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Chapter3
Towards an identification of Outer Galaxy dark clouds

– I – The identification of near-IR extended red objects

W. W. F. Frieswijk & R. F. Shipman∗

ABSTRACT

D ARK CLOUDS represent the earliest stages of star formation in the Galaxy.
Nearby dark clouds have been studied in great detail and they provide
a wealth of information on the low-mass isolated star formation process.

In the mid 1990s, infrared surveys (ISO, MSX) have revealed a class of massive dark
clouds, called the Infrared Dark Clouds, out to large distances (> 1 kpc). The Galactic
distribution and the ambient conditions of these dark cloud complexes are of great
importance to our understanding of the clustered mode of star formation. However,
up to now they have been identified only toward the inner parts of the Galaxy.

This chapter introduces a statistical method that is the foundation of our identi-
fication of dark clouds in the Outer Galactic Plane. We apply the Mann-Whitney
U-test on near-IR data from the Two Micron All Sky Survey to identify star colour
distributions that are significantly redder (� 99% confidence) compared to their local
environment. The method is applied to two different resolutions, i.e., 60′′and 90′′, to
account for the decrease in star counts toward the Galactic anti-centre. By means
of a cluster finding algorithm (friends-of-friends) we produce a catalogue of red ex-
tended objects. We identify 1320 objects with the high resolution grid and 1589 with
the low resolution grid. We cross-correlate the catalogue with existing infrared data
(MSX and IRAS) and optically identified dark clouds.

We suggest that the catalogue presented in this chapter contains, besides other ob-
jects, also massive dark clouds that were previously unnoticed. However, follow-up
analysis is required to confirm this proposition (see next chapters).

∗To be submitted to Astronomy & Astrophysics
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3.1 Introduction

The outer Galactic plane is defined as the part of our Galaxy beyond the Solar circle,
i.e., Rgal >8.5 kpc. Most of the Outer Galaxy appears quiescent and is often under-
valued in studies of star formation with respect to the Inner Galaxy. Prominent star
forming regions obviously exist in the Outer Galaxy. These include well studied
nearby (< 500 pc) regions such as the Orion and Taurus-Perseus-Auriga complexes
and more distant (� 2 kpc) active regions such as W3 and NGC 7538. But, the major-
ity of the star-forming activity in the Galaxy is located toward the inner spiral arms
and the molecular ring (4 < Rgal < 8 kpc).

However, this contrast between the Inner and Outer Galaxy makes the outer
parts so interesting. To understand key topics in star formation, such as the origin
of the stellar mass distribution (or initial mass function; IMF) and the starting con-
ditions for clustered (massive) star formation, it is essential to consider the effects
of external conditions on the process that initiates stellar birth. The Outer Galaxy is
the only nearby region where we can study an environment where properties such
as metallicity, pressure and radiation field are different compared to the inner parts
(Brand & Wouterloot 1995; Rudolph et al. 2006).

The study of the early stages of star formation in different environments through-
out the Galaxy requires large scale surveys to identify a statistically valuable sample
of star-forming regions at various stages.

– Large scale surveys: Emission –
A number of surveys are available to the community. We mention the following
data sets in particular, because we use them later on: the Midcourse Space Experi-
ment (MSX, mid-IR); the Infrared Astronomical Satellite (IRAS, mid- to far-IR); and
the Five Colleges Radio Astronomy Observatory (FCRAO) CO surveys. There ex-
ist many regions that have been studied in detail (see PPV, Reipurth et al. 2007, for
a recent overview) that were first observed through these large surveys. However,
depending on the data, there is a clear bias towards the evolutionary stage of the
objects that are identified. For example, in case of mid-infrared continuum emission,
e.g., MSX or IRAS, the observed dust is sufficiently heated by embedded objects.
This suggests a relatively advanced stage of star formation. On the other hand, CO
surveys detect mostly the molecular gas on large spatial scales. Not only because of
the low spatial resolution (∼ 1′), but also, because CO is optically thick under general
interstellar medium conditions. The consequence is, that CO surveys are powerful
in detecting the presence of molecular material, but the dense clumps and cores are
not easily identified, if at all.

– Large scale surveys: Absorption –
The nearby, cold and dense stages of star formation are without difficulty detected
in absorption at optical (e.g., Digitised Sky Survey I) and infrared wavelengths (e.g.,
2MASS). Well-known examples are the Bok globules and nearby dark clouds ob-
served through star counts and extinction measurements. At larger distances, there
are the recently discovered Infrared Dark Clouds (IRDCs). These are observed in
silhouette against the diffuse mid-IR background of the Inner Galaxy (MSX and ISO;
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Egan et al. 1998; Pérault et al. 1996, respectively). Recent studies show that IRDCs
are often associated with massive star and cluster formation (e.g., Rathborne et al.
2006, 2005; Ormel et al. 2005).

– Massive dark clouds in the Outer Galaxy –
The mid-IR extinction that is observed toward IRDCs (1 –2 mag at 8 μm; Carey et al.
2000) implies that they have column densities well in excess of 1022 cm−2. Given their
low temperatures (< 30 K), IRDCs are particularly bright at (sub)-millimetre wave-
lengths due to cold dust emission. Hence, dust continuum observations provide a
good tool to identify IRDCs. Unfortunately, data from large scale (sub-)millimetre
surveys are not available at present. Dust continuum studies are usually performed
on well-selected objects. This is subject to change in the near future with the rapid
developments in (sub-)millimetre instrumentation over the last years.

The diffuse mid-IR background emission in the Outer Galaxy is too faint to iden-
tify dark clouds in absorption with, e.g., MSX. Up to now, no IRDC-like objects have
been identified in regions toward the Outer Galaxy. That raises a question:

Do IRDC-like objects exist in the Outer Galaxy?

Intuitively, the answer is yes, because it is well-known that more evolved stages of
massive, clustered star formation are present, e.g., W3 and NGC 7538. The question
then becomes:

How can we identify the early stages with data that is available at present?

In this chapter, we present a statistical analysis of the near-IR colour distribution
of stars from the Two Micron All Sky Survey (2MASS) towards the Outer Galac-
tic Plane. The 2MASS data are useful for our purposes, because the entire sky is
uniformly covered, and near-IR data are less sensitive to extinction due to dust com-
pared to optical data. 2MASS probes the stellar content throughout the Outer Galac-
tic Plane. We produce a catalogue of extended, red, near-IR objects and argue that,
besides many known objects, this list contains previously unidentified dark cloud
regions in the Outer Galaxy.

Various independent studies are closely related to this work. Dobashi et al. (2005)
identified a large number of dark clouds in the Galactic Plane, including the Outer
Galaxy, by applying star counts. We use their catalogue to confirm the presence of
known dark clouds in the list of objects we identify. A notable difference in their
work is that they use optical data. Optical data are more sensitive to the lower ex-
tinction regions. They are preferentially identifying low-mass dark clouds that are
located nearby, mostly within a few kpc. Star counts have been applied to the 2MASS
data by Froebrich et al. (2005). They determine the relative extinction in the Galactic
Plane. However, the star count method is limited, because it requires a high level
of completeness of the data. That implies the use of a magnitude limited data set in
order to justify a correlation with extinction.

In addition to star counts, the Near Infrared Colour Excess (NICE, Lada et al.
1994) method is widely used to determine extinction toward nearby dark clouds
(< 1 kpc; e.g., Alves et al. 1998; Lada et al. 1999; Cambrésy et al. 2002). However, the



30 CHAPTER 3: THE IDENTIFICATION OF NEAR-IR EXTENDED RED OBJECTS

NICE approach cannot be used uniformly toward the entire Outer Galactic Plane for
a number of reasons:

• The extinction law is not uniform in every direction. In particular, devi-
ations have been observed toward dense clouds (e.g., Strafella et al. 2001;
Kandori et al. 2003). This is usually attributed to a change in dust prop-
erties, e.g., the size distribution of grains (e.g., Mathis 1990; Ossenkopf &
Henning 1994);

• An average reference colour of the background stars is required. This is
normally adopted from a nearby, extinction-free region;

• The presence of foreground stars reduces the measured colour excess. This
becomes particularly significant when an object is located at a large distance
and the fraction of foreground stars increases.

Considering the above mentioned possibilities and limitations, ideally, we require
an identification method for dark clouds in the Outer Galaxy based on 2MASS that
incorporates the following:

• It determines the amount of extinction from the near-IR colours of stars.

• It can be applied to small numbers of stars in order to process at high spatial
resolution.

• It can be treated uniformly in all directions.

• It determines a reliability of the measurements.

• It is independent of foreground stars that are present.

We approach the problem, by applying a distribution-free statistical method, i.e.,
the Mann-Whitney U-test (Sec. 3.3), in combination with a friends-of-friends cluster
finding approach (Sec. 3.4). in order to produce a catalogue of near-IR extended red
regions in the Outer Galactic plane. This approach can be used uniformly through-
out the Galaxy. It does not assume uniform dust properties. It does not require a
uniform off-field position. It is not required to make a correction for foreground
stars and it returns a reliability of the regions we find. The one thing that we cannot
accomplish from the list above, is a determination of the amount of extinction.

An implication of the method is that, a priori, we cannot know what the nature
of the identified objects is. We provide an initial analysis by performing a cross-
identification of the catalogue with existing data, i.e., the IRAS and MSX point source
catalogues and the dark cloud catalogue published by Dobashi et al. (2005).
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The chapter is organised as follows: Section 3.2 introduces the 2MASS data. Section
3.3 describes how we apply the U-test and we discuss its strengths and limitations.
Section 3.4 describes how we use a friends-of-friends approach to identify clustered
red regions. Section 3.5 presents the catalogue, which will be made available online,
and the results of the cross-identification. Section 3.6 ends with a discussion and
summarises the result of the same method applied to Inner Galaxy IRDC G48.

3.2 Data: the Two Micron All Sky Survey
The Two Micron All Sky Survey (2MASS) scanned the entire sky uniformly in three
near-IR bands: J (1.25 μm), H (1.65 μm) and KS (2.17 μm). The 2MASS Point Source
Catalog (2MASS PSC, Skrutskie et al. 2006) consists of accurate positions and bright-
ness information for over 400 million stars. The point source catalogue is > 99 %
complete up to J <15.8, H<15.1 and KS<14.3 magnitudes. The photometrical signal-
to-noise ratio is > 10 (i.e. σJ,H,Ks � 0.1 mag) for sources brighter than the above stated
completeness limits. The fainter sources, hereafter referred to as the faint extension
of the point source catalogue, have errors increasing up to σJ,H,Ks ∼ 0.4 mag. We
decide to make use of all available sources in 2MASS, including the faint extension.
This increases the total amount of objects by almost a factor 2 compared to star count
studies, where the faint extension cannot be used because the data are incomplete.

We emphasise that the H − KS colour is an appropriate choice to perform the iden-
tification of red regions because the intrinsic H − KS colour of stars spans only a
narrow range. For spectral types A0V to M6III the range is about 0.00 to 0.30 mag
(Bessell & Brett 1988; Wainscoat et al. 1992). In the Solar neighbourhood the av-
erage H − KS colour is about 0.13 mag with a standard deviation of 0.1 mag. This
assumes no reddening due to extinction and takes into account the sensitivity limit
of 2MASS (14.3 mag for Ks-band). Including the faint extension, the average H − KS
colour increases slightly (0.15 mag) due to faint, intrinsically redder M-dwarfs. If a
region appears significantly redder, this suggests that either foreground extinction is
present or the intrinsic colour distribution of stars in that direction is different.

We analyse the 2MASS data in the Outer Galaxy from l=90◦ to 270◦ and b=-3.5◦ to
+3.5◦. In order to process the data, without too much effort, on a desktop computer,
the area is divided up in regions of two by two degrees, with a sampling separation
between different fields of one degree.

3.3 Identification of red regions: the Mann-Whitney U-test
The Mann-Whitney U-test (also called the Wilcoxon rank-sum test, hereafter referred
to as U-test) is a well-known non-parametric significance test that evaluates whether
two samples of observations come from the same parent distribution. It was first
proposed for equal sample sizes by Wilcoxon (1945) and extended to arbitrary sam-
ple sizes by Mann and Whitney (1947). In this Section we explain how we apply the
U-test in order to calculate the probability that the colour distribution of stars along
a line of sight is different, i.e., redder, compared to the parent distribution.
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The great benefit of the non-parametric test is that whatever size the two samples
have, the distribution of the U-test statistics is known. Tables of the critical values
for the U-test usually do not contain samples with size in excess of 20. However,
according to the central limit theorem, the distribution will approach a normal distri-
bution for large sample sizes. The mean of the variables is then given by the mean
of the normal distribution. Moses (1964) states that the normal approximation can be
applied to the U-test if the smallest sample contains 5 or more sources.

We evaluate this result in a Monte Carlo simulation in which we simulate the
distribution of the z-values, where z is the deviation of the mean in multiples of the
standard deviation. The simulation shows that, for random drawn samples from
a large distribution, the z-distribution is indeed approximately given by a Gaussian
probability density function. The results of simulations of samples of 5 and 8 sources
are displayed in the left panels of Figure 3.1, corresponding to the upper and lower
histogram, respectively.

Figure 3.1: Visualisation of the results of a Monte Carlo simulation, where we ran-
domly draw 1000 samples of 5 (upper histograms) and 8 (lower histograms) 2MASS
colours from a test field at l=122◦, b=1◦. The distributions of the significance val-
ues z are displayed on the left and those of the average H − KS colours on the right.
The solid curves represent Gaussian density functions with the peak position and
variance determined from the simulated distribution.

At the peak position, as well as in the the wings, the Gaussian profile overestimates
the simulation for samples of 5 sources. The example of 8 sources shows that the
simulation converges fast to a normal distribution. This discrepancy is not due to
normalisation, i.e., both distributions are normalised. Hence, the simulation has a
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slightly broader (larger FWHM) profile than the normal distribution. However, the
disagreement is less than 10% (< 5% for 8 samples) in the area of the wing (z > 2)
and works in our favour. If we assume the profile is given by a Gaussian distribu-
tion, we underestimate the actual probability in the regime considered in this work,
i.e., ≥99%.

In order to compare the results of the U-test with a parametric test, we simulate
the distribution of average colours from random drawn samples. The results are,
again for 5 and 8 samples, displayed in the right panels of Figure 3.1.

It should be clear from these figures that the average colour distribution con-
verges much slower to a Gaussian profile. Moreover, we underestimate the area in
the wings (H − KS> 0.5 mag) by ∼ 50% (∼ 100% for 8 samples) and the simulated
profile is skewed. The assumption that the distribution of colours is known is not
applicable. Our simulations indicate that for large sample sizes (30) the distribution
does approaches a normal profile for the peak and FWHM, but the fit to the wings
becomes even worse.

We have intentionally decided to use a non-parametric test to avoid assumptions
on the shape of colour distributions. Furthermore, the U-test in particular is less sen-
sitive to variations in the tails of a distribution, not only compared to the average
colour, but also to other non-parametric tests such as the Kolmogorov Smirnoff test.

U-test Procedure
The following steps are involved in the calculation of the probability P for each grid-
cell in the predefined grids described in Section 3.3.2: (from Wall & Jenkins 2003)

a) Let A be the distribution of colours in the grid-cell, with m the number of
members. Let B be the reference distribution, with n members, where n is
very large in this study. The null-hypothesis (H0) is that A and B have the
same parent population. Or, in the context of this study, that the parent
population of A is given by B. Note that when m is less than 5, we set the
probability P to 50% and continue processing the next cell.

b) Rank the colours in ascending order for the combined members (i.e., m +
n) of A and B. Preserve the information on the A or B identity for each
member.

c) Sum the number of A-rankings to get the U-test statistic UA. When ap-
plying the U-test, it is custom that tied observations are assigned with the
average of the tied ranks. However, we avoid tied observations by adding
very small random number to the colour values (i.e., ∼ 10−4, which is less
than the precision of the data). The impact of this assumption is that we
underestimate the probability determined below, i.e., we are being conser-
vative.
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As discussed earlier, the sampling distribution tends to a normal distribution (Figure
3.1). The mean and variance are given by

μA = m(N + 1)/2 and σ2
A = mn(N + 1)/12 , (3.1)

respectively, where N = m + n. The significance can be assessed from a normal dis-
tribution by calculating

z =
UA − 0.5 − μA

σA
. (3.2)

Here, we use a value of -0.5 (instead of +0.5) because we consider only objects in the
upper tail, i.e., where the distribution is redder compared to the reference distribu-
tion. The probability is calculated using the Gaussian probability density function.

We put effort in producing a list of objects with a high reliability and reject the
null-hypothesis at a 99% significance level. That implies that cells with a probabil-
ity P=99% or higher are considered in the next step, which is the identification of
clustered cells using a friends-of-friends approach (Sec. 3.4).

3.3.1 Reference distribution

We cannot use a single, uniform reference distribution toward different directions
in the Galactic Plane. To account for the intrinsically variable colour distribution in
each direction, we choose to determine a local, i.e., in projection on the sky, reference
distribution for each field. The colour distribution of the few stars in a grid-cell
is compared to the colour distribution of all other stars in the 2×2 square degree
surrounding field. We assume that the stars we observe in a field reflect the proper
distribution of colours in that direction.

3.3.2 Limitation of the U-test: resolution

The limiting factor for the spatial resolution that can be achieved in performing the
U-test is determined by the minimum of 5 sources required. We use a rectilinear grid
to calculate the statistics on. As a requirement for the grid resolution we state that
in every field at least 75% of the cells contain 5 or more sources. Because the stellar
surface density decreases toward the Galactic anti-centre (l=180◦), we process the
data at two different resolutions. The highest possible resolution towards the spiral
arm regions at l ∼ 90◦–140◦ and l ∼ 240◦–270◦ is 60′′. For the region between l ∼ 140◦–
240◦ we require a grid with cells of 90′′. Note that we process the entire Galactic Plane
at both resolutions and put the objects in the final catalogue. The average number of
stars per cell is for both resolutions about 8, considering the regions specified above.

3.3.3 Reliability

A number of uncertainties need to be considered when interpreting the cells that
are selected by rejection of the U-test method. These are related to the reliability,
discussed below, and completeness, discussed in Section 3.3.4, of the cells that are
identified as red.
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Type I error
The first error is related to the reliability, or the significance level of the selected cells.
It is defined at 99%, which suggests that 1% of the cells can be selected due to sta-
tistical uncertainty, rather than being truly redder. However, these cells are expected
to be randomly distributed over the fields. We can show that this is indeed the case.
Consider the following values adopted from the low-resolution 2 by 2 degree field
toward l=166◦, b=1◦. This field is assumed to be devoid of extended red structures,
because no clusters of red cells ended up in the final catalogue. However, in the field
there are 76 cells out of a total of 6561 where the null-hypothesis of the U-test was
rejected. This accounts for ≈ 1% and indeed, these cells are spread randomly over
the field (no clusters have been identified). Moreover, if we define a reliability of
95%, we identify about 5% of the cells (374 out of 6561) randomly spread across the
field. Again, this is consistent with the statistically expected value.

3.3.4 Completeness

Type II error
This error is related to the cells that are not identified, i.e., where the null-hypothesis
is not rejected, where it should have been. It is very difficult to put a realistic value to
this error. In a broad sense it is inversely related to the Type I error. That is, the more
reliable the sample is the less complete it is and vice versa. Furthermore, the Type
II error usually occurs when sample sizes are too small. Because we have chosen to
produce a high reliability catalogue, we are giving in on completeness due to this
error.

Sample statistics
We have selected a resolution so that at most 25% of the cells in a field contain fewer
than 5 sources. We cannot trust the probability calculated for these cells. They are
omitted in the further identification process and therefore introduce another form of
incompleteness.

Considering the limitation and reliability of the method, we have decided to put
the effort in producing a reliable target list, rather than being complete. We have
given up on completeness in order to process the data at the highest possible reso-
lution. Furthermore, our intention is not to evaluate the content or structure of the
Outer Galactic Plane nor finding all dark clouds present in the Outer Galaxy. We
simply present a statistical method that enables the identification of real objects.

3.4 Clustering of red regions: a friends-of-friends approach
To increase the reliability of the final list of objects and to avoid the selection of ran-
dom cells, we add an additional step in the identification process. We allow only
clusters of 4 or more red cells in the catalogue.

An extensively used cluster finding technique in cosmology is the percolation or
friends-of-friends algorithm, first applied by (Huchra & Geller 1982). The basic algo-
rithm, applied to Galaxy redshift surveys, uses three parameters to identify groups
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of objects; two specify the position (e.g., RA and Dec) and one the distance (e.g., spec-
troscopic redshift). This technique can be simplified to find groups, or structures in
projection on the sky, by omitting the redshift parameter. We use a similar approach
to identify groups of regions on the sky where the colour distribution of stars is red
compared to the local surroundings, i.e., where the U-test returns a probability of
P= 99% or higher.

Linking length
A crucial parameter required for the friends-of-friend method is the linking length,
L, used to determine whether selected cells belong to the same group or not. If L
is taken too large, all cells will be assigned to the same group. If L is too small all
cells will be isolated. Because we do not know the cause of the red distribution in
different cells (either extinction due to a foreground cloud at unknown distance, or a
concentration of intrinsically red objects at unknown distance) it is impossible with-
out further information to put a physical size to L. We therefore choose a linking
length in terms of the cell size, scell.

An upper limit can be estimated from an empty field. Consistent with the defined
reliability, about 1% of the cells in an empty field are rejected by the U-test and spread
randomly over the field. We assess an average distance between rejected cells by
using a Monte Carlo simulation, where n cells (=1% of a2) are selected at random
locations from a square box with side a. For a2 we use the number of cells that
make up a 2 by 2 square degree field at the given resolutions, i.e., a=81 cells at 90′′
and a=121 cells at 60′′ resolution. The average distance in the simulation converges
to 5.3 and 5.2 times the cell-size, scell, respectively. This is in agreement with the
theoretically expected value, given by

average distance =
1
2

√
a × a

n
= 5 [× scell] (3.3)

Figure 3.2: Interpretation of the
linking length L.

A linking length larger than this average
distance will group cells together even if
the distribution is random. This obviously
contradicts the goal of finding clustered re-
gions. A lower limit is obviously the cell
size itself. We have tested the method by
varying L between 2 and 4. The higher val-
ues (> 3) identify mostly large scale struc-
tures (>0.5◦). For a value of 2, many cells are
isolated or grouped with fewer than 3 other
cells. We decide to use a linking length half
that of the average distance between ran-
dom points, i.e., L=2.5 times the cell size, for

both resolutions. The probability for finding ‘groups of 4 cells’ with L=2.5, consider-
ing 1% of the cells are randomly selected by the U-test, is ∼ 0.1% Figure 3.2 shows a
graphical representation of the linking length. The centres of the grey cells fall within
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distance L of the black cell, indicated by the circle. These are assigned as friends of
the central cell.

Friends-of-friends procedure
The friends-of-friends routine runs on all grid-cells selected by the U-test and in-
cludes the following steps:

a) Select a cell that has not been assigned to a group and is not considered
isolated.

b) Find all friends of this cell, i.e., all other cells to which the distance from
centre to centre is less than the linking length L. If there are no friends, the
cell is considered isolated and the procedure returns to a, else it continues.

c) All friends make up the initial list of group members. The surroundings of
all members are inspected for new friends and these are added to the list.
This process is repeated until no further friends are found.

d) The output is a list of all members of the current group. If the group con-
tains 4 or more members, it is labelled as an extended red object, else the
cells are discarded as being isolated. The procedure returns to a as long as
there are unassigned cells.

Figure 3.3: This figure gives an overview of the number of objects extracted by the
friend-of-friends method as a function of the number of cells the object consists of.
The values inside the diagram give the exact number of objects for each column.

Saved parameters
The location of each object is determined by the average coordinates of individual
cell members and given in Galactic coordinates l (◦) and b (◦). The size is defined as
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the extent of an object in the probability image in longitude and latitude direction,
given as Δl (′) and Δb (′), respectively. For every object we keep track of the number
of cells that it consists of. In addition, we count the total number of 2MASS sources
that are contained within these cells. Figure 3.3 shows schematically the number of
objects extracted by the friends-of-friends method as a function of size.

3.5 Results

3.5.1 Spatial distribution

Figure 3.4: These histograms show the spatial distribution in Galactic longitude of
the extended red objects identified in this work. The solid and dashed lines represent
the distribution of high-resolution and low-resolution objects, respectively. A few
well-known regions in the Outer Galactic Plane are given as a reference.

Figure 3.4 displays the spatial distribution of the objects identified in the Outer
Galaxy. Some well-known regions associated with molecular clouds and star form-
ing activity in the Outer Galaxy are indicated by name. Most objects we find are
well confined within the large scale extent of these complexes. The majority of ob-
jects (∼40%) in the high-resolution list, given by the solid line, are located towards
the crowded spiral arm regions near Cygnus l=90◦–100◦ and Vela l=260◦–270◦. Part
of this is probably explained by the fact that more than 25% of the high-resolution
grid towards the low stellar density regions consists of cells that have fewer than 5
sources. These cells cannot be used in the identification process. The low-resolution
objects are given by the dashed line and are more evenly spread out.

3.5.2 Associations

How can we be confident that the objects that we identify are real?
We establish the first step by cross-correlating the catalogue with existing data, i.e.,
the IRAS and MSX point source catalogues and the optical dark cloud catalogue by
Dobashi et al. (2005). We define an object associated with any of the sources in these
catalogues in the following way:
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MSX – The spatial resolution of MSX is high enough (∼ 18′′) to consider sources
associated whenever they fall within the boundary of any one of the red
cells that the object consists of.

IRAS – For the IRAS sources we adopt a positional uncertainty of ∼2.5′ based
on the uncertainty in the 100 μm observations. The actual uncertainty may
be much better, certainly if the shorter wavelengths are detected. However,
we have decided to process the catalogue with a consistent value, whereas
the error in IRAS positions varies from source to source and also depends
on the scanning direction during the observations (ellipsoid uncertainty).

Optical – We use the catalogue presented by Dobashi et al. (2005) to match our
objects with previously identified dark clouds. Their catalogue is based on
optical star count measurements performed on Palomar sky plates and cov-
ers the entire Galactic Plane. We define an object in our catalogue associated
with an optical dark cloud when any of the cells of an object fall within the
area of a dark cloud. This area is adopted from the linear dimension given
by Dobashi et al. (2005) at their observed position. Note that because of
differences in both data and method, as well as the large projected area of
some objects in both catalogues, it occurs that multiple objects in our list
are associated to one optical dark cloud, and visa versa.

What can we learn about the nature of the objects in the catalogue, given the infor-
mation we have from this study?
Below we list a number of characteristics that can help give an interpretation to the
way objects are identified in this work. Note, however, that we do not intent to give
a complete overview and rule out other possible interpretations. Many of the ob-
jects in the catalogue have multiple associated sources, in any combination with the
correlation data. This may lead to different interpretations for individual objects.

• The presence of very red 2MASS sources indicates either a clustering of in-
trinsically red sources, e.g., embedded young stellar objects or AGB-stars,
or the presence of foreground extinction. We identify variations in colour
distributions locally in projection on the sky. Therefore, we can safely as-
sume that foreground material is in the form of clouds rather than an entire
line of sight. In case of the latter, we would expect the reddening not to be
confined to spatial scales of the order of arc-minutes.

• The association with mid-IR point sources, e.g., MSX 8 μm, IRAS 12 μm
and 25 μm, can be an indication of the presence of embedded young stellar
objects. These objects can be the same red sources that are observed in
the 2MASS data. The presence of a molecular cloud can additionally be
responsible for reddening of background stars.

• The far-IR IRAS 60 μm and 100 μm association can be an indication of the
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presence of very young and cold proto-stellar cores. These are likely not
visible in the 2MASS data. The molecular cloud may, however, cause red-
dening of background stars and embedded objects may be present as well.

• The association with an optical dark cloud indicates that we are identifying
the same cloud, or part of the cloud, in near-infrared extinction. This does
not mean that all red sources in 2MASS are behind the cloud. Some may
well be embedded young stars.

• We cannot rule out a confusion with extra-galactic sources. Distant galaxies
can be part of the 2MASS catalogue and may appear similar in colour as
reddened stars. These galaxies can also be present in the MSX and IRAS
data.

3.5.3 The Catalogue of Near-IR Extended Red Objects

High resolution Low resolution
Total 1320 1589
No associations 369 434
MSX 298 (22) 428 (32)
IRAS

12&25 μm 596 (67) 714 (66)
60&100 μm 591 (81) 786 (130)

Opticala 494 (194) 594 (188)

Table 3.1: Overview of the high- and low-resolution catalogue of extended red ob-
jects derived from 2MASS using the U-test method combined with a friends-of-
friends approach. The values give the number of objects that have an associated
source in the data listed in the first Column. The numbers between brackets indicate
how many of these objects have an association with the respective catalogue but no
association with the other catalogues.

a(Dobashi et al. 2005)

Table 3.1 summarises the content of the high- and low-resolution catalogue of ex-
tended red objects. The complete catalogues, including probability images in FITS-
format, are available on request from W. Frieswijk. Table 3.2 presents an excerpt of the
high resolution catalogue of red extended objects. The objects correspond to those
that are located in the field centred on l=112◦, b=1◦ (see Figure 3.5). The different
columns give the following information:

Column (1): Identification number of the objects.
Column (2)–(3): Galactic coordinates of the centre of the object.
Column (4): Total number of cells that an object consists of.
Column (5): Extent in Galactic longitude of the object in arcminutes.
Column (6): Extent in Galactic latitude of the object in arcminutes.
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Column (7): Total number of 2MASS sources associated with the object.
Column (8): Total number of MSX 8 μm sources associated within the boundaries of
the object.
Column (9)–(12): Total number of IRAS sources associated with the object for 12, 25,
60 and 100 μm, respectively.
Column (13): Indication of the presence of an optical dark cloud (Dobashi et al. 2005),
i.e., Y(es) or N(o).

ID l b Ncell Δl Δb IR Point Sources DC
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

deg deg pix pix 2M 8 12 25 60 100
456 111.09 1.45 5 5 4 43 0 0 0 0 0 Y
458 111.19 1.37 5 3 6 49 0 0 0 0 0 N
462 111.39 1.92 5 3 3 38 0 1 1 0 0 N
463 111.55 0.77 40 17 9 655 15 8 3 2 0 N
464 111.47 1.00 16 9 8 122 0 0 0 0 0 Y
465 111.46 1.75 9 7 8 67 0 0 0 0 1 N
466 111.46 1.97 4 4 3 29 0 0 0 0 0 N
468 111.51 1.89 10 7 6 70 0 0 0 0 0 N
469 111.58 1.77 13 12 6 80 0 0 1 0 0 N
470 111.61 0.37 8 5 4 123 4 1 1 1 1 N
472 111.64 0.90 4 4 5 32 0 1 2 1 1 N
473 111.72 -0.01 8 6 7 84 0 1 1 1 1 Y
474 111.76 0.72 34 12 20 335 3 1 5 1 0 N
475 111.83 0.46 20 11 8 162 1 2 2 0 1 Y
476 111.85 1.67 16 11 10 122 0 0 1 1 0 Y
477 111.82 0.36 5 4 5 46 0 0 0 0 0 N
478 111.95 0.87 52 20 18 468 6 4 7 3 2 Y
479 111.97 1.10 4 5 3 31 0 1 1 1 0 Y
480 112.03 1.52 5 4 4 53 0 0 0 0 0 N
481 112.05 1.71 4 3 4 29 0 0 0 0 0 N
482 112.07 0.94 4 3 6 34 0 0 0 0 0 Y
483 112.14 1.43 4 4 2 41 0 1 1 0 0 N
484 112.23 1.60 11 8 8 101 0 0 0 0 0 N
486 112.43 1.54 15 15 7 109 0 1 1 0 1 Y

Table 3.2: Excerpt of the high resolution catalogue of extended red objects in the
Outer Galactic Plane. The column descriptions are given in the text. The listed ob-
jects are located near NGC 7538 and displayed in Figure 3.5

The left panel in Figure 3.5 displays the probability image returned by the U-test
method for the field towards NGC 7538, i.e., l=112◦, b=1◦. The extended red objects
that are identified by the friends-of-friends method are given various colours. The
extent of the objects is represented by the black ellipses, where the minor and major
axis are given by the size of an object listed in Column 5 and 6 of Table 3.2. The
black cells are selected by the U-test, but are not part of a group as defined by the
friends-of-friends method. They are considered isolated. The right panel in Figure
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3.5 displays the same region at 8 μm as observed by MSX. We discuss some of the
prominent objects present in this region.

Figure 3.5: The left image displays the probability image returned by the U-test. The
grey-scales represent the probability that the colour distribution in the cells are red-
der with respect to the reference distribution. The friends-of-friends method iden-
tified the extended red objects given in arbitrary colours. The black ellipses give
the extent of the objects (see Section 3.4). Black cells are identified as being red, but
are considered isolated. Objects 463 and 470 correspond to NGC 7538 and S159, re-
spectively. Object 474 is a candidate Outer Galaxy massive dark cloud, identified as
such by the method presented in this thesis. The right image shows the region in
MSX 8 μm emission. Bright emission from warm dust, heated by embedded, mas-
sive young stars, is seen toward both NGC 7538 and S159. The upper part is devoid
of extended 8 μm. Some of the objects there do have an association with infrared
point sources and optical dark clouds.

Objects 463 and 470 corresponds to the well-studied massive star forming re-
gions NGC 7538 and S159, respectively. They are both located at a dis-
tance of about 3 kpc from us in the Perseus spiral arm (van der Tak et al.
2000; Brand & Blitz 1993, respectively). We identify them because of the
presence of numerous embedded objects, which are observed as clusters of
red sources in the 2MASS data. The objects are both bright at 8 μm emis-
sion. This confirms that the method will not only identify extinction in dark
clouds, but also at later, active stages of star formation.

Object 474 is the best studied massive dark cloud candidate in the Outer Galaxy
up to date. Only very faint 8 μm emission is observed and a number of
infrared sources are associated with the object. A detailed analysis of this
complex is presented in Chapters 5 and 6.
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Object 478 is associated with a number of infrared sources and an optical dark
cloud. A SIMBAD search reveals that there are multiple radio sources and
masers observed in this area.

The objects located in the upper part (b >1.5◦) have no 8 μm extended emission
associated. Several of them do have infrared point sources and optical dark
clouds associated. We suspect that this region corresponds to nearby dark
clouds with some low-mass star forming activity present. This is confirmed
by a SIMBAD search that returns multiple Lynds dark clouds (Lynds 1962)
in this region (similar to the Dobashi 2005 catalogue).

3.6 Discussion and conclusions
3.6.1 Can we identify IRDC-like objects with this method?

Figure 3.6: The top-left panel displays the probability image returned by the U-test
toward the Inner Galaxy IRDC G48. The top-right panel shows the 8 μm image from
MSX. The bright emission is coming predominantly from the star forming complex
W51 at about twice the distance of the IRDC. The lower panels show a blow-up
of IRDC G48. The contours on top of the MSX image display the sub-millimetre
continuum emission observed with the JCMT (adopted from Ormel et al. 2005).
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In order to investigate whether our method can actually see IRDC-like objects in the
Outer Galaxy, we have performed the analysis described in this chapter to a number
of true IRDCs in the Inner Galaxy. The important conclusion is, that they are suc-
cessfully identified. We summarise the results toward IRDC G48.

IRDC G48 towards W51
At a distance of ∼ 2.8 kpc, in the foreground of the bright W51 star forming cloud
complex is the well-studied intermediate mass (a few 1000 M�) IRDC labelled G48
(e.g., Shipman et al. 2003; Ormel et al. 2005). This direction in the Galactic Plane is
much more populated with stars compared to the Outer Galaxy. The stellar surface
density in the 2MASS data is higher by at least a factor 2. We decide to test the
method in the Inner Galaxy using similar conditions. This means that we process
the W51 region at the highest possible resolution, i.e., we change the resolution to
40′′ in order to meet the criterion of having at most 25% of the cells containing 5 or
fewer sources. The friends-of-friends approach is performed in the same way, i.e.,
using a linking length L of 2.5 times the cell size. The resulting probability image
and the identified objects are displayed in Figure 3.6. Objects 18 and 19 correspond
to the location of the IRDC, as shown in the blow-up images. That this is a real cold
and massive dark cloud can be seen from the sub-millimetre emission adopted from
Ormel et al. (2005). The answer to the above question thus appears to be definite yes.

3.6.2 The Catalogue

Based on a statistical measurement of the distribution of H − KS colours of stars on a
grid, we have identified 1320 high-resolution and 1589 low-resolution extended red
objects in the Outer Galactic Plane. The reliability of the individual cells that make
up each object is > 99%. The clustering of these cells in groups of 4 or more is∼ 99.9%
reliable. The majority of the objects are located toward well-known molecular cloud
complexes. We have given a few examples that correspond to specific, well-studied
objects such as NGC 7538 and S159 in Figure 3.5.

We present a correlation of the objects in the catalogue with existing infrared and
optical data. The association with these data provide an initial step in resolving the
nature of the objects. An interesting result is that we find 369 (434 for low resolution)
objects with no associated sources in any of the reference catalogues. We require ad-
ditional information on these objects to investigate their possible nature.

Our personal interest in producing this catalogue is the search for massive dark
clouds (read IRDCs) in the Outer Galaxy. However, many other types of objects
are covered. The catalogue provides one with a reliable list of extended red objects
in 2MASS that can be compared to other studies in the Outer Galaxy.




