The positions and mag-
nitudes of these sources are also given in Table 1. These
additional sources are moderately red, probably early T
Tauri stars still associated with remnants of their protostel-
lar envelopes, with the exception of source number 5, which
is associated with a visible star. Additional possible class I
sources (H — K > 3.5) are located along the obscuring dust
bar where the sources of Mezger et al. lie. In total, we find
13 candidate class I sources.

4.3. Disk Properties

To address the isue of the decay time of circumstellar
disks in the NGC 2024 cluster, we have used the lowest
mass objects detected in our survey. Deuterium burning in
the early contraction of objects with masses below 0.2 M,
stabilizes the temperature and luminosity temporarily,
giving origin to a “deuterium-burning main sequence”
(Burrows et al. 1993). The duration of this stable stage is
comparable to the upper limit to the age of the NGC 2024
cluster. Therefore, in this mass range we obtain a unique
solution for the extinction and the intrinsic infrared excess.
We have found 35 sources measured in all three colors for
which these arguments apply. We find that 24 of these
objects are of class II, with detectable excesses, and the
remaining of class III, with little or no excess. Despite the
relatively high density of the NGC 2024 forming cluster, it
appears that a large portion of its members have excesses
possibly resulting from circumstellar disks.

We have performed the same fit with p Oph data of
CRBR, obtaining six sources with n > —2 out of 17 objects
fitted by masses below 0.2 M, (only slightly different from
the result of six out of 16 obtained from Table 4 of CRBR
from fits based on the pre-main-sequence tracks of
D’Antona & Mazzitelli 1985). Thus, within the statistics, the
fractions of low-mass stars with circumstellar disks in the
two clusters are similar, but there is a hint of a lower pro-
portion in p Oph. If the difference in the counts is real, it
would indicate either a longer lifetime of disks or a younger
age of NGC 2024 as compared to p Oph. For p Oph,
Wilking, Lada, & Young (1989) estimated an age of
3.5 x 106 yr or less, and a duration of the T Tauri phase of
1.5 x 10°® yr, in agreement with the relative proportions
found by us. Assuming that the T Tauri phase has the same
duration in NGC 2024 as in p Oph, we thus derive an age of
~2 x 10% yr for NGC 2024, well below the upper limit
quoted in the introduction. Recent infrared spectroscopy
(Greene & Meyer 1995) suggests a much younger age for p
Oph than the upper limit of Wilking et al. (1989), in which
case the disk incidence in NGC 2024 would lead us to make
its age less than 2 x 10° yr; in the following we will adopt
1 x 10° yr as a working assumption.

4.4. The Initial Mass Function

As we have outlined above, fitting the photometry of an
embedded object requires choosing an isochrone. Usually a
range of isochrones gives an acceptable fit, each predicting a
different age and mass for the object. In view of the resulting
uncertainties for individual sources, we have adopted a sta-
tistical approach to the problem of determining the mass
function. We adopt a maximum age for the cluster. We then
construct a table for each object containing the model
parameters resulting from fits to different isochrones up to
this maximum age. If, for a given isochrone, the required
amount of extinction is positive and the mean residual for
the best-fitting temperature is consistent with the measure-
ment errors, then that isochrone is considered to give a
possible age for the star. Entries are made in the table at age
intervals of 2.5 x 10° yr. A possible apparent mass function
is obtained by randomly choosing the mass corresponding
to one of the possible values of the age for every star. This
procedure is repeated many times to determine the most
likely apparent mass function and the uncertainties
resulting from the lack of knowledge of the ages of the
individual stars.

This method is different from that used by CRBR, where
only two isochrones were considered, the choice depending
on whether or not the best fit was obtained with or without
an infrared excess. The procedure we have applied here has
the advantage of a more relaxed constraint on the range of
possible ages for the members of the cluster, by depending
only on an upper limit to those ages.

Simulations of this Monte Carlo fitting technique demon-
strate that the age uncertainties for the sources dominate
the other sources of error such as those due to the propaga-
tion of photometric errors or to uncertainties in the models
for low-mass objects. These simulations also show that our
approach does not lead to a bias in the assigned masses.
Hence, the procedure provides both an unbiased measure of
the IMF and also allows us to derive the likely errors.

Our approach makes the implicit assumption that star
formation in an embedded cluster occurs over an extended
timescale. This assumption agrees with the behavior of
young clusters deduced by Lada & Lada (1995). In contrast,
Zinnecker et al. (1993) and Strom, Edwards, & Skrutskie
(1993) assume coeval star formation when using theoretical
isochrones to derive the shapes of the absolute magnitude
functions in clusters. Thus, the typical star-forming history
of a young cluster must be considered to be poorly under-
stood. To test our approach, we applied the dereddening
prescription of Strom et al. (1993) to derive the distribution
of absolute J magnitudes for our data. We find a peak
around M; = 3 for NGC 2024 and at M, = 6 for p Oph,
indicating that the p Oph cluster may be older than the one
in NGC 2024. However, the shapes of the J, magnitude
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functions cannot be matched by any of the coeval model
functions, suggesting a mixture of ages in both clusters.

To constrain the formation rate, we have assumed the
end of the protostellar phase (class I to class II transition) to
take place at an age of 1.5 x 10° yr, in agreement with both
theoretical and observational studies of the birthline for
young stars (Cohen & Kuhi 1979; Stahler 1983). Thus, at
the 1.5 x 10° yr isochrone, the object is assumed to have a
spectral index of n = 0. The progressive dispersal of the
circumstellar disk is represented by an exponential decay of
the spectral index, which asymptotically approaches
n = —3 with time. In accordance with the results from the
preceding section, we assume a disk lifetime of % the
assumed maximum age of NGC 2024 and  that of p Oph.

In a magnitude-limited survey like ours, the fraction of
the sampled volume of the cloud decreases with decreasing
intrinsic luminosity of the embedded objects. The apparent
mass function must be corrected for the resulting underesti-
mate of the number density of faint objects to obtain the
true mass function. The true number density n of objects
within a given range of masses has been calculated on the
basis of the method used by Schmidt (1975) for deriving
space densities of quasars:

nec) —,
i

where V; is the volume of the cloud where the object would
still be detected in our survey. A bias in this derivation can
arise by assuming that the cloud is homogeneous. This issue
has been discussed by Comeroén et al. (1996), who showed
that a significant contribution to the counts of intrinsically
faint objects (i.e., those with unobscured magnitudes close
to the limiting magnitude of the survey) comes from sources
seen through regions where a given level of extinction is
reached at a greater depth in the cloud, due to the random
arrangement of the constituting clumps, rather than from
sources located in the forefront of the cloud where the
average extinction is low. In a homogeneous cloud, V;
would simply be proportional to the highest extinction that
the source i may have and still be included in the survey;
however, when correcting for clumpiness, V; is larger than
the value for homogeneous cloud with the same value of the
highest extinction. To correct for the clumpiness, we used a
mass spectrum index o = —1.5 (Lada, Bally, & Stark 1991)
in the formalism of Comerén et al. (1996) and with an
average background extinction Ay = 5 mag.

Our results for the completeness-corrected IMF are pre-
sented in Figure 4a. The error bars represent the quadratic
sum of two contributions: (1) the scatter in each bin
obtained from the Monte Carlo computation of different
isochrone choices; and (2) the square root of the average
number of stars in each bin. There are additional sources of
error which are difficult to estimate quantitatively, such as
the accuracy of the family of isochrones used in our calcu-
lations and of the completeness corrections. Both of these
uncertainties will affect the lowest mass bin most strongly.
However, even if we reduced the counts in this bin by a
factor of 2, our data would be consistent with a smooth
variation of the IMF across the stellar/substellar boundary,
with a power-law fit that would be approximately flat in
logarithmic units.

The different curves shown in Figure 4a correspond to
different assumed maximum ages of the stellar population,

=
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ranging from 5 x 10° yr to the upper limit of 5 x 10 yr. It
is apparent that the derived shape of the mass function in
NGC 2024 depends on the assumed age. These trends are
qualitatively as expected. For example, the derived number
density of very low mass objects (M < 0.2 M) is not very
sensitive to the assumed age except in the extreme case of
5 x 10°® yr, as expected because of the slow evolution of
such low-mass objects while they are on the deuterium-
burning main sequence. The behavior at higher masses can
be explained on similar grounds. For the youngest ages,
many bright sources can be fitted as young, not very
massive and relatively cool objects. For greater ages, these
sources tend to be fitted better by isochrones for more
massive and hotter objects, corresponding to the general
evolution of young stars as they settle toward the main
sequence. Consequently, there is a general tendency for the
IMF to become flatter as the assumed cluster age is made
greater. Except for the 5 x 106 yr case, however, the derived
mass functions are in reasonably good agreement, despite
these systematic trends. Both because this age is at the
upper limit for this cluster, and because it leads to a
bimodal IMF that is unlikely to be realistic, we set it aside.
According to the preceding discussion, an age of ~10° yr is
probably appropriate; changes in assumed age by factors of
2 in either direction have only a minor effect.

We have used the improved analysis to reconsider our
data for p Oph. As seen in Figure 4b, no significant differ-
ences are found among the mass functions for cluster ages of
5 x 105, 10 and 2 x 10° yr. Greene & Meyer (1995) have
reported infrared spectra of some of the sources in our study
of p Oph, leading them to assign an age of ~5 x 10° yr to
the embedded cluster. As summarized in CRBR, previous
studies in the optical led to an upper limit of 3.5 x 10° yr.
Therefore, over the plausible age range the derived mass
function is not significantly changed. Greene & Meyer also
assigned significantly lower masses to some of the sources
CRBR assigned intermediate masses. The change in masses
is primarily a result of the younger age (Williams et al.
1995). As Figure 4b illustrates, although assigning a
younger age will tend to reduce the derived masses as a
group, the effect of age uncertainties on the slope of the
calculated IMF is relatively small.

Approximating the number density of objects in NGC
2024 by a power law, n(M)dM oc M*dM, we find
o ~ —1.2 + 0.1. This slope is consistent with that found for
p Oph, in the same mass range, « ~ —1.4 + 0.2. In loga-
rithmic mass units, the corresponding values are
o~ —02+0.1and a ~ —04 + 0.2, respectively. For both
clusters, the lowest mass bin containing massive brown
dwarfs has the largest uncertainties, due to the corrections
for completeness and the higher sensitivity to background
contamination. Therefore, we cannot provide a more
detailed analysis of the shape of the low-mass IMF beyond
these power-law fits.

Values of « ~ —1 for the slope of the low-mass IMF are
also found in well-studied cluster such as the Hyades,
Pleiades, and Praesepe (Hambly, Hawkins, & Jameson
1991; Hambly et al. 1995; Laughlin & Bodenheimer 1993;
Leggett et al. 1994; Williams et al. 1996). The field mass
function also seems to have a ~ —1 without evidence for a
turnover at the lowest masses (Kroupa, Tout, & Gilmore
1990, 1993; Tinney, Mould, & Reid 1992; Jarrett, Dickman,
& Herbst 1994). Our extension of this slope into the sub-
stellar range in both p Oph and NGC 2024 implies that,
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F1G. 4—(a) Mass function of the NGC 2024 cluster. The dot-dashed, solid, dotted, and dashed lines refer, respectively, to assumed maximum cluster ages
of 5 x 10%,1 x 10%,2 x 10% and 5 x 108 yr. Error bars are plotted only for an age of 10° yr, but are similar for all the curves. (b) Mass function of the p Oph
cluster. The dotted, solid, and dashed lines refer, respectively, to assumed maximum cluster ages of 5 x 105, 1 x 10, and 2 x 10 yr. Error bars are plotted
only for an age of 10° yr, but are similar for all the curves.
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although they make only a small contribution to the total
mass, massive brown dwarfs must be abundant in open
clusters and probably also in the field.

4.5. Possible Biases

To ensure that the derived low-mass IMF in NGC 2024
is not influenced by an improper correction for complete-
ness, we have computed the mass function with no com-
pleteness correction and with a correction which assumed
that the cloud is homogeneous rather than clumpy. These
two assumptions bracket the real behavior of a clumpy
cloud. We find that the derived space density of objects in
the low-mass bin (0.04 M, < M < 0.08 M) decreases by
about 20% when the completeness correction is neglected.
On the other hand, a completeness correction assuming a
homogeneous cloud produces only a slight increase (~5%)
in the derived space density of very low mass objects. It
appears that the completness correction has a rather weak
influence on the derived shape of the mass function for the
lowest mass objects.

The derivation of the low-mass end of the mass function
may also be sensitive to small amounts of background con-
tamination. In regions where the column density of the
cloud is overestimated, background sources might be diffi-
cult to distinguish from low-mass cluster members. We have
recalculated the mass function of the cluster, rejecting the
sources appearing in the northwestern field of the survey
where the molecular measurements suggest the extinction is
lower than the average. Our results now show a small
decrease in the number of stars below 0.3 M, relative to
higher mass objects. However, the overall effects on the
derived IMF is small and well within the quoted error bars.

Undetected binariety of cluster members may modify the
derived mass function in several ways. For example, if one
of the members of a binary system is much brighter than the
other, the flux at each band is dominated by the luminous
one, and the fit simply ignores the existence of the faint one.
In the opposite extreme where both members have similar
temperature and luminosity, they would be moved upward
in the color-magnitude diagrams and would be considered
to be a single, more luminous and more massive object.
Because of these complications, we have applied our fitting
procedure to simulated samples of binary stars with differ-
ent masses of the primary and mass ratios. These simula-
tions show that the error in the mass derived neglecting
binariety is always much less than that resulting from
uncertainties in the age.

It is difficult to quantify the potential contamination by
the faint members of undetectable binaries on the derived
mass function, as the distribution of mass ratios in binary
systems is rather poorly known (Duquennoy & Mayor
1991; Mazeh et al. 1992). Therefore, the mass function we
present should be considered to include only the primary
stars in binary systems. However, if the mass function of the
secondaries is identical to that of the primaries, then the
overall IMF is affected only near inflections. To the extent a
simple power law is an adequate fit to our data, low-mass
secondaries would have little influence on the shape of the
IMF (but they would affect its normalization).

It has been suggested that accretion of the circumstellar
disk or envelope by a central class II young stellar object
may still substantially increase its mass before the circum-
stellar material is finally dispersed. In that case, the masses
we derive would represent only a lower limit to the final

mass of the object. Circumstellar masses of class I and II
objects in p Oph have been derived by André & Montmerle
(1994) based on the flux reemitted by cold dust at 1.3 mm.
Ten low-mass class II sources for which stellar masses were
derived by CRBR are included, all of which have circum-
stellar masses of 0.01 M, or less. The highest circumstellar-
to-stellar mass ration for the sources detected by André &
Montmerle is only 6%. They conclude that young stellar
objects have already incorporated nearly all of their masses
at the end of the class I stage. Further accretion of circum-
stellar material is unlikely to alter the mass function of the
currently observed class II and class III sources in NGC
2024.

In summary, we do not believe that the slope of the mass
function of NGC 2024 can be affected strongly by an erron-
eous assumed age or completeness correction, to back-
ground contamination, to binariety of the cluster members,
or that it represents a temporary state that will change after
accretion has run its course for the cluster members.

4.6. X-Ray Properties

The intense coronal activity of young stars is revealed by
their X-ray emission, which suffers relatively mild attenu-
ation by foreground material and hence provides a check of
the influence of extinction on the results from other wave-
lengths.

Recent X-ray observations of NGC 2024 are reported by
Freyberg & Schmitt (1995). Of the 52 sources they detect, 23
are in the area surveyed by us. For 21 of these sources, we
find plausible infrared counterparts within 15” of the X-ray
position (with the exception of their number 18 which lies
22" from a possible identification). Object 10 is detected
only in the K band, and is fainter than our completeness
limit. Object 39 is identified with IRS 2, a star excluded
from our survey because of its brightness. The only object
detected by ROSAT without a possible near-infrared
counterpart is number 13, which is the fifth brightest object
in their survey.

Most of the X-ray sources have intermediate masses and
luminosities, out of the range where our method for deriv-
ing physical parameters works best. Nevertheless, we can
obtain rough estimates for the luminosities that are useful
to study the global X-ray properties of the cluster. Two
sources, however (numbers 30 and 40), have luminosities
too high to be estimated and have been excluded from
further consideration.

To determine the intrinsic properties of the X-ray
sources, we must determine the extinction in this energy
domain. The proportionality factor between 4; and Ay is
expected to be a function of the level of extinction and the
spectra of the sources because of the large variation in
extinction level across the broad ROSAT passband. We
have analyzed the behavior of the X-ray and J-band fluxes
from the embedded sources in NGC 2024 to find Ay ~
0.64;, in excellent agreement with the relation obtained by
Casanova et al. (1995) for large values of extinction (i.e.,
Ay > 10), as is the case for most of our sources. Deviations
from this extinction law are expected to be small, as shown
by Ride & Walker (1977) and Morrison & McCammon
(1983).

We set Ay =0.64; to analyze the properties of the
sources. We then found a relatively constant value of
Ly/Ly,, ~ 10735 for young objects with near-solar lumi-
nosities in NGC 2024. This is in good agreement with the
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results of Feigelson et al. (1993) and Casanova et al. (1995)
for Chamaeleon I and p Oph, and is consistent with the
ratio found by Strom & Strom (1994) for sources in L1495 E
with similar luminosity. Therefore, the X-ray properties of
the embedded sources appear to be consistent with the
properties derived by our isochrone fitting procedure.

4.7. The Clump and Stellar Mass Functions

Comparison of the mass function for gas clumps in a

cloud and the derived stellar mass function may provide
information on the instabilities and fragmentation pro-
cesses leading to the buildup of the stellar mass function.
Although the molecular core associated with the NGC 2024
cluster has not been resolved (Lada et al. 1991a), obser-
vations of other clouds at a higher spatial resolution show
clumpiness to be present at all length scales (Blitz 1993),
with a distribution of masses given by a spectral index in
linear mass units of —1.5 for M >1 M, (Blitz 1993).
However, most such studies do not extend to very low
clump masses. Pound & Blitz (1995) have searched the p
Oph cloud for self-gravitating clumps between 0.01 and 10
M. They find a flat spectrum, i.e., spectral index in linear
mass units of —1, which appears to apply from 0.01 to ~5
M O .
Details of the clump mass spectrum are poorly deter-
mined in the study of Pound & Blitz because it is based on a
total of only 13 clumps and may suffer from incompleteness
for the lowest mass clumps. However, as they point out, it
appears not to be in good agreement with the stellar IMF,
which has a slope of —1 from 0.08 to ~0.6 M and then
steepens to a slope of —2.5 above this mass. Where the
discrepancy lies depends on where one normalizes the two
mass functions. If they are normalized at high masses, then
low-mass objects are underrepresented in the clump spec-
trum. Pound & Blitz normalize by integrated mass, which is
virtually equivalent (the four most massive clumps account
for 82% of the total clump mass), and they deduce such a
discrepancy. However, if the clump spectrum is normalized
at low masses, then the discrepancy is an excess of high-
mass clumps. Furthermore, assuming incompleteness is not
a problem, the clump mass spectrum slope agrees roughly
with that for the low-mass stellar (and substellar) IMF,
whereas above ~0.6 M the clump spectrum is much shal-
lower than any estimates of the IMF.

A very simple model discussed by Zinnecker et al. (1993)
assumes that every clump gives rise to a star whose mass
M, is proportional to a power p of the clump mass M,
M, oc M%. If the stellar mass function and the clump
mass function have the forms N,dM oc M™*dM and
N, dM oc M~ dM, respectively, this implies

_y—1+4p
p

A value of p <1 might then reproduce the slope of the
stellar mass function at high masses, where x > y. That is, in
this model the more massive clumps lose a substantial
portion of their mass in the process of collapsing into stars.
However, the index x ~ 1 found by us for low-mass stars
both in p Oph and NGC 2024 suggests that they grow by
accretion without significant loss of mass from the original
clump. Alternately, the high-mass clumps may fragment
and contribute to the low-mass IMF.
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4.8. Star Formation Efficiency

The star-formation efficiency in NGC 2024 can be deter-
mined using the mass function we have derived. We assume
a cluster age of 10° yr and estimate the total number of stars
in the bins of the mass function displayed in Figure 4a. In
this way, we obtain about 170 stars with 0.06 Mo < M < 2
M ; (note that this value is higher than the number of stars
actually detected because the mass function has been cor-
rected for incompleteness). Next, we assume a Miller &
Scalo (1979) mass function for the higher masses, which
allows us to derive a total stellar mass of ~180 M, in the
surveyed area. This number must be increased to take into
account the bright areas excluded from the survey, leading
to a total stellar mass of 200 M, or more.

The mass in gas has been estimated to be 1200 M, by
Mezger et al. (1992) from measurements of the emission by
cold dust. From a CS survey, Lada et al. (1991a) obtained a
virial mass for the cloud of 550 M. As a consequence of
the observational uncertainties in both the gas and stellar
mass, it is not possible to give an accurate determination of
the star-formation efficiency; from the above values,
however, we estimate it to be at least 20% and possibly as
high as 40%, consistent with the 30% derived by Lada
(1992). The star-formation efficiency should reach an even
higher value in the future if star formation continues at a
comparable rate to that maintained over the last 10° yr,
which amounts to 107* M, yr~! converted into stars over
the whole cluster. Particularly if star formation continues, it
is possible that a bound cluster will be left after dispersal of
the parental molecular gas, assuming the internal velocity
dispersion to be ~2 km s~ ! as in the Trapezium cluster
(Jones & Walker 1988).

5. CONCLUSIONS

We have obtained deep J, H, K images of the embedded
young cluster in NGC 2024 and fitted its members with
theoretical evolutionary models to determine the initial
mass function at low masses. We find the following.

1. The low-mass IMF has a power-law slope of
~ —12+ 0.1 in linear mass units (or ~ —0.2 + 0.1 in

logarithmic units). The IMF has no inflection at the bottom
of the main sequence; NGC 2024 seems to be forming
brown dwarfs at the rate predicted by extrapolating from
the slope of the stellar IMF. (Note that the IMF we derive
refers to the single stars and to the primary stars of binary
pairs.)

2. There are no significant differences between the mass
functions in NGC 2024 and p Oph.

3. Roughly two-thirds of the low-mass objects in NGC
2024 display infrared excesses characteristic of circumstellar
disks.

4. The star-formation efficiency in NGC 2024 up to the
present time is at least 20% and perhaps as high as 40%. It
is likely to be even higher by the time star formation ceases,
possibly leading to the formation of a bound open cluster.
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