
 

 

 University of Groningen

Early stages of clustered star formation -massive dark clouds throughout the Galaxy-
Frieswijk, Willem Freerk

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2008

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Frieswijk, W. F. (2008). Early stages of clustered star formation -massive dark clouds throughout the
Galaxy-. Frieswijk, W.F.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/00ac4bd4-29db-402f-a4f3-c598a3fa5742


Chapter7
Summary and future prospects

7.1 Summary

I N THIS THESIS we have described the search for, and discovery of, massive
dark clouds in the outer Galactic Plane. We have presented a statistical anal-
ysis of the near-IR colours of stars present in the Two Micron All Sky Survey.

The result is a reliable list of over 1000 red extended objects. Follow-up investigation
provided additional information on the properties of target objects, e.g., the asso-
ciation with known dark clouds, distance estimates and signatures of star forming
activity. Furthermore, we have presented a detailed analysis of object G111.80+0.58.
This resulted in the first identification of an Infrared Dark Cloud in the outer parts
of the Galactic Plane.

Here, I will summarise the main conclusions of this thesis.

• Chapter 3
The Mann-Whitney U-test provides the necessary statistical tool to deter-
mine deviations from near-IR colours of stars on a relatively high spatial
resolution (arc-minute scale). The benefit of the U-test is, that it can com-
pare very small colour distributions (≥ 5 samples) against large distribu-
tions (∼ 10 000 samples). Moreover, the method determines deviations uni-
formly in every direction in the outer Galactic Plane (covering 1260 square
degrees) and is independent of foreground, unreddened stars.
At a confidence level in excess of 99% we have identified 1320 and 1589 ex-
tended red objects at 60′′ and 90′′ resolution, respectively. About one-third
of the objects are associated with optically identified dark clouds. About
half of the objects have associated infrared point sources, either MSX (8 μm)
or IRAS (12, 25, 60 and 100 μm). There are 369 objects at 60′′ resolution and
434 at 90′′resolution that have none of the aforementioned associations.
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• Chapter 4
The correlation analysis with CO data reveals that most of the red extended
objects are spatially associated with molecular gas emission at discrete ve-
locities (> 90% detection rate of CO). The velocity width of the CO features
is of the order of 2 – 4 km s−1. This suggests that the regions are reddened
due to foreground molecular clouds. A few hundred objects have associ-
ated CO emission at nearby velocities (� 3 kpc). More than 80% of these
have an optically identified dark cloud associated as well. About 100 ob-
jects have CO emission associated at distant velocities (� 3 kpc). We find
65 objects that have only a distant CO counterpart and 37 of these have an
optical dark cloud associated. We find a correlation between the presence
of mid-IR point sources and an increase in the CO peak intensity, which
supports the idea that a mid-IR association indicates the presence of star
forming activity.

• Chapter 5
G111.80+0.58 is the first object that is selected as an Outer Galaxy massive
dark cloud candidate purely based on the analysis presented in Chapters 3
and 4. The molecular line observations that we present show that the global
physical properties, e.g., mass (> 3000 M�), temperature (<25 K), column
density (� 1023 cm−2) and line-width (super-thermal) are very similar to
values found for Inner Galaxy IRDCs. The near-IR colours of a number
of sources in 2MASS, located toward some of the dense cores, resemble
colours of Young Stellar Objects. Given also the presence of warm gas, in-
dicated by the NH3 lines, we interpret this as evidence for star forming
activity.

• Chapter 6
The sensitive mid-IR observations, conducted with the Spitzer Space Tele-
scope, reveal significant absorption at 8 μm and therefore unambiguously
identify G111.80+0.58 as an Infrared Dark Cloud. Moreover, an initial in-
spection of the Spitzer data shows the presence of star forming activity.
We see a clustering of embedded red objects and signatures of shocks to-
ward some parts of the cloud. This is also frequently observed toward In-
ner Galaxy IRDCs. The Spitzer data confirm the results, and support the
suggestions presented in the previous chapters.

The results of Chapters 5 and 6 demonstrate the power of the identification method
and exemplify the value of the catalogue of extended red objects. The question raised
at the end of Chapter 2, whether we can identify Infrared Dark Clouds in the Outer
Galaxy, is resolved. Yes, we can!
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7.2 Future prospects
7.2.1 The catalogue of near-IR extended red objects

The catalogue of red objects consists of sources that can be very different in nature.
However, they share one main characteristic: the colour distribution of stars toward
the objects is different compared to the surroundings. In this thesis we have shown
that, besides many well-known objects that are present, previously unidentified mas-
sive dark clouds can be extracted from the catalogue. These dark clouds represent
the earliest observed stages of clustered star formation in the Outer Galactic Plane.
We have made a first step into the investigation of initial conditions in cluster form-
ing clouds toward different environments in the Galaxy. Obviously, a larger sample
of objects is desired. Unfortunately, the identification process is time consuming.
Additional observations are essential to probe the physical conditions of objects. At
the moment, only the best candidates are considered for follow-up investigation.

In the near future the catalogue can provide valuable information on the near-IR
properties of objects that will be identified in upcoming surveys, mainly in the far-
IR and sub-millimetre range. An important science driver for these surveys, related
to this thesis, is to get a complete picture of massive star forming regions throughout
the Galaxy, i.e., to investigate their Galactic distribution and individual star forming
properties. Also, forthcoming observatories will provide exciting new opportuni-
ties to study the details of (clustered) star formation throughout the Galaxy (and
beyond). Prospects for the future include the following:

SCUBA2
Two interesting examples for a future comparison with our catalogue are
surveys scheduled with the Submillimetre Common-User Bolometer Ar-
ray instrument (SCUBA2) on the James Clerk Maxwell Telescope† (JCMT).
These are the JCMT Galactic Plane Survey (GPS, at 450 μm and 850 μm)
and the SCUBA2 ‘All Sky Survey’ (SASSY, 850 μm). The high sensitivity
that is realised with SCUBA2 allows the detection of embedded phases of
high-mass stars to the edge of the Galaxy. Moreover, these sub-millimetre
surveys will probe the large column densities of cold dust present in IRDCs.
Therefore, they are very efficient in mapping the IRDC population in both
the Inner and Outer Galaxy. However, a distance to the sub-millimetre
emission cannot be determined without supplemental data. Also, with at
most two data-points on the spectral energy distribution it is impossible
to distinguish between the earliest, cold stages and the more developed
stages of star formation. For many objects that will be identified through
sub-millimetre observations, our catalogue may provide the additional in-
formation that is required.

Herschel
The Herschel Space Observatory‡ will enable astronomers to study the life
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cycle of stars in detail throughout the Galaxy. The instruments that Her-
schel will have onboard are the Photodetector Array Camera and Spec-
trometer (PACS), the Spectral and Photometric Imaging Receiver (SPIRE)
and the Heterodyne Instrument for the Far-Infrared (HIFI).

The fast scanning rate and the large wavelength coverage of PACS and
SPIRE (60 – 600 μm) will enable photometric imaging with a proper sam-
pling of the spectral energy distribution of much of the cold dust in the
Galaxy.

HIFI will have the ability to observe thousands of molecular, atomic and
ionic lines at an unprecedented spectral resolution (R ∼ 107) in the far-IR
and sub-millimetre regime (480 – 1910 GHz), giving a unique opportunity
to investigate in great detail the gas kinematics and physical conditions in
star forming regions.

ALMA
In a few years time, the Atacama Large Millimeter/sub-millimeter Array†
(ALMA) will become available. The spatial resolution that will be obtained
with this interferometer is unprecedented in this wavelength regime. For
the first time, it will be possible to zoom in on distant dark clouds and ob-
serve directly the cold embedded stages of massive star formation; some-
thing that is now only possible in nearby star forming regions.

7.2.2 G111.80+0.58

The physical conditions that we determine for G111.80+0.58 in Chapter 5 are very
similar to the conditions observed in Inner Galaxy IRDCs. At this point, however,
we cannot be conclusive on whether the star forming properties in this environment
are also similar. Future investigation on both the proto-stellar content and the gas
properties on small angular scales is essential to put the cloud in perspective with
Inner Galaxy IRDCs.

The Spitzer observations presented in Chapter 6 reveal the presence of active star
formation. Supplemental Spitzer data are expected (both IRAC and MIPS 24μm)
and only a full analysis of the data will give insight in, e.g., the evolutionary state of
many of the discrete sources along the dark filaments and shock activity.

Some of the dense cores along the filament likely fragmented into smaller ob-
jects due to gravitational instability (Chapter 5). High spatial resolution observations
from the ground, both continuum and spectroscopic, will be essential to acquire in-
formation on the gas distribution and kinematics on small angular scales. E.g., with
the Extended Sub-Millimetre Array, Plateau du Bure Interferometer or the Australian
Telescope Compact Array.

To conclude, dark cloud G111.80+0.58 may just be an average dense molecular cloud,
i.e., one of many that are present throughout the Galaxy. Nonetheless, for now it con-
stitutes the prototypical IRDC in the Outer Galaxy.
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