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The Carina Nebula Complex is known to be an active star-formation region. This work
presents a large catalogue of point-like sources assembled from archive data of the Infrared
Array Camera (IRAC) onboard the Spitzer Space Telescope. This catalogue covers a region
of 2.3° x 3.0°, which makes it the most extendended mid-infrared survey undertaken of
the Carina Nebula Complex to date. From the catalogue a subsample of candidate young
stellar objects is extracted utilising the fact that young stellar objects exhibit typical
mid-infrared excesses.

These catalogues are employed to characterise the young stellar population of the Ca-
rina Nebula Complex. Using them, it was possible to identify three new extended green
objects and five compact green objects and find the probable sources for 28 further objects
connected with jets emitted from young stars, such as molecular hydrogen emission-line
objects and Herbig-Haro jets. For 17 of them, observational data from the near-infrared
(from HAWK-1 and 2MASS) to the far-infrared (from the Herschel Space Observatory)
could be collected and their spectral energy distributions fitted. From the fit parameters,
stellar characteristics such as stellar and disk masses could be estimated. No young stellar
objects with masses above 10 My could be evidenced, pointing towards an intermediate-
mass population currently forming.

It could be shown that the Gum 31 region on the outer periphery of the Carina Nebula
Complex is not only part of the complex but also an important centre of star formation.
A large sample of candidate young stellar object was obtained from the WisE All-Sky
Data Release, which allowed a detailed comparison with both the candidate young stellar
objects from the IRAC catalogue and those identified from Herschel observations. Evidence
could be found that two modes of triggered star formation are going on in the HII region:
Young stellar objects are found in and in front of dust pillars, which is an indicator of
radiative triggering, and a ‘collect and collapse’ model of the region was shown to produce
results in agreement with the observations.

An objective and large-scale search for clusters of young stellar objects in the complex
was performed using a nearest-neighbour algorithm. This search derived 22 clusters not
described before. Nine of those are new detections in the fields of previous studies of
clusters while the majority are found in fields surveyed for clusters for the first time here.
Clusters are also found in agreement with previous studies where study fields overlap, thus
corroborating the validity of the study. It is found that ~ 40% of the young stellar objects
in the Carina Nebula Complex occur in clusters while up to 60% are part of a distributed
population. A total population for the 2.3° x 3.0° study field of ~ 200000 young stars is
estimated.






Der Carina-Nebel ist als Sternentstehungsregion bekannt. In dieser Arbeit wird ein um-
fassender Katalog von Punktquellen vorgestellt, der aus Archivdaten der Infrared Array
Camera (IRAC) des Spitzer-Weltraumteleskops erstellt wurde. Der Katalog deckt eine Re-
gion von 2.3° x 3.0° ab, was diese Studie zur grofiten Studie des Carina-Nebels im mittleren
Infrarotbereich macht, die bisher durchgefiihrt wurde. Unter Ausnutzung des Umstandes,
dass junge Sterne einen typischen Exzess im mittleren Infrarotbereich besitzen, werden
aus diesem Katalog Kandidaten fiir junge Sterne selektiert.

Mithilfe dieser Kataloge wird die junge Sternpopulation des Carina-Nebelkomplexes
untersucht. Drei neue ausgedehnte griine Objekte (extended green objects, EGOs) und
vier kompakte griine Objekte konnten entdeckt werden. Fiir 28 weitere Objekte, die mit
Jets aus jungen Sternen verkniipft sind, wie sogenannte molecular hydrogen emission-line
objects (MHOs) und Herbig-Haro-Jets, konnten die wahrscheinlichen Quellen ermittelt wer-
den. Fiir 17 von diesen konnten Beobachtungsdaten vom Nahinfraroten (HAWK-I, 2MASS)
bis ins Ferninfrarote (Herschel-Weltraumteleskop) zusammengetragen und ihre spektralen
Energieverteilungen gefittet werden. Aus den Parametern dieser Fits konnten die Eigen-
schaften der jungen Sterne, wie ihre Masse und die Masse ihrer Scheiben, abgeschétzt
werden. Es konnten keine Sterne mit Massen hoher als 10 M nachgewiesen werden, was
darauf hinweist, dass die derzeitige Generation junger Sterne sich im mittleren Massenbe-
reich befindet.

Es konnte gezeigt werden, dass die Region Gum 31 im Randgebiet des Carina-Nebel-
komplexes nicht nur Teil des Komplexes ist, sondern auch ein wichtiges Zentrum der
Sternentstehung. Aus dem Wise-Punktquellenkatalog des gesamten Himmels (WISE All-
Sky Data Release) wurde eine umfassende Liste junger Sterne erstellt, die es erlaubte,
diese Population junger Sterne mit denen zu vergleichen, die aus Herschel-Beobachtungen
bekannt sind, sowie mit dem hier erstellten IRAC-Punktquellenkatalog. Es wurden Belege
dafiir entdeckt, dass in der HII-Region zwei verschiedene Prozesse der getriggerten Stern-
entstehung aktiv sind: Junge Sterne wurden in und direkt vor Staubsdulen (,pillars®)
entdeckt, was auf radiatives Triggern hinweist, und es konnte gezeigt werden, dass ein
Modell der Region, das auf dem sogenannten ,,Collect and collapse“-Modell beruht, mit
den Beobachtungen gut iibereinstimmt.

Fine auf objektiven Kriterien beruhende Suche nach Haufen von jungen Sternen wurde
fiir den gesamten Komplex mithilfe eines , Nearest neighbour“-Algorithmus durchgefiihrt
und 22 neue Haufen konnten gefunden werden. Bei neun von diesen Haufen handelt es sich
um Neuentdeckungen im Feld vorhergehender Studien. Die Mehrheit der Neuentdeckungen
befindet sich in einem Gebiet, das hier zum ersten Mal nach Haufen durchsucht wird. In
den Bereichen, wo Uberlappungen mit vorhergehenden Studien auftreten, werden bekannte
Haufen auch in dieser Studie identifiziert, was die Giiltigkeit der verwendeten Methoden
bestétigt. Etwa 40% der jungen Sterne im Carina-Nebelkomplex befinden sich in Haufen,
withrend bis zu 60% sich in einer verteilten Population befinden. Die gesamte Population
junger Sterne des Komplexes wird auf ~ 200000 abgeschétzt.
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1 Introduction

The Carina Nebula Complex (CNC) is a large star-forming complex (Chapter 3). It has
been the subject of a number of studies, large and small, in wavelengths from the sub-
millimeter, with LABOCA, to the X-ray, with Chandra. At the same time, it is quite
poorly studied in parts, because past studies generally focussed on the central Carina
Nebula (CN), disregarding the outer reaches of the complex. The study presented in
this work for the first time has uniform coverage of the CNC. It does not focus on the
historically well-studied immediate surroundings of 1 Car nor the prominently star-forming
South Pillars. Instead, it applies the same methods for all the field, yielding new results
especially in the regions so far unstudied.

The study collects near-infrared observations with the Spitzer Infrared Array Camera
(IRAC) and combines them with observations in other wavelengths, such as the far-infrared
with the Herschel Space Observatory and the near-infrared with 2maAss (Chapter 4), to
gather information of the very young stars in the complex. Beginning with the raw IRAC
observational data, photometry is performed and an unprecedentedly large catalogue of
point-like mid-infrared sources in the CNC compiled (Chapter 5).

From this catalogue of infrared-bright point-like sources, candidate young stellar objects
(cYsos) are selected utilising the fact that they display infrared excesses (Chapter 6). With
this catalogue of cySos that has the largest spatial extent of a CNC young-star catalogue to
this point, the large-scale characteristics of the young stellar objects (YS0Os) can be studied.
Studying them reveals details about the processes governing star-formation (Chapter 2).

One of the phenomena connected with young stars are jets. Known jet objects in the
CNC are traced back to their probable sources. The new catalogue provides probable
sources and their individual characteristics can be studied (Chapter 7).

Furthermore, a region hitherto poorly studied is brought into focus: The Gum 31 region
towards the north-west of the central CN is demonstrated to be a part of the CNC complex.
Its young stellar population is described (Chapter 8). Compiling information available not
only in the mid-infrared with IRAC, but covering the entire infrared range with 2MASS,
WisE and Herschel, individual objects can be studied as well as the large-scale distribution
characterised.

Finally, the complete IRAC catalogue of c¢YsoOs is subjected to a search for clusters
(Chapter 9). There have been studies of YSO clusters in the CN before, but never has such
a large region been covered with uniform methods. A list of clusters is derived and while
some corroborate clusters discovered by previous studies, a group of twenty-two clusters is
entirely new. In some cases this is due to the region being studied for the first time (e. g.
in the Gum 31 region), in some cases clusters are discovered in previously studied areas.

Chapters 7, 8 and 9 are based on publications with Astronomy & Astrophysics and The
Astronomical Journal [Ohlendorf et al. 2012, 2013a,b]. These were written in collaboration
with Thomas Preibisch, Benjamin Gaczkowski, Thorsten Ratzka, Veronica Roccatagliata,
Rebekka Grellmann, Judith Ngoumou and Anna Faye McLeod. Some relevant parts of
these publications were also adapted into the introductory chapters of this thesis.
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2 Star formation and young stars

The work presented here is dedicated to a better understanding of the way stars form in a
large stellar association as the Carina Nebula Complex (Chapter 3). The way young stars
interact with each other and with their environment, especially more massive stars, can
be assessed through this small outtake of the complex environment that is our sky.

The attempt to understand the way a star forms is an essential part of astronomy.
However, as the time scales on which a star develops are far outside the reach of any human
or even generations of humans (the collapse of a molecular cloud into stars happens on a
free-fall timescale on the order of several 10° yr), the process is, as a process, completely
inaccessible to observations. It can only ever be accessed through snapshots of different
stars in different stages of evolution which, collected, emerge into a consistent picture.
This is why large surveys play an important role in the study of forming and young stars.

An additional challenge is the fact that the processes in the interior of a star are simply
inaccessible to any observer. Fortunately, indirect methods via measurements of temper-
ature, size or emission allow a great deal of understanding even without probing a star.
The data gleaned through these methods can be combined with physical knowledge to
infer many of the processes taking place inside a star. In this way, the understanding
of star formation has developed greatly over the past years and decades. It is, however,
very much a study in process. The notions astrophysics has formed about star formation
change according to latest research.

The analysis presented in this work will draw on vocabulary like “young stellar object”
and “disk”. This chapter aims to lay the foundation for the coming chapters by sum-
marising the basics of star formation and young stars, as understood currently.! It does
not, and cannot, give a comprehensive overview of the mechanisms of star formation as
it is understood today. Stellar evolution from the main sequence and further on is not
described, while an emphasis is put on the phenomena connected with young stars that
will play a role in coming chapters, such as circumstellar disks (Chapters 6, 7 and 8) and
jets (Chapters 7 and 8).

2.1 Young stellar objects

From their nascency to their demise, stars undergo many different stages of evolution. In
the context of this work, the proto- and early stellar phases are most important. Lada
[1987] defines a protostar as “that part of a molecular core within whose boundary the star
formation efficiency approaches 100%.”

Roughly, the process of low-mass star formation begins with a dense, rotating core
forming from a collapsing molecular cloud. The point of instability is reached when the

"Where no source is given, the fact is “textbook knowledge”. Especially the works of Carroll and Ostlie
[1996], Huang and Yu [1998], Hanslmeier [2007], Zinnecker and Yorke [2007] and Bradt [2008] were used
in compiling this information.

14



2.1 Young stellar objects
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Figure 2.1: The HR diagram [image taken from Stahler and Palla 2004] illustrates the
stellar pre-main-sequence evolution. Stars of the masses given in blue in units
of the solar mass move towards the main sequence along the different Hayashi
tracks given in blue. The red lines are isochrones for the given ages.

molecular cloud surpasses the Jeans mass [Jeans 1902]

3 1

5kT 1\ 2 3 2
M; = . 2.1
! <GumH> <47TP0> &)

In this equation, G is the gravitational constant, k is the Boltzmann constant, T' the cloud
temperature, my and p are the hydrogen atomic mass and the mean molecular weight,
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2 Star formation and young stars

i.e. the mean mass of a gas particle in units of my; pg denotes the cloud’s initial mass
density.

Radiative cooling during the cloud collapse means that the collapse is isothermal. This
means that the cloud density rises rapidly. According to Eq. (2.1) the Jeans mass drops and
small inhomogeneities in the mass distribution may exceed the Jeans mass. Fragmentation,
local collapse, begins. In this way, a single very massive molecular cloud can form many
low-mass stars.

Cloud temperatures are typically 10-20 K whereas stars are notably hot. This means
that the assumption of isothermality that goes into the derivation of the Jeans mass must at
some point be broken. When during the collapse the gas becomes optically thick, thermal
energy arising in the collapse cannot be radiated away efficiently any more. The process
now becomes slowly adiabatic and the temperatures rise rapidly. Consequently, the initial
assumption of isothermality becomes invalid and, since in an adiabatic environment the
Jeans mass grows with growing density, fragmentation eventually ends.

The cores created in this process then become unstable and undergo a nonhomologu-
ous inside-out collapse. The resulting collapsed core is called a protostellar object when
hydrostatic equilibrium is reached, i.e. self-gravity and gas pressure balance out. The
centre of this clump then turns into the dense core of the newly forming star. Because
necessarily angular momentum must be conserved during the collapse, a disk forms from
infalling material. This will remain well into the main-sequence phase of the star.

A protostar is defined as being before hydrogen burning, but there is a short phase of
deuterium burning in protostars. It has a lower reaction threshold than hydrogen burning
and therefore will ignite earlier. When it has ended, the former protostar has reached the
Hayashi line of the HR diagram [over the entire luminosity range and at nearly constant
effective temperature, it designates the boundary of hydrostatic stability; Hayashi 1966]
and is now called a pre-main-sequence (PMS) star.

In this phase, the inflow has ended, while the remaining envelope and disk have dissi-
pated. From the time hydrogen burning ignites and for the main part of its evolution, the
star will now stay on the main sequence (cf. Fig. 2.1).

High-mass stars probably follow different mechanisms in their formation than their low-
mass companions [e. g. Zinnecker and Yorke 2007]. Due to observational difficulties caused
by their nature (low number count, formation on shorter time scales and consequently
heavier embedding in undispersed natal clouds) these stars are less well understood.

There are different ways in which the presence of forming or very young stars makes
itself known to the observer: Active star formation is, e.g., indicated by HoO maser
emission and bipolar outflows [Billot et al. 2010]. Only in their late phases do protostars
begin to emit X-rays [Povich et al. 2011a], which are then a good diagnostic criterion for
identifying young stars. The X-ray emission in these stages is due to shocks in their winds
for massive stars and to magnetic reconnection flares. It is 2—3 orders of magnitude larger
than the X-ray emission observed from the field-star population [Fang et al. 2012]. The
perhaps most common tool for the identification, however, and that used in this work, is
infrared (IR) excess.
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2.1 Young stellar objects

2.1.1 Disks?

Stars and protostars are often identified from a large sample of point-like sources by their
characteristic IR excess. This is defined as the amount of radiation that is detected in
excess of that which would be expected from a stellar photosphere. IR excess emanates
from dusty circumstellar disks and envelopes [Povich et al. 2011a].

This infrared-excess emission distinctive of very young stars is relatively short-lived. As
described above, disks (illustrated in Fig. 2.2) are formed out of dust and gas during the
initial collapse of the cloud fragment that is to be a star, conserving angular momentum.
The precise formation mechanism is still under debate, especially as the influence of mag-
netic fields is concerned [Williams and Cieza 2011]. During the further evolution of the
young star, the disk is slowly destroyed so that finally the star loses its disk. Within a
few Ma, the disk excess fraction in stellar associations—and with it the IR excess frac-
tion—falls rapidly [Haisch et al. 2001a, Briceno et al. 2007] down to a few percent [e. g.
Hernandez et al. 2007, Preibisch et al. 2011a).

While the star goes through its PMS evolution, the disk is slowly destroyed: Some
material is simply accreted onto the star itself. This is true especially in the early stages
of the star forming and ceases slowly as the star grows older [Williams and Cieza 2011]. The
ultraviolet (UVv) radiation of the central star or of nearby stars drives the photoevaporative
dissipation of the disk [e.g. Clarke 2007, Williams and Cieza 2011]. Encounters with
passing stars also destroy the fabric of the disk.

In intermediate-mass young stellar objects (Yso0s) the disk destruction is dominated by
photoevaporative dissipation driven by the central star [Hollenbach et al. 1994]. Conse-
quently, the disk lifetime decreases as a function of stellar mass [e. g. Roccatagliata et al.
2011]. A typical disk-evaporation timescale for intermediate-mass stars (including Herbig
Ae/Be stars) is < 0.5 Ma [Hernandez et al. 2007, Povich et al. 2009, Povich and Whitney
2010]

For the disk lifetime of a solar-mass classical T Tauri star a typical timescale of disk
destruction is ~ 2-3Ma [Haisch et al. 2001b, Fedele et al. 2010]. Haisch et al. [2001a]
find a maximum lifetime of ~ 6 Ma in their study of young clusters. For high-mass
stars the typical disk lifetime is not well restricted [Zinnecker and Yorke 2007]. Disk
frequency consequently is dependent on mass, with stars upwards of 1.2 —1.8 M having
a far lower disk frequency and therefore lower likelyhood of displaying near-1R (NIR) or
mid-infrared (MIR) excess [Carpenter et al. 2006, Dahm and Hillenbrand 2007].

The disks themselves are very non-uniform between different candidate young stellar
objects (cysos). The dust properties within the disk, e. g., depend heavily on the distance
towards the central star [van Boekel et al. 2006]. Disk sizes and masses are strongly varied:
Williams and Cieza [2011, see references therein] have collected estimates for disk sizes
that range from ~ 30 AU to ~ 1100 AU. Observed masses for disks in, e.g., the Orion
Nebula Cluster vary between 0.01-0.5 M, [Eisner et al. 2008] and 0.003-0.07 M [Mann
and Williams 2010].

2The study of disks is very dynamic and currently a topic under much investigation. Therefore, I will
give a short overview over the aspects relevant to this work where the indirect detection of disks will later
be used as a proxy for the detection of young stars. Disks are also thought to provide the material from
which ultimately planetesimals and planets form [e. g. Williams and Cieza 2011]. Because this is an entire
and busy field of research in itself and does not touch the subject of this work, it will not be discussed in
detail here.
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2 Star formation and young stars

Figure 2.2: Artist’s impression of a YSO with disk. The image is not to scale. (ESO image
release eso0835a, image credit: ESO/L. Calgada).

2.1.2 Protostellar and early stellar phases

For low-mass stars below about 2 Mg, nascent stars are commonly grouped into four
classes, numbered from 0 to III. This distinction was introduced by Lada [1987] and much
refined in later years [e.g. André et al. 1993, Greene et al. 1994, van Boekel et al. 2006].
These classes are, however, only a basic outline and intermediate stages [e. g. Greene et al.
1994] do exist that share characteristics of some states.

Roughly, the protostellar classes trace an evolutionary sequence driven by stellar winds
and outflows and are distinguishable by the shape of their spectral energy distributions
(SEDs), especially in the NIR and MIR. To achieve a simple means of classification, Lada
[1987] defined a spectral index between ~ 2 and ~ 10 pm:

_ dlog (AF))

dlog () (22)

The shape of an SED, however, also depends on other parameter than the stellar evo-
lutionary stage, for instance the angle under which the disk is observed. Robitaille et al.
[2006] therefore caution the reader about the universal application of this terminology
and especially the side-by-side use to indicate evolutionary stage on the one hand and
SED shape on the other hand. These authors introduce a different classification and refer
directly to evolutionary stages instead of classes (see below).
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Figure 2.3: Protostellar and early stellar phases [image adapted from André 1994]. The

IRAC (Sect. 4.1.1) bands lie approximately between the red lines.

Class 0 Not stars or even protostars yet, Class0 objects are molecular cloud fragments
that have begun to collapse, forming a core with rapidly increasing density. Through
the conservation of the angular momentum that this infalling material carries, these
structures aquire disks although the infall is mostly spherically symmetrical. Being
in a state before nuclear fusion becomes possible, these objects are cold and only
visible in mm and far-IR (FIR) wavelengths, as shown in Fig. 2.3a. Therefore, with
IRAC (Sect. 4.1.1), they are undetectable. They are, however, visible in the FIR with,
e.g., Herschel (Sect. 4.2.1), as Fig. 2.3a illustrates.

Class | ClassI vsos still build up mass by accreting circumstellar matter and consequently
still are surrounded by disks. However, their centres have become more compact.
At this point in their evolution, before their burning processes have become ignited,
the objects draw their energy mainly from gravitational energy.

Their spectral index (Eq. 2.2) is 0 < a < 3, their energy distributions are broader
than usual blackbody spectra with the typical excess in the MIR above ~ 2pum
(Fig. 2.3b) due to their being enshrouded by the gas and dust in their disks. Conse-
quently, they usually are heavily obscured and invisible in the optical [Lada 1987],
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2 Star formation and young stars

but very bright in the IR [van Boekel et al. 2006]. Together with ClassII objects and
due to their 1R excess, they are the Ysos that with IRAC we are able to identify and
study.

Class Il Low-mass ClassII objects are known as T Tauri stars after the first discovered
specimen of this kind in the constellation of Taurus, the Taurus T association being
possibly the best known example of an unbound association. At this point the YSO
keeps contracting and so becomes continually smaller and hotter. Those objects
have spectral indizes (Eq. 2.2) of =2 S a < 3.

Since the obscuring dust that is possibly a remnant of the infalling envelope has
been dispensed in this stage, ClassIl objects are optically visible. In addition, their
bright disks can be seen in IR and mm wavelengths (Fig. 2.3c). These disks will
disperse within a time span of some millions of years. They are now often referred
to as ‘protoplanetary disks’ (‘proplyds’) instead of ‘protostellar disks’. This indicates
the changeover in their importance in forming the central star and now in forming
planetesimals and planets to orbit the newly-formed star.

Class 1l Some Class III objects retain a gas-poor debris disk. Because most of them are
diskless, their spectra show little or no excess IR emission (Fig. 2.3d) and spectral
indizes (Eq. 2.2) of —3 < a < —2. With IRAC, those retaining disks and consequently
IR excess may be identifiable. For the others, the MIR portion of a regular stellar
photosphere is observed.

Evolutionary stages of YSO models

A different classification system is introduced by Robitaille et al. [2006]. These authors
use evolutionary stages instead of the class system that refers to SED shape. Objects
embedded in infalling envelopes are classified as Stage0/Stagel. These objects may or
may not possess disks. When they have acquired an optically thick circumstellar disk
they fall into Stage II, whether they have lost their envelopes or not. YSos have advanced
to Stage III when their disks have become optically thin.

2.2 Jets and their sources

2.2.1 Herbig-Haro jets

Herbig-Haro jets (HH jets)® are a prominent phenomenon directly related to star-formation.
The release of gravitational potential energy caused by matter accreting onto a nascent
star powers bipolar outflows from the very young star. This outflow may occur in the form
of a highly collimated, high velocity jet [e.g. Dopita et al. 1982]. More than 450 HH jets
are known to date [Reipurth 2000].

HH jets are found to have many different morphologies [for an overview see e. g. Reipurth
and Bally 2001], but mostly can be distinguished by their clear jet-like form, possibly
enhanced by bow shocks at either ends. Giant HH jets can reach up to about 10 pc.

3 After GEORGE H. HERBIG and GUILLERMO HARO, who described them first [Herbig 1950, 1951, Haro
1952, 1953].
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2.2 Jets and their sources

In the strong shocks within the jet flows, or at locations where the jet impacts surround-
ing clouds, the gas is strongly heated and collisionally excited. This can result in strong,
shock-excited line emission, depending on the state of the flowing material and the sur-
rounding clouds. Jets propagating in the diffuse, atomic gas outside the dense molecular
clouds often produce prominent atomic emission lines, such as Ha or [SII | [e.g. Raga
and Reipurth 2004]. These lines can be observed in optical images such as those taken
by the Hubble Space Telescope (HST). If, on the other hand, the jet propagates within
a dense molecular cloud, emission from collisionally excited molecular hydrogen is often
seen. The radiative decay of the excited molecules via ro-vibrational transitions produces
strong emission lines in the NIR and MIR.

2.2.2 Extended and compact green objects

In Spitzer IRAC red/green/blue (RGB) images* some objects strike the observer by a very
peculiar appearance. They are, though extended, very bright in a narrow wavelength
range in comparison to the remainder of the 1R spectrum. These objects are commonly
referred to as extended green objects (EGOs) or “Green Fuzzies”, because in the IRAC RGB
images they appear strikingly green. In the commonly chosen RGB colours, any object
with a strong 4.5 um excess over the other three IRAC bands will appear to be green.

From numerical simulations Smith and Rosen [2005] have shown that Hs (2-1 O(7), 0-
0S(11), 0-0S(10), 2-1O(8), 1-00(9), 0-0S(9), 0-0S(8)) emission would appear to be most
luminous in the 4.5 um filter. The 2.12pm v = 1—-08(1) ro-vibrational emission line of
molecular hydrogen is another widely used tracer of these shocks [e. g. McCaughrean et al.
1994, Smith et al. 2007, Davis et al. 2008]. Spectroscopic observations of two of the EGOs
in the Cyganowski et al. [2008] catalogue by De Buizer and Vacca [2010] indeed showed
Hs to be responsible for the major part of enhanced 4.5 pm emission in these sources [cf.
also Noriega-Crespo et al. 2004]. This band also encompasses the Bracket-« line and CO
emission, cited by Marston et al. [2004] as the most prominent source of enhanced 4.5 pm
emission in the complex they analysed, while De Buizer and Vacca [2010] do not detect
CO from the EGOs in their study at all.

Since EGOs are usually more extended than typical stars, Chambers et al. [2009] argue
that it is unlikely for them to be simply extincted background stars, especially since
infrared dark clouds (IRDCs), with which EGOs are frequently associated [Cyganowski et al.
2009], are so dense that they would make background stars difficult to detect. Although
there have been many studies into the subject during the past few years, the exact nature
of EGOs is still unclear. They are thought to be caused by jets impacting on a molecular
cloud [Araya et al. 2007], for example HH jets (Sect. 2.2.1). However, Smith et al. [2010Db]
in their catalogue of EGOs in the Carina Nebula (CN) found no association with known
HH jets.

A majority of EGOs is also associated with CH3OH Class I maser emission [Chen et al.
2009, around two thirds of the EGOs in their study] and especially Class II CH3OH masers
[Cyganowski et al. 2009, again around two thirds]. Such maser emission is typically found
associated with nascent massive stars only [e.g. Minier et al. 2003]. Chen et al. [2010]
analysed the CO emission of EGOs and found evidence that the mass infall rates and

4Commonly, blue is chosen for the 3.6 um band, green for 4.5 um and red for 8.0 um, leaving out the
5.8 pm band.
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2 Star formation and young stars

infall velocities as derived from measured rates of CO emission in a number of objects
associated with EGOs are consistent with values typically found in massive young stellar
objects (MYSOs). Consequently, EGOs might be MYSOs in a rapidly accreting stage of
protostellar evolution, with strong outflows [see also Chen et al. 2013].

Compact Spitzer sources with 4.5 um excess emission are observed and referred to as
compact green objects (CGOs) here. They could be unresolved analogues of EGOs. Povich
and Whitney [2010] found the cGos they observed in the M17 proto-OB association pre-
dominantly to be associated with Stage 0/StageI YSOs.

2.3 Triggered star-formation

Stars in their evolved stages can exhibit strong winds and radiation. These can influence
the surrounding interstellar medium (1sM) in a way to cause the formation of a new
generation of stars. This process is generally referred to as ‘triggered star-formation’.

Triggering lets a ‘wave’ of star formation spread through a population [e. g. Elmegreen
and Lada 1977, Preibisch et al. 2002]. An older generation of stars develops into their late
phases and then triggers a second generation in their vicinity. This second generation is
then spatially separate from the original stars and of course it is also younger. There is
not one ‘definite’ mode of triggering. Different channels can be discriminated and each
has to be tested separately for its validity as a means of advancing star formation.

So-called pillars of dust (sometimes somewhat jokingly referred to as ‘elephant trunks’)
are often seen in combination with sites of recent star formation [Hester et al. 1996] and
are commonly linked to triggering [see e.g. Smith et al. 2010b, Billot et al. 2010, and
references therein|. They are sculpted by winds and radiation from young massive stars
and are regarded as signposts of recent star formation. Pillars are often delineated by
photo-dissociation region (PDR) regions, which are bright in 3.6 pm, 5.8 pum and 8.0 pm
emission in IRAC images [Smith et al. 2010b].

There are different processes possible to explain YSOs appearing in conjunction with
pillars, either in their very tips or shortly before them. The young stars could be formed
within the dust and then uncovered by the radiation impacting on it from older generations
of stars. Alternatively, a ‘collect and collapse’ scenario could be responsible for their
formation or radiative triggering could have caused their development [Smith et al. 2010b].
Smith et al. [2010b] observed that while in several of the South Pillars single or clustered
YSo0s are found, many are in fact found in front of the pillar head seen from the direction
of the supposed exhiting star.

One suggested formation mechanism for such pillars is the ‘Capstone effect’, whereby a
clump of dense material remains behind when its surroundings are photoevaporated away.
This capstone, for example an evaporating gaseous globule (EGG), that is evaporated
more slowly than its surroundings, keeps the material behind it from being irradiated
[Hester et al. 1996, Thompson et al. 2002]. Such an EGG may contain a YSO that, as the
surrounding EGG slowly evaporates away, is now seen to sit on top of a pillar.

Gritschneder et al. [2010] simulated the development of turbulent molecular clouds sub-
jected to ionising radiation emitted by a nearby star numerically. They find that this
initial situation (in their necessarily simplified approach) leads to pillars that appear very
similar to those observed, including the capstones shielding the rest of the pillar from the
radiation. It is interesting to note that this simulation neglects stellar winds so that it
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2.3 Triggered star-formation

appears winds could not be necessary in the formation of pillars.

The ‘collect and collapse’ model [Whitworth et al. 1994] implies that a shock, e.g. from
a supernova (SN), impacts on gas and sweeps it up into a shell or that two clouds collide
with each other. In this way, the material is collected and compressed in a way to allow it
to collapse to form stars. This leads, for example, to young stars being observed following
the shape of the shell of an HII bubble.

It is also important to keep in mind that external influence can just as easily disperse
the natal environments of stars. The impact of stellar winds, for example, can have both a
positive effect on a molecular cloud by inducing collapse or a negative effect by dispersing
the cloud and thus ending star formation. Which effect comes into play is a complex
system, depending for example on the wind momentum and temperature [Foster and Boss
1996] and ionising radiation [Freyer et al. 2003, Klassen et al. 2012]. Not only the clouds
themselves are subject to such erosion, but there can also be a competition between a
nascent star accreting its envelope matter and dispersal of said envelope by an ionisation
front [Whitworth and Zinnecker 2004, Clarke 2007]. Because this work deals with young
stars that have already formed this negative feedback will not play a role and the coming
chapters will concentrate on possible evidence for positive feedback.

Mechanisms of triggering star formation are manifold and because it necessarily cannot
ever be observed in process, whether or not triggering occurs is always a matter of inter-
pretation of the data. As in many fields of astrophysics it is a matter of clever conjecture
and piecing evidence together. The evidence in favour of the different triggering phenom-
ena is overwhelming. It cannot be completely excluded, however, that other explanations
might fit the observations.
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3 The Carina Nebula Complex

The Carina Nebula Complex (CNC), NGC 3372 in the New General Catalogue [Dreyer 1888],
is a star-forming region in the southern sky, located at a distance of 2.3kpc from the sun
[Smith 2006¢]. Of course, there are other, much closer, star-forming regions such as the
Orion Nebula Cluster at a distance of 410-420 pc [Menten et al. 2007, Kim et al. 2008,
see also Muench et al. 2008]. These, compared to the CNC, however have the downside of
also containing far fewer massive stars. Compared to the Orion Nebula’s lone O star, the
more than 70 stars of spectral types O and B found in the CNC (see Sect. 3.4) represent
a very large sample. Massive stars are main drivers in forming star-formation regions
and massively influence their environments. Consequently, this makes the CNC a very
worthwile object for the study of star formation and feedback processes. On the other
hand, large and rich star-formation regions are mostly much farther away from the sun,
such as 30 Dor at ~ 49kpc [Selman et al. 1999]. Lower distance, though, allows higher
spatial resolution in observations. Coupled with the highest surface brightness in the
southern sky [Smith and Brooks 2008], this combination of closeness and richness makes
the CNC an important target of research.

This chapter is intended as a short introduction to the CNC as the region the detailed
study in this work focuses on. Therefore, details concerning star formation will be de-
scribed more thoroughly, while the bigger picture is mainly summarised. The review by
Smith and Brooks [2008], for instance, provides a good starting point for further reading.

The CNC is supposed to be in the early stages of forming an unbound OB association
[Smith and Brooks 2008, Smith et al. 2010b]. Although the stars presently forming appear
to be of low to intermediate masses [Ohlendorf et al. 2012, Gaczkowski et al. 2013], the
Carina Nebula (CN) contains a large number of massive stars.

The CNC contains a number of prominent objects. Apart from the several star clusters
within its boundaries (see Sect. 3.2), these are predominantly the star n Car with its
surrounding Homunculus nebula and the peculiarly shaped Keyhole nebula. The latter
took its name from a drawing by WILLIAM HERSCHEL which resembles a keyhole. Today’s
observations show a different shape and brightness distribution which is attributed to
changes in the form of the nebula and its illumination due to the Great Eruption (Sect. 3.4)
of n Car [Smith and Brooks 2008].

An important caveat is that the CNC is placed so that observing towards it we are
looking down the Sagittarius-Carina arm [Smith and Brooks 2008] and that therefore a
large contamination by e. g. background and foreground stars is present in the observations.
A major number of sources seen in projection with the CNC are not actually part of the
complex. Smith and Brooks [2008] also caution that while the distance to n Car, its
Homunculus nebula, the Keyhole nebula and Tr16 is fairly well established, the other
clusters described below are generally assumed to be part of the same complex as they
are kinematically similar and appear to be associated with the complex nebulosity.
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3.1 Clouds

3.1 Clouds

The raw material for star formation is of course the matter that is dispersed throughout the
region. The cold dusty clouds in the region were mapped with the Large APEX Bolometer
Camera (LABOCA) in the 870 um band by Preibisch et al. [2011d]. This large (~ 1.5 deg?)
sub-millimeter (sub-mm) survey of the CNC provided in-depth information about the
structure and properties of the cold clouds. It showed the majority (94%) of the flux in
the region to originate from thermal dust emission, while the remaining 6% are contributed
by free-free emission from the HII region. The study also found the morphology at 870 pm
to agree well with the morphology at 8 um, the longest-wavelength IRAC band. The FIR
clouds, however, show a less spatially concentrated structure [Roccatagliata et al. 2013].

Preibisch et al. [2011d] estimate ~ 10% of the clouds to be in a sufficiently dense state
to be available for star formation. This fraction may increase through further compression
and especially the influence of the sNe expected to occur in the region in future [Preibisch
et al. 2011d]. This kind of feedback effect would explain the high star-formation rate (SFR)
the CNC exhibits [cf. Sect. 3.5.2; Roccatagliata et al. 2013]. The effects of stars present
in the CNC are demonstrated by Preibisch et al. [2012], who find that only ~ 25% of the
original molecular gas remain in molecular form while ~ 75% have been transformed into
atomic gas. Roccatagliata et al. [2013] find that radiative feedback from the stars also
shapes the temperature distributions within the clouds, which is found to vary between
35-40 K in the central parts of the CNC and 26 K in the outlying regions. Nearly all cloud
surfaces are strongly irradiated and the map of far-uv (F-Uv) radiation correlates well
with the temperature map.

Cloud masses in the region were found to vary strongly, between a few Mg to several
10® M, [Preibisch et al. 2011d]. LABOCA sub-mm observations yielded a total cloud mass
of ~ 60000 Mg, with an uncertainty of a factor 2-3 [Preibisch et al. 2011d]. The total cloud
mass was derived to be ~ 655700 Mg from FIR observations of a larger field [Preibisch
et al. 2012]. For an area corresponding to the LABOCA survey, the same study finds
~ 427000 M. The authors attribute this to LABOCA’s tracing only the masses of the
densest clouds, whereas Herschel also allows the observations of less dense clouds. The
total cloud mass estimate from the Herschel study is < 890000 M, [Preibisch et al. 2012].

3.2 Clusters

The CNC has been described as a ‘cluster of clusters’ [e. g. Feigelson et al. 2011, Povich
et al. 2011al.! The major clusters in the region are Tr14, Tr15 and Tr162, Cr228% and
Bochum 10 and Bochum 114. Tr 14 and particularly Tr 16 are by far the most dominating
ones in the large context of the CNC while the others influence predominantly their local
environment [Smith and Brooks 2008]. Tr16 is ~ 3Ma old, Tr14 at ~ 1 — 2 Ma slightly
younger. Tr15, with stars several 10° years old [Tapia et al. 2003], and Bochum 10 are
older. Bochum 11 is younger than 1 Ma [Smith and Brooks 2008]. In radio observations,

!Townsley et al. [2011b] use the term in a specific way to identify a part of the central CN (see their
Fig. 1b).

2 After the catalogue by ROBERT J. TRUMPLER [Trumpler 1930]

3 After the catalogue by PER COLLINDER [Collinder 1931)

4After the catalogue produced at Ruhr-Universitit Bochum [Moffat and Vogt 1975a,b,c, Fitzgerald
et al. 1976]
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3 The Carina Nebula Complex

Figure 3.1: Clusters in the CNC shown on the background of a Spitzer IRAC 4.5 pm image.
Positions are given as listed by SIMBAD.

the inner CN is seen to be parted into two distinct regions, known as Carl and CarII;
Car I being influenced by Tr 14 and Car Il by Tr 16.

There are differing theories supported by observations as to how these clusters are
connected or separated. Smith and Brooks [2008] state Cr228 was “generally considered
to be part of Tr16” [e.g. Walborn 1995]. On the other hand, Cr 228 has also been stated
to be a defined separate cluster [Carraro and Patat 2001]. Patat and Carraro [2001] also
find Bochum 9, Bochum 10, and Bochum 11 to be small, poor and young open clusters.

No significant star formation appears to be going on within Tr14 and Tr16 [Smith
and Brooks 2008], but studies like those of DeGioia-Eastwood et al. [2001] and Tapia
et al. [2003] find IR-excess YSOs in the clusters (cf. our detection of cYSoOs in Sect. 9.4.2).
These detections are consistent with the age spread of the stellar population of low and
intermediate masses [Smith and Brooks 2008].

As this work concentrates on the IR-excess emitters in the CNC and predominantly the
cYsOs among them, these large stellar clusters are only a side issue. I concentrate on
the numerous small clusters that can be found among the YSO population [eg Smith et al.
2010b, Feigelson et al. 2011] and especially the newly detected ones. A detailed description
of the clusters found and a comparison to other studies can be found in Chapter 9.
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3.3 Gum 31 and NGC 3324

Figure 3.2: HST image of the ionisation front bordering NGC 3324 (Hubble News Release
STScl-2008-34, image credit: NAsSA, EsSA, and The Hubble Heritage Team
(STsci/AURA)). The RGB colours are red: Wrpc2 SII filter (673 nm), green:
Acs Ho +NI1I filter (658 nm), blue: Wrpc2 OIII filter (502nm). North is to
the right, east is up.

3.3 Gum 31 and NGC 3324

A distinct bubble-shaped region =~ 1° north-west of the CN is very prominent from IR
images. This is the ionized hydrogen (HII) region Gum 31 encircling the stellar cluster
NGC3324. The diameter of the HII region itself is ~ 15’ (10 pc at a distance of 2.3 kpc).
This HII region in turn is surrounded by an expanding non-ionized hydrogen (HI) shell
which encloses it almost completely [Cappa et al. 2008]. Though the region has such an
entrancing shape (dubbed the ‘perfect bubble’ by Preibisch et al. [2012]), it is very poorly
studied. Doubtlessly this is because of its proximity to the all-overshadowing Carina
Nebula in its immediate vicinity. HST images of its western rim (Hubble News Release
STScI-2008-34) are often shown as prime examples of an ionising front at the edge of a
star-formation region (Fig. 3.2), but have not sparked much research interest in the region.
The physical relation between NGC 3324 and the CNC is still unclear (but see Sect. 8.3).
Recent distance determinations of Gum 31 and NGC 3324 yielded values of 2.3kpc for the
cluster NGC 3324 [Catalogue of Open Cluster Data; Kharchenko et al. 2005] and 2.5 +
0.3kpc for the clouds in and around Gum31l [Barnes et al. 2010]. This implies that
NGC 3324/Gum 31 are located at the same distance as the CN [2.3kpc; see Smith 2006c].
The available information about the stellar population of NGC 3324 is restricted to the
brightest stars. The brightest system is the multiple star HD 92206, which is constituted by
two O6.5V stars HD 92206 A and B and the O8.5V star HD 92206 C [Maiz-Apellaniz et al.
2004]. A further bright star in the region is the A0O supergiant HD 92207 (= v370 Car, V =
5.49). This object is a very luminous (log (L/ L) = 5.56), massive (Mipitial ~ 30 M),
evolved star [age ~ 7 + 1 Ma; Przybilla et al. 2006] that drives a very strong stellar wind
[M = 1.3 x 1079 My a~!; Kudritzki et al. 1999]. The membership of HD92207 is not
entirely clear: Clarid [1977] and Carraro et al. [2001] assume it not to be part of the
cluster. However, Forte [1976, from its being wrapped in a nebular shell associated with
Gum 31] and Baumgardt et al. [2000, from proper motions| determine it to be a member.
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3 The Carina Nebula Complex

Carraro et al. [2001] identify 25 candidate members of NGC 3324 with optical photometry
and suggest that the cluster is very young (< 2-3Ma). With three O-type stars (M >
18 Mg,), the field star initial mass function (IMF) representation by Kroupa [2002] suggests
that there should be ~ 1500 low-mass (0.1 My < M < 2 M) stars present. This implies
that the vast majority of the stellar population of NGC 3324 is still unknown.

In addition to the optically visible stellar cluster NGC 3324 in the HII region, there is a
population of young stars embedded in the molecular cloud surrounding the HII region.
This population is only seen in infrared images [Cappa et al. 2008] or traced by their
protostellar jets [Smith et al. 2010a]. Cappa et al. [2008] sampled point sources in a
region of 20’ radius centred on NGC 3324 from the Infrared Astronomical Satellite (IRAS),
Midcourse Space Experiment (Msx) and Two Micron All-Sky Survey (2MASS) point-source
catalogues and identify 12 (IRAS), 9 (MsX) and 26 (2MASS) cYSOs using colour-colour
criteria. Due to the limited sensitivity and angular resolution of these data, the currently
known few dozen of embedded infrared sources represent only the tip of the iceberg; many
more embedded YSOs must be present in this area and waiting to be discovered.

The study of the distribution of cysos in the CNC presented in Chapter 9 clearly shows
that the Gum 31 region is an important star-formation region in its own right. In Chapter 8
an in-depth study of the YSOs in the region is detailed.

3.4 Massive stars

The CNC was the first region where the earliest O stars were recognized [Walborn 1973] and
holds a considerable number of O-type and Wolf-Rayet stars (WR stars). Apart from the
most prominent member 1 Car (see Sect. 3.4.1), the CNC contains the O2 star HD 93129A in
Tr 14 [Walborn et al. 2002], three nitrogen- and helium-rich Wr stars (WNH stars) [Smith
and Brooks 2008] in Tr16 and a number more of O stars to make up a total of more
than 70 known high-mass stars [Smith 2006a] — among them several of the most massive
(M > 100 M) and luminous stars known in our Galaxy. There might even be more:
Povich et al. [2011b] caution that the completeness of the sample of known O stars may
be only 50%.

There are two WNH stars found within the South Pillars region (cf. Sect. 3.5.1), but
Smith et al. [2010b] suggest that they might be projected into the region instead of being
members. They do not appear to influence the pillars in their immediate (projected)
neighbourhood, something which a Wr star would clearly be expected to do [Smith et al.
2010b].

3.4.1 n Carinae and the Homunculus

The luminous blue variable (LBV) 1 Car® is arguably the most prominent star in the CNC.
Its brightness and striking variability has made it a popular target of study for centuries [for
an overview see Smith and Brooks 2008]. Its brightness reached a peak visual magnitude
of ~ —1mag during its Great Eruption in the 1850s [historical light curves of Frew 2004,
Fernandez-Lajus et al. 2009] and has steadily faded since then, with a minor eruption to
~ 6 mag around 1890, to ~ 8 mag around the turn of the century, slowly rising again since

5Spectroscopic evidence for 1 Car being a binary with a hotter, less bright companion on an eccentric
orbit is reported by Damineli et al. [2000].
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3.4 Massive stars

Figure 3.3: ESO WFI optical image of the central region of the CN, with n Car and the
Homunculus in the bright v-shaped region to the left (Eso Image Release
es01031b, image credit: Eso). The RGB colours are red: R band, green: V
band, blue: B band. North is up, east is to the left.

then to its current value of ~ 5-6mag [Reed 2003, Ferndndez-Lajuis et al. 2009] with a
minor peak in 2006 [Fernandez-Lajis et al. 2009]. The cause for the Great Eruption is
still unknown [Smith and Brooks 2008].

The matter ejected during the Great Eruption formed the Homunculus nebula [Smith
2006¢, Fig. 3.3], so called because its shape resembles that of a small fat man with short
arms. Detailed description and a good pointer to the relevant literature on the Homunculus
can be found in the dedicated study by Smith [2006¢]. The nebula effectively shields n Car
so that its radiation currently does not contribute to influencing its surroundings [Smith
and Brooks 2008], but is absorbed in the Homunculus. However, before the Great Eruption
it did shape the CNC strongly (see especially Sect. 3.5.1).

3.4.2 Supernovae

Whether or not sNe have already occurred in the CN is a topic currently under debate.
While it used to be canonical knowledge that no SNe had yet occured in the CNC, in
past years this has been challenged. Hamaguchi et al. [2007] in Suzaku X-ray observations
centred on 1 Car found that an inhomogeneous distribution in silicon and iron abundances
throughout their study field could be explained by local enrichment through a supernova
remnant. The bright X-ray source 2xMM J104608.7-594306, described by Pires et al. [2009]
and Hamaguchi et al. [2009], is dubbed a “smoking gun” by the latter, being a probable
1 Ma-old neutron star. Voss et al. [2012] modelled the 26Al emission they observe towards
the CNC with INTEGRAL. The radioactive isotope 26Al is produced in stellar winds and
sNe and is thus a tracer of massive stars. While they find that wind emission dominates
their 26Al models, only ~ 80% can be accounted for in this way. A SN contribution to the
total emission of ~ 20% is estimated, which is another pointer towards past SN explosions.
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3 The Carina Nebula Complex

Figure 3.4: HAWK-1 NIR image of the CN (Eso Image Release esol1208a, image credit:
Eso/T. Preibisch). The very bright star at the lower left edge is n Car. The
RGB colours are red: K band, green: H band, blue: J band. North is up, east
is to the left.

There is no doubt, though, that the most massive stars in the CN, 1 Car being the most
prominent among them, are quickly approaching the ends of their evolutionary spans. SNe
and the resultant re-shaping of the matter in the region are therefore to be expected soon.

3.5 Young stellar objects

The view of CN as star-forming originated only in the past decade [Povich et al. 2011a].
In 1979, Harvey et al. saw the Carina Nebula in the FIR as a “well-evolved, older HII
region“. This view was still prevailing in 1988, when Ghosh et al. explained the compact
FIR sources they observe as dust-gas clumps heated by the OB stars in the region.’
However, de Graauw et al. [1981] from their CO observations in the inner CN around
Tr14, Tr15 and Tr 16 speak of young star clusters in an HII region. They propose that
sequential triggering (cf. Sect. 2.3) is in process here, with the young stars interacting with
the remnants of the original molecular cloud. Smith et al. [2000] observed a number of
MIR sources within the South Pillars (Sect. 3.5.1) and sparked off a number of IR studies of

®Smith et al. [2000] note that those studies do not include the South Pillars (Sect. 3.5.1), which
constitute the most prominent star-forming region within the CN. This might be a reason the region was
seen as being evolved and past star formation.
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3.5 Young stellar objects

the region in which subsequently evidence was found for plenty of star-formation going on
within the CN. The possibility of different triggering processes (Sect. 2.3, cf. Sect. 3.5.1)
being ongoing in the region became a topic much under discussion (see also e. g. Sect. 8.7,
Sect. 9.6).

Smith et al. [2000] analysed Msx data of the Carina Nebula when it was still believed to
be mainly an old, quiescent HII region that had no ongoing star formation, following up
on the detection of IRAS 10430-5931 as star-forming by Megeath et al. [1996] (Sect. 3.5.1).
From their observation, they found a number of embedded MIR sources which constituted
good candidates for ongoing star formation in the CN. Several of them are placed in
the heads of dust pillars (Sect. 3.5.1) or behind ionisation fronts, leading the authors to
propose these sources to have been triggered.

The HH jet (see Sect. 2.2.1) HH 666 discovered by Smith et al. [2004] was the first proto-
stellar outflow detected in the CN. A later study by Smith et al. [2010a] used the Advanced
Camera for Surveys (Acs) camera on the HST to look for more jets in the CNC in a deep
Ha narrow-band imaging survey. They detected 40 HH jets and HH jet candidates within
the ~ 0.8° x 1.1° area that was partly covered by their observations. These form the basis
of the work done in Chapter 7, where a search for the sources of these jets is carried out.

Ys0s in the CN exhibit a high degree of clustering [e. g. Smith et al. 2010b, Feigelson et al.
2011]. Rathborne et al. [2004] observed candidate embedded clusters among the South
Pillars (Sect. 3.5.1). Later studies of YsOs in the CN in the infrared [Smith et al. 2010Db]
or in X-rays [Feigelson et al. 2011, within the Chandra Carina Complex Project (Cccp)]
have corroborated the presence of a high number of YSO clusters. Those studies confirm
the presence of YSO clusters in the South Pillars. In Chapter 9 we will search for cyso
clusters in a much larger part of the CnC. We will also compare the number of stars in
clusters to the number of those in a uniformly distibuted population. Previous studies
find the distributed population to account for ~ 50% of the vsos in the CNC [Feigelson
et al. 2011, Preibisch et al. 2011c¢].

From Spitzer images Smith et al. [2010b] obtained a photometry catalogue of 48 642
point sources, and a catalogue of 909 YsOs identified through SED fits in a study region
focused on the South Pillars. They find a YSO mass function (YMF) in accordance with
the canonical IMF and argue from this that star-formation in the South Pillars must have
been roughly continuous over the past ~ 3Ma. This is in accordance with the findings
of Rathborne et al. [2004], who studied the South Pillars in a multi-wavelength study
and found ongoing massive-star formation over the entire South Pillars region. They, too,
argue that it must have been constant over the past ~ 3 Ma.

Smith et al. [2010b] argue the case for a locally varying IMF that gets washed out over
the entirety of the complex. They find that while in some clusters YSOs are found together
with evolved O stars, the ratio of these varies strongly and a number of cluster hold no
evolved massive stars. They interpret this as a possible sign of a locally varying IMF.

The Chandra X-ray observatory obtained a deep wide-field (~ 1.4 deg?) X-ray survey
of the Carina complex [see Townsley et al. 2011a] that led to the detection of 14 368 X-ray
point sources [Broos et al. 2011b] as well as copious amounts of diffuse X-ray emission
[Townsley et al. 2011a]. The sample was enhanced by observations in the IR, e.g. with
HAwK-1 [Preibisch et al. 2011a] and Spitzer [Povich et al. 2011a).

The Cccp sample was sub-classified according to each source’s individual detections in
different wavelength bands [Broos et al. 2011a], which yielded 1609 probable contaminants
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3 The Carina Nebula Complex

(i.e. foreground stars, Galactic background stars and active galactic nuclei (AGN)). This
analysis of the X-ray and infrared properties of the point sources suggested that 10714
objects are young stars in the CNC [Broos et al. 2011a].

A very deep near-infrared survey of the central 1280 arcmin® area performed with the
High-Acuity Wide-field K-band Imager (HAWK-1) at the Eso 8 m Very Large Telescope
[Preibisch et al. 2011c] has revealed more than 600000 IR sources (see Sect. 4.5). This
IR catalogue was combined with the list of X-ray sources from the CccP to study the
properties of the stellar populations in the CNC [Preibisch et al. 2011a]. Preibisch et al.
find HAWK-1 matches for 88% of the CccP sources within the HAWK-1 study field (6583 out
of 7472), improving strongly over the detection rate in the J, H and K bands with 2MASs.
The infrared excess fraction is found to vary considerable between the clusters, between
2% for Tr15 and 10% for Tr14. Overall, the authors find the IR excess fraction to be
consistently lower than for comparable clusters of similar age [Preibisch et al. 2011a]. From
this they conclude that disk dispersal happens more rapidly in the CNC than elsewhere,
as a consequence of massive-star feedback.

Only a fraction of the total young stellar population of the CNC has been studied so
far. Because the IMF dictates that low-mass (and therefore faint) stars far outnumber the
high-mass ones, every study will miss a major part of the population. Better and better
instruments make higher percentages of the total population available for observation.
Preibisch et al. [2011c| and Feigelson et al. [2011] estimate a total young-star population
of ~ 104000 in the CNC from the Cccp study. Povich et al. [2011a] estimate a total YSO
population of > 5.8 - 10* with a total stellar mass of (4.9-8.6) - 10* M.

2

3.5.1 Pillars

A well-studied and very peculiar region within the CNC are the “South Pillars” to the
south of n Car. These are a number of dust structures that appear in (projected) shape
in IR images remarkably like the architectural feature, with their tips pointing towards
1 Car. The pillars are also traced by PDRs, which are a common feature throughout the
CnNc [Rathborne et al. 2004].

Here a giant molecular cloud (GMC) is being destroyed by stellar winds and UV radiation
from Tr14 and particularly Tr16 [Smith et al. 2000, Rathborne et al. 2004, Smith and
Brooks 2008]. A denser core within the GMC material shields the material behind it, so
that a pillar remains behind when the remainder of the cloud is irradiated away [Rathborne
et al. 2004]. While the region is home to a large number of young stars, it also contains
several evolved massive stars (10-20 O stars and WNH star HD 93131 [Smith et al. 2010b]).

Star-formation activity in the South Pillars was the first evidence that star formation in
the CN is still going on. It was first found from wide-field IR observations with IRAS and the
detection of IRAS 10430—5931 in a molecular clump along with a number of highly reddened
embedded stars in the South Pillars [Megeath et al. 1996]. The authors reported the 1R
colours of IRAS10430—5931 to be in agreement with its being a YsO. Rathborne et al. [2004]
from MSX MIR observations identified 11 compact HII regions and one candidate MYSO.
They reported that of their candidate young clusters several appeared to be associated
with pillars or embedded within them.

Among the MIR-bright compact objects there is a compact HII region, G287.84-0.82
[Rathborne et al. 2004, Smith et al. 2005], in the head of a pillar pointing towards n Car
and Tr 16 [Smith et al. 2005]. Both the pillar and the cluster embedded in it are frequently
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referred to as the ‘Treasure Chest’. The cluster itself is very young [< 0.1 Ma, Smith et al.
2005]. It is currently forming a cavity inside the top of its host pillar [Smith and Brooks
2008].

Smith et al. [2010b] in a Spitzer study of the South Pillars find some YsOs within pillars
and a larger number just outside pillar heads. They conclude that the pillars are being
eroded with the Ysos having developed within them being left behind. Smith et al. [2010Db]
also show that those YSO outside pillar heads are found predominantly between the pillars
and massive stars and argue that the massive stars must have triggered their formation.
However, the authors also found that these pillars are not necessarily dominated by the
emission from the massive stars in Tr14 and Tr16. In their Fig. 12 they illustrate the
pillar axes, which exhibit a range of orientations. The authors concluded from this that
the local O stars within the South Pillars influence the region more strongly than the stars
of Tr 14 and Tr 16 do.

Smith et al. [2010b] also described that within large pillars with a clear axis there are
smaller mini-pillars and protrusions that point in entirely different directions. This kind
of substructure is evident in Spitzer IRAC MIR images (see Sect. 4.1.1) upon zooming
in. Smaller and smaller mini-pillars can be seen, often superset on the edges of larger
pillars. Smith et al. [2010b] suggested that these phenomena arise from changes in the
currently dominating source within the region, for example by a newly formed massive star
beginning to dominate over stars farther away. They also suggested that n Car’s strong
variability may be a reason: In its current state it has little influence over the region, but
this maybe a very recent state (see Sect. 3.4.1), and this change may be reflected in the
general pillar directions being now deflected away from 1 Car by locally dominating stars.

Smith et al. [2010b] describe in detail how a group of older stars is thought to be able
to erode a pillar, leaving behind a group of stars of mixed ages, triggered during different
stages of pillar erosion (their Fig. 15). They explicitly describe how such a process, going
on in not only a single pillar at any one time, but in a complex and interacting environment,
together with the inherent motions of the newly formed stars leads to a region with clusters
that may or may not be associated with the pillars in which they formed. It should be
stressed again here that a large and dynamic region as the South Pillars and even the
entire CNC is much more complicated than simplifying sketches can convey and that the
interactions are what makes the CNC such a rewarding field of study.

It should also be noted that in the Smith et al. [2010b] study (as well as our own; cf.
Chapters 8 and 9) several pillars show no signs of association with YSO clusters or single
vs0s. Of course, this is not contradictory to the idea of their being associated with star
formation. If star formation is supposed not to occur in one single burst but in a sequence
of small events spread out in time, then naturally one would expect it to have taken place
already in some place and to be about to take place in others. In other words, these
observation support a hypothesis that the star formation in the CN is far from over.

Rathborne et al. [2004] generated a visual extinction map of the South Pillars region
and found it to have Ay = 7-15mag, corresponding to a Ho column density of 9-19 -
10*!em=2. From '2CO (2-1) to 3CO (2-1) ratios they derived an Hy column density
of 7-22 - 10?2 cm ™2, which agrees well. They also find a dust temperature of 42-44K
in the region. Preibisch et al. [2011d] found a maximum extinction of Ay = 50mag
(N, ~ 4-10??cm™?) in the cloud associated with the Treasure Chest cluster from sub-
mm observations (assuming cloud temperatures of 30 K).
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3.5.2 Star formation rate

Today, the South Pillars appear to be the most recent and currently most active star-
formation region within the CNC [Smith et al. 2010b, see also Sect. 9.3]. There is, however,
star formation activity of varying strength to be found in all parts of the complex.

Povich et al. [2011a], as described below, estimate the present-day SFR of the CNC to be
> 0.008 M, a~'and 0.010-0.017 M, a~! averaged over the past ~ 5Ma, with interspersed
bursts of star formation. Smith et al. [2010b] conclude from the extrapolated numbers
in their cyso sample (see also Sect. 6.5.1) that the SFR would have been approximately
constant over the entire lifetime of the region. Gaczkowski et al. [2013] derived a higher SFR
of 0.017 M, a~! as an average over the past few 10° a and found this to be in agreement
with the values found by Povich et al. [2011a] taking into account the differing study areas.

Roccatagliata et al. [2013] find that the star formation rate per unit mass in the dense
clouds of the CNC is higher than in comparable regions, i.e. that the star formation
efficiency is unusually high. They find a characteristic star-formation time scale of 1.3 Ma.
From this they conclude that in the CNC it is not simply a matter of turning clouds
into stars which should then not be going on still after ~ 5Ma, but that feedback from
massive stars forms dense clouds throughout the evolution of the CN, thus replenishing
the supply of matter. This is evidenced by YSO being found predominantly at pillar tips
and irradiated cloud surfaces [Smith et al. 2010b, Gaczkowski et al. 2013, Chapters 8 and
9].

3.5.3 The Pan-Carina YSO Catalogue

A number of IR studies have been undertaken on the CNC over the years. I will describe
one in more detail here as it will be relevant in later chapters. Povich et al. [2011a]
searched the 1.42 deg? field of the Cccp for Ysos, which resulted in the Pan-Carina YSO
Catalogue (Pcyc) containing 1439 vsos. In Sect. 6.5.2 T will compare this catalogue of
cYSOs to the one derived in this work.

Combining Spitzer IRACT and MIPS® observations with 2MASS Point Source Catalog
data, they identify cysOs by their IR excess. The Spitzer survey contains 60515 sources
within the Cccp field. Photometry reaches down to [3.6] < 15.5 mag (apart from regions
of bright nebular emission). The MIpPs detection fraction in the Pcyc is only ~ 10% (plus
some upper limits), which is similar to what we find for our study.

Photometry for the Pcyc was derived with the GLIMPSE point-source extractor based
on DAOPHOT. Note that this is a method differing completely from the one we used
for our cyso catalogue (Chapter 5). This difference in a central analysis step makes the
comparison between both catalogues meaningful although they are drawn from the same
basic data set.

To obtain the Pcyc, the 1-24 um 1R SEDs” were fitted using the Robitaille et al. [2007]
SED models (cf. Sect. 7.4.1, Sect. 8.5.1) for all objects in the survey that were detected
in at least four out of seven bands (210 742 sources, 54 155 of them in the Cccp region)
and fitted with reddened stellar photospheres [Castelli and Kurucz 2004]. In doing this,

T“Galactic Structure and Star Formation in Vela-Carina” programme; PI: Steven R. Majewski,
PID: 40791 [the same data as used in this work, cf. 4.1.1]

8 “M1pscAR: A Far-Infrared Survey of the Carina Nebula” programme, PI: Nathan Smith, PID: 30848

992MASS J, 2MASS H, 2MASS K, IRAC 3.6 um, IRAC 4.5 um, IRAC 5.8 um, IRAC 8.0 um, MIPS 24 pm.
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Povich et al. [2011a] allowed Ay = 0...40mag [Indebetouw et al. 2005] and a distance of
2.3£0.05kpc [Smith 2006¢] (the same as the parameters assumed in Sects. 7.4.1 and 8.5.1).
This assumes that the CN is roughly spherical with a diameter of ~ 50 pc (observed). The
uncertainties were manually set to < 10%, similar to what is done in the relevant analysis
in this work (cf. Sects. 7.4.1 and 8.5.1).1% From the obtained SED fits they considered
only sources with X%est /v < 2 (with v representing the number of data points) for the
later analysis and, of those, only models within the range of x*v — x../v < 2.1 To
each model, the authors assigned a y?-weighted normalised probability. With these they
weighted the means of the distributions of the stellar and circumstellar parameters derived
from the Robitaille et al. [2007] models.'?

From this sample, all objects that were well fit with reddened stellar photospheres were
removed (50 586; 93.4%). Furthermore, sources with IR excess emission only in [5.8] or
[8.0] were filtered out (cf. the method of Smith et al. [2010b] described in Sect. 6.5.1). The
remainder were then de-reddened using

Emm—um:A#@%?ﬂl (3.1)

with k) being the opacities following the extinction law of Indebetouw et al. [2005]. The
selection criteria for cysos were then

[3.6] — [4.5] > & ([3.6] — [4.5]) + E (3.6] — [4.5))
or |[4.5] — [5.8]| > & ([4.5] — [5.8]
and  [5.8] — [8.0] > 5 ([5.8] — [8.0]) .

~—

(3.2)

This procedure left 1646 IR excess sources.

Such a sample of IR excess sources in a region like the CNC necessarily contains a
number of contaminants (cf. e.g. Sect. 6.4), which need to be removed as carefully as
possible. To this end, Povich et al. applied a colour cut to remove possible asymptotic
giant branch (AGB) stars:

[8.0] — [24] > 2.2 mag, (3.3)

which removed 1% of sources. Redder AGB stars would be extremely luminous and there-
fore distinguishably bright [Whitney et al. 2008, Povich et al. 2009, as cited by Povich
et al. 2011a).

For further contaminant removal, they inspected the clustering properties of the excess
sources. YSOs in the CN are expected to cluster (see Sect. 3.5) while contaminants are dis-
tributed uniformly. The authors used a nearest-neighbour group-finding algorithm [Povich
et al. 2009] to identify groups of > 10 sources and to find sources that show clustering
with respect to control fields outside Cccp area. As control fields, they chose two boxes
of 0.5° x 0.5° centred on (I = 286.4°, b = —0.9°) and (I = 286.6°, b = 0.2°). This yielded a
mean cySo surface density of 200 deg™?2 outside the Cccp field and 1150 deg 2 inside it—
resulting in an expected contamination fraction of 17%. After sources not showing clus-

tering had been removed, the mean surface density inside the Cccp area was 1000 deg 2,

'9The same minimum uncertainties are chosen by Smith et al. [2010b] in their search for vsos.

“This method is adapted from the methods used by Povich et al. [2009], Povich and Whitney [2010)
and Smith et al. [2010b].

2Method of Povich et al. [2009).

3The rejected sources were examined again by Povich et al. [2011b].
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which means that the remaining contaminants were 50 deg™2, equalling 5%.'4 (Compare
these values to those found in our catalogue of cysos described in Sect. 9.1).

Of this overall sample of 1439 cysoOs in the Pcyc, 1029 are not in the Cccp X-ray
catalogue while 410 have X-ray counterparts. 62 of the latter are candidate protostars
and tend to be more evolved than candidate protostars without X-ray detection. Povich
et al. find the dominant mass range of the candidate protostars to be 2 M5—10 Mg (cf.
Sect. 7.4.1). The authors extrapolate their sample to a total population of > 2 - 10 ysos
and a SFR of > 0.008 Mya~! (cf. Sect. 3.5.2). They determine the global SFR of the CN to
have been approximately constant over the last ~ 5 Ma. The YMF is found to have a power-
law form W (logm) = m~"YMF with T'yyr = 3.2 + 0.3 in the range 3.1 My < m < 10 M,
below which the sample is incomplete.

The general distribution of the PCcyC ¢ysos within the CNcC, though distributed, shows
an emphasis on the central regions and along a broadened line connecting the Tr 14 and
Tr16 clusters with the South Pillars region. cysos are found close to the ends of pillars
and the edges of molecular clouds, within HII regions. They also occur embedded in the
ends of dust pillars, partly as driving sources of the HH jets identified by Smith et al.
[2010a]. (For a study of the driving sources of HH jets in the CNC see also Chapter 7.)
Povich et al. [2011a] find YSO clusters associated with Tr 14 and Tr 16, but not with Tr 15
and Bochum 11 although they are associated with X-ray star clusters. In Sect. 6.5.2 these
results will be compared to the results from the catalogue of cYsos derived in this work.

“Tnside the Cccp before removal (1150 deg™2) minus control field (200 deg™?): density of 'real’ YSOs
(950 deg™?); inside Cccp field after removal (1000 deg™2) minus 'real’ YSOs (950 deg™?): density of remain-
ing contaminants (50 deg™?).
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4.1 Spitzer

The Spitzer Space Telescope, originally referred to as the Space Infra-Red Telescope
Facility (SIRTF), is part of NASA’s Great Observatories programme [NASA 2007]. These
four observatories were built to cover a large wavelength range: The Compton Gamma-
Ray Observatory (CGRO) and Chandra cover the high energies, the HST is well-known for
observing in the optical and NIR range and Spitzer completes the set towards the MIR.

The telescope has three focal-plane instruments attached to its 85 cm telescope. Only
two of them, IRAC and Mips, provided the data used in this work and will therefore be
described below. The third instrument, the Infrared Spectrograph (IRS), was not used
here and is not further described for this reason.!

Launched in August 2003 with the aim of a 30-month mission [NASA 2007], Spitzer is
still under operation ten years later, albeit under changed conditions. In Spitzer’s current
status, IrS, Mips and two out of four IRAC bands are no longer available. Spitzer will
continue operating until 2014, with an option to prolong this until 2016 [Spitzer Space
Telescope Handbook v2.1, 2013].

"Further information can be found in the publication by Houck et al. [2004] and starting from the Spitzer
Science Center (Ssc) Irs documentation homepage http://irsa.ipac.caltech.edu/data/SPITZER/docs/
irs/.

Visible Near-IR Mid-IR
—_—
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Figure 4.1: Wavelength ranges of the Spitzer instruments [Courtesy NAsA/JpPL-Caltech].
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4.1.1 IRAC

The Infrared Array Camera (IRAC) is a multi-purpose instrument. Though its main design
aim was the study of galaxy evolution [Fazio et al. 2004], we are using it here for an entirely
different purpose: The wavelength filters originally selected to be ideal for the observation
of stellar photospheres [which dominate the 3.6 um band; Smith et al. 2010b] are also well
suited to characterising the MIR part of a YSO’s SED and allow for the selection of cysos
from a large sample of sources due to their IR excess. The ability to conduct deep, large-
area surveys that is also a requirement of IRAC’s intended use is put to excellent use with
our kind of study as well. Although IRAC had the four design aims of studies on the early
universe, brown dwarfs and superplanets, AGN and protoplanetary and planetary debris
disks [Fazio et al. 2004], its uses are expressly not limited to these fields. The instrument
was intended and has been used for a broad range of study types. IRAC has often been
used for the search for and study of young stars and their surroundings [e. g. Allen et al.
2004, Harvey et al. 2006, 2007, Winston et al. 2007, Whitney et al. 2008, Smith et al.
2010b, Povich et al. 2011a, Roccatagliata et al. 2011, Fang et al. 2012].

IRAC could observe simultaneously in four different wavelength bands. The filter centre
values are 3.6 um, 4.5 um, 5.8 um, and 8.0 wm; with bandwidths of 0.8 pm, 1.0 um, 1.4 pum,
and 2.9 pm [IRAC Instrument Handbook v2.0.3, 2013, cf. Figs. 4.2 and 4.3a]. These four
values were required to optimise for sensitivity in order to enable galaxy detection to the
pursued standard [Fazio et al. 2004]. The fact that there are no filter wheels but four fixed
filters is due to the requirement of minimising the amount of movable parts within the
telescope so as to avoid potentially failure-prone equipment [Fazio et al. 2004].

The 3.6 wum and 4.5 um detector arrays are InSb and were held at an operating tempera-
ture of 15 K. The 5.8 pum and 8.0 um detector arrays are made of Si:As and were operated
at a lower temperature of 6 K. The peak-to-peak variations in these temperatures were
kept below 10 mK [Fazio et al. 2004]. The difference in detector material between high
and low wavelength is the reason for their differing operability at the present, high tem-
peratures (see below). Pixels sizes, however, are the same: All four detectors have arrays
of 256 pixels x 256 pixels each, with pixels sizes of 30 um [Fazio et al. 2004].

With IrAC, data are taken by integrating over a defined “stare” time [Fazio et al. 2004],
the “IRAC map” method. For all observations we use, effective integration times per pixel
of 1.2s and a frame integration time of 2s were employed. The nominal point-source
sensitivities for this integration time can be taken from the IRAC Instrument Handbook
v2.0.2 [2012]: For a high-background situation the 1 o point-source sensitivities are given as
34 wly, 41 Wy, 180 wJy and 156 pwJy for 3.6 um, 4.5 pm, 5.8 um and 8.0 um (cf. Table 4.1).
However, we chose to derive individual sensitivities directly from the data (see Sect. 5.4.3,
Table 5.3 and Fig. 4.3b). The CNC is close to the Galactic plane and viewed along an arm
of the Galaxy, which makes it a very-high background case. We will therefore not discuss
the image quality here, but in the relevant chapters where further processing is described
and the eventual processed data evaluated.

The four detector arrays are arranged in groups of two, with 3.6 um and 5.8 wm sharing
one field of view and 4.5 um and 8.0 um sharing the other [Fazio et al. 2004, see Fig. 4.4].
This particular arrangement results in very slightly shifted images between the groups and
not entirely consistent coverage in the very edges of the final field. This necessarily leads
to a small number of point-like sources detected in only one or two bands. These skew the
total numbers slightly because the reason of their non-detection is not their faintness in
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Figure 4.2: The four IRAC bandpasses [images taken from Hora et al. 2008]. Blue and red
lines show the pixels with the lowest and highest nominal wavelengths, black
shows the full array average (effective wavelengths vary slightly; cf. Hora et al.
[2008]). (A 32pixels x 32 pixels subarray [green curve|, is not employed here.)

the relevant wavelength range but the fact that they are simply not fully covered. This,
however, merely lets sources at the very edges drop out of our ¢Yso catalogue because for
their selection we require detection in all four IRAC bands (cf. Chapter 6). Effectively this
limits the study area, but otherwise has no scientific impact on our study.

The incident light is reflected into the optics system by two pickoff mirrors (Fig. 4.4).
These are slightly tilted with respect to each other so that the beam is sent towards the
two sets of detector arrays. In this way, a separation between the two image centres of
6.8’ is achieved. In each setup, the focal plane of Spitzer is re-focussed on the detector
arrays with the means of lenses. In each case imaging on two detector arrays is achieved
by a beamsplitter in the converging beam [Fazio et al. 2004].

IRAC uses a transmissive rather than a reflective optics system out of space considera-
tions [Fazio et al. 2004]. The optical assembly used to be cooled to ~ 1.2K [Fazio et al.
2004], which it still was at the time the data we are using were taken (July 2008, see
below). This “cold mission phase” ended when the coolant helium ran out in May 2009
[Spitzer Space Telescope Handbook v2.1, 2013] and the “warm mission phase” began, ex-
tending Spitzer’s intended lifetime. Although only the 3.6 wm and 4.5 um detector arrays
are operable any more, observations with IRAC are still well underway.
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(a) Mlustration of IRAC’s four filters. (b) A typical YsO SED (HH 1008 IR, see Chapter 7).

Figure 4.3: Fig. 4.3a [taken from Fazio et al. 2004] illustrates that the wavelength range
between ~ 3 um and ~ 10 um is nearly completely covered by IRAC. It also
shows the differing widths and sensitivities of the four filters. Their complete-
ness limits in our study (cf. Sect. 5.4.3) are illustrated by comparison to a
typical YSO SED in Fig. 4.3b.

Table 4.1: Overview of IRAC detector and image characteristics.

IrAC 4
8.0 pm

IrAC 3
5.8 pm

IraACc 1 IRAC 2
3.6um 4.5um

Field of view?

256 pixels x 256 pixels

Physical pixel size® 30 pm

Integration time/pixel 1.2s

Integration time/frame 2s

Image pixel size® 1.2217  1.213”7  1.222"  1.220”
FWHM of centred PRF®  1.44” 143”7 149" 171"
Sensitivity® My 41wly 180wy 156 Wy

Notes. The sensitivities given are the nominal 1 o point-source sensitivities for a high-background
case. (For the values obtained from observations, see Table 5.3.)
(@) Fazio et al. [2004] () Trac Instrument Handbook v2.0.2 [2012]

The warm (~ 10°C) part of IRAC (the Warm Electronics Assembly) houses all electrical
interfaces. From here, the science data are downlinked to the ground station at regular
intervals every 12 hours [Fazio et al. 2004].

The raw (Level 0) data transferred from the spacecraft are processed into the Level 1
data products known as basic calibrated data (BCD). Data processed further are available
from the Ssc, but our analysis as presented beginning in Chapter 5 works directly with the
BCD as retrieved from the Spitzer Heritage Archive (SHA)2. The BCD are flux-calibrated
as well as purged of the basic instrumental signatures affecting the data quality [IRAC
Instrument Handbook v2.0.2, 2012].

“http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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Figure 4.4: Hlustration of IRAC’s optical design [image taken from Fazio et al. 2004, Hora
et al. 2008]. The side view shows how two bands each share a field of view due
to the design of the two-part pickoff mirror.

IRAC data come in units of astronomical observation requests (AORs). Each AOR collects
the data collection events (DCEs) or single-frame exposures covering a defined area. The
DCEs are square, due to the square detector arrays. Slightly overlapping, they are joined
into strips of observations to cover the width required for the observation field. In our
case, each AOR typically consists of 212 DCEs per channel, making 848 DCEs overall. The
AORSs overlap slightly (just as the DCEs overlap within the AOR strips), which is an effect
that will have to be accounted for in the data processing (see Chapter 5). The BCD for all
four channels are bundled into AORs and are downloadable from the SHA in this form.

Retrieval of data

The data used here were taken during the Spitzer cold mission phase, in July 2008. They
were part of the ”Galactic Structure and Star Formation in Vela-Carina” programme
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observations®, following the model of the Galactic Legacy Infrared Mid-Plane Survey
Extraordinaire (GLIMPSE) [Benjamin et al. 2003]. They were retrieved through the SHA.
A detailed overview of the AORs used is given in Table 5.1.

Using the Mosaicker and Point source Extractor (MOPEX) software package, we as-
sembled the BCD into mosaics covering the area around m Car, incorporating the whole
extent of the CNC. In Sect. 5.1 I describe in detail how point sources were detected and
photometric data obtained.

4.1.2 MIPS

The second, longer wavelength instrument onboard Spitzer is the Multiband Imaging
Photometer for Spitzer (Mips) [Rieke et al. 2004]. The instrument has three bands at
24 um, 70 pm and 160 pm, of which we will only be using the first. The bandwidths of
the filters are ~ 5um, ~ 19um and ~ 35um. The anchor point for the wavelengths
chosen was the 70 um band which is “in the heart of the far-infrared but not at so long a
wavelength as to be overwhelmed by confusion noise” [Rieke et al. 2004]. From there, the
24 um band is placed (logarithmically) halfway to the 8 um IRAC band and the 160 pm
band halfway to the ground-accessible sub-mm wavelength 350 pm (e. g. SABOCA [Siringo
et al. 2010]) [Rieke et al. 2004].

The detector array of Si:As has 128 x 128 pixels, resulting in a 5’ x 5’ field of view (FOV)
[Rieke et al. 2004]. Like the channels of IRAC, the Mips channels also share mirrors.
Two pickoff mirrors took the light to the 70 um detector separately and to the 24 um and
160 pm detectors together, where the light paths were only separated on a second image
plane [Rieke et al. 2004]. MIPs was operated at temperatures of ~ 5.15K [Rieke et al.
2004] and is inoperable in the present warm mission phase.

The data used here were obtained using the “photometry” mode, one of four modes of
which M1ps was capable [M1PS Instrument and Mi1ps Instrument Support Teams 2011]. In
this mode, the spacecraft remains basically stable, pointed in one direction with minimal
movements. The combination of these and small scan mirror movements is used to provide
dithering [Rieke et al. 2004].

Photometry using StarFinder

A 24 pum map observed in June 2006 as part of the “Spitzer Follow-up of HST Observations
of Star Formation in HII Regions” programme* was retrieved through the SHA. Photom-
etry on the MIPS images was not performed in one sweep on the complete image, but on
a case-by-case basis on individual sources, where MipPs fluxes were needed to supplement
a source’s SED for the analysis in Chapters 7 and 8. The MIPS images were searched
by eye for point-like sources coinciding with the previously identified IRAC and Herschel
(Sect. 4.2) sources. Because this field is only sparsely populated with point-like sources in
the 24 um band, they were easily found by eye. MIPs has a point-spread function (PSF)
of 6” full width at half maximum (FWHM) in the 24 um band, slightly degrading towards
the edges of the FOV, sampled on pixels with a size of 2.55”. According to the Mips In-
strument Handbook v3.0 [2011] the 24 um sensitivity is highly dependent on the observed
sky region; in an ideal case it is expected to be ~ 35 pJy.

3pI: Steven R. Majewski, PID: 40791
4p1: Jeff Hester, PID: 20726
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Figure 4.5: The CNC has been observed many times in different wavelengths. This image
illustrates the very differing fields of view of the multi-wavelength studies.
Data taken by Spitzer IRAC are the main focus of this work. We also use
observations with Spitzer Mips, Herschel’s PACs and SPIRE, and VISTA. The
studies with HAWK-1, LABOCA and Chandra are repeatedly referred to.

For each individual source we performed PSF-fitting photometry with StarFinder® [Di-
olaiti et al. 2000]. The PSF was derived as a median value from four point sources. It was
then fitted to each identified point source together with a slanting plane for the background
and taking into account the contribution of bright stars adjacent to the fitting region. In
this way the sub-sample of M1Ps point-like sources defined by IRAC and Herschel detection
was analysed from the brightest to the faintest objects.

4.2 Herschel

The Herschel Space Observatory, formerly known as the Far Infrared and Sub-millimetre
Telescope (FIRST), was a space facility designed to cover FIR wavelengths up to the sub-
mm, unique in this respect [ESA 2010]. It was launched together with Planck® [Planck
Collaboration et al. 2011] in May 2009 and ended its lifetime in April 2013 when its

*http://www.bo.astro.it/StarFinder/index.htm
Shttp://www.rssd.esa.int/index.php?project=Planck
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coolant helium was depleted. Through this time, Herschel observations were possible
with its three instruments: The Heterodyne Instrument for the Far Infrared (Hir1), the
Photodetecting Array Camera and Spectrometer (PACS) and the Spectral and Photometric
Imaging Receiver (SPIRE).

The observations that provided the data used in in this work were performed in De-
cember 20107, using the parallel fast scan mode at 60”s~!. With simultaneous five-band
imaging with PAcs [Poglitsch et al. 2010] at 70 um and 160 um and SPIRE [Griffin et al.
2010] at 250 um, 350 pm and 500 pm two orthogonal scan maps were obtained to cover
an area of 2.3° x 2.3°. The total observation time was 6.9 hours. HIF1, the spectrometer
onboard, has completely different scientific use and is not employed in the context of this
work.

In Chapters 7, 8 and 9 I will be using the Herschel point-source catalogue assembled
from these observations by Gaczkowski et al. [2012]. A full description of the observations
and the subsequent data processing is given by Preibisch et al. [2012] and Gaczkowski
et al. [2013]. A more detailed account of the catalogue characteristics can also be found
there.

The angular resolutions of the maps are 5”, 12”, 18", 25” and 36” for the 70 um,
160 wm, 250 wm, 350 pm, and 500 pm band, mapped onto pixels of 3.2”, 4.5” 6", 8", and
11.5”. At a distance of 2.3kpc this corresponds to physical scales from 0.06 to 0.4 pc. The
faintest sources still detectable are around 1-2 Jy, which characterises the detection limit
without the presence of strong background. A very rough estimate of completeness limits
was achieved by the modal values of the flux distributions which are 10Jy, 15Jy, 10Jy,
10 Jy and 6 Jy for the five bands.

One needs to keep in mind that the angular resolution of Herschel is comparatively low
and that this means that even rather large sources can still appear point-like in Herschel
observations. An 18" source would still appear as a point-like source in the 500 um band.
This size corresponds to 0.2pc at a distance of 2.3kpc. Gaczkowski et al. [2013] argue
that a pre-stellar cloud core (< 0.1pc) would thus appear point-like for Herschel and be
listed in the catalogue.

The catalogue suffers the same problem as all other IR catalogues of the CNC: A high
probability of contamination. In this case, it was minimised as far as possible for example
by only retaining those sources that were detected independently in at least two Herschel
bands. This resulted in 642 sources for the entire CNC. Gaczkowski et al. [2013] explain
why those objects are most likely real vYsOs and not contaminants, as the sensitivity
of Herschel severely restricts the possibility of picking up extragalactic contaminants or
evolved stars.

4.2.1 Pre-stellar and protostellar cores

In Chapter 9 I will rely heavily on the Herschel catalogue to compare the distribution of
sources within it to the IRAC and Wide-field Infrared Survey Explorer (WISE) catalogues
of cysos (Chapter 6). There, Herschel point-like sources are split into two categories:
Prestellar objects and protostars.

This distinction relies on the shape of the SEDs of protostars and starless (i.e. pre-
stellar) cores: For the latter, the IR flux falls steeply towards wavelengths shorter than

"Open time project, P1: Thomas Preibisch, Pip: OT1-tpreibis-1
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Table 4.2: Overview of completeness and sensitivity limits for WISE data.

Wise1l WIise2 Wise3 WISE 4
34um  4.6um  12um 22 um

e e e (mJy] 0.036 0.047 0.430 2.800
Sensitivity limit 1 o1 173 16.4 12.1 8.7
. [mJy] 3.0 1.8 11 30

Completeness limit [mag] 125 194 8.6 6.1

around 100 um [Ragan et al. 2012]. Therefore, for such a pre-stellar core, no 70 um flux
should be detectable. Consequently, Gaczkowski et al. [2013] assigned all point-like sources
with 70 pm detection protostars and all without pre-stellar objects and found that roughly
50% of their sample fall in either category.

4.3 WISE

Especially in Chapters 8 and 9 I will use the point-source catalogue of the WISE [Wright
et al. 2010] All-Sky Data Release [Cutri and al. 2012]. These data (referred to as the WISE
catalogue here) were taken during the WISE cold mission phase from January to August
2010 [Cutri et al. 2012]. Like the earlier and ground-based 2MASs, WISE surveyed the full
sky. This means that data for the CNC can be taken from the full survey, providing a
large catalogue at four MIR wavelengths. The four bands are centred at 3.4 um, 4.6 pwm,
12 um and 22 pm. In Chapter 8 we will not be using the 22 um band.

I used the standard aperture-corrected magnitudes obtained with apertures of 8.25” and
corrections of 0.222mag, 0.280 mag, and 0.665 mag for 3.4 pm, 4.6 pm, and 12 pm [Cutri
et al. 2012]. The WISE observations have an angular resolution of 6.1”, 6.4”, 6.5”, and
12.0” for 3.4 um, 4.6 pm, 12 pm, and 22 pm [Wright et al. 2010]. In our survey area (a 2°
circle centred on 1 Car) the catalogue contains 20 739 point sources with a detection in at
least one band.

In a way parallel to that described in Sect. 5.4.3 for investigating the IRAC data, I esti-
mated the sensitivity and completeness limits of the catalogue from histograms (Fig. 4.6).
Because the WISE All-Sky Data Release covers an area much larger than the CNC and
these limits are dependent on, e. g., the nebulosity in the study field, for the determination
of the limits I chose an area comparable to the IRAC study area: A 3° x 3° square region
centred 5" east and 20’ north of i1 Car, that is at aoggg = 10:42:03.5, d2900 = —59:21:04.
This yields completeness limits of =~ 3.0mJy, ~ 1.8 mJy, =~ 11 mJy and ~ 30mJy in the
four bands. The sensitivity limits are 36 uJy, 47 wJy, 430 wly, and 2800 uJy for 3.4 um,
4.6 um, 12 pm, and 22 pm (Table 4.2).

Comparing these values to those obtained from the Spitzer Point-Source Catalogue
(Spsc) (Sect. 5.4.2) listed in Table 5.3, it is apparent that the completeness limits in the
two bands that can be directly compared® are distinctly lower for IRAC. This means that
in the SPSC we can expect all objects of a certain magnitude to be present in the catalogue
down to greater faintness than for the WISE catalogue. Conversely, WISE is slightly more

83.4um (Irac 1)/3.6 um (Wisk 1) and 4.6 um (IRAC 2)/4.5 um (WISE 2)
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Figure 4.6: Histograms of the measured source magnitudes in the Wise All-Sky Data
Release for the environs of the CNC. Red lines mark the completeness limits
as listed in Table 4.2.

sensitive for individual sources than IRAC is. Its sensitivity limit lies at ~ 40 uJy while
that of IRAC is roughly 100 pJy in those two bands. Thus, we expect fainter sources to
be detectable with WISE than with IRAC, but cannot expect the sample to be complete
at this point.

These detection limits can be compared to the Baraffe et al. [1998] numerical models of
PMS evolution as we do for IRAC in Sect. 5.4.3. Doing so, we found that 1 M, stars should
be almost completely detectable with WISE in the 3.4 um and 4.6 pm bands, assuming an
age of 1 Ma (Fig. 4.7).

4.4 VISTA

Chapter 8 shows NIR images labelled ‘VisTA’ (Figs. 8.10/8.11, Fig. 8.12). The H-band
image of the area around Gum 31 from which they were taken was obtained with the VisTa
Infra-Red CAMera (VIRCAM) [Dalton et al. 2006] in the night of 15 January 2012. It was
the first observation of a Visible and Infrared Survey Telescope for Astronomy (VISTA)
[Irwin et al. 2004, Emerson and Sutherland 2010] survey of the CNC.? These observations
are the subject of detailed study by e. g. Zeidler [2013, upcoming publications by Preibisch

9Eso run number 088.C-0117(A)
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Figure 4.7: Evolutionary tracks according to Baraffe et al. [1998], overplotted on WISE
colour-magnitude diagrams. The lavender lines are the completeness limits,
the pink lines the sensitivity limits.
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et al. and Zeidler et al.]. At the time of performing the analysis on which this work is
based, the photometric calibration of these data was still in progress. Therefore, only the
image data are used for a (preliminary) scientific analysis here, but no photometric values.

VISTA is a 4-m-class wide-field survey telescope that provides a 1.3° x 1.0° field of
view. The near-infrared camera VIRCAM consists of an array of sixteen individual 2048 x
2048 pixel 1R detectors, providing more than 67 million pixels with a nominal pixel size of
0.339” on the sky and sensitive in a wavelength range of 0.85-2.4 um. Because the sixteen
chips are non-contiguous they produce a set of sixteen non-contiguous images called a
‘pawprint’. For a contiguous sky coverage six pawprints, offset in x- and y-direction, are
combined. The resulting ‘tile’ covers an area of 1.5° x 1.2° on the sky.

For each of the six pawprints, 27 exposures were obtained at five jitter positions with
an integration time of 2s each. Because the seeing conditions (with an average FWHM of
~ 1.7") did not meet the pre-specified quality criteria, the observations were terminated
after this observing block was completed. The observations in the other filters and for the
rest of the CN mosaic positions were successfully completed a few months later and were
processed by the VISTA data flow system [Irwin et al. 2004] at the Cambridge Astronomy
Survey Unit (CASU).

For VISTA as for HAWK-I (see Sect. 4.5 below) the H band is the most sensitive one,
containing the highest number of detections while the J band is inhibited by extinction
and the K, band by diffuse nebulosity. A preliminary photometric calibration showed that
objects as faint as H ~ 18.5 are clearly detectable in the VISTA image. This is about
four magnitudes deeper than the nominal 2MASS survey completeness limit for crowded
locations near the galactic plane of H ~ 14.5 [Skrutskie et al. 2006].

4.5 HAWK-I

For a part of the CNcC (cf. Fig. 4.5), JHK, observations are available from the High-Acuity
Wide-field K-band Imager (HAWK-I) on the Eso Very Large Telescope. These provide
well-calibrated fluxes with a higher sensitivity than those from the 2MAsS survey (Sect. 4.6,
cf. Fig. 4.8) and are therefore preferred for SED construction in Chapter 7 where they are
available.!®

The HAWK-1 observations of the CNC [Preibisch et al. 2011c¢] cover a total of 1280 arcmin
in the central CN (see 4.5). They include the South Pillars region and the three clusters
Tr14, Tr15 and Tr16. Data aquisition and processing as well as obtaining the catalogue
were described in detail by Preibisch et al. [2011a,c]. Data processing and calibration
from the 2MAsSs Point Source Catalog was performed by the CAsU. The observations have
magnitude limits of 22.4 mag, 20.7 mag and 19.7 mag, which allows detections of stars with
masses down to 0.1 Mg be complete at ages of 3 Ma [Preibisch et al. 2011a, employing the
models of Baraffe et al. 1998].

In total the catalogue contains 600 336 point-like sources [Preibisch et al. 2011c]|, of which
502 714 were detected in all three filters. However, Preibisch et al. [2011a] estimate around
93% of those to be foreground or background sources. In this study this constriction does
not matter: We are only using HAWK-1 data to supplement the SEDs of known sources
identfied from IRAC and Herschel observations. If one of these sources is spatially matched
to a HAWK-I catalogue source and the data point fits in well with the SED, then (and

2

Gum 31 is not covered by the observations, so in Chapter 8 HAWK-I is not used.
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-

Figure 4.8: This image demonstrates the difference in point-source resolution between
Hawk-1 and 2MAss. Corresponding details of the Treasure Chest cluster are
shown. [Image first published: Preibisch et al. 2011c]

especially if there are similar fluxes observed with 2MASS) we can assume that we are
taking the data from a HAWK-I observation of a YSO belonging to the CNC.

4.6 2MASS

Where HAWK-I observations were not available, we used the large catalogue provided by
the 2MASS survey to obtain fluxes in the NIR. In future studies this function will also be
taken up by the VISTA observations, but at the time the analysis presented in Chapters 7
and 8, where SEDs are constructed, was performed, calibrated fluxes for VISTA were not
yet available (see above).

The Two Micron All-Sky Survey [Skrutskie et al. 2006] was a large ground-based survey
run from 1997 until 2001 [IPAC 2006], with the final All-Sky Data Release published in
2003 [Cutri et al. 2008]. It scanned the entire sky in the NIR J, H and K, bands, to a point-
source sensitivity of ~ 1mJy [IPAC 2006]. Covering the full sky was achieved by means
of employing two 1.3 m telescopes, one at Mt. Hopkins in the USA to cover the north and
one at the Cerro Tololo Inter-American Observatory (CT10) in Chile to cover the south.
Each band was observed with a 256 pixels x 256 pixels array of HgCdTe detectors, with
pixel sizes of 2.0” [IPAC 2006].

2MASS functions as the calibration reference for point-source positions for many studies,
including ours (cf. Sect. 5.4.2). Our large catalogue of Spitzer-detected point-like sources
was also matched with 2MASS positions to provide NIR data for the MIR detections. Because
at the time of writing neither HAWK-I nor VISTA provided coverage of processed data for
the entire CNC, consistent values could only be provided by the 2MASS survey. To achieve
matching between the catalogues, I simply searched for the closest match to a given IRAC
position in the 2MASS catalogue. 1 excluded any 2MASS data with quality flags X, U, E, or
F, i.e. used all detections with reliable fluxes and uncertainties (flags A-D). The closest
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match was assigned a counterpart if it lay within a radius of 0.5”. This is the same radius
we chose for the IRAC interband matching (Sect. 5.4.2). The root mean square (RMS) of
positional deviations between the two catalogues was 0.22”, i.e. considerably smaller.

4.7 LABOCA

In Chapter 7, the SEDs of the jet-emitting point-like sources are, if possible, amended by
LABOCA data. These were taken from LABOCA observations of the CNC as presented by
Preibisch et al. [2011d] and Pekruhl et al. [2013].

The Large APEX Bolometer CAmera (LABOCA) is mounted at the Atacama Pathfinder
Experiment (APEX) in the Chilean Atacama desert.It consists of 295 bolometers that are
arranged in nine concentric hexagons, of which around 250-260 are fully usable. It has a
bandwidth of 60 GHz, with the bandpass centred on 870 pm (sub-mm) [345 GHz | and a
FWHM of 19.2” [Schuller et al. 2009]. With a single-pixel sensitivity of 40-70mJy - s, it
covers a FOV of 11.4" [Schuller et al. 2009].

The fact that the LABOCA centre wavelength of 870 um is far on the long-wavelength
side of the Herschel observations makes LABOCA data useful to constrain YSO SEDs. A
point in the sub-mm beyond the 500 um SPIRE can reach constrains the drop-off of the
SED towards long wavelengths. This in turn severely constrains the number of models
the data can be fitted with (because it determines the overall shape of the SED), which
narrows the uncertainty range of the fit (i. e. stellar) parameters (cf. Fig. 7.8).
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5 Source detection and photometry

Photometry on IRAC data is carried out to obtain the point-source fluxes I use to construct
a large catalogue of IRAC point-like sources in the CNC. This catalogue will be the basis
for the selection of young stellar objects (described in Chapter 6). It will also be used to
obtain the IRAC fluxes we use to construct SEDs of point sources in the analysis presented
in Chapters 7 and 8. The full catalogue will be made available online [Ohlendorf et al.
2013b].

Photometry is done in different ways for the different instruments the data of which
are used here. In Chapter 4 a short overview is given of photometry for all instruments
apart from IRAC. Constructing a catalogue of IRAC photometric data was the main step
towards the analysis described in Chapters 7, 8 and 9. Therefore, IRAC photometry will be
described in detail in this chapter. I will also describe how and why two slightly different
catalogues were obtained from the same basic photometric data and how they were used
in further analysis. The main characteristics of the final catalogues will also be described.

5.1 MOPEX

The Mosaicker and Point source Extractor (MOPEX) [Makovoz and Marleau 2005] is a
photometry tool provided by the Ssc. Its scope is not limited to Spitzer data, but it
was designed with an emphasis on Spitzer photometry and to deal with the corrections
uniquely necessary for Spitzer observations.

5.1.1 Basic image corrections

The corrections necessary to Spitzer data include the slight distortions in the original
observations with respect to the world coordinate system (wWcs) which are inherent to
Spitzer data [MOPEX User’s Guide v18.4.0, 2010]. Phenomena not exclusive to Spitzer
data are image artifacts that can be removed by MOPEX, such as radiation hits or dead
pixels; these are referred to as outliers. Large IRAC and MIPS pixels leave the point
response function (PRF) not well sampled, so that MOPEX has a facility to derive the
PRF from the large sample of an entire mosaic, although individual PRF fitting is then
performed on the original input images, after they have been corrected for distortions
[MopPEX User’s Guide v18.4.0, 2010].

We retrieved the Level 1 basic calibrated data (BCD) from the Spitzer Heritage Archive.
These BCD have already undergone basic data processing, for example some outliers have
been flagged at this point. This is done by single frame outlier rejection, relying on the
fact that a radiation hit will usually only illuminate a single pixel while a real point source
stretches over several pixels. Thus, a detection with an area larger than a defined size and
an intensity above a user-defined ‘radhit threshold’ is rejected.

These raw data as obtained from the SHA are still separated into separate AORs. They
will be joined and processed further in the upcoming steps of analysis.
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5 Source detection and photometry

5.1.2 Why not perform simple aperture photometry?

In simple aperture photometry, the flux from a source is determined as the flux integrated
over all pixels covered by a circle (‘aperture’) of pre-defined size. A constant background
may be subtracted. Such a background is typically determined by integrating over the
pixels in an annulus surrounding the aperture, either directly around the aperture or
detached from it and removed by a certain space to avoid erroneously sampling the tail
of the PsF in it. This is a relatively quick and easy method and produces good results in
uncrowded fields where point sources are clearly defined and well-separated.

However, in crowded fields as occur in the MIR images on the CNC, aperture photometry
serves as a tool for quick-look analysis, but has weaknesses for scientific analysis. If the
PSFs of closely neighbouring point-sources overlap, then one will contribute to the flux of
the other. This is the case both when a dim point source is located in the halo of a brighter
one and when two similarly bright sources are located close to each other. In the first case
while the flux of the bright source is only slightly affected, the flux of the dimmer one will
be severely distorted by a large contribution from the bright source. In the second case,
both flux determinations will suffer severely. Conversely, in PSF/PRF-fitting photometry!,
the typical spread of the point source as sampled by the detector is taken into account.

5.2 Mosaicking

Before further analysis was performed, the narrow strips of observational data constituted
by each AOR were combined into an image mosaic on which further analysis could be
performed. This was done for each wavelength separately. My experiments showed that
MoPEX cannot handle mosaics consisting of four or more AORs for the photometry process.
Consequently, the central CNC was divided into three groups of three AORs each which in
the following will be called ‘north’, ‘centre’ and ‘south’ (indicated in Table 5.1). These
were then processed separately. This also means that the obtained photometric data had
to be joined into one single photometry catalogue afterwards (Sect. 5.4).

Furthermore, the mosaics could not be processed for the north group in the IRAC 5.8 um
band and for the south group in the 8.0 um band. No apparent reason for this behaviour
could be determined. For both cases, all further analysis steps were performed separately
for all three AORs in the group and the results merged afterwards using the same processes
as for the band merging.

It is important to note that in this region we do not have what the MOPEX User’s Guide
v18.4.0 [2010] defines as ‘good coverage’: At least ten frames per pixel. Due to the IRAC
scanning method, depending on the region each pixel is covered by two to four frames.

To prepare photometry with MOPEX, the following modules (i.e. analysis steps) were
performed. (This description relies heavily on the MoPEX User’s Guide v18.4.0 [2010].)

!The MopEXx User’s Guide v18.4.0 [2010] stresses that the point response function (PRF) and the
better-known point-spread function (PsF) are not identical. While the PSF is a function of the point-source
image itself, the spread of the light from the source in the image, the PRF is the array created by sampling
the PSF on a detector.
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Figure 5.1: This image, drawn from an intermediate step in the StarFinder analysis of
the comparatively sparsely populated Mips field in Gum31 (cf. Chapter 8),
illustrates the problems of aperture photometry in a crowded field. It shows
only the StarFinder-detected sources,background removed. The faint source in
the centre of the image is placed well inside the PSF of the dominating source
to its immediate east. If we were to determine its flux, this would be skewed
by the component contributed by the brighter source. In a crowded field, these
situations occur far more often.

5.2.1 Initial Setup

Three main kinds of files are input into MOPEX: The BCD frames, their uncertainties and
a number of bad-pixel masks. These are complemented by the DCE status masks flagging
dead pixels and those of permanent detector artifacts (known as PMasks), both provided
by the Ssc. Different PMasks are provided depending on the observation time. As the
data used here were obtained in July 2008 we used the PMasks valid from April 2008 to
May 2009. So called RMasks masking pixels rejected as outliers can be obtained from the
Ssc and input into the pipeline or created in the mosaicking process as we chose to do.

In the PMasks, pixels are flagged differently according to their status (e.g. saturated
[bit 9], noisy in dark [bit 7] or flatfield [bit 8] images, affected by amplifier glow in the
5.8 um and 8.0 um bands [bit 10] or dead [bit 14]). The user sets a bit pattern that defines
which flagged bits are fatal and lead to rejection of the pixel. We used the default setting
‘18304 (27 + 28 + 29 4 219 214 which includes all these effects. For the RMasks, each
outlier detection method (see below) sets one bit as described for Mosaic RMask.
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5 Source detection and photometry

Table 5.1: Spitzer IRAC observations used in this work (cf. Fig. 5.2).

Start time [UT]

A
Group OR Date Time

Exposure time

North 23708160 19 July 2008 12:12 1.2s
North 23699200 19 July 2008 13:03 1.2s
North 23704320 19 July 2008 13:54 1.2s
Centre 23688192 19 July 2008 14:45 1.2s
Centre 23701504 19 July 2008 15:37 1.2s
Centre 23695360 19 July 2008 16:28 1.2s
South 23696896 19 July 2008 17:19 1.2s
South 23706368 19 July 2008 18:14 1.2s
South 23684352 19 July 2008 21:07 1.2s

Notes. These AORs were part of the ”Galactic Structure and Star Formation in Vela-Carina”
programme observations (PI: Steven R. Majewski, PID: 40791) and were retrieved through the
Spitzer Heritage Archive.

5.2.2 Overlap Settings

As each AOR consists of several observations and we combine several AORs into one data
set, the background between the separate images needs to be matched. The Owerlap
pipeline does this and sets the background to a common, non-zero level. This does not
affect the source photometry to be performed later [MOPEX User’s Guide v18.4.0, 2010].
We combined the Overlap and Mosaic pipelines into one workflow. This is the standard
method to combine both and is according to the design of MOPEX.

5.2.3 Fiducial Image Frame

The fiducial image frame (FIF) constitutes a unified coordinate system for all observations
within one block of data to be analysed. It is created separately for each run of MOPEX.
This means that for each of the three groups analysed here a separate FIF is created by
MopPEX, with no regard to the FiFs derived for the other bands and AOR groups.

Consequently, a ‘super FIF’ was created once from data for all four wavelength bands
and the entire region. This was used for all further analysis (i. e. the Fiducial Image Frame
module removed from the pipeline and the FIF input directly in the setup section) as in
this way astrometry will be consistent over all IRAC data. We chose to interpolate to the
J2000 equatorial coordinate system, with a pixel size of 0.000166670° (é 0.6”). For the
rotation of the final mosaic, we chose the average orientation of the input images. Apart
from the pixel size, this uses the default settings.

5.2.4 MedFilter

The MedFilter module produces a background-reduced image to be input into the Detect
module. These background-reduced images are only of temporary value. They are used for
the detection and masking of bright objects, but not for the further background matching.
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Figure 5.2: Each pink rectangle represents one IRAC AOR, their numbers corresponding to
Table 5.1. Those not numbered were not used in this work as they lie beyond
the extent of the CNC. Blue rectangles mark MIPS observations as discussed
in Sect. 4.1.2. [AOR footprint illustration: SHA]

The background is computed from a 25 pixel x 25 pixel window each. For background
estimation, we use the SExtractor background estimation method, which works analogu-
ously to that employed in the popular SExtractor [Bertin and Arnouts 1996] program for
point-source extraction, with a filter size of 3.

5.2.5 Detect

In the Owerlap pipeline, Detect is run on the background-subtracted images from the
MedFilter module to detect bright objects. The module itself is identical to the one used
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5 Source detection and photometry

Figure 5.3: The outline of the AORs illustrated in Fig. 5.2 shown on a Dss2 image [Image
credit: Eso/Digitized Sky Survey 2. Acknowledgment: Davide De Martin].
The 1R band is shown in blue, the B band in red.

later in the Mosaic pipeline (Sect. 5.2.10) and in the APEX pipeline (Sect. 5.3.4) for the
detection of point sources.

For all detected pixel clusters, centroids are computed before outlier detection and point-
source extraction are performed. All pixels above a certain threshold? are marked and the
cluster sizes compared to the user-defined minimal and maximal areas. If the cluster is
larger than this maximum value, the cluster is either shrunken or split by raising the
threshold (cf. Fig. 5.4). This follows a user-defined method, either ‘simple’ (the algorithm
tries to recalculate the threshold once, then gives up if the cluster is not split), ‘combo’ (the
threshold is recalculated as often as necessary to obtain sub-clusters) or ‘peak’. Here, we

2The threshold is defined as the mean signal plus the detection threshold times the standard deviation.
The detection threshold here is set to 3.00, i.e. the resulting threshold is three o above the mean signal.
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Figure 5.4: Sketch of image segmentation: Cut through the image intensity profile. With
the initial detection threshold (blue), a single cluster of pixels is found which
splits into two when the detection threshold is raised (orange).

use the ‘peak’ method which in the [MOPEX User’s Guide v18.4.0, 2010] is recommended
for point-source detection.

This means that the algorithm not only attempts to split clusters when they are larger
than the maximum detection area, but also if they contain more than one ‘peak pixel’, i.e.
pixels that have a larger value than any of their neighbouring pixels.? For each iteration the
new threshold Ty, is determined from the initial threshold Ty, and the current lowest peak
pixel value Py, by Te = Puin — Lnin - where seglevel < 50 is the level of segmentation,

seglevel’
i.e. the number of times the threshold has been moved.

For the Owerlap pipeline, the clusters detected in this step are used to make masks of
bright objects. These masks then serve to exclude the bright objects from the data set
used for background matching.

5.2.6 Mosaic Interpolate

Image interpolation corrects for the distortions in input images inherent to Spitzer data
(see above). This means that the output pixel value is interpolated to a user-defined
output pixel size. This interpolation is performed to the grid set by the FIF.

In the Owerlap pipeline I use the simplest algorithm provided by MOPEX, the grid
distribution method. The algorithm is fast and provides a resolution good enough for
overlap correction, but not for science. In the Mosaic pipeline I therefore use a different
method, the default setting of pixel overlap integration, which will be explained in the

*Because we set the minimum cluster area to 1 pixel and the maximum to 90000 pixels [£ infinity] for
the Owerlap pipeline, no cluster splitting would be performed due to size alone.
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5 Source detection and photometry

relevant section.
For the grid distribution computation, a coarse grid is overlaid on the output pixel. Its
flux O; now is derived from that of the input pixels I; it overlaps by applying

Oj == Z ﬁ[l with Nj = Z’I’le', (51)
i 7 i
where nj; is the number of grid points that fall into the respetive input pixel. This is a

coarser version of the weighting performed in the pixel overlap integration method.

5.2.7 Overlap Correction

In the Owerlap Correction module, the actual background matching is carried out. For
each image, an offset to the common background level is calculated and from this sample
outliers are rejected if they deviate more than 3 o from the mean value. Outlier rejection at
this stage is only performed if at least four (user-defined) images are present. Outliers then
are not used for determining the common background level, but a correction is nevertheless
applied to them.

5.2.8 Mosaic Settings

Because the Owerlap and Mosaic modules are connected, most of the Mosaic Settings
simply repeat the Overlap Settings as the input images, masks, FIF and pixel size are set
again here. We add an array-location dependent photometric correction mosaic, however.
This is necessary because the photometry varies over the observation area, an intrinsic
characteristic of IRAC observations. The array correction frame and the corresponding
pixel area frame are available from the SSC for each wavelength.

5.2.9 MedFilter

Again, the SExtractor technique is used to make background-removed images. In the
Mosaic pipeline they are used in the upcoming outlier rejection modules. These images
are not used for the mosaicking, but only for the intermediate steps.

5.2.10 Mosaic Interpolate and Detect

As described above, the Mosaic pipeline incorporates image interpolation like the Overlap
pipeline, done with the same parameters. Image segmentation, too, is performed again in
the Mosaic pipeline, with the parameters set to the same values as in the Overlap pipeline.

The purpose in this case is, of course, different. Detect is run as a prior step to the Dual
Outlier rejection, providing it with maps of bright objects.

The method used for mosaic interpolation is also different: Here pixel overlap integration
is used, as illustrated by Fig. 5.5. This means that the values of the input pixels overlapped
by the output pixel to be computed are mapped to the output pixel weighted with the
amount of overlap a;; following the formula

Qi .
Oj = Z A—jIZ with Aj = Zaij. (52)
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Figure 5.5: Sketch of image interpolation, pixel overlap method: The value O; of the
output pixel 1 (in red) is computed from the values O;_ g of the input pixels
(in black), weighted with the overlap between input and output pixels (drawn
as red polygons in the formula). The formula corresponds to Eq. (5.2).

5.2.11 Mosaic Projection

The output masks from Detect are in the original pixel coordinates. Mosaic Projection is
run to project them to the wcs using the FIF, to allow them to be applied to the image
data.

5.2.12 Mosaic Coverage

To minimise memory usage, large mosaics are split into tiles of user-defined size for anal-
ysis. The tiles have approximately, but not exactly, the same sizes according to the
conditions set by the FIF size and the tile size. We permit tiles to have a size of up to
200 pixels x 200 pixels.* The tiles are later assembled into the final mosaic in the Mo-
satc Combiner module. In the Mosaic Coverage module, a preliminary coverage map is
assembled to be used in the Mosaic RMask module.

5.2.13 Mosaic Dual Outlier

Mosaic Dual Outlier employs a spatial filtering method first in which clusters of illumi-
nated pixels are identified if their area lies within a user-defined frame and their intensity
above a user-defined value. After that, temporal filtering is employed. Multiframe tem-
poral outlier detection only works when coverage of a certain area is good and a number
of frames have been obtained for each region. They can be aligned on a common grid
and observations can be compared that only differ in the time they were taken. A real
point source will not be transient and thus detected in all of them. An outlier, however,
will occur only in one of them and not in the other observations taken at different times.
A maximum fraction of images for outliers can also be specified. I set it to 0.51, i.e. a
detection in less than half of the images is deemed an outlier.

4This number was reduced to from 2000 pixels x 2000 pixels on recommendation of the Ss¢ Helpdesk.
MoOPEX appears not to be able to handle larger tiles for our data set.
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5 Source detection and photometry

5.2.14 Level

The outliers emerging from the Mosaic Dual Outlier module are flagged individually for
each pixel. This might result in clusters that contain both pixels appearing to be real
detections and those flagged as outliers. In this module, clusters are unified. When in a
pixel cluster the majority of pixels are proper detections, a pixel within it flagged as an
outlier is deemed to be wrongly marked and lying on the edge of a point source and the
entire cluster is set to be a detection. The threshold is set by the user; I set the threshold
ratio between flagged and non-flagged pixels to be 0.50 (the default), i. e. a cluster in which
less than half the pixels are flagged as outliers is considered to be real, with more it is
considered a false detection.

5.2.15 Mosaic Outlier

The Mosaic Outlier module removes outliers from the images by multiframe temporal
outlier detection in a way analoguous to that described above for the dual outlier method.
As this relies solely on the comparison of data taken for the same area at different points
in time, it demands good coverage.

Unfortunately, the coverage in our dataset is extremely sparse (two to four overlapping
frames depending on position). Therefore, we deemed the masks created by the Mosaic
Outlier module to be unreliable. It is, however, not possible to exclude this module from
the MoOPEX workflow as this will cause the Mosaic RMask module to fail. This bug was
confirmed by the Ss¢ MOPEX Helpdesk. As a workaround, I allowed the module to build
a mask, but set the RMask fatal mask bit pattern in a way that did not include the mask
created in the Mosaic Outlier module.

5.2.16 Mosaic Box Outlier

The box outlier detection follows a statistical method and combines the temporal and
spatial outlier detection methods (see above). The MoOPEX User’s Guide v18.4.0 [2010]
recommends this method for poorly sampled regions as in our case.

The module includes the pixels in a 3 pixel x 3 pixel box around the pixel in question in
an analysis analoguous to the temporal outlier detection described for the Mosaic Qutlier
module. Pixels from this box are picked for each interpolated image and for them a biased
mean with standard deviation is calculated. The deviation of the input pixel value from
this mean marks outliers.

5.2.17 Mosaic RMask

In the Mosaic RMask module, the outliers detected in the Mosaic Outlier, Mosaic Dual
Outlier and Mosaic Box Outlier modules are combined into one mask, the so-called
RMask. I chose ‘13" (20 + 22 + 23) as the fatal bit pattern, combining Detect Radhit
[bit 0], Mosaic Dual Outlier [bit 2] and Box Outlier [bit 3|, but excluding the Mosaic Out-
lier module. As described above, this was necessary as a workaround as I discovered a bug
in MoPEX which would not allow me to run the pipelines without including the Mosaic
Outlier module although its use for poorly-sampled data is not recommended. This way,
the module is run, allowing MOPEX to complete, but its results are not included in the
final RMask. Likewise, including the bit 0 has no effect, as the Detect Radhit module is
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not run. It would perform single frame outlier rejection, which is applied to the Spitzer
data in the prior processing to obtain BCDs and therefore does not need to be done again.

It is necessary to define how well-covered a region needs to be to be included in the
RMask. For the Mosaic Outlier method—not used but run—this is defined as at least
four frames, for Mosaic Dual Outlier we specify less than 100 frames (i.e. always). The
Boz Outlier output is included in the RMask where at least two frames overlap (this
should always be the case).

Note that due to the bug in MOPEX I checked ‘Use outlier for RMask’ as well as ‘Use
dual outlier for RMask’ and ‘Use box outlier for RMask’ in this module’s settings. As I set
the fatal bit pattern, however, to exclude the Mosaic Qutlier module, this is irrelevant.

5.2.18 Mosaic Reinterpolate

After outlier detection and rejection, the mosaic needs to be re-interpolated onto the FIF.
This is done with the same method as explained above. Re-interpolation is only carried
out, however, for those pixels included in the new RMasks.

5.2.19 Mosaic CoAdder and Mosaic Combiner

As described for the Mosaic Coverage module, a large mosaic is split into tiles for analysis
to avoid memory issues. After all steps in the Overlap and Mosaic pipelines have been
performed, these tiles are co-added. This is done by first setting each pixel to the average
of the corresponding interpolated pixel values and weighting it with the exposure time as
read from the flexible image transport system (FITS) header (Mosaic CoAdder). Finally
the individual pixels are combined into a final mosaic (Mosaic Combiner). For usage
in the Astronomical Point-source Extractor (APEX) pipeline, the co-added tiles are kept
together with the assembled mosaic.

5.3 Photometry

For these IRAC mosaics I performed photometry using the Astronomical Point-source
Extractor (APEX) module of MoOPEX for all four IRAC bands (3.6 um, 4.5 pm, 5.8 pm,
and 8.0 pm) separately. During the process, photometry was carried out individually for
each image in the stack and combined internally to provide photometry data for the entire
mosaic.

Although mosaicking can be done by APEX, it is preferable to run the mosaic pipeline
first because APEX cannot perform outlier rejection (cf. Sect. 5.2). Therefore the photom-
etry pipeline was appended directly to the Mosaic pipeline in MOPEX. However, although
I used the Mosaic and Owverlap pipelines together from the beginning, I first made sure
they ran through and produced consistent results before adding the APEX Multiframe
pipeline to them and experimenting with this. Eventually, I used the modules described
in the following.

5.3.1 APEX Multiframe Settings

The APEX multiframe pipeline was used rather than the single frame one because the
MoreXx User’s Guide v18.4.0 [2010] recommends this for data where the PRF varies across
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the array and where there is an intra-pixel variability. Both conditions are fulfilled for
IrAC data [IRAC Instrument Handbook v2.0.2, 2012]. APEX uses the same SSC-provided
PRF maps as the Mosaic pipeline, but instead of assuming a locally constant PRF as Mosaic
does (see Sect. 5.2) a map detailing the PRF at every position is given. The original PRF
map table provided by the Ssc was faulty [probably a spacing issue; Ssc Helpdesk, priv.
comm.| and caused APEX to fail in the Source Estimate module, but a new map from the
Ssc solved that problem. Additionally, for source detection from the mosaic, a PRF file
for the centre of the observation array needs to be provided. As source extraction is not
done from the mosaic itself but from the individual input images, it is not important to
have a perfect PRF here. The MOPEX User’s Guide v18.4.0 [2010] recommends the centre
position of the PRF map for IRAC, which I used (column 129, row 129). Furthermore, a
number of files output from the Mosaic pipeline are needed as input, such as the coverage
map and the tiled images.

5.3.2 Detect MedFilter

Detect MedFilter performs background subtraction on the input mosaic in preparation to
point-source detection. The method is the same as in the Overlap and Mosaic pipelines.
As there, the SExtractor method was used (cf. Sect. 5.2.4).

5.3.3 Point Source Probability

For each pixel, the probability of a point source lying in it is estimated. As the method
is Bayesian, an a-priori point-source probability needs to be given; here it was set to 0.1.
The output of this module is saved in a point-source probability (PSP) image, which is
employed for point-source detection in the Detect module.

5.3.4 Detect

The Detect method was described in the Mosaic pipeline (Sect. 5.2.5) and was applied
analoguously here to detect point sources directly from the input images. It uses the point-
source probability derived in the Point Source Probability module. When point sources
overlap, they are fitted simultaneously (‘passive deblending’).

5.3.5 Extract MedFilter

Like Detect MedFilter, this is a background-removal module, following the same method.
This time, however, background minimisation is performed on the input tiles kept from the
Mosaic pipeline on which PRF-fitting is performed, not the mosaic itself. The background-
subtracted images are then used for point-source extraction.

5.3.6 Fit Radius

In this module, the fitting area (a box, not a circle) for PRF-fitting to be used later (in the
Source Estimate module) can be determined individually for each source. Alternatively,
the source radius can also be input by the user, which we decided to do (see below).

The input list of point sources to be fit is that produced by Detect, the uncertainty
image provides the basis for the calculation. The uncertainties are also weighted by the
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coverage map from the Mosaic Coverage module (by multiplying with the square root of
the coverage value). Starting from the pixel listed in the Detect table, for each pixel the
uncertainty is compared to the pixel value and the pixel added to the fit radius as long as
its value is larger than the uncertainty.

5.3.7 Select Detect

In the table output by the Detect module, large blends of sources can still be present.
This, however, can cause problems in the Source Estimate module [Ssc Helpdesk, priv.
comm.|, so I included the Select Detect module to remove blends consisting of more than
60 sources. This module can be configured individually by the user to purge the detection
list of a large number of different kinds of detection types the user deemes unfit. It is only
set here to remove very large blends.

5.3.8 Source Estimate

Source Estimate is the module in which PRF-fitting photometry is done, whereby source
fluxes are estimated and the source positions as listed in the Detect table are refined. For
each point-source candidate, the input image data are fit with a PRF.° For the fitting
radius, we chose 3 pixels x 3 pixels. Fitting is regarded as successful when the reduced x>
(divided by the degrees of freedom) is smaller than a user-defined threshold value (here:
2.00). If in the Detect module, a cluster of detection pixels was found to be a blend of
point sources, those are fitted simultaneously (‘passive deblending’). If fitting a source
with a single point-source PRF is not successful, up to a number set by the user of point-
sources can be fit simultaneously (‘active deblending’). I used the default value of one,
i.e. effectively switched active deblending off. I also switched off the option of having a
background fitted which would be assumed to be constant over the fitting region.

5.3.9 Aperture Photometry

In addition to PRF photometry, aperture photometry was carried out as a quick consistency
check. Contrary to the former, aperture photometry is done on the mosaicked image, not
the original input images. It uses a user-defined cicular annulus (here: 4, 6 and 10 pixels).
Fractional pixel values are used according to

AP = Z a;I; with uncertainties o2 = Z (o (i))?. (5.3)
7 7
The aperture photometry can account for background, which is why in this step the
background-subtracted image created in an earlier step is not used in order not to introduce
additional uncertainty through relying on the output of an earlier processing step. The
individual background is determined from an annulus and subtracted from the photometry
result.

5.3.10 Select

In the select module, the user sets what is to be written in the final output tables. Finally,
those tables containing all photometry results are written. I set set the module to print

®A detailed description of the algorithm can be found in the MoPEX User’s Guide v18.4.0 [2010].
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Table 5.2: Numbers of detected sources in the SPScC.

IRAC1 IRAC2 IRAC3 IRACH4
3.6pum 45pum S58um  8.0pum

> 2 bands All bands

349284 338782 214144 165889 244 855 43458

source identification numbers, coordinates with uncertainties, fluxes with uncertainties,%
goodness-of-fit parameters (y?) and signal-to-noise ratio (SNR), aperture sizes and bad
pixels. This constitutes the basic catalogue of IRAC detections in the CNC.

5.4 Bandmerging

5.4.1 Bandmerge and creation of the Bandmerge Spitzer Catalogue (BSC)

Finally, with the Bandmerge program provided by the Ssc, an overall catalogue was
created that contained all sources detected with IRAC in the area, their positions and
fluxes in all four bands, retaining the information of the detection bands per source. We
amended Bandmerge with an IDL program of our own to remove double detections that
were caused by the strategy of obtaining photometry for three groups separately and then
joining them together. This means that in the overlap regions between the bordering AORs
of each group photometry was performed twice on the same source, once in each group.
It was necessary to identify these double detections and unify them. In doing this, we
followed the simple strategy of always keeping the one detection with the better SNR. The
same method was also used to remove double detections when the three separately treated
AORs of 5.8 um north and 8.0 pm south were merged (cf. Sect. 5.2).

Finally, these four photometry tables (i.e. in each wavelength band one table for the
entire region) were merged into one, again by using Bandmerge. In the following I will
refer to this catalogue as the Bandmerge Spitzer catalogue (Bsc).

5.4.2 Creation of the Spitzer Point-Source Catalogue (SPSC)

Unfortunately, the results of the Bandmerge program turned out to be unreliable. In
particular, there were some sources that clearly were counterparts in the different IRAC
bands, identifiable by eye, that were split into two or more sources in the final catalogue,
i.e. not merged properly.

This prompted the development of an IDL program to merge the sources in a more
straightforward way. It consists of a simple matching algorithm, taking the 4.5 um band
as reference. From this point, the closest positional match in each band is searched and,
if it is within a radius of 0.5”, this source is chosen as the counterpart. We chose the
4.5 um band as the reference band because it clearly is the most sensitive one and least
likely to be subject to misidentifications (see Sect. 5.4.4). These are common especially in
the longest-wavelength bands where random fluctuations in nebulosities are detected as

5The uncertainties from the photometry pipeline are formal uncertainties and will underestimate the
true values.
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Figure 5.6: The same plot for the IRAC bandpasses as Fig. 4.3a, but comparing those to
different line features [image taken from Reach et al. 2006]. The top panel
illustrates the PAH emission bands that are present in the 3.6 um and 5.8 um
band and dominant in the 8.0 wum band, but of which the 4.5 um band is free.
The middle panels show lines from cooling ionised gas behind a fast shock and
Hs and CO lines, not discussed here.

point-like sources. In consequence of this requirement of detection in the 4.5 pum band, the
resulting catalogue is rather conservative. Explicitly, it excludes any object not detected
in the 4.5 um band, even if it were detected in all three other bands (an unlikely scenario).
On the other hand, this strategy minimises contamination.

While verifying the consistency of the merged catalogue we noticed a slight misalignment
between the Spitzer bands. The 3.6 um band was found to be well aligned with the
2MASS positions. To counteract the offsets measured, we 4.5 um, 5.8 um, and 8.0 wum band
positions were globally shifted by —0.17”, —0.1” and —0.13” in declination with regard
to the 3.6 um band. This results in very small spatial deviations between the final IRAC
and the 2MASS position with a RMS of 0.22”.

The catalogue created in this way will be called the Spitzer Point-Source Catalogue
(Spsc). It contains 338 782 sources detected in at least one band and 244 855 detected in
at least two bands (Table 5.2). The full Spsc will be made available online [Ohlendorf
et al. 2013b].
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Figure 5.7: Histograms of the measured source magnitudes in the SPSc for the entire CNC.
Red lines mark the completeness limits as listed in Table 5.3.

5.4.3 Sensitivity and completeness

The one-sigma sensitivity limits for Spitzer for a high background as in the present case
given in the IRAC Instrument Handbook v2.0.2 [2012] are 34, 41, 180 and 156 wJy for
3.6 um, 4.5 um, 5.8 um and 8.0 um. The exact values depend on the background, which
within our field varies strongly. Therefore, we try to characterise it individually for our
sample. Here I show the values as determined for the full catalogue, a smaller sub-sample
(the Gum 31 region) is used and characterised in Sect. 8.2.1. The values obtained for
both are very similar, as one would expect if the sub-sample is not remarkably fainter or
brighter than the average of the large sample.

Due to the very strong spatial inhomogeneity of the cloud emission in our maps, the
sensitivity for IRAC cannot be quantified precisely by a single value. Instead, I characterise
it by two typical values, the detection limit and the typical completeness limit. The former
is given simply by the faintest sources in the sample. For 3.6 um, 4.5 um, 5.8 pm, and
8.0 um these have fluxes of 100 wJy, 93 wJy, 380 wJy and 250 wJy.

To estimate the completeness limits, I constructed histograms of the measured source
magnitudes and estimated the point where the rise in the source count is no longer well-
described by a power-law. Although it is not a formal measure of completeness, the
turnover in source count curves can serve as a proxy to show the typical values of the
completeness limit across the field. It indicates where the mass (i.e. luminosity) function
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Figure 5.8: Evolutionary tracks according to Baraffe et al. [1998], overplotted on IRAC
colour-magnitude diagrams. The lavender lines are the completeness limits,
the pink lines the sensitivity limits. The blue and turquoise lines in the bottom
diagram are the same for the 8.0 pum band.
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5 Source detection and photometry

Table 5.3: Overview of completeness and sensitivity limits for IRAC observations.

IrAC 1 IrRAC 2 IrAC3 1IrACA4
3.6um 4.5pum 5.8um  8.0um

mJy] 0.100  0.093  0.380  0.250
mag] 161 157 137 135
mly] 1.1 0.45 1.2 1.2

mag] 135 140 125 118

=

Sensitivity limit

Completeness limit
ma

of the sample deviates from the canonic power-law shape. One would expect this to be
continued to lower luminosities. Consequently, where the number of detected sources
falls short of the expectation this should be due to detector limitations. Therefore, the
‘bend’ in the function indicates where the sample begins to be less than complete (see
the histograms in Fig. 5.7). In this way I estimate completeness limits of ~ 1.1mJy,
~ 0.45mJy, ~ 1.2mJy and ~ 1.2mJy for 3.6 um, 4.5 um, 5.8 um and 8.0 um. Comparing
the completeness limits to numerical models of pre-main sequence stellar evolution [Baraffe
et al. 1998], we find that for an age of ~ 1 Ma the photospheric emission of a ~ 0.5 Mg, star
IRAC detection in the two most sensitive bands (3.6 um and 4.5 um)” should be almost
complete (cf. Fig. 5.8). To obtain a very rough estimate of the detection limit in the
longer wavelengths, we assume that [4.5] — [8.0] < 1mag [see e.g. Lada et al. 2006, their
Fig. 4]. Taking this assumption, we can estimate from Fig. 5.8 that a ~ 1Ma-old star
of ~ 1 Mg, should still be detectable in the 8.0 um band. Clearly, the longer-wavelength
bands are the limiting factor in the detectability for the YSO selection (Chapter 6), for
which we shall require detection in all four bands.

5.4.4 BSC and SPSC

Because the shortcomings of the BSc first became apparent during the analysis summarised
in Chapter 7 (as described in Sect. 7.2.1), this chapter is based on the Bsc while the
analysis done later (Chapters 8 and 9) is based on the Spsc. Both catalogues have their
individual merits and shortcomings.

Because it only includes those sources detected at least in the 4.5 um band, the Spsc
is much more conservative than the Bsc, which included any source detected in at least
one of the four bands, no matter which. On the other hand, the SPSC strategy minimises
contamination and eliminates band-split sources. While the Bsc has 569 774 point-like
sources, the SPSC has only 338 782. This number is limited by the number of detections
in the 4.5 um band, on which the catalogue is based.

The 4.5 pm band is known to be the most reliable one because it has the lowest sensitivity
limit and is complete down to fluxes much smaller than for the other three bands (cf.
Sect. 5.4.3). Furthermore, it suffers least from contamination through dust and molecular
clouds and other extended sources like PAH regions, which are a feature in all three other
bands [Cohen et al. 2007, Reach et al. 2006, see Fig. 5.6].

"Baraffe et al. [1998] use the L’ band centred at 3.442 pm [Glass 1973, cited following Moro and Munari
2000] and the M band centred at 5.0 um [Johnson 1965, cited following Moro and Munari 2000]. These
are similar to the IRAC bands.
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5.4 Bandmerging

Figure 5.9: The 4.5 um TRAC image of the Treasure Chest illustrates the differences be-
tween the two catalogues. The Bsc (green crosses) picks up many more sources
than the Spsc (circles). However, these include very doubtful sources like parts
of the emission spikes, e.g. towards the left edge of the image. It also shows
that some SPSC sources with only 4.5 um detection (cyan) maybe erroneous.
Magenta circles mark those SPSC sources detected in two or more bands. The
blue arrow illustrates a case where the BSC source position was shifted by
Bandmerge.

This strategy excludes many doubtful sources. The Bsc, for example, often picks up
“point sources” along the spikes of bright sources. As illustrated in Fig. 5.9, this is far
less likely to happen in the 4.5 pum band. The nebulosity surrounding the Treasure Chest
cluster, shown in Fig. 5.9, consists of strong PAH emission and is outlined in erroneous
“point sources” in the Bsc, most of which are not included in the Spsc. The figure also
shows that some of the sources that are detected in the 4.5 um band only (cyan circles)
may have to be treated with caution, too. The highest reliability is provided by those
244 855 sources in the SPSC detected in two or more bands (magenta circles). The blue
arrow in Fig. 5.9 points out a case where Bandmerge in the creation of the BSC appears
to have merged sources with distinctly different positions in the different bands and thus
shifted the source position (green cross) with regard to the 4.5 pm source (cyan circle).
The SpSc retains the 4.5 wm position as the catalogue position.
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et al. [2010b], plotted against the BsC magnitudes. Sigma-clipping has been
employed.

5.4.5 Comparison to the catalogue by Smith et al. [2010b]

Smith et al. [2010b] assembled an IRAC point-source catalogue in two fields in the CNC,
one centred on the South Pillars, the other one slightly to the west of them, in total
encompassing 48 642 sources. Their “west field” contains 9477 sources and agrees well
with the Bsc within the area where both overlap. Source positions, as well as measured
fluxes, are in good concordance between the two catalogues.

A source is considered to have been detected by both if its position does not deviate
by more than 1”. For 832 sources this is not the case, the remaining 8645 have a direct
counterpart in the Bsc. The histogram in Fig. 5.11 shows that in the majority of cases
the spatial deviations are much smaller than 1”. The RMS deviation in source position
between the two catalogues is ~ 0.27”. Sigma-clipping was employed, i.e. those sources
where the magnitude difference was larger than 3 o where removed from the sample as
bad matches. Those were 142, 57, 43 and 23 in the four bands. The RMS deviation in
magnitudes (Fig. 5.10) is 0.095 mag in the 3.6 um band, 0.13 mag in the 4.5 um band and
0.17mag in 5.8 um and 8.0 um. Comparing to the SPscC instead of the Bsc, only 8059
sources have a direct counterpart, whereas the RMS deviations are the same (Fig. 5.12).

In Sect. 6.5, the cYSO subsamples are compared. Additionally, the Spitzer yso Catalogue
in Carina (Sycc) (Chapter 6) is compared to the Pcyc of Povich et al. [2011a).
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Figure 5.11: Histogram of offsets in source position between the BSC and the catalogue by
Smith et al. [2010b]. Sigma-clipping has been employed.
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Figure 5.12: Differences in derived magnitude between the SpPsc and the catalogue by
Smith et al. [2010b], plotted against the SPSC magnitudes. Sigma-clipping
has been employed.
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6 Identifying young stellar objects

Chapter 5 described how to construct a catalogue of point-like sources observed with IRAC
in the CNC. In this chapter, only the probable young stellar objects will be selected from
this catalogue, the SPSc, to create a cYSO catalogue.

As described in Chapter 3, many studies have been made of the CNC and several of
them in the MIR. The studies of Smith et al. [2010b] and Povich et al. [2011a] even used
Spitzer IRAC data to study the CNC in depth and there are a variety of catalogues of
young stars, the PCyC as a large catalogue of IRAC-selected cysos among them. This
new catalogue will aim at the most careful selection possible to minimise contamination.
It also covers an unprecedentedly large part of the CNC, which means that not only parts
of the CNC will be studied that have never been studied in detail before (e.g. Gum31, cf.
Chapter 8), but that basic data and data processing will be uniform for all parts of the
CnNe, allowing direct comparison.

After describing the photometric processes used to derive the source magnitudes in
Chapter 5, in Sect. 5.4.4 I already discussed the merits of two different methods of select-
ing point-like sources. There I showed that the catalogue I will be using for identifying
cYSOs here is a comparatively conservative one. It only includes sources that are at least
detected in the most reliable band (4.5 um), which is a different approach than for other
surveys. Here, I try not to maximise the number of detected point-like sources but rather
to maximise the proportion of real detections among the catalogue. As described in more
detail in Sect. 6.4, the likelihood of a c¢ysoO simply to be a contaminant and not a YSO at
all is extremely high in the CNC. Again, I opted for conservativeness and tried to exclude
as many contaminants as possible, even at the cost of eliminating true Ysos with them.
In short, false negatives are preferred over false positives.

This approach lets the new catalogues be much smaller than comparative ones. The
Pcyc, for example, relying on the same Spitzer observations, contains a multiple of sources
of the final catalogue of cysos, although its survey area is smaller. However, our new
catalogue is as free from contaminants as possible, so allows us to draw conclusions from
the spatial distribution of the ¢ysos. The comparison in Sect. 6.5.2 will show that while
the Pcyc is much larger than our catalogue, the majority of our sources has a counterpart
there. (In Appendix C the differences in selection strategy are illustrated.)

This reliability of Yso selection will be very important especially in Chapter 9. There
I will show that the distribution of c¢ysos actually shows patterns that agree well with
observations of the cloud structure, with other cyso populations like those derived from
Herschel and WISE data, and with theoretical predictions. A more complete, but at the
same time more contaminated sample would not allow a similar strategy.
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6.1 A sample of infrared point sources: Which are young?

6.1 A sample of infrared point sources: Which are young?

Young stars exhibit several characteristics that distinguish them from their more evolved
companions (cf. Sect. 2.1). Selecting for X-ray emission is a possible technique to sample
vsos; I will be taking another route and filtering the MIR data for stars with an IR excess.

Selecting cysos from colour-colour diagrams is a well-tried method and especially for
IrRAC data has been proven successfull repeatedly [e.g. Allen et al. 2004, Winston et al.
2007, Roccatagliata et al. 2011, Fang et al. 2012]. The principle is simply to select those
sources that exhibit IR colours that cannot be explained by a reddened photosphere of
a main-sequence star. This is a good method for very large samples like ours, where
assembling and examining an SED to find the IR slope for classification for each and every
source is simply not feasible. However, Winston et al. [2007] find that for their IRAC-
observed sample of ¢cYsOs in the Serpens cloud core classification from the SED slope and
the colour-colour diagram agree in 86% of cases. Therefore, we feel confident in employing
this method for compiling a large catalogue of cyso for the CNc.

A caution is needed before launching into the details of YSO selection: Strictly speaking,
in the following we will be selecting objects that exhibit an IR excess. The reason for this
IR excess is not their youthfulness as such, but the fact that they retain a circumstellar
disk (Sect. 2.1.1). This dusty disk and not the star itself is the source of the IR excess
emission. Therefore, strictly speaking we will not be searching for young stars in the
following but for young stars with disks. 1 will be referring to this sample as young stars
or YSOs, but the reader will have to keep in mind that we will always be missing those
young stars that are diskless. This means that only vsoOs of Class0 to ClassII can be seen
in this way while most ClassIII objects remain undetected (cf. Sect. 2.1.2).

Just the same as discussed in Sect. 6.3.1 for the WISE catalogue of cYSos, contamination
is a challenge in the Spitzer Yso Catalogue in Carina (Sycc), too. In short, we need to
avoid having other sources observed with IR excess, such as AGN or AGB stars, appear in
the catalogue under the guise of YSO. Because the SycCcC is one of the main products of
this work, contamination needs to be tackled carefully. This will be discussed in detail in
Sect. 6.4.

6.2 Selection by IRAC colours

With IRAC data only and following the criteria established for a survey of the star-forming
region Pismis 24 [Fang et al. 2012, Allen et al. 2004] we can identify IR excess sources by
plotting the [3.6] — [4.5] colour against the [5.8] — [8.0] colour. For identification as a cYso
Fang et al. [2012] demand [Eq. (6.1) follows Allen et al. 2004]:

[3.6] — [4.5] >0 and

[5.8] — [8.0] > 0.4 (6.1)

[3.6] — [4.5] > 0.67 — ([5.8] — [8.0]) - 0.67. (6.2)
Applying these criteria to the SPSC leaves us with 879 c¢vysos. The selection is illustrated
in Fig. 6.1. However, it requires that an object be observed in all four IRAC bands to be
eligible for the selection process at all. It excludes all those objects which are not observed

in at least one out of four bands. As given in Chapter 5, this includes only 43 458 sources
out of 338 782 sources in the complete Spsc.
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Figure 6.1: Colour-colour diagram using all Spitzer IRAC bands. YSOs are marked in red
according to the criteria set by Eqgs. (6.1) and (6.2).

By plotting the [3.6] — [4.5] colour against the [4.5] — [8.0] colour, we can work with a
slightly larger sample of 47 810 sources detected in those three bands. To select cySos, we
demand [Simon et al. 2007]

3.6] — [4.5] > 0.6 - ([4.5] — [8.0]) — 1.0 (6.3)
[4.5] — [8.0] < 2.8 (6.4)
3.6] — [4.5] < 0.6 - ([4.5] — [8.0]) + 0.3 (6.5)
[3.6] — [4.5] > — ([4.5] — [8.0]) + 0.85. (6.6)

This leads to the the 1696 cysos shown in Fig. 6.2.

Fang et al. [2012] plot their sample in the same colour-colour diagrams. In addition,
they use the IRAC spectral index to sort all their cySos into ClassI and ClassIl. The
separation in the resulting colour-colour diagram forms a straight line which I determined

to be defined by
[3.6] — [4.5] > —1.2- ([4.5] — [8.0]) + 2.6. (6.7)

We can use this result to distinguish between Class 1 and Class IT candidates in our sample
(see Fig. 6.2). By applying a strict selection along this line, we obtain 240 c¢ysos in the
“ClassI” section of the colour-colour diagram and 1456 cysoOs in the “ClassII” section.
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Figure 6.2: Colour-colour diagram using three out of four Spitzer IRAC bands. YSOs are
contained in the blue box that follows Egs. 6.3 to 6.6. The blue dotted line
marks the separation between ClassI and ClassII objects (Eq. 6.7), where
Class1 candidates are plotted in red and ClassIl candidates in green.

6.2.1 The SYCC

Comparing the different samples of ¢ysos, we find that the most restrictive identification
criterion for YSOs comes from combining selection from different colour-colour diagrams.
I combined selection from the [3.6] — [4.5] vs. [5.8] — [8.0] diagram with selection from the
[3.6] — [4.5] vs. [4.5] — [8.0] colour-colour diagram, which allows separating the cysos into
ClassI and Class II objects. Thus, we take only those sources as cysos that fulfil Egs. (6.1)
and (6.2) as well as Eqgs. (6.3) to (6.6).

Including the modifications described in Sect. 6.2.2, we identify 759 objects within the
CNC as cysos. We find 221 of those to be Class1 objects, 538 as ClassII objects. Clearly,
the [3.6] —[4.5] vs. [5.8] — [8.0] diagram is the limiting factor here, yielding half the sources
the [3.6] —[4.5] vs. [4.5] —[8.0] colour-colour diagram does (879/1696, 52%). This catalogue
in the following will be called the Spitzer Yso Catalogue in Carina (SyCC).
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(c) Cuts at highest values present in Pcyc.

Figure 6.3: Cutting the SPsc at different magnitude levels before
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(d) Cuts at magnitudes as high as possible.

assembling the Sycc through colour-colour diagrams.
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6.3 Selection by WISE colours

6.2.2 Using the full SPSC?

The four IRAC bands used for assembling the SPsc, as shown in Sect. 5.4.3, have com-
pleteness limits around 1 mJy. These values are not universal over the entire catalogue.
The detection limits vary according to the nebulosity, which obscures sources where it is
strong. This in effect distorts the catalogue because we do not have a consistent cutoff
towards faint sources.

To avoid this distortion, the faintest sources are excluded from the catalogue. Figure 6.3
illustrates the different cut levels with which I experimented, with the unmodified cata-
logue for comparison (Fig. 6.3a). The unmodified catalogue yields 1070 sources. Using
only those sources brighter than 13.2mag, 13.5mag, 12.5mag and 11.5mag in the in-
dividual bands (slightly brighter than the completeness limits) for the individual bands
(Fig. 6.3b) 759 sources remain.

Because this appears to be a rather severe cut (by 26%), I experimented with other
possibilities such as cutting at the faintest magnitudes still present in the Pcyc (see
Sect. 3.5.3), which are 15.0mag, 14.0mag, 13.0mag and 12.5mag for 3.6 um, 4.5 pum,
5.8 um and 8.0 um (Fig. 6.3¢). This yields 997 sources.

Looking at the magnitude histograms of the Spsc (Fig. 5.7), the faintest magnitude
values that can still be justified as a meaningful cutoff (just behind the peak of the dis-
tribution) are 14.5mag, 15.0mag, 13.2mag, and 12.7 mag for 3.6 um, 4.5 pm, 5.8 um and
8.0 um. These yield 1030 sources (Fig. 6.3d).

However, if one regards the distribution of ¢ysos, there is not much difference in the
general aspect of Figs. 6.3a, 6.3c and 6.3d. There is a discernible cluster of cySOs coincident
with the central CN, but an almost uniform distribution around it. Only in Fig. 6.3b, i.e.
with cuts just above the completeness limits, there appear to be fewer c¢ysos outside the
nebulae where one would expect less star formation to take place. Therefore, we use this
background-reduced Sycc in the following.

6.3 Selection by WISE colours

Because we also obtained the WISE catalogue data for the CNcC, the same selection of
cYsos with the aid of colour-colour diagrams is possible. Koenig et al. [2012] in their
study of massive star-forming regions developed a set of criteria to identify likely YSOs
from WISE four-band photometry which I use.

6.3.1 Contaminant removal

As discussed in more detail in Sect. 6.4, any sample of 1R-excess selected cYSOs is bound
to include a large number of contaminant sources. These contaminants, while exhibiting
similar IR colours to the true YSOs, are in reality one of a large range of possible IR excess
emitters, like e. g. AGB stars or background galaxies. Because some of them tend to cluster
in certain regions of the colour-colour diagram, an attempt at their removal can be made
through applying specialised very narrow colour criteria to filter them out.

Using the [3.4] — [4.6] and [4.6] — [12] colours, partly in combination with the [3.4] and
[4.6] magnitudes, before the YSO selection, probable background objects are removed from
the sample. In particular, these are as follows [Koenig et al. 2012]:

7



6 Identifying young stellar objects

Background star-forming galaxies are very red in [4.6] — [12]. Using this to advantage,
they can be removed by applying

< 0.46 - ([4.6] — [12] — 1.7)
> —0.06 - ([4.6] — [12] — 4.67)

]
]
| <—1.0-([4.6] — [12] — 5.1) (6.8)
—[4.6] > 0.48 - ([4.6] — [12] — 4.1)
] > 12
[4.6] — [12] > 2.3

Broad-line AGNs have similar colours as YSOs, but are distinctly fainter. The criteria for
their selection are

[4.6] > 1.9 - ([4.6] — [12] + 3.16)
[4.6] > —1.4 - ([4.6] — [12] — 11.93) (6.9)
[4.6] > 13.5

or

3.4] > 1.9 ([3.4] — [12] + 2.55)
3.4] > 14.0. (6.10)

Resolved PAH emission regions are redder than the majority of Ysos. They are selected
by applying

3.4] — [4.6] < 1.0
[4.6) — [12] > 4.9 (6.11)

or

3.4] — [4.6] < 0.25
[4.6] — [12] > 4.75. (6.12)

Resolved shock emission knots are removed by demanding
[3.4] — [4.6] > 1.0
[4.6] — [12] < 2.0. (6.13)

The colour-colour diagrams which illustrate these steps of contaminant removal are shown
in Appendix B.

6.3.2 YSO selection

From this cleaned sample the IR excess sources are then selected by demanding [Koenig
et al. 2012]:

[3.4] — [4.6] — o1 > 0.25
[4.6] — [12] — 05 > 1.0, (6.14)
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Figure 6.4: Colour-colour diagram using three out of four WISE bands. YSOs are marked
in red for Class I and green for Class 11 according to the criteria set by Eqs. 6.14
and 6.15 [Koenig et al. 2012].

where o is the quadratically added uncertainty of the respective magnitudes. ClassI
sources are a subsample of this defined by

[3.4] — [4.6] > 1.0
[4.6] — [12] > 2.0. (6.15)

Because the sample before this step contained only disk-bearing objects (cf. Sect. 6.1),
the remainder after Class1 objects have been removed must be mainly ClassII objects.

The resulting colour-colour diagram after contaminant removal is shown in Fig. 6.4. As
before, ClassI cysos are drawn in red, ClassIl cYsos in green. The straight lines in the
distribution of the plotted sources that catch the eye are due to the contaminant removal
done in Sect. 6.3.1, which relies on straight cuts through the data. Thus, as sources are
removed in large numbers along straight lines, the remainder of them will keep the straight
cutoff lines.

Overall, the final WISE catalogue of cYsOs contains 7520 c¢Ysos. 2554 of these appear
as Class 1, 4966 as ClassII.

79



6 Identifying young stellar objects

6.4 Possible contaminants

As briefly discussed in the previous sections on c¢YSO selection, contamination is a major
issue for any sample of stars taken from the CNC region and supposed to be part of the
Cnce. Because the view from the Sun towards the CNC is down the Carina-Sagittarius
arm of our Galaxy, a very high number of stars, but also of other objects appearing as
point-like sources, is seen in projection with the CNC. Only a few percent of all infrared
sources seen in the Spitzer and HAWK-1 images are actually young stellar objects related to
the CNc, while the vast majority are background contaminants [see e. g. the discussion by
Smith et al. 2010b, Povich et al. 2011a, Preibisch et al. 2011c|]. All due care was taken to
remove as many contaminants as possible from our sample. However, as discussed below,
a fraction of “Yso impostors’ will certainly remain.

A wide variety of sources can exhibit infrared excess emission in the MIR: Variable stars,
dusty AGB stars, AGN, unresolved planetary nebulae (PNe) and background galaxies [e. g.
Harvey et al. 2007, Mentuch et al. 2009, Rebull et al. 2010, Povich et al. 2011a, Koenig
et al. 2012]. AGB stars unfortunately exhibit very similar colours to Ysos and so do back-
ground star-forming galaxies. Koenig et al. [2012] estimate the remaining contamination
by galaxies in the cyso population selected with their criteria to be ~ 10 deg™2. Luminous
AGB stars are a special problem, as they can be confused with MYsoOs [Povich et al. 2011a].
However, AGB stars should not affect our analysis much, as they are few and uniformly
distributed [Fang et al. 2012, Koenig et al. 2012]. Classical Be stars can also display weak
IR excess, but, being of high masses, they are rare as well [Koenig et al. 2012].

Oliveira et al. [2009] in a spectroscopic survey of objects discovered by the Spitzer
Legacy Programme “From Molecular Cores to Planet-Forming Disks” (c2d) in the Serpens
molecular cloud find a contamination of 25% within their subsample of the brightest objects
(Fsoum > 3mJy). They attribute this high proportion to the closeness of the Serpens
cloud to the Galactic plane — something which is also true for the CNcC. In their study
of the Serpens molecular cloud with c2d data, Harvey et al. [2007] find that AGB stars
and galaxies are generally faint at = 13 mag in the 4.5 um band. Since for the Sycc we
removed all sources that were fainter than 13.5 mag, the vast majority of the interloping
AGB stars and galaxies should have been removed by this precaution.

Apart from these rough numbers, I estimate a contamination individually for each anal-
ysed region by comparing the number density of point-like sources within it with the
number density obtained from comparison regions as fas as possible outside the known
star-forming regions but with bordering the CN so that the general background (especially
through a similar distance to the Galactic plane) is comparable. The results of this are
presented with the further data analysis in Sect. 8.4.1 and Sect. 9.1.

Another caveat is that nebular emission in the CNC is strong and strongly variable [cf.
also the study of Kobulnicky et al. 2013, who analyse the effect of background emission and
source crowding on existing IRAC point-source catalogues]. This influences the sensitivities
of especially the IRAC 8.0 um and M1pPs 24 um bands [Povich et al. 2011a]. In dense cluster
centres the IRAC images are also confusion-limited, e.g. in the Treasure Chest cluster
[Povich et al. 2011a]. Bright stars, most notably n Car, saturate the MIR instruments and
thus cause incompleteness in any catalogue derived from them. This especially true for
the M1pPs 24 um observations, which are rendered almost unusable in the central CN.
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6.5 Comparison with other IRAC cYSO catalogues

The Sycc can be compared to two recent other studies that also searched for 1R excess
sources from IRAC data in subsets of our study region. The studies by Smith et al. [2010b)]
and Povich et al. [2011a, see Sect. 3.5.3] searched for cysos in sub-regions of the Sycc,
both using IRAC data.

6.5.1 Smith et al. [2010b]

Smith et al. [2010b] observed the South Pillars and a region slightly to the west of them
with IRAC (see their Fig. 1). Within these areas (as covered by all four IRAC bands), they
detected 48 642 sources. As demonstrated in Sect. 5.4.5, the Smith et al. [2010b] catalogue
agrees well with the BSC in our test area of the west field, with = 90% of the sources in the
Smith et al. [2010b] catalogue having a counterpart in the Bsc. The restrictive criteria we
then applied in assembling the more conservative SPSC reduced the number of remaining
sources, so that < 85% of sources have a counterpart in the SPsc. This means that the
search for YSOs is carried out on catalogues of different sizes, but that source positions
and fluxes between the samples agree well.

Smith et al. fitted the Spitzer measurements of their cysos, where possible comple-
mented by 2MAss fluxes, with stellar photospheres using the Robitaille et al. [2007] fitting

tool to a quality criterion of X; < 2 (where v is the number of data points; cf. our fit-
quality criterion described in Sect. 7.4.1). This approach left 1406 objects which could not
be fitted with a stellar photosphere. To select the c¢ysos from this sample, the authors
require

[3.6] — [4.5] > 0 ([3.6] — [4.5]) or |[4.5] — [5.8]| > 6 ([4.5] — [5.8]) (6.16)
[5.8] — [8.0] > 4 ([5.8] — [8.0]), (6.17)

where § denotes the uncertainty of the respective colour. The remaining sources are now
fitted with YSO SEDs. Only if more than 67% of the models within a range of y?*/v —
X%est/y < 2 agree on an evolutionary stage (cf. Sect. 2.1.2), this is assigned to the source,
resulting in 54% of the cySos remaining classified as ‘ambiguous’. Of the 1406 objects that
cannot be explained by a pure stellar photosphere, this leaves 909 cysos, the majority of
those (804) in the larger South Pillars field.

It is immediately apparent that this number is larger than that of c¢ysos in the Sycc
(759 cYsos in the entire CNC survey region), although the area covered is so much smaller
(~ 15% of our survey). This shows again that the selection criteria for the Sycc were
chosen to be very restrictive, in all probability also excluding real ysos, but also keeping
contamination to a minimum.

Smith et al. [2010b] find that their cysos cluster in the central South Pillars, which
is also apparent in the distribution within the Sycc (see Sect. 9.3). They conclude that
this region, 17pc in diameter and surrounded by PAH emission from pillars, is around
1 Ma old. Their evidence for this is that the majority of sources they observe there is of
Stage II, with Stage 0/Stage I sources being in the minority. They also find a number of
smaller cYSO overdensities, which is also in concordance with our findings from the Sycc
(Sect. 9.3). I will discuss the clusters and overdensities in more detail in Sect. 9.5.2.
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Figure 6.5: Magnitude differences between Pcyc and Sycc.

6.5.2 Povich et al. [2011a]: The PCYC

Because the Pcyc of Povich et al. [2011a, see Sect. 3.5.3] covers part of the region that
is also sampled by the Sycc, those two catalogues can be directly compared. Since they
rely on the same set of observations they can be expected to be similar, but as the data
processing was performed quite differently, this provides a good consistency check for the
Svce.!

Figure 6.5 shows histograms of the magnitude differences between the two catalogues for
sources detected in both.? The vast majority of sources have the same or nearly the same
magnitude, with the wings of the distribution spreading out symmetrically to differences
of ~ +£0.5mag. The standard deviations are 0.10 mag, 0.10 mag, 0.20 mag, and 0.28 mag
for the 3.6 wm, 4.5 um, 5.8 um, and 8.0 pm bands. Thus, where we have counterparts in
the two catalogues, the fluxes derived agree very well.

This agreement is reassuring, because though the underlying observations are the same,
photometry in both cases was performed using completely different programs: the GLIMPSE
point-source extractor based on DAOPHOT in the case of the Pcyc (cf. Sect. 3.5.3) and
MoPEX/APEX here (Chapter 5). It can, accordingly, be ruled out that the differences
with respect to the number of cysos are due to strongly differing photometry.

'Povich et al. [2011a] also provide a small collection of cySO clusters, extending that of Smith et al.
[2010b, Sect. 6.5.1]. These clusters will be discussed in Sect. 9.5.3.

2Using the Pcyc as reference, I searched a 0.5” radius area around each source for the closest match
in the Sycc and treated this as the same source.
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Figure 6.6: Comparing magnitude histograms for Pcyc (black) and Sycc (blue).

In the area of the Pcyc, the Sycc contains 357 cysos, the Pcyc, however, has a
much larger number of 1439 cysos. With the Sycc as reference, only 22% (78 cYSOs) are
without a counterpart in the Pcyc. The difference in numbers, however, means that 1160
of the 1439 cysos in the catalogue (81%) are without a counterpart in the Sycc. Thus,
though the catalogues seem to agree very well in photometric results, their differing sizes
are a reason to look further into their differences.

Plotting magnitude histograms for both Pcyc and Sycc, one notices that the distribu-
tions are different (Fig. 6.6). The absolute numbers are of course different, but the Pcyc
also appears to be more sensitive and reach up to higher magnitudes (i.e. smaller fluxes)
than the Sycc. As the Sycc was deliberately reduced to include only sources above a
certain limit (Sect. 6.2.2), it appears sensible to apply the same magnitude cuts to the
Pcyc to be able to compare the spatial distributions better. This was done in the process
illustrated by Figs. C.1a to C.1d in Appendix C. This reduces the number of cYsos in the
Pcoyc greatly to 1075.

In Fig. 6.8 the two colour-colour diagrams used to identify YsoOs are shown with the
Sycc in blue and the entirety of the Pcyc in black.? It is apparent here that a large
number of sources classified as Ysos in the Pcyc would not be identified following our
selection. To check how large the influence of this effect on the final catalogues is, exactly
the same selection of cysOs from colour-colour diagrams I used for constructing the Sycc

3Photometric values for the Pcyc in Vizier are given in magnitudes and only to one decimal place, so
that they appear to be aligned on a grid in the figures.
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Figure 6.7: Comparing magnitude histograms for Pcyc (black) and Sycc (blue) after
the Pcyc has been subjected to the same selection methods as the Sycc (as
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Figure 6.9: Comparing colour-colour diagrams for the reduced version of the Pcyc (black)
and the Sycc (blue).

was applied to the Pcyc (Figs. C.1le to C.1k in Appendix C). The combined effect of the
colour-colour diagrams leaves the PCcyc with a total of 640 cysos. After this treatment,
the magnitude histograms have changed as shown in Fig. 6.7—that is, they show a much
greater similarity.

In Fig. 6.10, the cyso positions within the Pcyc before (yellow diamonds) and after
reduction (green pluses) are compared to the Sycc (red crosses).? It is remarkable that
though our stricter selection criteria and the magnitude cuts account for a major part of
the Ysos that are found in the Pcyc but not the Sycc, there are still about twice as
many sources left in the PcycC after applying this selection than there are in the Sycc
within the same area.

This is due to the different selection methods: The SED selection method used in obtain-
ing the PCcyC does not demand detection in all four bands, but due to the combination
with 2MASs data, an SED could be assembled with fewer data points. On the contrary,
for inclusion in the Sycc, detection in all four IRAC bands is absolutely necessary. Con-
sequently, while nearly all PCYC sources are detected in the SPSC, our conservative cySO
selection strategy leaves us with a smaller basic sample. This direct comparison shows
that in all probability this leads to false negatives. These sources are picked up in the
Pcyc. On the other hand, the Pcyc due to its inverted selection method has an increased
risk of false positives.

4Apart from the 78 known cysos from the Sycc that do not have a counterpart in the Pcyc (solitary
red crosses), there are a few (28) sources that are listed in the Sycc and the original Pcyc, but not the
reduced Pcyc (yellow diamonds with red crosses). If it is true that the photometry is mainly identical (cf.
Fig. 6.5) then this should not happen. However, individual checks on those sources (Appendix D) lead us
to believe that these differing classifications are simply due to minor differences in photometry.
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7 Jet-driving protostars in the Carina
Nebula Complex!

In this and the following chapters the YSO population of the CNC now catalogued will be
analysed and its properties discussed. The study of jets at the centre of this chapter will
be extended in the following chapter. Here I concentrate fully on jet-emitting objects in
the central CN; the ~ 1deg? field of our study is shown in Fig. 7.1. In Chapter 8, where
we will study different aspects of the young stellar population of the Gum 31 region outside
the central parts of the CN, those HH jets from the study of Smith et al. [2010a] that are
not covered here will be inspected for their emitting YSOs.

7.1 Motivation

Most stars in the Galaxy are born in massive star-forming regions. As described in Chap-
ter 2, the high-mass stars profoundly influence their environments by their strong ionising
radiation and powerful stellar winds that can disperse the natal molecular clouds. However,
ionisation fronts and expanding wind-driven superbubbles can also compress surrounding
clouds, thereby possibly triggering the formation of new generations of stars. Although
this feedback is fundamental for understanding the star-formation processes, the details
of the astrophysical processes at work here are still not understood well, mainly because
regions with high levels of massive-star feedback are usually too far away for detailed
studies.

The CNG, as described in Chapter 3, provides a unique target for studies of massive-star
feedback. The feedback of the numerous massive stars has already largely dispersed the
original molecular clouds in the central region. A few parsecs from the centre, however,
large amounts of rather dense clouds are still present. Infrared images show how these
clouds are currently being eroded and shaped by the radiation and winds from the massive
stars, giving rise to numerous giant dust pillars, especially in the South Pillars region
[Smith et al. 2010b], but also in the clouds northwest of n Car (see Chapter 3). Several
very young stellar objects [e. g. Mottram et al. 2007] and a spectacular young embedded
cluster [the Treasure Chest; see Smith et al. 2005] have been found in the molecular
clouds, providing clear evidence that vigorous star formation activity is going on in these
irradiated clouds.

It is thought that the formation of these objects was triggered by the advancing ionisa-
tion fronts that originate from the (several Myr old) high-mass stars in the CNC [Smith
et al. 2010b, Povich et al. 2011b]. While this scenario appears very reasonable and
is supported by recent numerical simulations of the evolution of irradiated clouds [e. g.

!This chapter is based on a paper published in Astronomy & Astrophysics [Ohlendorf et al. 2012]
written in close cooperation with Thomas Preibisch, Benjamin Gaczkowski, Thorsten Ratzka, Rebekka
Grellmann, and Anna Faye McLeod.
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7 Jet-driving protostars in the Carina Nebula Complex

Gritschneder et al. 2010], the existing data cannot provide clear proof of the triggered—
star-formation scenario (cf. Sect. 2.3). The alternative explanation that stars form spon-
taneously everywhere in the clouds (i.e. independent of external influences) and are only
revealed by the advancing ionisation fronts (that simply remove the clouds surrounding the
newly formed stars) cannot be ruled out. If it were possible to show that star formation is
spatially restricted to the irradiated surfaces of the clouds (where the radiation pressure
is highest), this would provide a very substantial argument in favour of the triggered star
formation scenario.

However, the results so far do not allow drawing strong conclusions about the spatial
distribution of the currently forming stars. While the infrared data are deep enough to
detect the young stellar objects in the CNC easily, major problems arise from the very
high level of field-star contamination that is a consequence of the CNC’s location almost
exactly on the Galactic plane. Only a few percent of all IR sources seen in the Spitzer
and HAWK-I images are actually young stellar objects related to the CNC, while the vast
majority are background and foreground contaminants. These contamination issues are
discussed in Sect. 6.4.

The main challenge in any study of the star-formation process in the CNC thus is not to
detect the YSOs, but to discern YsOs in the CNC from background sources. In this context,
protostellar jets provide a very good signpost for YSOs, as they point towards objects in the
latest generation of the currently forming stars [Bally et al. 2007]. The spatial distribution
of jet-driving protostars can thus provide very important information about the regions
where star formation presently occurs. These protostars are so young that they are still
located very close to their birth site, which means that the jet-driving ySoOs trace the
spatial location of the currently forming yso population. For a more detailed description
of jet phenomena, see Sect. 2.2.

As described in Sect. 3.5, HST searches of the CNC for jets have been carried out by e. g.
Smith et al. [2004, 2010a]. In Ho images as obtained with the HST, the jets themselves
are clearly visible. It is however impossible to look deeper into the clouds and see the
sources of jet emission. With IR images this is possible and Spitzer data reveal what is
impenetrable to the HST: The nascent stars within the cloud that emit those jets. In
Fig. 7.2 this is demonstrated by placing side by side the HST Ha and the Spitzer image,
the probable source of jet emission marked by a red circle in both. It is plain to see that
while the Ho emission traces the jet, only in the IR image the stars that cause it appear.

In this chapter, the search for jets and their driving protostars will be extended to cover
an area ~ 1 deg? around 1 Car as shown in Fig. 7.1. This covers the area used in the study
of Smith et al. [2010a], with the exception of the Gum 31 region, which will be discussed
in more detail in Chapter 8. One EGO slightly north of this area is included in the study.

In the first step, we use the large Spitzer IRAC mosaics created from available archive
data (cf. Sect. 5.2), which provide a spatially complete coverage of the entire extent of the
CNC, to search for more objects with 4.5 pm excess emission, beyond the EGOs (Sect. 2.2.2)
already detected by Smith et al. [2010b]. In the second step, we identify the driving sources
of the newly detected jets and the known HH jets [from Smith et al. 2010a] and molecular
hydrogen emission-line objects (MHOs) [from Preibisch et al. 2011c] in the Spitzer images
(Sect. 7.3).

Using the tools developed by Robitaille et al. [2006, 2007], we fit the SEDs of the jet
sources by combining Spitzer photometry with FIR fluxes derived from Herschel mapping
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and our LABOCA sub-mm study of the CNC. Through this radiative-transfer modelling of
the SEDs we derive estimates of the stellar and circumstellar parameters of the jet sources.
We investigate the spatial distribution of the jet-driving protostars (Sect. 7.4) to infer
information about the star-formation mechanisms currently at work in the CN.

7.2 Observational data

We used the following infrared data sets firstly to search for jet sources and secondly to
construct their SEDs through radiative transfer modelling as described in Sect. 7.4.1.

7.2.1 Spitzer images and photometry

The analysis as described in this chapter is based on the Spitzer IRAC images and pho-
tometry that were described in detail in Sect. 4.1.1 and Chapter 5. Because at the time
this analysis was done and first published the final SPSC had not yet been created, the
work in this chapter is based on the Bandmerge Spitzer catalogue. The difference between
the two catalogues and the incentive for improving over the Bsc by constructing the Spsc
are explained in Sect. 5.4.

However, we carefully checked photometry for each source and where one source on the
sky clearly had been mistakenly split into two separate sources in different bands in the
Bsc, we put them together by hand for the analysis. This was the first incentive to create
a new catalogue to eliminate these misidentifications.

7.2.2 Herschel far-infrared fluxes

For further characterisation of the jet sources, we included fluxes extracted from the data
of our recent Herschel far-infrared survey of the CNC as described in Sect. 4.2.

Herschel fluxes were only extracted for cases where a compact, point-like Herschel object
could be found at the position of the Spitzer source. No photometry was performed in
cases where strong extended emission shows up in the Herschel maps.

Since the angular resolution of Herschel with a PSF between 5” and 36”, depending on
band, is considerably lower than that of Spitzer at a FWHM of the PSF between 1.5” and
2" [Fazio et al. 2004], source detection with Herschel is more difficult than it is in Spitzer
images. In many cases a single point-like source is, however, identified as a counterpart.
The remaining cases fall into two different categories: (i) those where the local emission
is predominantly uniform, and no compact Herschel counterpart to the Spitzer point-like
source can be detected, and (ii) those for which a counterpart is identified that is a more
or less pronounced luminosity increase within a larger structure. Overall, 19 of the 37
Spitzer-identified jet sources (51%) do not have a compact Herschel counterpart.

7.2.3 LABOCA sub-mm fluxes

We complemented the Herschel photometry with 870 um fluxes extracted from our LABOCA
map of the CNC [Preibisch et al. 2011d, cf. Sect. 4.7] whenever a compact source was seen
at the location of the Spitzer-identified jet sources in the LABOCA map. The source fluxes
were extracted from = 25” diameter apertures centred on each object.
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7 Jet-driving protostars in the Carina Nebula Complex

7.2.4 HAWK-I and 2MASS

We also inspected the 2MASS images and our very deep HAWK-I near-infrared images
[Preibisch et al. 2011c, cf. Sect. 4.5] and searched for NIR counterparts of the Spitzer-
identified jet sources. When an NIR source could be clearly identified with the Spitzer
source, we used the J-, H-, and K, band fluxes as given in our HAWK-I photometry
catalogue [Preibisch et al. 2011c] or (for sources outside the area of the HAWK-1 survey)
the 2MAss Point-Source Catalog. The typical completeness limits of the HAWK-1 image
are ~ 21 mag (J), ~ 20mag (H), and ~ 19mag (K;) [Preibisch et al. 2011a).

7.3 Revealing jet sources in the Carina Nebula

Since HH jets and MHOs were detected in other wavelengths, while EGOs and CGOs were
identified in the Spitzer images themselves, slightly different strategies were employed in
searching for infrared sources.

As an example of a case where a Spitzer infrared source can be identified while no source
can be discerned in the optical HST image, we show HH 903 in Fig. 7.2. Overview figures
of optical, NIR, Spitzer, and Herschel images can be seen in Fig. 7.3 (HH jets), Fig. 7.4
(MHOs), Fig. 7.5 (EG0s), and Fig. 7.7 (CGOs).

A list of all jet objects considered here was compiled in Table 7.1. For all objects studied,
it indicates in which wavelength bands they could be detected.

7.3.1 The search for sources of the Herbig-Haro jets

The mosaic images created from Spitzer data as described in Sect. 5.2 then searched by eye
for probable sources of the 20 HH jets and 15 HH jet candidates within our field as identified
from HsT Ho images by Smith et al. [2010a]. For 22 HH jets and HH jet candidates of
these 35 objects in our sample, we were able to identify a Spitzer point-like source that
constitutes a probable jet source, lying on the jet axis or its projection. Eight of them
could also be identified with a point-like Herschel source. (Two jets were identified with
the same source; see Sect. 7.3.1.) In one case, that of HH900, a Herschel source is seen
but is probably not associated with a protostar, but rather with the surrounding globule.
The remaining twelve jets have neither Spitzer nor Herschel sources that correspond with
them. Some outstanding cases are described below.

HH 666

The jet HH666 emanates from out of a pillarhead and has already been the subject of a
detailed analysis in the infrared by Smith et al. [2004]. Prominent in this pillarhead is
a very bright Spitzer source, which due to its location we identified as the source of the
jet. It is also associated with a clear point-like Herschel source. For the SED fit we added
the optical and NIR fluxes as published by Smith et al. [2004] to our Spitzer and Herschel
fluxes.

HH 1004 and HH 1005

Both the jets assigned as HH 1004 and HH 1005 by Smith et al. [2010a] are located towards
the tip of the same pillar. Two of the several sources located within this pillar seem to
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7.3 Revealing jet sources in the Carina Nebula
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Figure 7.1: Spitzer RGB image with overlaid LABOCA 870 um contours, shown for the same
field as in Smith et al. [2010a] for identifying HH jets. The first three contour
levels are 0.06, 0.12, and 0.18 Jy/beam, while the further levels increase by a
factor of the square root of two. The jet sources in the region are marked in
green. Circles indicate sources of HH jets and HH jet candidates, diamonds
those of EGOs, and squares CGOs. The sources of MHOs are marked by crosses.
[Image first published: Ohlendorf et al. 2012]
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7 Jet-driving protostars in the Carina Nebula Complex

Table 7.1: Infrared detections for sources of jet objects within the Carina nebula.

Jet Object Jet Source Spitzer  Herschel 2MASS HAWK-I
HH 666 J104351.5-595521 yes yes yes® —
HH 900 no yes no no
HH 901 no no no yes
HH 902 yes no no no
HH 903 J104556.4-600608 yes yes no no
HH 1004 J104644.8-601021 yes yes no no
HH 1005 J104644.2-601035 yes yes no -
HH 1006 J104632.9-600354 yes no no no
HH 1007 no no no -
HH 1008 J104445.4-595555 yes yes yes yes
HH 1009 no no no no
HH 1010 J104148.7-594338 yes yes no -
HH 1011 no no no no
HH 1012 J104438.7-593008 yes no no no
HH 1013 J104419.2-592612 yes no no no
HH 1014 J104545.9-594106 yes no no no
HH 1015 no no yes -
HH 1016 no no no no
HH 1017 J104441.5-593357 yes no no no
HH 1018 J104452.9-594526 yes no no no
HHC 1 J104405.4-592941 yes no no no
HHc 2 J104445.4-595555 yes yes yes yes
HHc 3 J104504.6-600303 yes no no no
HHC 4 no no no no
HHC 5 J104509.4-600203 yes yes no yes
HHC6 J104509.2-600220 yes no no no
HHc 7 J104513.0-600259 yes no no no
HHC8 J104512.0-600310 yes no no no
HHC9 no no no no
HHCc 10 no no no no
HHc 11 no no no no
HHC 12 no no no no
HHc 13 J104400.6-595427 yes no no -
HHC 14 no no no no
HHc 15 J104353.9-593245 yes no no no

Notes. The HH jets and HH jet candidates are as detected by Smith et al. [2010a], MHOSs as identified
by Preibisch et al. [2011c], the EGOs bearing a number beginning with G as detected by Smith
et al. [2010b]. Tmages of them can be found in the respective source publications. The remaining
four EGOs and the cGOs were detected from our Spitzer data. For HAWK-I, where neither yes nor
no are indicated the source is located outside the surveyed field.

(@) The Sor1 JHK, photometry for HH 666 IR was taken from Smith et al. [2004].
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7.3 Revealing jet sources in the Carina Nebula

Table 7.1: Continued.

Jet Object Jet Source Spitzer  Herschel 2MASS HAWK-I
EGO J104040.5-585319 yes yes no -
EGO J104248.1-592529 yes yes yes -
EGO J104813.4-595848 yes yes no no
G287.10-0.73  J104114.3-593239 yes yes no -
G287.95-1.13  J104542.0-601732 yes yes no -
G288.15-1.17  J104700.6-602535 no no no -
(G288.26-1.14a  J104750.3-602618 yes yes no -
(G288.26-1.14b  J104752.1-602627 yes no no -
G288.26-1.14¢  J104750.9-602625 yes no no -
(G288.26-1.14d  J104751.7-602624 yes no no -
CGO J104325.5-591645 yes yes no -
CGO J104325.7-591660 yes yes no -
CGO J104450.4-593303 yes no no no
CGO J104455.7-592554 yes yes no no
CGO J104528.6-591319 yes yes yes -
MHO 1605 J104351.5-593911 yes no no yes
MHO 1606 no no no no
MHO 1607 no no no no
MHO 1608 no no no no
MHO 1609 no no no no
MHO 1610 yes yes no no

Figure 7.2: HH903 is clearly visible in the HST Ho image (left), but no source for the jet is
visible. In the Spitzer 4.5 um image (right), a point-like source (red circle) is
revealed that is very likely the source of jet emission. The circle marking the
source has a radius of 2”. [Image first published: Ohlendorf et al. 2012]
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7 Jet-driving protostars in the Carina Nebula Complex

be likely sources for them. The lower part of the clearly two-part structure that is HH 1004
is in line with a faint Spitzer point-like source that is associated with a distinct compact
Herschel source and a HAWK-1 point-like source. A second Herschel source towards the
north of it is coincident with a brighter Spitzer source and might be a likely source for the
jet HH 1005.

HH 1008 and HHc 2

HHc 2 is placed right at the top of a thin, elongated pillar, with a very bright Spitzer source
and a distinct Herschel counterpart located inside the pillar head, coincident with a 2MASS
point-like source.? HH 1008 is bow-shaped and placed to the south-east of the same pillar
head. It is probable that it was caused by the same bright source, since it is well aligned
with it, and there is no other candidate source in the vicinity.

HHc10

HHc 10 is a bow-like structure and, like HH 1008, might have been caused by a source in
the nearby head of the pillar close to which it is located. Within this pillarhead, however,
there are three distinct Spitzer sources while no definite Herschel detection can be made.
Thus, it remains unclear which, if any, of the Spitzer objects might be the source of the
HH jet candidate.

7.3.2 The search for sources of the molecular hydrogen emission-line objects

A very similar process was applied to the MHOs detected by Preibisch et al. [2011c, see
Sect. 3.5] which were searched by eye for probable Spitzer point-like sources. Four of
the six MHOs are located in regions that are comparatively free of Spitzer-detected point-
like sources and show no Spitzer counterparts themselves. Two of them, MHO 1605 and
MHO 1610, however, show a counterpart within the source catalogue. These are the two
objects from the sample of six that are located towards the edge of a pillar or globule,
both close to or within known clusters (Tr14 and Tr16). MHO 1610 also has a Herschel
counterpart, so its SED could be modelled.

The HAWK-I data cover only a subfield of the one surveyed in this work, so there might
be other Hy sources that could not be detected. For the region surveyed with HAWK-I,
where all peculiar features in Hy emission were described in the study by Preibisch et al.
[2011c], no further coincidental detections can be reported.

7.3.3 The search for extended green objects and compact green objects

Successively, in the IRAC images we also visually searched for sources with excessive 4.5 pm-
band emission, either extended (EGOs) or point-like (CGOs). The RGB images (3.6 pm in
blue, 4.5 um in green and 8.0 um in red) were scaled freely to obtain the best possible
visibility of unusually green objects. However, De Buizer and Vacca [2010] make the valid
point that to be able to identify EGOs, the 4.5 um band usually needs to be scaled up
unproportionally high with regard to the red and blue bands. Thus, the weaker emission

2Smith et al. [2010a] in their Table 3 give coordinates for HHc 2 that are placed within NGc 3324 and
identical with those of the jet HHc 2 (8324) (cf. Sect. 8.6) and thus are clearly erroneous. However, from
their Fig. 10 we were able to identify the jet marked therein unambiguously.
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on the flanks of a relatively extended, bright source might appear to be green only because
the scaling was chosen in this way. This is a caveat to be kept in mind when dealing with
EGOs surrounding regular point-like sources. Since our EGOs are all well away from bright
point-like sources, it is still possible excessively high scaling of the 4.5 um band caused
them to appear, but care was taken to make sure they were real phenomena.

Care was also taken to check whether especially ccos were not simply imaging faults
and green excess was not caused by faulty pixels in the other bands. It can, however, not
be excluded that a minority of the peculiarly cGOs are seen for those reasons and are not
real objects. They were selected by visually scanning the processed Spitzer images for
sources that appeared to the eye to have an excess in the 4.5 um (green) band compared
to their immediate surroundings. Overall, we found three EGOs and five CGOs within the
studied area (Fig. 7.5).

All three new EGOs can clearly be identified with a compact Herschel counterpart.
Though by nature they are extended in the 4.5 um band, for all three of them we can
identify a probable Spitzer source for which photometry could be obtained. One of them,
J104248.1-592529, is also coincident with a 2MASS source, which allowed for photometry
in another three bands.

In addition to the three newly discovered objects we included in our study the four EGOs
within the CNC identified by Smith et al. [2010b]. They were subjected to the same analysis
as the objects identified through the processes described above. The object described by
Smith et al. as G288.26—-1.14 appears to be a multiple object. It was therefore split into
four objects marked a to d for the analysis. Smith et al. [2010b] note the multiplicity
and point out that some of the green objects in this cluster might not be true EGOs; they
should thus be treated with caution. Especially as the IRAC RGB images show a greenish
hue between clouds comparatively often, it is advisable to be very careful before assigning
green objects as astrophysical phenomena. Only for the object designated G288.26-1.14a
a compact Herschel source is seen, for the other three components no Herschel fluxes
could be derived.

Likewise, G288.15-1.17 is a composite object. In the Spitzer image, it can be recognised
as consisting of at least three separate sources (cf. Fig. 7.5), which is also true for the
2MASS image. Thus, though we could identify Spitzer sources and also a corresponding
compact Herschel object, we did not use the photometry for SED fitting, since it would be
highly likely to be comprised of different sources. For the other two objects we were each
able to identify a compact Herschel counterpart.

It is the very nature of compact green objects to be identified with a single Spitzer
source. Four of them also show a compact Herschel counterpart. One, J104450.4-593303,
is within a region of diffuse Herschel emission, but this is not point-like and could thus not
be employed for photometry. For J104528.6-591319, a 2MASS source could be identified
and photometry employed for the fitting process.

7.4 Characteristics of jet sources

7.4.1 Radiative transfer modelling of the SEDs

From the collected data at Spitzer and Herschel wavelengths, we consecutively constructed
SEDs, complemented by the LABOCA, HAWK-1, and 2MASS fluxes, as far as photometry was
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7 Jet-driving protostars in the Carina Nebula Complex

available for the respective sources. For SED-fitting we used the online tool of Robitaille
et al. [2007]. This tool compares the input observational data with 200 000 SED models for
YSOs that were precomputed using a 2D radiative transfer code by Whitney et al. [2003].
These models have a wide parameter space for the properties of the central object and
its environment. The important parameters for our study are stellar mass, disk mass,
envelope mass, and total luminosity. Because our data sample the peak of the protostar’s
SED, they give a good constraint on its total luminosity. Gaczkowski et al. [2013] discuss
the relationship between SEDs and stellar parameters for the CNC sample in more detail.

Herschel, Spitzer, and LABOCA fluxes as listed in Table 7.2, complemented by HAWK-1
and 2MAsSs fluxes where available, were used for the compilation of the SEDs. No fits
were performed for sources with only Spitzer fluxes or fewer than four data points overall
because no reasonable constraints to the model could be obtained in these cases. For
the fits, the distance to all objects was assumed to be 2.3kpc (cf. Chapter 3), and the
interstellar extinction range was restricted to to Ay = 0...40mag. We assumed an
uncertainty of 20% for all fluxes. In addition to the best-fit model, we show the range of
possible parameters that can be derived from models within the range of x?/v— X2b ost/V < 2
(with v representing the number of data points). These models are shown as grey lines in
the plots in Fig. 7.8. The resulting model parameters are listed in Table 7.3. It gives the
best-fit value together with the range constrained by the above x? criterion. The resulting
SEDs are shown in Fig. 7.8.

The results of SED fits can be highly ambiguous. Many of the stellar and circumstellar
parameters are often poorly constrained because the models show a high degree of degen-
eracy [e.g. Men’shchikov and Henning 1997]. We therefore restrict our analysis to a few
selected parameters that can be determined relatively well from these fits. These are the
total luminosity, the stellar mass, and the mass of the circumstellar disk and envelope.

Notably, all the sources in our sample are well modelled by models possessing a circum-
stellar disk. The masses of the jet-emitting protostars are within a range of 1 — 10 Mg.
Thus, they all are of low masses, with luminosities of the best-fit models varying between
40 and 1600 L. Most of the luminosities are in the lower range below a few hundred L),
with three notable exceptions that exhibit luminosities of more than 700 L.

The source parameters stellar mass and disk mass broken down by type are shown in
Fig. 7.6. Sources of cGOs seem to be lower-mass (best-fit values ~ 1 — 5 M) than those
of EGOs (best-fit values ~ 5 — 8 M), while those objects emitting HH jets are of varying
masses (best-fit values ~ 2—7 M,). Envelope masses of EGO sources are noticeably higher
than most of those for other jet objects. All best-fit envelope masses for EGO sources are
at least 350 M, while many of those for the other objects (6 out of 11, 55%) are far
below 100 M. However, five of those also range far above that value. There is no distinct
pattern recognisable for the disk masses, if any, that HH jet sources have slightly higher
disk masses than those of the other jet objects. Still, the smallness of the sample means
that these observations of course only have limited statistical value. For MHOs especially,
we only have a single specimen so that no qualitative statements are possible.
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7.4 Characteristics of jet sources

Table 7.2: Source fluxes as obtained in the Spitzer and Herschel bands, complemented
with photometry from LABOCA and as obtained with HAWK-1 or from the 2MASS
point-source catalogue.

Part one. IRAC 3.6 um, 4.5 um, 5.8 um, and 8.0 um.

3.6um 45um 58um 8.0um

# Jet Source mly]  [mly] [mly] [mly]
(1) HH 666 IR J104351.5-595521 137 238 338 405
(2) HH 902 IR J104401.8-593030 — 4.17 29.6 70.0
(3) HH 903 IR J104556.4-600608 2.68 6.24 35.4 115
(4) HH 1004 IR J104644.8-601021 4.75 6.58 15.2 —
(5) HH 1005 IR J104644.2-601035 — 2.50 — —
(6) HH 1006 IR J104632.9-600354 2.57 3.06 10.6 23.1
(7)  HH1008/HHC2IR J104445.4 595555  44.8 117 326 461
(8) HH 1010 IR J104148.7-594338 2.11 3.96 10.8 —
(9) HH 1012 IR J104438.7-593008 5.29 5.27 5.92 —
(10) HH 1013 IR J104419.2-592612 8.46 11.7 16.7 25.1
(11) HH 1017 IR J104441.5-593357 4.98 5.12 — —
(12) HHI0ISIR J104452.9-594526  4.54  5.39 -~ 105
(13) HHC1IR J104405.4-592941 6.0 - - -
(14) HHC 3 IR J104504.6-600303 0.611 0.712 2.34 5.02
(15) HHC5 IR J104509.4-600203 20.0 21.1 27.9 41.2
(16) HHC6 IR J104509.2-600220 — 1.29 — —
(17) HHC 7 IR J104513.0-600259 2.25 2.00 — —
(18) HHC 8 IR J104512.0-600310 5.48 8.33 13.2 16.0
(19) HHC 13 IR J104400.6-595427 13.2 12.5 13.8 17.1
(20) HHc 15 IR J104353.9-593245 274 285 283 239
(21) EGO J104040.5-585319 — 13.4 16.3 12.6
(22) EGO J104248.1-592529 265 318 440 —
(23) EGO J104813.4-595848 5.34 9.52 15.2 14.6
(24) G287.10-0.73 J104114.3-593239 0.645 1.42 — —
(25) G287.95-1.13 J104542.0-601732 — 5.80 — —
(26) (G288.26—1.14a J104750.3-602618 2.83 6.70 — —
(27) (G288.26-1.14b J104752.1-602627 4.02 14.5 28.8 31.3
(28) (G288.26—1.14c J104750.9-602625 1.13 1.93 - —
(29) (G288.26-1.14d J104751.7-602624 2.25 — — —
(30) CGO J104325.5-591645 8.99 20.8 44.5 63.0
(31) CcGO J104325.7-591660 1.60 3.26 6.69 8.22
(32) CGO J104450.4-593303 3.18 21.3 9.17 12.0
(33) CGO J104455.7-592554 10.6 15.4 — 39.6
(34) CcGO J104528.6-591319 37.1 52.7 — —
(35) MHO 1605 IR J104351.5-593911 1.27 1.79 8.19 17.9
(36) MHO 1610 IR J104608.3-594525 — 1.26 — —
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7 Jet-driving protostars in the Carina Nebula Complex

Table 7.2: Part two. PACS 70 um, 160 pm and 250 pm, SPIRE 350 pm and 500 pm, LABOCA
870 wm, 2MASS or HAWK-1 JHK

4 70pum  160pum 250 um 350 um 500 wm 870 wm J H K,

[Jy] [Jy] [Jy] [Jy] [Jy] Jy]  [mJy] [mJy] [mJy]
(1) 64.6 70.5 43.9 25.6 11.4 ~ 033 19¢ 120
(2) - - - - - - - - -
(3) 19.1 55.7 37.9 16.7 8.07 2.03 - - -
(4) 10.6 23.9 - - - ~ 0.0540 0.206 0.624
(5) 14.8 44.4 55.0 26.6 12.0 1.89 - - -
(6) - - - - - - - - -
(7) 103 120 59.9 23.2 9.32 1.90 471 108 228
(8) 5.67 12.5 - - - - - - -
9) - - - - - - - - -
(10) - - - - - - - - -
(11) - - - - - - - - -
(12) - - - - - - - - -
(13) - - - - - - - - -
(14) - - - - - - - - -
(15)  8.12 18.1 - - - ~ 102 317 652
(16) - - - - - - - - -
(17) - - - - - - - - -
(18) - - - - - - - - -
(19) - - - - - - - - -
(20) - - - - - - - - -
(21)  53.2 79.4 52.7 26.8 12.7 - - - -
(22) 573 85.9 65.4 39.4 21.8 573 14.0 ~ 581
(23) 334 49.8 36.2 19.6 10.5 2.09 - - -
(24) 736 31.0 32.2 28.3 - - - - -
(25) 184 38.2 51.0 23.8 - - - - -
(26)  20.0 65.0 - - - - - - -
(27) - - - - - - - - -
(28) - - - - - - - - -
(29) - - - - - - - - -
(30)  1.95 6.93 - - - - - - -
(31) - - 10.5 7.10 4.78 - - - -
(32) - - - - - - - - -
(33) 327 57.4 48.8 - - 311 0821 164 2.75
(34)  9.96 24.1 17.2 9.46 ~ 0923 563 146  26.1
(35) - - - - - - - - -
(36)  8.68 13.6 10.3 4.80 - - - - -

Notes. The first column indicates the type of the associated jet object: EGO for extended green
objects, cco for compact green objects. The EGOs from Smith et al. [2010b] bear the identifiers
given there. For sources of HH jets and HH jet candidates the identifier of the corresponding jet
object following Smith et al. [2010a] is given, for the MHOs their catalogue number as assigned by
Preibisch et al. [2011c]. For all sources their coordinates are given in the second column.
(@) For HH 666 IR we adopted the JHK, fluxes measured by Smith et al. [2004] with SOFI.
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Figure 7.3:

7.4 Characteristics of jet sources

The HH jets and HH jet candidates in four different wavelengths. Each row
represents from left to right the HST Hx image [Ford and the Acs Science
Team 2000, obtained via the Hubble Legacy Archive], the 2MAss K, band
image [Skrutskie et al. 2006, obtained via the NASA/IPAC Infrared Science
Archive], a Spitzer RGB image with 3.6 um in blue, 4.5 um in green and 8.0 pm
in red, and Herschel PACS 170 um in the rightmost panel. The sources marked
with blue circles (partly yellow for better visibility) and labelled in the Herschel
image are those sources of jet objects that are listed in Table 7.2. Spatial scale
was chosen individually and is indicated separately for each row. [Image first
published: Ohlendorf et al. 2012]
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7 Jet-driving protostars in the Carina Nebula Complex

Figure 7.3: Continued.

Figure 7.4: As in Fig. 7.3, but showing the two MHOs identified with Spitzer sources.
Instead of the HST image, the leftmost image in each panel shows the Dss
optical image. [Image first published: Ohlendorf et al. 2012]
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30"

]
J104040.5-585319

J104813.4-595848

Figure 7.5: As Fig. 7.3, but showing the seven EGOs in our jet source sample. Instead of
the HST image, the leftmost image in each panel shows the Dss optical image.
[Image first published: Ohlendorf et al. 2012]
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Figure 7.5: Continued.
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Figure 7.6: Stellar mass and disk mass derived from SED fits, broken down by type.
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J104455.7-592554

J104528.6-591319

Figure 7.7: As Fig. 7.3, showing the five CGOs in our sample. The leftmost image in each
panel is the HST image if indicated by an “HST” in the upper left-hand corner,
otherwise it is a Dss image. [Image first published: Ohlendorf et al. 2012]
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Figure 7.8: Fitted spectral energy distributions of those 17 objects for which we could
determine fluxes in at least four bands overall [obtained using the SED fitter
of Robitaille et al. 2007]. Filled circles mark the input fluxes. The black line
shows the best fit, and the grey lines show subsequent good fits. The dashed
line represents the stellar photosphere corresponding to the central source of
the best-fitting model, as it would appear in the absence of circumstellar dust
(but including interstellar extinction). [Image first published: Ohlendorf et al.
2012]
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Table 7.3: Model parameters for the jet sources as obtained from the Robitaille et al. [2007] models.

Jet source Stellar mass Disk mass Envelope mass Total luminosity Best-fit
[Mo)] [Mc)] [Mc)] [Lo] model

J104040.5-585319 8.3 [1.9 -10] 1.81-1072 [2.73.107 - 6.71-107%] 350 [39 — 1300] 1700 [300 — 3400] 3002514
J104114.3-593239 6.5 [5.5 - 6.5] 1.91-1073 [1.91.107® — 2.07-107'] 430  [430 — 760] 250  [230 — 250] 3020073
J104148.7-594338 1.9 [1.3 -6.7] 2.081072 [7.76-10% — 2.80-1071] 7 [6.1 — 250] 64  [40 — 1400] 3008354
J104248.1-592529 8.1 [5.0 - 8.3] 7.32-107% [7.32.1073 — 5.06-10"'] 1500 [200 — 1700] 820 [460 — 1000] 3006025
J104325.5-591645 1.3 [0.8 —5.7] 9.63-1073 [6.35-107° — 1.86-1071] 10 [1.9 — 53] 38 [23 — 760] 3002569
J104351.5-595521 3.2 [1.7-9.2] 1.26:10' [1.93-1072 — 5.68-107] 20 [6.3 —410] 420 [390 — 1400] 3014036
J104445.4-595555 7.0 [2.1 —8.1] 1.30-10~! [1.60-1073 - 3.42-1071] 560 [94 —640] 710 [370 — 1000] 3006553
J104455.7-592554 4.6 [4.6 — 7.7] 8.23-107% [4.79-1072 — 5.87-107!] 1200 [550 — 1200] 310  [230 — 570] 3000552
J104509.4-600203 4.3 [1.4 —6.4] 4.79-1073 [2.10-10~% — 2.73-1071] 43 [3.9 —350] 130 [56 — 310] 3019527
J104528.6-591319 2.6 [1.5 —4.8] 4.25-1072 [1.05-1073 — 2.16-107'] 270 [ 65 —300] 100 [94 — 200] 3003259
J104542.0-601732 4.9 [3.0 - 7.3] 7.72.1072 [2.77-1073 - 5.87-107%] 540  [300 - 550] 250  [190 — 420] 3014735
J104556.4-600608 4.3 [4.3 —4.3] 1.74-1072 [1.74-1072 — 1.74-1072] 490  [490 — 490] 250  [250 — 250] 3018560
J104608.3-594525 3.6 [1.4 —6.4] 1.34-1073 [2.52.107% — 2.71-107] 80 [9.3 —250] 110 [52 — 260] 3004022
J104644.2-601035 5.5 [5.5 - 7.3] 2.07-10~! [4.25:107® - 5.87-1071] 760  [480 — 760] 230  [230 — 440] 3013239
J104644.8-601021 4.6 [2.6 — 7.0] 1.40-1072 [7.32-1073 — 2.26-107] 20 [4.9 - 250] 150  [81 — 1600] 3016324
J104750.3-602618 4.9 [3.0 - 6.6] 7.72:1072 [2.77-1073 — 5.87-1071] 540 [66 —550] 250  [190 — 380] 3014735
J104813.4-595848 6.6 [3.6 — 8.3] 5.87-107' [2.77-107% - 5.87-1071] 550  [250 — 750] 330 [220 — 2500] 3013941

S0T

Notes. For each model parameter, the best-fit value is given in the respective first column, followed by a range defined by the minimum and
maximum values obtained from models constrained by a x? criterion (see Sect. 7.4.1). The last column gives the identifier of the best-fit model.
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7 Jet-driving protostars in the Carina Nebula Complex

7.5 Discussion

We surveyed 55 jet objects and found corresponding point-like driving sources for 36 of
them. For three of the cGOs and seven of the EGOs we were able to derive the SEDs of the
newly identified IR sources. Out of 35 HH jets and HH jet candidates, we could identify
sources for 22 of them and model SEDs for seven. Out of the six MHOs within the HAWK-I
field — which is smaller than the entire field surveyed here — we could only identify sources
for two and find an SEDs model for one.

It is important to note that this study is not able to identify all the jet objects in the
Cne. The majority of jets are just too faint and fall below the sensitivity limits of our
data. Consequently, out of the members of the CNC that are currently undergoing jet-
emitting phases, we can only observe a low percentage of the most luminous ones. This
explains why out of the very large number of young stars within the surveyed region only
so few jets are detected.

The stellar-mass estimates derived from SED fitting are in the range ~ 1 My, to ~ 10 M.
This range agrees very well with the expectations in the following sense: The lower mass
limit of ~ 1 Mg is probably a consequence of the detection limit. Although the Spitzer
images are deep enough to detect stars below this mass limit, one has to keep in mind that
it is necessary to detect emission from the jet, too. That the mass flow rates of jets and
outflows from vsoOs are roughly correlated to the stellar luminosity [and thus also to the
stellar mass; e. g. Reipurth and Bally 2001] explains why we do not detect jets from YSOs
of lower masses. The upper mass limit is more interesting, since there is no reason why
the jets from high-mass protostars should not be observable, if such jets were present. The
absence of jet-driving high-mass (M 2 20 Mg ) protostars therefore suggests that no such
objects are present. This agrees with the conclusion derived from the analysis of the sub-
mm data of the cloud structure by Preibisch et al. [2011d] that the clouds present today in
the Carina Nebula are not dense and massive enough for high-mass star formation. This
suggests that the currently ongoing star formation process in the CNC is qualitatively
different from the processes that led to the formation of dozens of very high-mass stars
[M 2 50 Mg, e.g. Smith 2006a] in the CNC a few million years ago.

Further conclusions about the star-formation process can be drawn from the properties
of the jets and the jet-driving protostars. The first interesting result is found by comparing
the number of jets detected in the infrared images to the number of HH jets detected in
the optical HST images. For a quantitative analysis, we consider the ~ 1.0° x 1.3° region
investigated by Smith et al. [2010a, their Fig. 1]. Their (mostly non-contiguous) HST
pointings cover &~ 15% of this area and have led to the detection of 34 HH jets and HH jet
candidates. If the full area had been observed by HST, the number of detected jets in this
area would very likely be larger, perhaps® ~ 70.

The number of jets detected in the infrared images of the same area is 20 (9 EGOs, 5
CcGOos, and 6 MHOS), i.e. substantially smaller. We are confident that this is not an effect
of the cloud extinction, because the sub-mm observations [Preibisch et al. 2011d] have
shown that the column densities and the extinction of almost all clouds in the region are
rather low, generally Ay < 15mag. The clouds are therefore largely transparent for light

*We have to consider that the positions of the individual HST pointings were targeted on particularly
promising locations and the true spatial distribution of HH jets is presumably not perfectly homogeneous;
thus, the number of jets is presumably smaller than an estimate based simply on the area-filling factor of
~ 15%.
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7.6 Conclusions

in the Spitzer bands, so that we do not expect to miss a significant number of jets due to
cloud extinction.

For comparing the number of optical HH jets to the IR jets one has to keep in mind that
these two groups are intrinsically different: The optical HH objects trace jets moving in
the atomic gas outside the molecular clouds and originate in protostars located close to
the surfaces of clouds. The IR jets, on the other hand, trace molecular material inside the
clouds [e. g. Elias 1980]. Since almost all clouds should be essentially transparent at Spitzer
wavelengths, one expects to see considerably more IR jets than optical jets, assuming that
the jet-driving sources are distributed in a spatially homogeneous way throughout the
entire volume of the clouds. In many observations of nearby star-forming clouds, this
expectation is confirmed [see e.g. Gutermuth et al. 2008, for the case of the NGC 1333
cloud].

In the case of the CNC, however, we see the opposite trend, i.e. the number of in-
frared jets is smaller than the number of optical jets. This suggests that most jet-driving
protostars are located at the surfaces of the clouds, rather than in the inner cloud regions.

7.6 Conclusions

Our search for jets in wide-field Spitzer IRAC mosaic images of the CNC led to the de-
tection of three new EGOs and five CGOs in and immediately around the area studied
previously with the HST by Smith et al. [2010a]. We also identified sources for 23 of the
34 HH jets in this area. Combining Spitzer and Herschel photometry with complemen-
tary LABOCA and HAWK-1/2MASs data, we obtained the SEDs of the jet sources through
radiative transfer modelling [Robitaille et al. 2006, 2007] to estimate basic stellar and
circumstellar parameters for 17 sources overall, where photometry in at least four bands
could be obtained.

We find that the jet-driving protostars generally have low to intermediate masses (~
1—10 Mg), which corroborates the notion that there is no current formation of high-mass
stars in the CNC and that the present star formation epoch is thus different from the
epoch that formed the present ~ 70 high-mass stars in Carina [Preibisch et al. 2011d].
More optical jets, which come from sources close to the cloud surfaces, than IR jets from
more deeply embedded sources, are seen in the region, showing that presently forming
stars predominantly lie near the surfaces of clouds.
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8 Discovering young stars in the Gum 31
region’

The new catalogue of ¢ysos extends beyond the conventionally studied central area of the
Carina Nebula. It therefore allows us to study adjacent regions of equal importance to
research. The analysis in Chapter 9 will clearly show that the Gum 31 region is a prominent
hotbed of star formation, similar to the South Pillars. This chapter demonstrates that
it is an outlying part of the CNC and analyses its young stellar population in detail.
Furthermore, we will also extend the study of jet-emitting YsSOs begun in Chapter 7 to
Gum 31.

8.1 Motivation

As described in Sect. 3.3, the bubble-shaped HII region Gum 31 around the young stellar
cluster NGC 3324 is located & 1° north-west of the CN. While numerous observations of the
Carina Nebula (CN) have been performed in the last few years and provided comprehensive
information about the stellar populations as well as the cloud properties [Yonekura et al.
2005, Smith and Brooks 2007, Kramer et al. 2008, Smith et al. 2010a,b, Townsley et al.
2011b, Preibisch et al. 2011a,c,d, 2012, Salatino et al. 2012], the Gum 31 region has not
received much attention. Despite its interesting morphology and the publicity of HsT
images of its western rim (Hubble News Release STScI-2008-34), the HII region and its
stellar population remain rather poorly studied until today. This seems to be related to its
celestial position: the closeness to the extremely eye-catching CN has always overshadowed
Gum 31.

The physical relation between NGC 3324 and the CNC is still unclear, though recent
distance determinations of Gum 31 and NGC 3324 imply that the NGC 3324/Gum 31 region
is located at the same distance as the CN (cf. Sect. 3.3).

In this paper, we are aiming to characterise the protostellar and young stellar population
of the stellar cluster, the surrounding HII region and its environs. Our study is based
on Spitzer, WISE, Herschel, and VISTA data, which provide much better sensitivity and
angular resolution than the previously existing data sets.

We will describe the data sets we used in Sect. 8.2. In Sect. 8.3, we will describe the
general morphology of the infrared clouds in and around the Gum 31 region and its impli-
cations for our work. Detections of cysos from the IR data, including the identification
method, and their spatial distribution will be described in Sect. 8.4. Furthermore, we
have analysed point-like sources as detected with both Herschel and Spitzer and derived

!This chapter is based on a paper published in Astronomy & Astrophysics [Ohlendorf et al. 2013a]
written in close cooperation with Thomas Preibisch, Benjamin Gaczkowski, Thorsten Ratzka, Judith
Ngoumou, Veronica Roccatagliata, and Rebekka Grellmann.
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8.2 Observational data

Figure 8.1: The Gum 31 region and its connection to the central CN, seen in a Herschel
RGB image, with the PAcs 70 um image in blue, SPIRE 250 um in green, and
SPIRE 500 wm in red. The blue box marks the 1.0° x 1.1° area used for analysis
here. The diagonal white line marks the area covered by IRAC. [Image first
published: Ohlendorf et al. 2013a]

their SEDs (Sect. 8.5). We have also identified likely sources to two previously detected
Herbig-Haro jets (Sect. 8.6). Inferences will be discussed in Sect. 8.7.

8.2 Observational data

This chapter uses data taken with Spitzer (see Sect. 4.1), Herschel (see Sect. 4.2) and
an image taken by VISTA (no photometry, cf. Sect. 4.4) as well as catalogue data from
WISE (Sect. 4.3) and 2MAsS (Sect. 4.6). An overview of the observations for which data
reduction and photometry was done (i.e. Spitzer and Herschel) can be found in Table 8.1.
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8 Discovering young stars in the Gum 31 region

Spitzer MIPS 24 um | Herschel PACS 70 pm

Figure 8.2: An overview of the Gum 31 region in the optical, MIR, and FIR. The WFI
optical image [ESO image release eso1207] shows the V' band in blue, R band
in yellow, O III 501 nm emission in green, and He in red. [Image first published:
Ohlendorf et al. 2013a

8.2.1 Spitzer images and photometry
IRAC

From the complete data set which is described in Sect. 4.1 and Chapter 5, we use only a
1.0° x 1.1° area corresponding to the Gum 31 region and a small region to the west of it.
This complements the area as described by Gaczkowski et al. [2013] to complete the area
surveyed with our Herschel observation programme (cf. Sect. 8.2.2).

In this chapter we use the SPSC as described in Sect. 5.1. The total number of point-like
sources detected in at least one band in the sampled area is 57 828. 6739 of those were de-
tected in all four IRAC bands. In the way described in Sect. 5.4.3 we estimate completeness
limits of ~ 1.5mJy, = 0.7mJy, ~ 1.2mJy and ~ 1.6 mJy (13.2mag, 13.5 mag, 12.5 mag,
and 11.5mag) for 3.6 pm, 4.5 pm, 5.8 um, and 8.0 um. For reference, the histograms used
are shown in Fig. 8.3. The detection limits, as quantified by the faintest sources in our
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8.2 Observational data

Table 8.1: Overview of observations with Spitzer, Herschel and VISTA used in this chapter.

Instrument AOR Obs. mode Time Date [UT] PI

Spitzer IRAC 23708160 IRAC map 3301s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23699200 IRAC map 3057s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23704320 TRAC map 3070s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23688192 IRAC map 3082s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23701504 IRAC map 3086s 19 Jul 2008  S. R. Majewski
Spitzer IRAC 23695360 IRAC map 3086s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23696896 TRAC map 3087s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23706368 IRAC map 3088s 19 Jul 2008 S. R. Majewski
Spitzer IRAC 23684352 IRAC map 3312s 19 Jul 2008 S. R. Majewski
Spitzer MIpPs 15054080 Mips phot 9469s 12 Jun 2006 J. Hester
Herschel PAcs 1342211615 SpirePacsParallel  11889s 26 Dec 2010 T. Preibisch
Herschel PAcs 1342211616  SpirePacsParallel 12863s 26 Dec 2010 T. Preibisch
Herschel SPIRE 1342211615 SpirePacsParallel  11889s 26 Dec 2010 T. Preibisch
Herschel SPIRE 1342211616  SpirePacsParallel 12863s 26 Dec 2010 T. Preibisch
VISTA VIRCAM 586281 H filter 270s 16 Jan 2012 T. Preibisch

sample, are 100 wJy, 100 wJy, 330 wJy, and 280 wJy (16.7mag, 15.7mag, 13.9 mag, and
13.4mag) for 3.6 um, 4.5 um, 5.8 um, and 8.0 um.

Comparing these to numerical models of stellar evolution [Baraffe et al. 1998], we find
that for an age of ~ 3Ma the photospheric emission of a 1 Mg star is well above the
detection limit for WISE in the 3.4 um and 4.6 pm bands while for IRAC the sensitivity
extends down to ~ 0.5 M. For younger stars this boundary shifts towards lower masses
so that with WiIsE 1 Ma old 0.5 M, stars are still detectable while with IRAC we could
reach down to ~ 0.25 My . If we compare the completeness limits to the RADMC model
[Dullemond and Dominik 2004] which provides calculations of continuum radiative transfer
in axisymmetric circumstellar dust distributions around a central illuminating star, we find
that disk masses as low as 0.013 M, would still be detectable for a 1 My YSO.

MIPS

For the detailed analysis in Sect. 8.5 the IRAC data were complemented by photometry on
the MiPs 24 um map described in Sect. 4.1.22. The MiPs images were searched by eye for
point-like sources coinciding with the previously identified IRAC and Herschel (Sect. 8.2.2)
sources. Because this field is only sparsely populated with point-like sources in the 24 pm
band, they were easily found by eye.

Source detection and PSF photometry were then performed with StarFinder as described
in Sect. 4.1.2. In this way, the sub-sample of MipPs point-like sources defined by IRAC
and Herschel detection is analysed from the brightest (4570 mJy) to the faintest (5mJy)
objects and background-corrected fluxes derived.

2«Spitzer Follow-up of HST Observations of Star Formation in HII Regions” programme; principal
investigator (p1): Jeff Hester, programme identification number (PID): 20726; June 2006
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8 Discovering young stars in the Gum 31 region
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Figure 8.3: Histograms of the measured source magnitudes in the Spsc for the Gum 31
region. Red lines indicate the completeness limits.

8.2.2 Herschel far-infrared maps

We analysed the Gum 31 region using data from our recent Herschel far-infrared survey
of the CNC? as described in Sect. 4.2.

As any source catalogue based on maps with strong and highly spatially inhomogeneous
background emission, our Herschel source lists will miss some faint sources and at the same
time contain a small number of spurious detections. To improve the reliability of the source
catalogue, we restricted our analysis to those sources that are detected (independently) in
at least two Herschel maps and for the SED construction in Sect. 8.5 even to those detected
in at least three bands. For this, the point-like sources detected in each individual Herschel
band were matched. The matching process was described by Gaczkowski et al. [2013].

In the Gum 31 area, we detect 91 point-like sources in at least two bands and 59 in at
least three bands. For each of them we checked coincidence with IRAC-identified point-like
sources. We excluded all cases where either the spatial coincidence of Herschel and IRAC
source was not clear or where more than one IRAC source appeared as a possible counter-
part. This results in the 17 sources identified both in Herschel and in IRAC wavelengths
that are subject to the analysis in Sect. 8.5.

The detection limit can be approximated by the fluxes of the faintest detected sources;
this is in the range of ~ 1Jy to =~ 2Jy in our maps. An estimate for the ‘typical’

3pI: Thomas Preibisch, PID: OT1-tpreibis-1; December 2010

112



8.3 Morphology

completeness limit (i.e. the limit above which we can expect most objects in the survey
area to be detected) can be derived from the histograms of the fluxes similar to those
shown in Sect. 8.2.1. The corresponding limits are at ~ 10Jy, ~ 15Jy, ~ 10Jy, ~ 10 Jy,
and ~ 6 Jy for 70 um, 160 wm, 250 pum, 350 pm, and 500 pm [cf. Gaczkowski et al. 2013].

8.2.3 VISTA near-infrared images

We use the H-band image of the area around Gum 31 obtained with the VisTA Infra-Red
CaMera (VIRCAM) in the night of 15 January 2012 as the first observation of our VISTA
survey of the CNC (Sect. 4.4).2 At the time of writing the photometric calibration of these
data was still in progress. Therefore, we use only the H band image data taken in January
2012 for a (preliminary) scientific analysis here, but no photometric values.

8.2.4 WISE

We used catalogue data from the WISE [Wright et al. 2010] All-Sky Data Release [Cutri
and al. 2012] as described in Sect. 4.3. In our survey area the catalogue contains 20739
point sources with detection in at least one band. In way parallel to the way described in
Sect. 4.3, we estimate the detection limits to be 90 uJy, 70 wJy, and 700 uJy (16.3 mag,
15.9mag, and 11.6mag) for 3.4um, 4.6 um, and 12um (for the analysis described in
Sect. 8.4.1 we do not use the 22 um band). Analogously, we estimate completeness limits
of 4mJy, 3mlJy, and 24mJy (12.1 mag, 11.9mag, and 7.7mag) for 3.4 um, 4.6 um, and
12 pm.

8.3 Morphology

Figure 8.1 shows the FIR morphology of the Gum31 bubble and its environs. In both
wavelength ranges, the cavity of the HII region is clearly delineated. Figure 8.2 contrasts
optical and infrared images of the Gum 31 bubble. Near the centre of the bubble a cluster
of stars is just discernible in the IRAC 5.8 um image. This is NGC 3324. In the Mips 24 pum
and PAcs 70 um images the warm dust surrounding the stars of NGC 3324 forms an arc-like
structure that follows the shape of the inner bubble wall.

Several pillar-like structures extend from the edge of the bubble into its inner part,
especially from its southern rim. Notably, some but not all optical pillars coincide with
those seen in the infrared. The photo-dissociation regions that very sharply delineate the
edge of the bubble are well-observable in the IRAC 5.8 um image where their fluorescence
under the influence of UV radiation can be seen, but also in the MiPs 24 um image that
shows the emission from the dust grains within.

Figure 8.4a shows a colour temperature map for the larger Gum 31 region, extending
downwards into the central CNC. It was derived from the ratio of the PAcs 70 um and
160 pm emission as detailed by Preibisch et al. [2012]. It shows the temperatures for the
HII region being comparatively high (~ 30-40 K), while those of the surrounding clouds
are considerably cooler down to 20 K. The warm dust in NGC 3324 is clearly seen as an
outstandingly blue (= 40 K) patch inside the bubble.

“Eso project number 088.C-0117(A)
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42K

38.3K

34.7K

31.0K

Delta Dec [arcmin]

27.3K

23.7K

20.0K

20

Delta R.A. [arcmin]

(a) Colour-temperature map.
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(b) Map of hydrogen column density.

Figure 8.4: Colour-temperature map and hydrogen column-density map derived from Her-
schel data. They show the cloud structure in and around the Gum 31 nebula
and the connection to the central parts of the Carina Nebula (just outside the
lower left edge of the maps). [Image first published: Ohlendorf et al. 2013a]
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8.4 Young stellar objects in the Gum 31 region

The G286.21+0.17 cluster (cf. Sect. 8.4.3) also stands out. It is about 8 K warmer than
its immediate surroundings. It is also much denser, as can be seen from Fig. 8.4b, which
shows the hydrogen column-density derived from the colour temperatures as described by
Preibisch et al. [2012]. We see that the column density inside the bubble is relatively low
compared to its surroundings at a few 102° cm~2 and rises steeply by more than one order
of magnitude at the ionisation front. Other than G286.21+0.17, we see some more dense
clumps scattered within the bubble rim and beyond it. A notable feature is the cluster
(G286.38-0.26 (cf. Sect. 8.4.3) which has a column density of around 3 - 10*2cm~2. In
sharp contrast to the unusually warm clump G286.21+0.17, in Fig. 8.4a G286.38-0.26 is
seen to be cooler than its surroundings, down to ~ 20 K.

The integrated cloud mass of the whole region derived by Preibisch et al. is 186 700 M.
They derive this value by integrating over the same column density map that we show
here, but for a region around Gum 31 slightly differently defined than the one here.

In the longer IRAC-wavelength emission and especially in the Herschel image, a ‘bridge’
of filamentary structure can be seen to extend from Gum 31 downwards in the direction
of the central Carina Nebula, forming a connection. The column density map (Fig. 8.4b),
too, shows that the clouds surrounding Gum 31 are connected to the clouds in the more
central parts of the CN. Forte [1976] remarks that in the deep optical plates of Lynga
and Hansson [1972] a filamentary structure connecting the HII region H-31 [£ Gum 31;
Hoffleit 1953] to NGC 3372, the central Carina Nebula, can be seen.

According to Yonekura et al. [2005], the radial velocities of their C'¥0O clumps Nos. 2-
6, which surround the Gum31l bubble, range from Visg = —20.0kms™!' to Visp =
—24.1kms~!. The C'80 clumps in the central and northern part of the CN (Nos. 8-12)
have radial velocities in the Visg = —25.8... — 19.9km s~! range. This good agreement
of the radial velocities suggests that the clouds around Gum 31 and the CN are connected
and actually part of the same complex. As was argued by Preibisch et al. [2012] and in
Sect. 8.1, we will therefore assume a distance of 2.3 kpc towards Gum 31, the same as to the
Cnce. This number also agrees well with recent distance determinations with independent
means (see Sect. 8.1).

8.4 Young stellar objects in the Gum 31 region

8.4.1 Identification of YSO candidates

The selection of cysos in the following sections is based on the detection of infrared
excesses. It follows, therefore, that only those YSOs exhibiting excess IR emission can be
detected with this method (cf. also Sect. 8.4.2). These are only those objects that still
retain their disks. This means that only Ysos of Class0 to ClassII are the subject of this
analysis while Class III objects must mostly remain undetected.

Selection by Spitzer colours

We applied the selection by colour-colour diagram as described by Fang et al. [2012] and
outlined in Sect. 6.2 to the Gum 31 sample of the SPSC by plotting them into a diagram
constrained by Eq. (6.1) and Eq. (6.2). Doing this, we are able to identify 304 infrared
excess sources from the total sample of 6739 point-like sources detected in all four bands.
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Figure 8.5: Colour-colour diagram using all Spitzer IRAC bands. The criteria adopted for
YSO identification follow Fang et al. [2012] and Allen et al. [2004] and are
described in more detail in Chapter 6.

The resultant colour-colour diagram, showing the [3.6] —[4.5] colour against the [5.8] —[8.0]
colour is displayed in Fig. 8.5.

Within these samples, it is certain that there are contaminants masking as YSOs as
for any sample of ¢YsoOs taken from a colour-colour diagram. Because of the closeness of
Gum 31 to the Galactic plane (bgum31 =~ 0.2°), we expect a high contamination especially
by background AGB stars (see Sect. 6.4). We can also estimate the contamination based on
the criteria of Winston et al. [2007] for the selection of contaminants from the [5.8] —[8.0] vs.
[4.5]—[5.8] and [4.5]—[8.0] vs. [3.6]—[5.8] diagrams. This yields an estimated contamination
in the IrRAC-selected sample of < 10%.

Checking the spatial distribution of these cyS0Os, it is noticeable that their distribution
throughout Gum 31 and outside it is almost uniform. This is suspicious. We thus conclude
that the contamination within this sample due to fore- and background sources is high
and thus do not use this sample for further analysis.®

5Note that this analysis was done separately from the assembly of the Sycc, which was improved in
reliability above the sample described here.
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Figure 8.6: Colour-colour diagram using three out of four WISE bands. The criteria
adopted for YSo identification follow Koenig et al. [2012]. cYSOs are marked in
red for ClassI sources and in green for ClassII. [Image first published: Ohlen-
dorf et al. 2013a)

Selection by WISE colours

We used WISE catalogue data to search for infrared excess sources. To identify those,
we used the criteria of Koenig et al. [2012] described in Sect. 6.3 and applied Eq. (6.15)
and Eq. (6.14) to a [3.4] — [4.6] vs. [4.6] — [12] colour-colour diagram. From this analysis
we excluded any data point from the catalogue that did not have an SNR of 5 or better
as well as applied the background elimination strategy outlined in Sect. 6.3. Fig. 8.6
shows the [3.4] — [4.6] vs. [4.6] — [12] colour-colour diagram, constructed after probable
contaminators had been removed (cf. Sect. 6.3.1). The total sample before this removal
were 10128 sources. After removal of probable contaminators, 6669 sources remained.
These were plotted in Fig. 8.6. ClassI sources identified from these selection criteria are
drawn in red in the figure, while ClassII sources are drawn in green. The same colour-
coding is used in Fig. 8.8, which shows the spatial distribution of the 661 cysos. Of these
207 are ClassI candidates and 454 are Class Il candidates.

The distribution of WisE-selected cysos follows the cloud structure as expected. Koenig
et al. [2012] estimate the remaining contamination of the cyso population selected with
their criteria by galaxies to be ~ 10deg™2 which in our 1.2° field leads to an estimate of
~ 12. However, in a region projected onto the Galactic disk as the Carina Nebula Complex
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8 Discovering young stars in the Gum 31 region

is we expect a high level of contamination mainly from background and foreground stars.
To estimate the total contamination as described in Sect. 6.4 we compared the number
density of sources here to two circular areas of 30’ radius well outside the CN (i. e. regions
that we expect to be relatively free of vs0s). One of them is centred around oopgg =
10:51:52.5, 52000 = —59:14:30, the other around X2000 — 10:25:10.7, 62000 = —58:52:00.
They were chosen as having a similar proximity to the Galactic plane as Gum 31 (b = 0.15
and b = —1.18; Gum31: b = —0.17). Furthermore, we carefully selected fields that were
as free of CO and Ha emission as possible and appeared as empty as possible in the IRAS
100 pm images.

In those fields we find a mean cyso density of 97deg™“; with the cYsos spread homo-
geneously. In the Gum 31 region we determine a cyso density of 550 deg™2. This leads
us to expect a contamination of around 18% (~ 120 cysos) for the Gum 31 cYSO sample.
For the IRAC data we were not able to conduct a similar comparison as we do not have
photometry data for the full study area around Gum 31 and none for regions outside the
central CN.

We therefore deem the Wisk-selected sample to be more reliable and base our conclusion
in the following sections predominantly on this sample, although we will occasionally
describe a classification with IRAC. Those should, however, be regarded carefully.

2

8.4.2 Identification of protostars from Herschel data

With the methods described in Sect. 8.2.2 and in more detail by Gaczkowski et al. [2013],
a point-source catalogue for the Herschel data was obtained. Although we consider only
‘point-like’ Herschel sources in the following, it is important to keep in mind that the
relatively large PSF corresponds to quite large physical scales at the 2.3kpc distance of
Gum31. In the PAcS 70 um map, all objects with an angular [spatial] extent of up to
~ 5" [0.056 pc| are compact enough to appear ‘point-like’. For the SPIRE 250 um map,
this is true for sources of up to ~ 18” [0.20pc]. This shows immediately that (pre-
stellar) cloud cores, which have typical radii of < 0.1pc, cannot be (well) resolved in
the Herschel maps and may appear as compact ‘point-like’ sources. This implies that
YSOs in all their evolutionary stages can, in principle, appear as point-like sources in the
Herschel maps. However, the possibility to detect an object in a specific stage depends
strongly on its properties: As described by Gaczkowski et al. [2013], many pre-stellar cores
(2 1-2 M) and embedded protostars (2 1 M) will be easily detectable, while most of
the more evolved PMS stars with disks should remain undetected. In this last case the
detection limit depends on the disk mass; as shown by Gaczkowski et al. a 1 Mg YSO is
still detectable if it has a disk mass of 2 0.5 Mg, this is reduced to 2 0.1 M, for a 3 Mg,
Yso and 2 0.01 M, for a 6 Mg YSO.

This means that while with IRAC we find mainly ClassII ysOs and a number of Class1
Ysos, with Herschel the emphasis is on Class 0 protostars, with some ClassI stars. This
also implies that the overlap between both is relatively small (cf. Sect. 8.5). Ragan et al.
[2012] presented radiative transfer models of starless cores and protostellar cores and
investigated the detectability of these classes of objects. Their models showed that the
SEDs of starless (i.e. pre-stellar) cores typically peak around 200-300 um and drop very
steeply towards shorter wavelengths. Their model fluxes at 70 um (scaled to the distance
of the CNC) are several orders of magnitudes below our detection limits. Protostellar
cores, on the other hand, have much stronger fluxes at PACS wavelengths. Guided by
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8.4 Young stellar objects in the Gum 31 region

Figure 8.7: Herschel RGB image (red: 500 um, green: 250 wm, blue: 70 wm) with positions
of all Herschel point-like sources detected in at least two bands overlaid. Red
crosses show the position of protostellar, yellow boxes those of prestellar cores.
The yellow rectangle marks the borders of the region analysed. [Image first
published: Ohlendorf et al. 2013a]

these results, we can take a detection at 70 um as an indication for the protostellar nature
of the source, whereas Herschel sources without 70 um detection would then be pre-stellar
cores. In Fig. 8.7 these two classes are indicated separately.

Gaczkowski et al. [2013] argue that in a sample of Herschel point-like objects in the CN
it is very unlikely for contamination by evolved stars or extragalactic objects to occur.
The same reasoning applies to Gum 31. The photometric data for those sources that fall
within the Gum 31 area can be found in the publication by Gaczkowski et al. [2013].

8.4.3 Spatial distribution of the candidate young stellar objects

It is notable that both ClassI and ClassIl sources are found predominantly within the
interior of the Gum 31 bubble or along its rim. They tend to occur in clusters and in
their distribution are often correlated with the Yonekura et al. [2005] molecular cloud
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8 Discovering young stars in the Gum 31 region

Figure 8.8: Spitzer IRAC RGB image (red: 8.0 um, green: 4.5 um, blue: 3.6 pm) with po-
sitions of WISE-identified cysos overlaid. ClassI sources are marked by red
diamonds, ClassIl in green. The white ellipses represent the clusters dis-
cussed in Sect. 8.4.3, the orange circles mark the smaller clusters described in
Sect. 8.4.3. The yellow rectangle marks the borders of the region analysed.
[Image first published: Ohlendorf et al. 2013a]

clumps (see below). When in the following we refer to a cyso with a number preceded by
‘{CNA2008]” this source was classified as a cyso by Cappa et al. [2008].

NGC 3324

The cluster NGC 3324 appears prominent in the Spitzer images, containing &~ 200 point-like
sources. Within the cluster itself, we identify only a single cyso with Wisg, J103706.9—
583710 at the western edge of the cluster (ClassII). From the [3.6] — [4.5] vs. [5.8] — [8.0]
diagram (IRAC) we identify half a dozen cySoOs coincident with the cluster NGC 3324 and
distributed about 40” towards the north-east of the cluster centre. The very small fraction
of stars with detectable infrared excess (=~ 0.5%) supports previous age estimates of 2> 3 Ma
—the typical disk lifetime [e. g. Lada and Lada 1995]—for this cluster.
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8.4 Young stellar objects in the Gum 31 region

cYSOs in the rim of the bubble

Numerous cYs0Os are found lined up along the ionisation front of the Gum 31 bubble to the
west of NGC3324. A dozen cYSOs are found right at the edge of the ionisation front. Among
them are J103653.9-583719, J103653.3-583754, and J103652.4-583809, three ClassI can-
didates that are found along the ridge traced in IRAC and Herschel images at the very edge
of the bubble, neighbouring NGC3324. Two of them, J103653.9-583719 and J103652.4—
583809, will be discussed in Sect. 8.6 as possible sources of Herbig-Haro jets.

Behind this ‘first row’” of ClassI candidates, there is a ‘second row’ of five ClassII
candidates, all lined up about 19” behind the ionisation front. Further northwards along
the rim there are four more Class Il candidates, one behind the front and three along it.

In Fig. 8.8 it is evident that a major part of the c¢ysos is located along the bubble
edges, similar to what is observed in comparable bubbles associated with HII regions [e. g.
Dewangan et al. 2012]. Their distribution follows its circular shape and their number
sharply goes down outside the cloud structure that is traced in the IRAC 8.0 um band and
thus appears magenta in the image. This is suggestive of triggered star-formation in a
‘collect and collapse’ scenario as described by Whitworth et al. [1994].

With analytical models, we can derive approximate bubble sizes for a stellar population
equivalent to the one observed in Gum 31. To estimate the mechanical luminosities emitted
by the three most massive stars in NGC3324 we used values from Smith [2006a] (and
the erratum [Smith 2006b]) for stars with the same spectral types (Luminosity class V)
observed in the CN. Following analytical models for this scenario, a stellar wind bubble
produced by three massive stars with spectral types 06.5, 06.5 and 09.5 could reach a
radius of approximately 9-11pc in 1.5-2.0 Ma assuming initial cloud densities in a range
of 500-1000 cm~3. The radius at which fragmentation occurred would then vary between
7pc and 11 pc. The ~ 15" diameter of the Gum 31 HII region corresponds to 10pc at a
distance of 2.3kpc, which agrees very well with the values derived from the model. The
fact that we also find numerous embedded cYsoOs in and near the rim of the bubble is
consistent with star-formation according to the ‘collect and collapse’ model.

cYSOs in pillars

In the southern and eastern part of the bubble edge we find a number of small pillars
extending into the bubble interior. They can be seen in the optical and infrared in Fig. 8.2
and a closeup of the IR pillars is shown in Fig. 8.9. Within four of them we find cYSOs in
their very tips, reminiscent of what is observed in the central CN (e.g. the South Pillars
region). One of them, J103806.6-584002, coincides with a Herschel point-like source (cf.
Sect. 8.5.1) and is therefore most probably a protostar. This suggests that radiative
triggering is at work, very similar to the processes seen in the South Pillars [Smith et al.
2010b, Gaczkowski et al. 2013].

G286.21+0.17

The cloud clump G286.21+0.17 ([DBS2003] 127, BYF73) is located about 12’ north of the
rim of the Gum 31 bubble (cf. Fig. 8.8). The structure of this clump was recently studied
in several molecular lines by Barnes et al. [2010]. They determined a diameter of ~ 0.9 pc,
a luminosity of ~ 2-3-10* L), and estimated a clump mass of about 20 000 M,. This esti-
mated clump mass value is about forty times as large as the previous mass estimate based
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8 Discovering young stars in the Gum 31 region

Figure 8.9: In a Spitzer IRAC 8.0 pm image, the yellow arrows mark the positions of four
remarkable cysos found in the very tips of pillars. Positions of WisE-identified
cYSOs are overlaid as in Fig. 8.8: ClassI sources are marked by red diamonds,
ClassII sources in green. Blue crosses mark Herschel point-like sources de-
tected in at least two bands. [Image first published: Ohlendorf et al. 2013a]

on millimetre data by Fatindez et al. [2004]. The mass infall rate of ~ 3.4 - 1072 Mg a~*
derived by Barnes et al. [2010] would be the highest mass infall rate yet seen, if confirmed.
These properties make this cloud a particularly interesting site of possible massive-star
formation.

In our Herschel maps, this clump appears as a very bright and prominent compact
feature. In Fig. 8.11, its morphology in the Herschel FIR bands (PAcs 70 pm and SPIRE
350 um) can be compared to a NIR image from our VISTA data and a Spitzer MIR image.
As already discussed by Barnes et al. [2010], a young stellar cluster, surrounded by diffuse
nebulosity, is located immediately north-west of the clump. This cluster appears very
prominent in Fig. 8.8 as well. We find it to contain ~ 45 cys0s. In the centre of the clump
itself, the Spitzer images show two bright point sources with an angular separation of 7.6”
(Fig. 8.11). They can be identified with the 10 um point sources J103832.08-581908.9
and J103832.71-581914.8. These two MIR sources were detected as counterparts of the
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MsX/RMS massive cyso G286.2086+00.1694, for which Mottram et al. [2007] determined
a bolometric luminosity of 7750 L.

The VisTA H-band image shows very faint diffuse nebulosities at the location of these
two MIR sources (see the close-up in Fig. 8.10). This is consistent with the idea that
these two objects represent deeply embedded YSOs in the protostellar evolutionary phase.
With WISE the two sources are not resolved but run into one that we classify as a Class 1
candidate.

The peak of the Herschel PACS 70 pm emission is centred on the MIR source J103832.0—
581908. A two-dimensional Gaussian fit to the 70 um emission yields a FWHM size of
13.6” x 11.3”, which is clearly larger than the FWHM size of 10” x 10” measured for
several isolated point-like sources in the same map. With an angular distance of 7.6”, the
emission of the two MIR sources cannot be resolved in the Herschel maps, but the measured
direction of the elongation towards J103832.71-581914.8 suggests that both contribute to
the observed FIR emission.

Another cyso is found in the south-east of the clump, at the projection of the line
connecting J103832.08-581908.9 and J103832.71-581914.8. It probably corresponds to
the IRAC-identified source at ogpgg = 10:38:33.6, 099090 = —58:19:22. There is another
CYSO, situated at the very edge of the clump, at «sggo = 10:38:35.0, do000 = —58:18:44.
These three are the only cysos identified in the clump itself with WISk, while in the
immediately adjoining cluster of stars visible in the IRAC images a large number of cYSOs
is found with WISE. There are ~ 45 overall, with a slight majority of ClassII sources
over ClassI sources. If there is any trend in their spatial distribution, ClassI are found
with slight emphasis to the south-east, while ClassII sources tend to be located to the
north-west.

Our colour-temperature map (Fig. 8.4a), constructed from the Herschel 70 pum and
160 pm maps, shows that the cloud temperatures range from < 20K at the edge of the
clump to ~ 25-30K in the clump centre, and up to 33K in the nebulosity surrounding
the stellar cluster north-west of the clump.

In our Herschel column-density map (Fig. 8.4b), the level Ny = 2 - 10%2 cm™2 traces
the shape of the clump. This agrees very well with the morphology as seen in the 1.2 mm
map shown by Fatndez et al. [2004]. The peak value of the column density is found to be
1.4 -10%3 cm~2 and corresponds to a visual extinction of Ay ~ 70mag. From our column
density map we determined the mass of the clump by integrating over a 200" x 200”
(2.23 pc x 2.23 pc) box around the clump and subtracting the local background level. This
yields a clump mass of 2105 M. This value is nearly five times as large as the 470 M,
derived by Faindez et al. [2004], but a factor of ten smaller than the 20000 M, estimated
by Barnes et al. [2010]. This suggests that this clump might not be as extreme as suspected.

Its FIR fluxes as derived from our Herschel data using elliptical apertures for photometry
with the Graphical Astronomy and Image Analysis tool (GAIA) are 1661 Jy, 2261 Jy,
1293 Jy, 653 Jy and 297 Jy for 70 um, 160 pm, 250 pm, 350 pum and 500 pm, respectively,
which results in an integrated FIR luminosity (70 pm to 1.3mm) of Liy &~ 9000 Lg,.

This is clearly one of the most luminous clumps in the CNC. Its mass is rather high,
but probably not as high as previously suggested. It may form stars with < 10 My, but
is probably not massive enough for the formation of high-mass stars with M, = 20 M.
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8 Discovering young stars in the Gum 31 region

Figure 8.10: Close-up of the VisTA H-band image (Fig. 8.11) around the two bright IRAC
sources (green circles) within the cluster G286.214-0.17. [Image first pub-
lished: Ohlendorf et al. 2013a]
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Figure 8.11: Cluster G286.21+0.17 (red circle; cf. Sect. 8.4.3) and its immediate surround-
ings from NIR to FIR. The two green circles mark the two bright Spitzer-
resolved sources within it. (A close-up of the VisTA H-band image is shown
in Fig. 8.10.) [Image first published: Ohlendorf et al. 2013a)
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G286.38-0.26

The Spitzer IRAC images show a prominent dense cluster of several dozen stars at the
southern edge of the Gum 31 bubble, which is surrounded by bright diffuse nebulous emis-
sion (Fig. 8.12). This cluster is listed as [DBS2003] 128 by Dutra et al. [2003]. It is spatially
coincident with the extended (r = 2pc) C80 clump® No. 6 [Yonekura et al. 2005].

The nebulosity around the stellar cluster displays a remarkable arc-like shape at the
eastern edge. Projecting it into a full circle, it would have around 42” diameter in
IRAC images and 62" in Herschel images. The centre of this circle would be around
®o000 = 10:38:03, 82000 = —58:46:19. The star J10380461-5846233, cyso [CNA2008] 21,
is found close (~ 11”) to this central position of the arc. In the Spitzer bands, this cYso
shows strongly increasing brightness with wavelength. In the M1pPs 24 um image, it is the
brightest point source in the cluster. It was detected as a MIR source by MsX and is listed
as G286.3773-00.2563 in the Msx6C catalogue. With WISE data we classify it as a Class I
¢YsO. The star is not detected in any of our Herschel FIR images. Using USNO-B optical
catalogue data, 2MASS, IRAC, MipS, and WISE photometry and Herschel upper limits we
employed the online SED fitter by Robitaille et al. [2007] to construct an SED and thus
estimate the (proto-) stellar parameters. The stellar mass is estimated to be ~ 5.8 M, for
the best-fit model, the luminosity ~ 238 Ls. Within the arc three further WiSe Class 1
€YSOs are seen, J103805.8-584542, J103758.4-584648, and J103800.7-584654.

The optically brightest star in the cluster is HD 303094, for which a spectral type A2
is given by Nesterov et al. [1995]. It is located about 17” south of J10380461-5846233
and the centre of the arc. According to the Pickles and Depagne [2010] survey of all-sky
spectrally matched Tycho-2 stars it may be a foreground star (distance: 886 pc).

Strong far-IR emission from the region of this cluster was detected with IRAS (point
source IRAS10361-5830). Our Herschel maps resolved this FIR emission into ten point-like
sources in the area of the clump. The only Herschel source with an MIR counterpart is
J103801.4-584641. The IRAC image at this point is dominated by strong nebular emission.
There is extended emission in a confined region a few arcseconds east of the Herschel-
identified point-like source, but since it is not well-resolved and the identification with
the Herschel-identified source is not unambiguous, we do not include it in the sample
studied in Sect. 8.5. The two Herschel-identified point-like sources north-east of the arc-
like nebula that are also detected as bright sources in the M1pPs maps are J103810.2-584527
and J103807.2-584511, both have no clear NIR counterparts. A similar case is J103754.0—
584614, which has a very faint nebulous NIR counterpart in the VISTA image. All three
are also detected as point-like sources in our IRAC images. They are included in Table 8.2,
but only for J103807.2-584511 we obtained the model parameters listed in Table 8.3 as
for the others the quality of the SED fit was not sufficient. Additionally, all three sources
described are classified as Class1 sources from WISE data.

In the south-western part of this extended C'®O clump, Yonekura et al. [2005] detected
a compact (r = 0.27pc) H3CO* clump (their clump No. 2); with a central density of
n(Hz) = 6.8-10* cm 3 this is the densest of all the clumps they detected in their survey of
the CNcC. The Herschel-identified point-like source J103750.8-584718 coincides with this

“We note that Yonekura et al. [2005] denoted these structures as ‘cores’; however, according to the
definition that cores are very compact clouds (with typical sizes of ~ 0.1 pc or less), out of which individual
stellar systems form, these clouds are better characterised as clumps (i.e. relatively large dense clouds
linked to the formation of small stellar clusters).
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WFI R band

~HD 303094

e

Figure 8.12: Cluster G286.38-0.26 from NIR to FIR. The large red ellipse marks the approx-
imate outline of the C'*O clump No. 6 [[YAK2005] C180 6; Yonekura et al.
2005]. The blue circle marks H'3CO™ clump No. 2 ([YAK2005] H13CO+ 2),
the green circle indicates the shape of the arc-like nebulosity visible in the
Spitzer IRAC images. [Image first published: Ohlendorf et al. 2013a]

clump. With IRAC, there are several small point-like sources seen to be coincident with
it and an identification is therefore impossible. An IRAC-detected source slightly to the
south-west of it, J103749.3-584722, is identified as a ClassI WISE cYSO.

This area also contains the A0 supergiant HD 92207. This star has a strong NIR excess,
was detected as a 12 um source with IRAS (IRAS10355-5828), and is seen as a point-like
source surrounded by nebulosity in the MipPS 24 um image. Neither the star nor the
surrounding nebulosity can be seen in the Herschel images.

Other structure

Towards the south-west of the Gum 31 shell, two nebulae are found, GN 10.34.5 and GN 10.31.8
(both are marked with white ellipses in Fig. 8.8). Both are very clearly delineated by c¢ysos
and coincide with two of the most conspicuous clusters in our field of view. GN10.34.5 is
visible in the Spitzer RGB image (especially the 4.5 um band) and seen in projection with a
dozen cYSOs. GN 10.31.8, on the other hand, is both larger in angular extent and coincident
with four times the number of c¢Ysos. It, too, is very conspicuous in the 4.5 um band.
There also is a smaller cluster of about two dozen IRAC point-like sources centred at
2000 = 10:38:03, 09000 = —58:55:09 within the Gum 31 shell. Immediately to its west
there lies molecular cloud No. 7 of Yonekura et al. [2005]. It is accompanied by emission
visible in the Herschel bands and a peculiarly green point-like feature in the IRAC RGB
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image, that is, strong emission in the IRAC 4.5 pm band.

In the distribution of IRAC-identified cySOs there is another notable cluster consisting
of 12 candidates to the west of the HII region around asggg = 10:34:27, d9000 = —58:46:45.
This region is devoid of MIR emission but is coincident with C*¥O clump No. 1 of Yonekura
et al. [2005] and FIR emission as traced by Herschel. The cysos are aligned along the
western ridge of the FIR cloud as seen in the Herschel image and even follow the shape
of its filaments, broadly in the shape of an arrowhead pointing eastwards. The northern
part is better aligned with the filament shape while the southern part is more randomly
distributed around the filament itself. The border is also traced by the Yonekura et al.
[2005] 13CO intensity contours. With the WISE classification, however, there is nothing
remarkable about that region. We find ClassI candidate J103423.7-584531 to the north
and Class II candidate J103424.6-584749 to the south, but no appearance of clustering.

North of the Gum 31 bubble, around «oggg = 10:37:36, d20090 = —58:26:36, there is a
cluster of stars clearly discernible in the IRAC image. It lies about 2’ to the south-west
of Yonekura et al. [2005] C'¥O clump No. 4. Around three dozen stars are seen within
this group in projection and it is also associated with a number of Herschel-identified
point-like sources. Two of them, J103739.6-582756 and J103741.7-582629, are part of the
sample analysed in Sect. 8.5. Few stars within or around this cluster are identified as
c¢Ysos with WIsE. J103736.3-582655 and J103741.9-582556 are the brightest stars in the
IRAC images of the cluster and both identified as Class1 candidates with WISE. There is
one more Class1 candidate and five ClassII candidates distributed fairly evenly over the
cluster.

There are several more minor clusters of ~ 5 cysos. Notably, these are always coincident
with local maxima in the Yonekura et al. [2005] C'0 maps.
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Release and as obtained from the 2mAss All-Sky Catalog of Point Sources.

Part One. 2mASS J, H and K band, WISE 3.4 um, and IRAC 3.6 um and 4.5 pm.

Table 8.2: Source fluxes as obtained in the Spitzer and Herschel bands, complemented with photometry from the WISE All-Sky Data

Source Fy Fy Fk, F34um F3.6um Fas5um
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
J103427.3-584611 - - 0.939 +£0.015 0.902 £0.033 2.395 +£0.033
J103557.6-590046 8.624 +£0.069 13.35 £0.11  12.380 £0.082 16.095 +0.061  &8.902 +0.037 -
J103643.2-583158 - 0.796 +£0.025 - 1.585 £0.026 1.226 £0.030
J103645.9-584258 2.245 £+0.019 2.112 +£0.018 1.352 £0.026 - — 0.336 £0.034
J103652.4-583129 - 0.843 +0.030 4.629 £0.046  14.790 £0.030  67.070 £0.030
J103700.9-583237 - - 8.596 £0.067  5.908 £0.030 17.420 £0.026
J103703.6-584751 0.711 £0.020 2.610 £0.036  5.281 40.036 5.753 £0.077  20.540 +£0.029 28.310 +£0.031
J103726.7-584809 - - - - - 0.359 £0.024
J103737.3-584700 0.580 +0.021  0.873 £0.022 - 1.925 £0.026 6.835 +0.029
J103739.6-582756 - - - - 3.464 +£0.026
J103741.7-582629 - - - - 0.659 £0.030
J103754.0-584614 - 0.876 +0.031 5.03 £0.15 9.175 £0.029 44.960 £0.030
J103804.9-585533 - - 30.11 +£0.17 50.610 +£0.024 158.300 +0.033
J103806.6-584002 1.119 £0.033  4.066 40.039 8.316 £0.047 9.277 £0.024 13.320 £0.035
J103807.2-584512 - 8.309 £0.065 92.87 +£0.31 82.700 £0.025 129.100 £0.032
J103810.2-584527 - - 7.343 £0.073  12.330 £0.024  50.940 £0.029
J103842.1-584437 2.376 £0.026  12.26 £0.074 51.46 +£0.19 — 68.850 +0.030

OIS0 [ WINE) oY) Ul SIv)S SUNOA SULIDAOISI(] §

Notes. The given uncertainties are the individual photometric measurement uncertainties only, as derived (for IRAC and MIPS) or as obtained

from the catalogue (for 2MAss and WISE). For Herschel we did not obtain an uncertainty from photometry, but use an estimated total uncertainty
of 20%.
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Table 8.2: Part Two. WISE 4.6 um, IRAC 5.8 um and 8.0 um, WISE 12 um and 22 pm, and Miprs 24 um.

Source Fa6um F58um Fg.0um F12 um F29 um Fogpym
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
J103427.3-584611  5.173 £0.023 2.84 +0.13 2.21 £0.11 — 188.04 +0.42 —
J103557.6-590046 15.002 £0.051 - 70.36 +£0.13 177.29 £0.27 344.38 £0.46 -
J103643.2-583158 - - - - — -
J103645.9-584258 - - - - - -
J103652.4-583129 64.47 £0.19 162.60 £0.12 197.00 £0.11 77.32 £0.39 623.2 +1.9 755.35 +0.14
J103700.9-583237 26.02 +£0.10 — — 486.49 £0.48 1171.2 £+1.3¢ 395.42 +£0.14
J103703.6-584751 10.379 £0.070  35.55 £0.15 25.51 £0.13 - 257.42 +£0.61  181.70 £+0.13
J103726.7-584809 - - - - - -
J103737.3-584700 — 17.14 £0.14 27.08 +£0.11 — 631.3 £2.6 149.17 £0.14
J103739.6-582756  4.411 £0.026 7.78 +0.13 5.47 £0.13 - 164.83 +£0.38  245.81 £0.14
J103741.7-582629 — — — — — —
J103754.0-584614 67.63 £0.24 113.80 £0.13 135.80 £0.13 134.2 £1.4 1146.7 £2.4 858.43 +0.14
J103804.9-585533  211.13 +£0.52 309.70 £0.14 364.000 £0.099 81.48 +0.80 2197.1 £1.2 -
J103806.6-584002 12.363 £0.059 17.23 £0.12 18.75 £+0.14 60.29 +0.34 158.6 £2.2 -
J103807.2-584512  186.10 £0.46  286.30 £0.15 526.00 +£0.14 664.2 +1.1 2409.2 £1.9  1436.24 +0.14
J103810.2-584527 50.23 £+0.16 151.40 £+0.13 245.00 +0.15 276.9 +1.1 843.8 +£1.9 1814.13 +0.14
J103842.1-584437  112.14 £0.29 111.60 £0.11 146.40 £0.14 269.07 £0.88 714.2 £1.4 505.00 +£0.13

Notes. The given uncertainties are the individual photometric measurement uncertainties only, as derived (for IRAC and MIPS) or as obtained
from the catalogue (for 2mass and WisE). For Herschel we did not obtain an uncertainty from photometry, but use an estimated total uncertainty
of 20%.

(@) The extremely high 22 um flux compared to the 24 um flux is probably due to the source’s close proximity to a much brighter point source the
contribution of which might not fully have been removed in the WisSE All-Sky Data Release.
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8 Discovering young stars in the Gum 31 region

Table 8.2: Part Three. PAcS 70 um and 160 um, and SPIRE 250 um, 350 pm and 500 pum.

Froum Fieopm F2s0pm  F3s0pm  Fs00um
[Jy] [Jy] [Jy] [Jy] [Jy]

J103427.3-584611  15.8 11.0 10.7 12.2 4.47
J103557.6-590046  4.03 7.63 6.09 - -
J103643.2-583158 - 22.6 14.4 21.2 -

Source

J103645.9-584258 - - 9.50 8.54 2.69
J103652.4-583129  21.3 13.9 11.2 - 11.2
J103700.9-583237 - 19.1 19.9 11.2 6.96
J103703.6-584751  1.32 6.72 10.8 6.32 2.89
J103726.7-584809 - 12.2 11.6 9.68 7.10
J103737.3-584700 - 314 28.1 29.8 18.4
J103739.6-582756 - 7.68 14.1 12.0 5.68
J103741.7-582629 - 11.1 11.4 9.05 6.68

J103754.0-584614  9.03 35.8 79.6 40.7 32.4
J103804.9-585533  5.91 19.8 11.8 9.01 6.23
J103806.6-584002 - 10.6 13.1 5.70 2.09
J103807.2-584512  15.2 35.1 26.8 - -

J103810.2-584527  6.32 23.6 43.0 46.2 54.2
J103842.1-584437  24.1 14.8 15.4 10.2 5.63

Notes. The given uncertainties are the individual photometric measurement uncertainties only,
as derived (for TRAC and MIPS) or as obtained from the catalogue (for 2mMAss and WISE). For

Herschel we did not obtain an uncertainty from photometry, but use an estimated total uncertainty
of 20%.

8.5 SED modelling for sources with both Herschel and Spitzer
counterparts

Using our Herschel and Spitzer catalogues, we were able to identify those sources that
are detected as point-like sources in both wavelength ranges. For Herschel we applied the
restriction that the sources had to be detected in at least three of the five bands, bringing
the total number down from 91 sources detected in at least two bands to 59. This results
in 17 sources overall that can be identified in at least three Herschel bands and at least
one of the IRAC bands. We then compared these identifications to the MipPs image and
performed photometry as described in Sect. 8.2.1 for those nine sources where we could
identify a M1PS counterpart.

To extend the wavelength range of our observations, we additionally matched the point
sources analysed here with sources from the 2mMAss [Skrutskie et al. 2006] All-Sky Catalog
of Point Sources [Cutri et al. 2003]. This was performed applying the same strategy as
for the inter-band matching within the IRAC sources (Sect. 5.4.2), using only sources with
quality flags A to D. We then repeated this process with the WISE catalogue, where we
selected only those sources that had a SNR larger than 5. A detailed overview of all
photometric data assembled is given in Table 8.2. WISE 22 pum and Mips 24 um fluxes
show some incongruity, however, there is no underlying pattern as to what in the environs
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8.5 SED modelling for sources with both Herschel and Spitzer counterparts
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Figure 8.13: Spectral energy distributions of those objects for which we could determine
fluxes with at least three Herschel and one Spitzer IRAC band. Filled cir-
cles mark the input fluxes. The black line shows the best fit, and the grey
lines show subsequent good fits. The dashed line represents the stellar pho-
tosphere corresponding to the central source of the best fitting model, as it
would appear in the absence of circumstellar dust (but including interstellar
extinction). [Image first published by Ohlendorf et al. 2013a]

of the source may have influenced the photometry. This does not, however, influence the
findings from the SED fits. In the two cases where the 22 pm flux appears unduly high
compared to the 24 pm flux and an SED fit is performed, leaving out one or the other from
the fit has little or no influence on the best-fit model.

8.5.1 Modelling of the SEDs

For SED-fitting we used the online tool of Robitaille et al. [2007].” This tool compares the
input observational data with 200 000 SED models for YSOs that were precomputed using a
2D radiative transfer code by Whitney et al. [2003]. These models have a wide parameter
space for the properties of the central object and its environment.

For the fits, the distance to all objects was assumed to be 2.3kpc (cf. Sect. 8.3), and
the interstellar extinction range was restricted to Ay = 0...40mag. We assumed an

"http://caravan.astro.wisc.edu/protostars/sedfitter.php
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8 Discovering young stars in the Gum 31 region

uncertainty of 20% for all Herschel fluxes. For 2MAss, Spitzer and WISE fluxes in addition
to the individual photometric measurement uncertainty as given in Table 8.2 we assumed
a further systematic uncertainty of 10% due e. g. to the reliability of flux calibration. For
IrRAC, photometry varies by up to 10% due to the position of the point-like source within
the detector array and though appropriate corrections were applied in the process, this is
an additional source of uncertainty.

In addition to the best-fit model, we show the range of possible parameters that can be
derived from models within the range of y%/N — X%est /N < 2 (with N representing the
number of data points). These models are shown as grey lines in the plots in Fig. 8.13.
The resulting model parameters are listed in Table 8.3. It gives the best-fit value together
with the range constrained by the above x? criterion. The resulting SEDs are shown in
Fig. 8.13. We only use fits where x?/N for the best-fit model is smaller than or equal to
10.0.

8.5.2 Results of SED modelling

As explained in Sect. 7.4.1 we restrict our analysis to a few selected parameters that can
be determined relatively well from the fits. These are the total luminosity, the stellar
mass, and the mass of the circumstellar disk and envelope.

The best-fit masses as listed in Table 8.3 are between 1.7 M and 6.6 M and even the
extremes of the ranges do not exceed 1.2 Mg, to 7.3 M. The majority of luminosities are
to be found in a range of ~ 100-300 L, with two notable exceptions well below that at
38 L and 42 L), respectively, and one exceptionally luminous source at 890 L, best-fit
value, corresponding with the highest best-fit stellar mass in our sample. Whereas four of
the ten sources sampled here exhibit best-fit envelope masses of 190 M, or higher, three
are at < 100 My and two lower than 50 M. The disk masses span a range of about
one order of magnitude between ~ 0.01 Mg and ~ 0.1 Mg. The highest-mass star in the
sample is the notable exeption with a disk mass of ~ 0.001 M.

In a large-scale view it is immediately noticeable that all but two of the sources for
which Herschel counterparts to Spitzer point-like sources are detected are to be found
within the Gum 31 bubble. Although the field of our study stretches further out especially
to the west, only two sources are found outside the bubble. These are J103557.6-590046
and J103427.3-584611.

J103806.6-584002 is remarkable in that contrary to the vast majority of objects it is
not located in the rim of the bubble but within the bubble itself, being the only specimen
in our sample. It is placed in the very head of a pillar-like filament that extends from the
southern rim of the bubble into it (cf. Fig. 8.9). With the methods employed in Sect. 8.4
we classify it as a WISE Class I candidate and an IRAC cYsoO. In the Herschel images the
filament is rather faint, but J103806.6-584002 itself is clearly visible as a point-like source.
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Table 8.3: Model parameters for the sources in Gum 31 as obtained from the Robitaille et al. [2007] models.

Source Stellar mass Disk mass Envelope mass ~ Total luminosity =~ Best-fit 2

[Me)] [Mo)] [Mo)] [Lo] model N

[5.8 - 7.3] 1.02-107! [4.30-1073 — 1.02-107!] 110 [110 —170] 320 [320 —400] 3003596 6.9
[1.2-2.0] 3911072 [1.76:107% -~ 3.91-1072] 27  [4.2-60] 42 [27 — 68] 3015149 5.5
J103645.9-584258 4.2 [3.9-5.2] 9.61-1072 [1.09-107% — 9.61-1072] 46 [18 —46] 160 [140 — 190] 3006782 8.2
J103726.7-584809 6.0 [2.6 — 6.0] 2.64-1072 [1.05-107% — 1.53-10'] 310 [160 — 310] 190  [94 — 190] 3008699 2.6
J103739.6-582756 5.8 [3.9-6.9] 2921072 [2.21-107% — 2.16-107!] 190 [140 — 410] 240 [160 — 360] 3009009 4.8

[ ] [ '] ] ]

[ ] [ ’] ] ]

[ ] [ '] ] ]

[ ] [ '] ] ]

J103427.3-584611 5.8
J103557.6-590046 1.7

J103741.7-582629 3.4 [2.6 —6.0] 9.53-1072 [1.62:1073 — 1.53-10~ 250 [160 — 310 94 94 -190] 3005296 2.8
J103806.6-584002 1.7 [1.7 —2.6] 4.57-102 [1.34-1072 — 4.57-10~ 120 [52 - 120 38 [38 — 58] 3016199 8.8
J103807.2-584512 6.6 [1.7-7.3] 6.77-10~* [6.77-10~* — 5.06-10~ 130 [5.3 —-310] 890 [220 —890] 3010777 7.8
J103842.1-584437 3.5 [1.7-3.9] 1.03-1072 [6.45-1073 — 1.97-10~ 220 [13-220] 170 [130 —190] 3011717 6.6

Notes. For every model parameter the best-fit-value is given in the respective first column, followed by a range defined by the minimum and
maximum value obtained from models constrained by a x? criterion. The second-to-last and last columns give the identifier of the best-fit model
and its reduced x? (x?/N, with N representing the number of data points).
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8 Discovering young stars in the Gum 31 region

Figure 8.14: The known HH jets and their probable sources as seen in four different wave-
lengths. From left to right: HST RGB image (red: Wrpc2 SII filter (673 nm),
green: Acs Hoa +NI1I filter (658 nm), blue: Wrpc2 OIII filter (502 nm); im-
age credit: NAsA/EsA/Hubble Heritage Team (STSc1/AURA)), Spitzer IRAC
RGB image with 3.6 pm in blue, 4.5 um in green, and 8.0 um in red, Herschel
Pacs 170 um image and VisTA H-band image. The yellow or blue arrows
indicate the broad shape and direction of the outflow in question, white let-
ters mark their features as described by Smith et al. [2010a]. The probable
IR-identified sources are marked at their Spitzer coordinates with circles in
yellow or blue. [Image first published: Ohlendorf et al. 2013a]

8.6 Sources of HH jets

In Chapter 7 we traced a number of HH jets identified in the CNC by Smith et al. [2010a]
back to their protostellar sources. Smith et al. [2010a] also identify two HH jets and two
HH jet candidates in the Gum 31 bubble. It should be remarked that the HST images on
which the Smith et al. [2010a] study is based cover only a very small area of the entire
Gum 31 region. A search for jet objects like MHOs as done in Chapter 7 was not possible
here because the HAWK-1 data do not extend so far out of the central CN. Due to the
small sample size and its very limited spatial dimensions, we cannot draw any conclusions
about the distribution or likely number of all jet-driving protostars within the region.

As can be seen in Fig. 8.14, the jet HH 1002 is almost perpendicular to the ionisation
front. It shows a number of distinct features, marked by Smith et al. [2010a] as A, B
and C and labelled thus in our figure. Smith et al. [2010a] remark that in the 2MASS
images they detect a very likely source located at aoggg = 10:36:53.9, dop00 = —58:37:19.
This matches almost exactly with the location of the object identified in IRAC images
that is most likely to be the source of the jet: J103654.0-583720, which we classified as
being a cyso through its WISE and IRAC infrared excesses in Sect. 8.4.1. The Herschel
observations trace the ionisation front well, but show no point-like source to be coincident
with J103654.0-583720. Therefore it could not be included in the SED-based analysis in
Sect. 8.5.
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8.7 Discussion

HH1003 has a more complicated structure and Smith et al. [2010a] discuss it as possibly
being a two-part object, made out of two jets in close association. Tracing back the
direction of the bow shocks in Fig. 8.14, we find two point-like sources in the IRAC images
that are very probably the sources of two different jets. One of them, J103652.4-583809,
associated with features A and B, is identified as a cySO from the WISE and IRAC colour-
colour diagrams, while the other is an IRAC cYsO. Both are coincident with faint sources
in the 2MASS images. Again, the Herschel image shows no point-like sources.

The two candidate outflows, HHc 1 and HHc2 (not to be confused with HHc1 and HHc 2
within the extent of the central CN which were included in the study in Chapter 7, could
not be traced back to any IR sources within the scope of our study. Following the axes of the
jets, we cannot identify any likely emitting sources within their immediate surroundings.

8.7 Discussion

In this chapter we analysed Spitzer, WISE, and Herschel data to investigate the cloud
structure and the young stellar population in and around the Gum 31 nebula. These data
provide considerably better sensitivity and spatial resolution than the data sets previously
available.

The Herschel FIR maps show that the bubble surrounding the Gum 31 nebula is con-
nected to the central parts of the CN. This adds strong direct support to the assumption
that Gum 31 is actually part of the CNc, as is also suggested by the matching C'®0O radial
velocities measured by Yonekura et al. [2005] and other recent distance determinations
(cf. Sect. 8.1).

The bubble itself has a very sharp western edge, where the column density derived
from Herschel measurements rises abruptly by at least an order of magnitude. The dust
temperatures range from < 20K in the dark clouds surrounding the HII region to ~ 30 K
in the HII region and up to =~ 40 K near the location of the O stars.

The very small excess fraction seen for the MIR sources in the central stellar cluster
NGC 3324 (= 0.5%) suggests that it is at least several Ma old already. For the whole Gum 31
region, the Spitzer and WISE data reveal about 300/660 cysos. These objects are most
likely ClassI protostars or Class II sources of solar to intermediate mass. The 59 FIR point-
like sources revealed by the Herschel data are either pre-stellar cores or embedded (Class 0)
protostars. This means that they trace a younger population of currently forming stars.
The spatial distribution of the ¢ysos is highly non-uniform. We expect a contamination
of around 18%, so most of the widely distributed YSO population we see is probably due
to back- and foreground stars. Those unrelated stars would be expected to be distributed
homogeneously. Many cysoOs are found in rather compact clusterings. A considerable
number of them, on the other hand, is found at the inner edge of the dusty bubble
surrounding the HII region. The Herschel-identified point-like sources in particular trace
the edge of the bubble.

This led us to assume a ‘collect and collapse’ scenario driven by the O stars within the
cluster [Whitworth et al. 1994], resulting in an expected bubble size of 9-11 pc for an age of
1.5-2.0 Ma. This agrees very well with the ~ 10 pc diameter observed. We find four c¢ysos
in the very tips of small pillars extending from the bubble rim (cf. Fig. 8.9), suggesting
radiative triggering processes very similar to what is observed in the South Pillars [Smith
et al. 2010a, Gaczkowski et al. 2013].
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8 Discovering young stars in the Gum 31 region

We conclude that two different modes of triggered star-formation occur simultaneously
in the Gum 31 region: ‘collect and collapse’, as evidenced by the bubble size and the cysos
in its rim, and radiative triggering, as evidenced by ¢YSOs in the heads of pillars.

We construct the NIR to FIR SEDs of 17 cYSOs and estimate basic stellar and circumstellar
parameters by comparison to radiative-transfer models with good-quality fits for nine of
them. All these cysos are of moderate luminosity (L < 900 Lg), clearly suggesting that
they are low- or intermediate-mass objects (M < 7 Mg). This agrees with the results from
our analysis of the cYsos in the central parts of the CNC [Gaczkowski et al. 2013], where
we found that no high-mass stars are currently forming.

We identify the driving sources of two Herbig-Haro jets in the western rim of the Gum 31
bubble. These sources are also identified as ¢Ysos by applying colour-selection criteria to
IrRAC or WISE photometry data.

From the total number of cysos observed and the IMF [Kroupa 2002] we can estimate
a total young stellar population for the Gum 31 region. Our detection limit for ¢Ysos is
about 1 Mg and following the IMF there should be eight times as many stars below this
mass (> 0.1 M) as above it. Correcting the number of ¢ysos given in Sect. 8.4.1 for the
contamination estimated there, this gives a number of ~ 5000 young stellar objects in the
region.

A more detailed investigation of the star-formation history in this area requires a reliable
identification of the individual young stars. While the infrared data presented here can
reveal protostars and young stars with circumstellar disks, most of the slightly older (2
2Myr old) stars cannot be detected by infrared excesses. Our very recent Chandra X-
ray observations of the Gum 31 region, NIR observations with VISTA and other ongoing
observations will allow us to finally identify these stars, too. This will constitute the basis
for a comprehensive multi-wavelength study of this interesting region, in a way similar
to the recent studies of the young stellar populations in the central parts of the CN [see
Townsley et al. 2011b, Preibisch et al. 2011a, Wang et al. 2011, Wolk et al. 2011, Feigelson
et al. 2011].
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9 Clustering properties of the young stellar
population of the Carina Nebula Complex?

The cYsos catalogue assembled from IRAC observations in Chapter 5 and Chapter 6, the
Sycc, has not been fully analysed in Chapter 7 and Chapter 8, which each concentrated
on a specialist topic and a sub-sample of the young stars in the region. It has thus not
been used to its full potential.

Compared to other Spitzer MIR studies of the CNC [e. g. Smith et al. 2010b, Povich et al.
2011a], this is the first large study encompassing all the CNc¢, including Gum 31 and the
adjacent fields. Previous studies, in the MIR as well as in other wavelength ranges, usually
concentrated on a small region within the CN, such as the South Pillars. We compiled
Spitzer data of the entire region, especially stretching out towards the underrated Gum 31
region, and thus are able to complement those in-depth studies with a large-scale overview
that shows up the patterns of star-formation in the complex and also allows the comparison
of observations with other instruments (e. g. the comparison to the cysos derived from the
WISE catalogue) and in other wavelengths. The latter can only be touched in this work but
is done in depth within our research group, by comparing new data from instruments as
different as Chandra [Preibisch et al. 2011a], HAWK-I [Preibisch et al. 2011b,c], VISTA [e. g.
Zeidler 2013, and upcoming publications by Preibisch et al. and Zeidler et al.|, Herschel
[Preibisch et al. 2012, Gaczkowski et al. 2013, Roccatagliata et al. 2013], and LABOCA
[Preibisch et al. 2011d, Pekruhl et al. 2013] and combining these with observational data
obtained from catalogues and archive data, such as is done here for Spitzer and WISE.
The work presented here is an integral part within this larger frame.

In this chapter, we will use the Sycc to analyse the large-scale YsSoO population of the
CNcC and explore its clustering properties. We can compare this to previous studies of
YSO clusters and make inferences about the young stellar population itself.

9.1 How many cYSOs are indeed YSOs?

As described in Sect. 6.4 and Sect. 8.4.1, we expect a high degree of contamination for
our sample of cysos. For Gum31l we estimated it to be ~ 18% for the Wisk-selected
vso sample. To be able to work reassuredly with the Sycc, we need to estimate its
contamination in order to assess its trustworthiness.

We perform a similar comparison with the full Sycc as we did in Sect. 8.4.1 for the
Wisk-selected sample. To this end, we use the same region that we also used in Sect. 8.4.1:
Circular with a diameter of 30’ and centred at xggog = 10:51:52.5, do9g9 = —59:14:30. The
second region we identified as suited to the analysis in Sect. 8.4.1, i.e. as free of IR sources,

"Major parts of this chapter are contained in a paper submitted to The Astronomical Journal [Ohlen-
dorf et al. 2013b] written in close cooperation with Thomas Preibisch, Veronica Roccatagliata and Thorsten
Ratzka.
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9 Clustering properties of the young stellar population of the Carina Nebula Complex

Figure 9.1: Comparison regions to correct for YSO catalogue contamination. The orange
circle shows the region which we define as ‘contaminants only’ and against
which we tested. The blue circles are the central CN (below) and Gum 31
(above). The red (ClassI) and green (ClassII) boxes are the Sycc. In yellow
we show the C'80 contours of Yonekura et al. [2005]; the background image
is an IRAC 4.5 um image.

Ho and CO emission, is unfortunately almost entirely outside the area of the Sycc. Within
the circle defined above we count N = 35 cYSOs in an area of A = 2827.4 arcmin?. This

results in a cYSO density % = 0.0124 arcmin™? ~ 45 deg 2.

In the entire catalogue region, N = 759 c¢ysos are found in an area of A = 24840 arcmin?®

(2.3° x 3.0°), thus yielding % = 0.0306 arcmin~2 ~ 110deg~2. This would mean a back-
ground contamination of around 40%. This number seems very high, but one has to
consider that this is averaged over the entire region, containing those fields with very
high background (expected outside the nebular regions) as well as those where a high
YSO density is indeed expected. It even emcompasses the test region which we defined as
containing only contaminants just now.

If we limit the test region to an area where we expect a high degree of star formation
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9.2 Combining the MIR-selected samples with a Herschel sample of prestellar objects and protostars

to be taking place—that is, the central Carina Nebula region including the clusters Tr 14
and Tr16 —things look very different. We chose a circle of 30’ diameter centred on
o000 = 10:45:01.1, 899990 = 59:51:01 in which 274 cysos are found. This yields % =
0.0969 arcmin—2 ~ 349 deg ™2 and thus an estimated contamination of only ~ 13%. This
is, of course, an extreme case, but it shows well how strongly the contamination factors
vary over the CNC.

For a 30’ circle around Gum 31 centred on ooy = 10:37:54.0, d2000 = 58:40:02, we
find 165 cysos, which results in % = 0.0584 arcmin~? ~ 210deg 2. Assuming that no
real YSOs are placed in the test region sample, this yields an estimated contamination of
~ 21%.

Averaging over Gum 31 and the central CN yields ~ 16% (0.0776 arcmin~2 ~ 280 deg™2).
Comparing those to the ~ 18% derived for the Wisk-selected YSO sample in Sect. 8.4.1, it
seems that the methods for cleaning and restricting the Sycc described in Sect. 6.2 have
indeed yielded a catalogue that in its reliability is comparable to the catalogue of YSOs
selected from the WISE catalogue.

9.2 Combining the MIR-selected samples with a Herschel
sample of prestellar objects and protostars

The Herschel study of Gaczkowski et al. [2013] has been heavily relied upon in Chapters 7
and 8. It revealed the very young stars and protostars in the CNC. As described in
Sect. 8.4.2, we accept a point-like source as a protostar if it has a detection in the 70 um
band, otherwise we regard it as a pre-stellar object. So far, we have used the Herschel
data for the Gum 31 region for which it was first presented by Ohlendorf et al. [2013a,
cf. Chapter 8|, but the field covered by Herschel maps is much larger. Together with the
cYsoOs selected by their IR excesses detected by IRAC and WISE, I will use the full sample
of Gaczkowski et al. [2013] in this chapter to describe the young stellar population of the
CNc.

In Fig. 9.2 the Herschel-identified point-like sources are contrasted with the Sycc c¢ysos
from IRAC observations. It is clear that both studies trace different populations. This is
not surprising, since the Herschel point-like sources are systematically younger than those
selected from the Spitzer catalogue. As explained in Sect. 4.2.1, this is due to the shape of
the SEDs of pre- and protostellar cores, which have their peaks in the FIR while being faint
in the MIR. Consequently while Herschel detects the very young objects, even before the
cores form stars, Spitzer, as shown in Sect. 2.1, traces predominantly ClassI and ClassII
YSOs.
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Figure 9.2: Sycc cysos (boxes) and Herschel-identified pre- and protostellar objects (circles). The figure shows the central part of
the CN in 8.0 um. The red boxes are Class candidates, the green boxes ClassIl candidates from the Sycc. Circles in
cyan mark pre-stellar objects and circles in magenta protostellar objects identified with Herschel.
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9.3 Finding clusters

9.3 Finding clusters

9.3.1 How to identify YSO clusters?

Although just looking at the distribution of YSOs on the sky gives a broad idea of where
clusters occur, it of course an extremely biased and subjective method. As shown in the
following, an unbiased search for clusters reveals structure that would otherwise have been
overlooked.

Clustering studies of stellar populations are a staple of analysis [for the CNC cf. e.g.
Rathborne et al. 2004, Feigelson et al. 2011 and there are a number of tools to perform it
with. Here I choose two conceptually very similar methods to determine the cySoO density:
A simple density computation within a rectangular area that I dubbed the ‘box’ method
and a more sophisticated nearest-neighbour algorithm.? The study of Schmeja [2011]
showed that both densities from star counts (the ‘box’ method) and nearest-neighbour
searches are apt for showing up clusters of lower densities. A low density is indeed what
we can we expect, owing to our small sample. The authors recommend both methods for a
case like the CNC because they did not find general differences in performance. Computing
time in our study is not an issue due to the small number of sources and as Schmeja [2011]
suggested, I compared the methods for our individual case to make a choice.

The ‘box’ method

To employ the ‘box’ method, a user-defined grid (INga X Npec steps in right ascension and
declination) is overlaid on the sample area. On each of the grid points, the cyso density is
computed within a user-defined box centred on the grid point. This is then mapped onto
a contour plot. In this way, density maps on different spatial scales can be derived. There
is, however, no smoothing employed and consequently the ‘boxy’ shape of the contours
shines through. Furthermore, the results depend very strongly not only on the box size
chosen but also on the grid employed, as can easily be seen by comparing Fig. 9.3 and
Fig. 9.4. Both parameters need to be matched carefully to yield a meaningful plot.

As the equatorial coordinate system is a spherical system, equal distances in right as-
cension at different declinations do not map into equal distances on the sky. Therefore,
this method of density estimation would introduce a slight error if the boxes were kept the
same throughout. The distances between the grid points are not equal at the lowest and
the highest declinations and neither would be the sizes of the density integration boxes.
This is accounted for in the maps shown by scaling the size of the density integration box
appropriately with the current declination.

The nearest-neighbour method

These shortcomings are avoided using the nearest-neighbour method that is one of the
standard methods in clustering analysis. For each source, the distance to its neighbours is
determined and the distance to the n-th neighbour, with n chosen by the user, is used as the
reference for density calculations. Here I choose the fifth-nearest neighbour throughout.
Thus, the density at the point of each c¢yS0 is calculated from four objects® within a circle

*Both were implemented using Interactive Data Language (IDL) programs.
3The fifth-nearest neighbour itself and the centre are disregarded [Casertano and Hut 1985].
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Figure 9.3: Density of Sycc cysos in the CNc, derived on a large scale. The method
used to derive this image was the ‘box’ method (grid intervals 80 x 35, box
size 0.25° x 0.25%). The central coordinates of the clusters Tr 14, Tr15, Tr 16,
and NGC 3324 are marked in green for orientation. The pink marker shows the
position of the Treasure Chest cluster and therefore roughly the centre of the
South Pillars region.

with the radius of the distance of the fifth-nearest neighbour. The relevant formula is

j—1

2

1y = (9.1)

where s; is the distance to the j-th neighbour and p; is the resulting surface density
estimator [Casertano and Hut 1985].

For a smoother plot, a Gaussian distribution with the distance to the n-th neighbour as
the standard deviation was overlaid on each ¢YSoO position. The nearest-neighbour method
is far less dependent on parameter choice and, with the additionally applied Gaussian
smoothing, yields smoother maps than the box method.
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Figure 9.4: Density of Sycc c¢vysos in the CN¢, derived on a small scale using the ‘box’
method. The figure is identical to Fig. 9.3, but a smaller box was employed
to derive the density (grid intervals 150 x 66, box size 0.1° x 0.1°). The green
and pink markers are for the central coordinates of Tr 14, Tr 15, Tr 16, NGC 3324,
and the Treasure Chest cluster as in Fig. 9.3.

9.3.2 YSO density maps
The ‘box’ method

By varying the parameters of the box method two fundamentally different kinds of maps
can be retrieved: A large-scale overview that shows the basic structure of the CNC well
and a small-scale map that allows a more detailed view on the individual cyso clusters.

A large-scale map is obtained by chosing a broad-spaced grid (80 x 35 steps) and a
large density integration box (0.25° x 0.25°). This map is shown in Fig. 9.3. It shows the
overall structure of the Carina Nebula Complex very well: There is one concentration of
¢YsOs corresponding to the main Carina Nebula and associated with the known stellar
clusters Tr 14, Tr15 and Tr16. It is apparent from this map that the barycentre of the
¢Yso distribution is clearly placed in the South Pillars region.
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Figure 9.5: Density of cysos derived by a nearest-neighbour algorithm searching for the
fiftth-nearest neighbour. The grid was 500 x 222 steps and the contours were
smoothed employing a Gaussian. The green and pink markers are for the
central coordinates of Tri14, Tr15, Tr16, NGC 3324, and the Treasure Chest
cluster as in Fig. 9.3.

The second focus of ¢Yso distribution is Gum 31. As described in Chapter 8, the barycen-
tre is not coincident with the cluster NGC 3324, but slightly displaced from it towards the
north-east. The maximum density of ¢ysOs in Gum 31 is slightly lower than in the South
Pillars, but it appears as a prominent centre of star formation.

Outside these two main centres of star formation there are some further pockets spread-
ing out towards the edges of our study field. More detailed descriptions of these outlying
clusters can be found in Sect. E.2 in Appendix E.

A map with a much finer scale is obtained with a more finely spaced grid (150 x 66
steps) and a smaller density integration box (0.1° x 0.1°). This map, shown in Fig. 9.4,
yields much more detail than the one shown in Fig. 9.3. The trend of the distribution is
of course the same: A large clustering around the South Pillars and another in the region
of Gum 31.
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The nearest-neighbour method

The nearest-neighbour method produces a map that is strikingly similar to the one yielded
by the box method with small box and fine grid, which means that both methods confirm
each other. Shown in Fig. 9.5, it is the reference map for the detailed investigation of the
clustering properties of the sample below.

9.3.3 Defining clusters

From those maps, we now need a method to define stellar clusters. This method must be
objective and neutral for all of the region. By drawing a histogram of the YSO density as
shown in Fig. 9.6a, the differing densities within the map can be demonstrated visually.
The density computation is evaluated at the position of each known Sycc star, thus giving
a YSO density estimate for the environs of the object.

The alternative assumption to a clustering behaviour of stars of course would be a uni-
form distribution, where sources are placed randomly within the study field. This can be
easily simulated numerically and produces a steep rise and decline in the density histogram.
The histogram compiled from the real-life situation in the CNC shows essentially the same
behaviour up to a certain density, but above this number exhibits many measurements of
much higher density.

Contrasting the distributions as in Fig. 9.6a allows to define a density that serves as
the distinctive value above which we define clusters to lie. A conservative choice for the
case in hand, as illustrated by Fig. 9.6a, is 500 deg™2. At this point, we no longer expect a
contribution by any underlying random distribution. As we wish to have a reliable list of
clusters, we choose this conservative cutoff point even though values as low as 300 deg ™2
could probably have been argued for. At those low values, however, a contribution from
the spread-out population cannot be excluded even though it probably is low.

The cysos identified as having a density above the cluster limit are shown in Fig. 9.6b
in red. We find 301 of those, clearly outlining the South Pillars on the one hand and
Gum 31 on the other hand. There are a number of small clusters outside these areas, most
notably Cluster No. 7 described in Sect. 9.4.1. Typically, these clusters consist of a few
stars only. Compared to other studies, e.g. the one by Feigelson et al. [2011], where there
are mostly between 30 and 100, and up to 1378, stars per cluster, these numbers are very
small. This is due to the conservatively selected Yso catalogue that forms its basis and
has a low overall density of stars to begin with.

We find ~ 40% of the cysos (301/759) to occur in clusters. The distributed population
includes ~ 50% of the cysos. Their position in the histogram (Fig. 9.6a) is well in
agreement with those drawn randomly from a uniform distribution. The remaining ~
10% lie between the intersection point of the curves (~ 300deg™2) and the cluster limit
(500 degfz). These are, as per our definition, not in clusters; but roughly half of them also
lie above the amount expected from a distributed population. Within our uncertainties
(e.g. boundary effects due to stars that cannot have close neighbours because they lie at
the boundaries of the field), these remain in an ambiguous position.

We demand for a cluster to contain three or more sources with densities above the
cluster limit. The clusters are often well-delimited by their spatial position alone (e.g.
Clusters No. 9, 10 or 23 in Fig. 9.8). They appear as close conglomerations in the map
in Fig. 9.6b and the density contours encircle then, clearly marking them as local density
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(a) The histogram does not show densities of more than 2000 deg ™2, which excludes 69
sources. For comparison, the blue line shows the same number of stars as randomly
drawn from a uniform distribution. The green line shows the same distribution,
but scaled down to meet the peak of the real distribution. The red vertical line
drawn at 500 deg™? illustrates the cutoff we define for clusters.
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(b) The plot, similar to Fig. 9.5, shows the Sycc stars with density contours.
The stars highlighted in red are those for which the local density exceeds
500 deg ™2, i.e. those defined as belonging to a cluster.

Figure 9.6: Identifying vSO clusters from the positions of the SYCc stars using the nearest-
neighbour method.

146



9.4 Investigation of the clusters

maxima. In some cases, matters are slightly more complicated. The contours suggest a
density minimum between two maxima, but it does not appear to be so deep as to present
two clearly distinct clusters. In these cases, the decision of keeping them as one cluster
(as for Cluster No. 15) or splitting them in two (as for Clusters No. 3 and 4) is taken by
the spatial layout of the stars and by their context. In the case of Cluster No. 15, it is
associated with the known cluster Tr 15. It is sensible to assume that the YSOs, as long as
they show no explicit deviation, also exhibit one single cluster. In the case of Clusters No. 3
and 4 we also see Cluster No. 4 associated with NGC 3324, while Cluster No. 3 is situated
in the interior of the Gum 31 bubble.

The South Pillars present a challenge in this respect. Here, a high number of density
maxima is found in close conjunction. Again, the selection of clusters is done carefully by
the spatial distribution of the cysos. Some clusters, like Cluster No. 25, clearly stand out
while for example the separation of the long line of stars marked in red in the north-east
of the South Pillars is more challenging. In this case, Tr 16 can be seen to constitute Clus-
ter No. 16 while two separate conglomerations, Clusters No. 13 and 17, can be identified
to its south. Cluster No. 26 from its spatial appearance alone might be deemed as two
clusters, a larger one in the north-west and a smaller one in the south-east. Our density
contours, however, show no strong drop-off of density between those two entities, which is
why we assigned only a single cluster here.

In Table 9.1 the cysos clusters are listed. Because the contours are not a reliable
source for it owing to our low numbers of cYSOs per cluster, the size of the cluster was
then determined by the smallest circle that could encompass all cluster members. The
table lists the centres and radii for the clusters which we consequently defined always to
be circular. It also gives the number of Sycc sources found strictly within this circular
region. This strict definition might exclude physical cluster members, but provides us with
the only objective criterion to define cluster membership obtainable within the scope of
this study.

In Figs. 9.7 and 9.8 the positions of the clusters are shown on an IRAC image. In the
following sections we will refer to the numbers given to the clusters in the images and
table to enable orientation for the reader.

9.4 Investigation of the clusters

9.4.1 The Gum 31 region

The Gum 31 HII bubble and its environs have already been discussed at length in Chap-
ter 8. Despite their having been largely neglected by researchers in past years, as Fig. 9.3
shows they are a prominent star-forming region. Apart from the significant clusters de-
scribed here, there is also a number of small overdensities associated with the region. A
more detailed description of those can be found in Sect. E.1 in Appendix E.

An overview over the SYCC ¢YSOs in the region is given in Fig. 9.9, which is analoguous
to Fig. 8.8 showing the WisE-identified cYsos in the region. The SyCcC cYsSOs are overlaid
on an IRAC RGB image. The WISE-identified cYySos are also plotted as red (ClassI) and
green (Class IT) diamonds in Fig. 9.9, for comparison to the Sycc sample shown as squares
in the same colours.

While there are similarities, the two distributions appear different in a number of ways.
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(a) Schematic. The plot is based on Fig. 9.6b, highlighting the clusters.
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(b) Observation. The background image is IRAC 4.5 pm and the white circles mark the nominal
positions of the known clusters in the region.

Figure 9.7: The cYso clusters in the CNC as they are listed in Table 9.1 (yellow circles;
Clusters Nos. 9-29).
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(b) Observation. The background image is IRAC 4.5 pm and the white circles mark the nominal
positions of the known clusters in the region.

Figure 9.8: The cYSO clusters in the Gum 31 region as they are listed in Table 9.1 (yellow
circles; Clusters Nos. 1-8).
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Table 9.1: Clusters of IRAC cYSOs.

No Cluster centre Radius 2 of sources Known clusters
RA Dec [arcsec] X-ray IR®
1 10:37:41.5 -58:27:35 140 11 - - -
2 10:36:44.8  -58:28:50 90 4 - - -
3 10:37:51.5  -58:38:21 190 8 - - -
4 10:37:08.1 -58:36:51 175 19 - - -
5 10:39:34.3  -58:41:21 85 5 - - -
6 10:34:26.0 -58:46:56 89 5 - - -
7 10:38:08.3  -58:57:11 160 16 — - -
8 10:31:56.8  -59:08:42 115 7T - - -
9 10:41:35.1  -59:21:43 75 5 - - -
10 10:43:05.1  -59:25:08 185 9 @47, g77 P,Q7 -
11 10:43:52.3  -59:39:25 125 5 - - -
12 10:44:00.1  -59:46:01 335 17 - - -
13 10:45:29.3  -59:48:59 150 10 cl4 G? -
14 10:44:09.1  -59:33:18 280 17 ¢l - Tr14
15 10:44:39.1  -59:26:19 240 g BB Tr 15
g157, g19?
16 10:45:14.8  -59:43:11 190 11 cl12 - Tr 16
17 10:46:09.9  -59:51:23 150 10 — - -
18  10:45:10.1  -59:56:01 145 10 137 F -
19 10:44:34.3  -59:52:31 145 12 — D -
20%  10:44:12.5  -59:56:15 170 10 - B? -
20a 10:44:12.6 -59:55:44 165 7 - - -
206 10:44:21.1  -59:58:04 45 3 g137 B? -
21 10:45:41.6  -59:57:22 155 8 g217, g22 J? -
22 10:46:44.4  -59:58:22 210 12 - - -
23 10:48:23.4  -59:59:09 75 5 - - -
24 10:45:59.2  -60:02:54 175 13 cl6? K? -
25 10:45:08.4  -60:02:23 65 7T - - -
26 10:46:49.5 -60:08:10 230 18  g297 - -
27 10:46:02.5  -60:18:53 170 8 - - -
28 10:47:36.4  -60:26:24 95 5 - O -
29 10:36:47.5 -60:07:10 85 5 - - -

Notes. For the known clusters, a question mark denotes those cases where the cluster appears to
lie within the boundaries of our cluster, but their centres differ.

(@) The X-ray clusters of Feigelson et al. [2011, see Fig. F.1 in Appendix F] suggest that our
Cluster No. 20 might consist of two clusters, dubbed Cluster No. 20a and Cluster No. 20b here.
() Feigelson et al. [2011], ¢ denotes clusters (their Table 1), g groups (their Table 2)

(¢) Smith et al. [2010b], their Table 4, and Povich et al. [2011a]

150



9.4 Investigation of the clusters

Figure 9.9: ¢yS0s in the Gum 31 region. This figure is analoguous to Fig. 8.8 and shows
an IRAC RGB image. The red (ClassI) and green (ClassII) diamonds are the
Wiske-identified cysos (cf. Sect. 8.4.1), the squares are the cysos from the
Sycc. In both cases, Class1 sources are red, ClassII sources are green.

The WisE-identified ¢Ysos, for example, closely follow the edge of the bubble as described
in Sect. 8.4.3. In contrast to that, the Sycc cysos are more broadly distributed and
show less of a tendency to align with strong nebulosity. One striking point is that the
cluster NGC 3324 itself, which in Sect. 8.4.3 was described as being remarkably devoid of
cYSO0s, stands out clearly as a cluster of Sycc cysos. It is described in more detail in
Sect. 9.4.1. Just the same as with the WisE-selected cysos, we find a population of Sycc
cYsos aligned with the western rim of the bubble. There are, however, fewer sources in
the IRAC selection than the WISE selection. WISE has ~ 14, IRAC only six.

The two nebulae GN10.34.5 and GN10.31.8 that appear as clear clusters in the WISE-
selected cyso sample (cf. Sect. 8.4.3) are not conspicuous at all in the Sycc sample. In
fact, GN10.34.5 does not contain a single Sycc source.
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(a) Larger region.

(b) Close-up on the “question mark” structure.

Figure 9.10: Cluster No. 7. Upper left: Spitzer IRAC RGB image (red: 8.0 um, green:
4.5 um, blue: 3.6 um), upper right: Spitzer M1PS 24 um image. Lower left:
Herschel PAcs 70 wum image, lower right: Herschel SPIRE 500 um image. The
cYsos are marked by boxes, red for ClassI, green for ClassIl. The yellow
contours are identical to those in Fig. 9.5.
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The “Question Mark” cluster

The most apparent of the newly-discovered details in the region is Cluster No. 7 in the
outskirts of the distributed IR emission region associated with Gum 31, which appears
as the very dark (£ dense) feature south of Gum31 in Fig. 9.8a. On visual inspection
it appears unobtrusive and only came to our special attention in the clustering analysis
presented here. It clearly separates from the broad distribution associated with Gum 31
and has a cySoO density comparable to that of the South Pillars. It was noted in our
dedicated survey of the region (Sect. 8.4.3).

On closer inspection this cluster of cysos is associated with an intriguing IR feature.
The cyso distribution falls into two sub-clusters: One broadly delineating the shape of
an anchor towards the south-east of the IR feature and one directly associated with it.
The former is coincident with an overdensity of NIR point-like sources seen in the shorter-
wavelength TRAC images (Fig. 9.10a). In the MIps 24 um image a semi-circular shape can
be made out along which the southernmost five of the YSOs appear to be aligned and which
is also visible in the PACs 70 um image. In the SPIRE 500 um image the same shape is
visible, but shifted southwards compared to the lower-wavelength images. The remaining
four YsoOs, on the contrary, are aligned along a dark streak in the far 1R. All but one
cYSOs in this ‘anchor’ are classified as ClassII with IRAC, six—the potential ClassI YsO
among them—can be identified with a Mips point-like source. With WISE, only three of
these sources are detected. Notably, the IRAC ClassI candidate and its neighbour 7” to
the north, a ClassII candidate, appear to be unresolved with WISE, which finds a single
ClassI at an intermediate position.

The northern condensation of c¢ySOs is coincidental with a conspicuous IR feature that
exhibits broadly the shape of a question mark. The ‘dot’ of the question mark is a very
bright point-like source, visible from 3.6 um through 500 um. Both here and especially
in the 24 um image it is the brightest source by far in the vicinity. With Herschel it is
classified as a protostar and it is also a WISE Class1 candidate. In its immediate vicinity
there are five ¢YsOs in a tight bunch, four clearly corresponding to a M1pPs point-like source,
the fifth ‘drowning’ in the bright source’s PSF at 24 um. The sixth source is the only one
classified as Class] and appears as a bright point-like source in the 24 um image. It is
embedded in a bow-shaped feature (the ‘question mark’) that begins to be conspicuous
at 8.0 um and is visible into the FIR. In the 500 um image it is still very bright but not
resolved any more.

The vicinity of NGC 3324

The other outstandingly dense cluster of cySOs associated with the Gum 31 region appears
right inside the HII bubble, in close vicinity to the stellar cluster NGc 3324 (Fig. 9.11). It
is listed as Cluster No. 4 in Table 9.1.

Twelve cysos are found associated with the cluster. Only one of the Sycc cysos in
the NGC 3324 cluster was classified as a young star with WISE and there is one other WISE
cYSO in the vicinity, both ClassII. The SYCc c¢Ysos are also classified as ClassII, with one
exception right at the centre of the cluster. This shows that the catalogues derived from
IRAC and WISE observations seem to sample two different groups of c¢ysos. Evidence to
this effect is also found in other parts of the CNc.
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Figure 9.11: Cluster No. 4, associated with NGC3324. Image wavelengths, contours and
symbols are the same as in Fig. 9.10. The yellow diamond is placed at the
approximate position of NGC 3324.

Part of Cluster No. 4 (six cysos) is found in front of and just behind the ionisation
front. All but one of the sources were also classified as cysos with WISE, too, notably as
the same class but for one exception. The extended emission seen in the 24 um image was
described in Sect. 8.3 (cf. Fig. 8.2).

The cyso population within the inside of the Gum 31 bubble that is not associated with
NGC 3324 (east of it) also shows up as a loose cluster in the density map (Cluster No. 3).
It is also interesting to note that of the three Wise-identified cysos found in the heads of
pillars in the cavity (cf. Fig. 8.9), two are also classified as cYsos using IRAC (both ClassI
in both samples) and one is not.

G286.21+4-0.17

The cloud clump G286.21+0.17 was described in detail in Sect. 8.4.3, where we discussed
the ¢yso cluster associated with it found from the WISE data. Just at the edge of the
WIiSE and Herschel SPIRE survey areas, it also appears as a slight overdensity in the Sycc.
This can also be seen in Fig. 9.13. Only one star in the group is over our cluster limit
density so that we do not define this group as a cluster. The number of cysos within the
group is a lot lower than for the cluster observed from WISE data as the comparison in
Fig. 9.9 shows.

The clump itself harbours no Sycc sources. The two bright IRAC sources that we
described in Sect. 8.4.3 as WISE and MSX cYSOs are not included in the Sycc. Together
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Figure 9.12: cysos inside the Gum 31 bubble (Cluster No. 3). Image wavelengths, contours
and symbols are the same as in Fig. 9.10.

they are identified as a Herschel protostar candidate and neither of the aforementioned
studies was able to resolve the two sources, which means that all classed them as one cYso.
Spitzer can provide the necessary resolution but does not detect an IR excess for either.

Sycc cysos are exclusively found in the young stellar cluster associated with the clump.
The central cluster is probably constituted by seven cysos, broken up into two distinct
structures: Three Class candidates lining up along the ridge formed by warm dust as
seen in the IRAC 8.0 um images (red in the upper left quarter of Fig. 9.13) on the one
hand and a group of four cysos to the south-west of it on the other hand. This latter
group is associated with faint 8.0 wm emission, but not with colder structures. The area
around it is devoid of any FIR emission.

G286.38-0.26

(G286.38-0.26 is embedded in the southern rim of the Gum31 bubble as described in
Sect. 8.4.3. While we described around ten WISE cYsOs found associated with the cluster
in Sect. 8.4.3, in the Sycc there are only four sources related to it. Only one of those
is above the density limit for clusters, so G286.38-0.26 is not defined as a cluster in our
study.

A cYSO cluster north of Gum 31: Cluster No. 1

A denser cluster to the north of Gum 31 is much more prominent than (G286.214+0.17 or
(G286.38-0.26. We assigned it Cluster No. 1; in our dedicated study of the region it was
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Figure 9.13: cysos associated with G286.214-0.17. Cluster No. 1 can be seen in the lower
right corner. Image wavelengths, contours and symbols are the same as in
Fig. 9.10.

noticed (Sect. 8.4.3). It is associated with a small cluster of stars in the IRAC RGB image
not previously described that can be seen in Fig. 9.14. A C'80 clump [No. 4 of Yonekura
et al. 2005] is found about 70” to the north-east of this cluster.

The cysos themselves are located primarily to the south-west of the cluster of older
stars, although three cysos are found scattered to its north. Clearly there is no cluster
of WisE-selected cySos here, although six of the Sycc sources are classified in the same
way from WISE data.

9.4.2 The central Carina Nebula

As a centre of star formation the CN itself is of course historically better studied than
Gum 31. As described in Chapter 3 and seen in Fig. 9.3, star formation is offset from the
three dominating stellar clusters Tr14, Tr15 and Tr16 toward the region known as the
South Pillars. In Fig. 9.5 one can easily see that the densest parts are found near the
Treasure Chest cluster within the South Pillars.

Tr14, Tr15 and Tr16

The cluster Tr 14 is clearly discernible as Cluster No. 14 in the cYSO density map. Seventeen
Sycc cysos are found in conjunction with the cluster. These cysoOs are predominantly
ClassII objects and consequently among the oldest objects that our study can detect.
The region also is completely devoid of Herschel pre- or protostars. This points to a
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Figure 9.14: Cluster No. 1, north of Gum31. Image wavelengths, contours and symbols
are the same as in Fig. 9.10.

comparatively old population of Ysos for Tr14. Furthermore, from the WISE sample, no
cYsos are found in conjunction with Tr14. This is another strong hint that the WISE-
detected sample is different from the IrRAC-detected one and probably comprises younger
stars.

Between Tr 14 and Tr 15 there is a cluster of nine cysos, Cluster No. 10, that is placed
in the cavity between two ‘arms’ of the nebulosity of the central CN. There are a few
Herschel pre- and protostars associated with this cluster, in contrast to the surrounding
area that is comparatively free of dust and young stars. The cluster appears coincident
with C'80 clump No. 9 of Yonekura et al. [2005].

Contrary to Tr14, Tr15 is not associated with a single cluster of cysos. Instead, in
Fig. 9.17 it is apparent that there are two smaller aggregations of cysos.* The first one
consists of three ClassII candidates that are clustered within 80” immediately in front of
a pillar, pointing slightly east of n Car, and a Class I candidate slightly off-centre to those
three (see Fig. 9.17). The tip of the pillar contains three Herschel-identified protostars
and there are two pre-stellar objects found further along the pillar. This finding would be
in support of the theory of an age sequence in the objects left behind by an eroding pillar.

The second cluster is more dispersed, with a density peak west of the aforementioned
pillar. The majority are ClassII, there are just two ClassI sources in the cluster.

The cluster Tr 16 in all Spitzer images, IRAC as well as MIPS, is outshone by the bright
1 Car. This makes analysis in this region more difficult than farther away from the star.
However, there is a cluster of cysos directly to the south-east of  Car (Cluster No. 16)

4In Table 9.1, nevertheless, they appear together as Cluster No. 15.
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Figure 9.15: cyso cluster in Tr14 (Cluster No. 14). Image wavelengths, contours and
symbols are the same as in Fig. 9.10. The MipPs image is saturated in large
parts, which is why it is dominated by a black-bordered white region that is
simply an instrumental effect.

seen in Fig. 9.18. It comprises eleven cysos, predominantly ClassIl candidates. None of
them is associated with any distinguishable features in the MIR and FIR images.

The image also shows a cYSO overdensity to its south, Cluster No. 13, better seen in
the top right of Fig. 9.19, where ten (six ClassI, four ClassII) cysos are found. This
might correspond to the heavily obscured cluster in connection with Tr16 that Smith
et al. [2010b] report in this place (cluster G in their Fig. 13).

To the west of Tr16 there is a cavity beneath a bright pillar almost triangular in ap-
pearance. This appears to be filled with ¢Ysos, as seen in Fig. 9.19. Ten SycCcC sources
are found here (Cluster No. 17), five of them also exhibiting an infrared excess detected
by WISE. The pillar itself is filled with Herschel point-like sources, twelve of them, all
but one protostars. There are also two ClassII WISE ¢ySOs in the pillar, but no Sycc
sources. This general pattern appears to be observable in a number of cases: While the
Herschel and WISE cYSOs trace the clouds and especially pillars, IRAC cYSoOs tend to be
found in cavities, outside the densest clouds and in front of pillars.

The South Pillars

As described in Sect. 3.5.1, the South Pillars are the most prominent star-forming region
in the CN. This is also how they appear in our study. Looking at the overview in Fig. 9.5,
the region appears as the densest overall part of the figure, consisting of several smaller
clusters in close spatial association. In Fig. 9.20, which shows Clusters Nos. 18-21 and
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Figure 9.16: Cluster No. 10 between Tr14 and Tr15. Image wavelengths, contours and
symbols are the same as in Fig. 9.10.

Figure 9.17: Cluster No. 15, associated with Tr 15. Image wavelengths, contours and sym-
bols are the same as in Fig. 9.10.
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Figure 9.18: Cluster No. 16, associated with Tr 16. Image wavelengths, contours and sym-
bols are the same as in Fig. 9.10. n Car is saturated in both IRAC and M1Ps
images, leading to the artifacts in the upper right corner of both.

Cluster No. 25 (cf. Fig. 9.21), this clustering effect can be seen.

There is a pillar on the right side of Fig. 9.20 that harbours a ¢Yso its head. This source
is a ClassI candidate with both IRAC and WISE and also a Herschel protostar candidate.
It corresponds to Msx source G287.57-0.91 of Rathborne et al. [2004]. Another, very
small, pillar is found to the west of the very bright nebular emission that is associated
with the Treasure Chest. This pillar has two cysoOs at its tip, one each of ClassI and
Class1I. In fact, the ClassII candidate is not embedded in the pillar, but placed right
outside it, immediately next to the ClassI candidate that sits right in the pillar head.

There are at least two other pillars in the image, neither of which appears to be associ-
ated with a cyso. There is a possibility, though, that the ‘line’ of three ClassII and one
Class1 candidates which appears towards the upper centre of the image might be associ-
ated with the pillar in the centre of Fig. 9.20. Those four cYsos seem to extend the pillar
direction towards the north, i.e. the bright clusters and especially n Car. It is therefore
possible that this is a group of young stars left behind by the erosion of this pillar.

In Fig. 9.21 a close-up of Cluster No. 25 is displayed. It shows a very narrow (< 8”)
pillar of dust. It is remarkable in that four ClassI cysos are aligned along it, with one
other close beside it and two Class IT candidates around 16” and 43" in front of it, roughly
in the direction in which the head points. Two of the ClassI candidates are found in this
head. The pillar itself is faintly seen in the 24 um MIPS image and appears stronger again
in the FIR, clearly visible in the 70 pm image with the same general outline as in the IRAC
RGB image. At roughly the same position a source is seen in the 500 um image.
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Figure 9.19: Clusters No. 13 and 17 near Tr 16. Image wavelengths, contours and symbols
are the same as in Fig. 9.10.

It is notable that the slightly peculiar (having an unusual reddish halo) point-like source
J104613.5-595831 shown in Fig. 9.22 directly to the south-east of the Treasure Chest is
not in the Sycc, but a WISE IR excess source and a Herschel protostar. It probably
corresponds to MsX IR excess source G287.86-0.82 detected by Rathborne et al. [2004].
We note, however, that while the source appears to have a red (i.e. 8.0 um) halo here,
Rathborne et al. [2004] contrarily see “weak 8um emission”.

At first sight, the cavity between the clouds shown in Fig. 9.22 is a typical example of the
‘ereenish hue between clouds’ in IRAC RGB images described in Sect. 7.3.3 as potentially
wrongly identified EGOs. It is, however, far more extended than this and, more revealing,
the 4.5 um structures coincide with those seen at 24 um and 70 wum and even 500 pm. The
morphology is the same in all cases—compare especially the ‘kink’ in the top centre of
the image. That it is seen at so many wavelengths, from 4.5 um to 500 pm (but not in
8.0 um), might be an indication that it is not a feature caused by shocks or similar, where
one would expect a few lines. Harvey et al. [2006] observed areas of green diffuse emission
in their IRAC study of the Serpens Cloud, too. These, however, appear to be on much
smaller scales than the emission seen here, especially regarding that this cloud is at a lower
distance than the CNC.

Therefore it is likely that the extended green emission is mainly a scaling effect and not
indeed a physical feature. It may only seem very bright in the 4.5 um band because the
4.5 um band tends to be scaled quite highly compared to the other IRAC bands [e.g. De
Buizer and Vacca 2010]. It is, indeed, possible by extreme choices of the scaling for the
blue 3.6 um band to cause the region to appear blue-green. It appears certain, though,
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Figure 9.20: cYso clusters inside the South Pillars region. The very bright nebulosity to
the left of the image that is seen from MIR to FIR is the Treasure Chest cluster.
Image wavelengths, contours and symbols are the same as in Fig. 9.10.

that whatever scales one chooses, the 8.0 um band does not show these structures.

For the Sycc cysos there clearly is a cluster, Cluster No. 22, centred on the 4.5 um
emission stripe. The region is, however, completely devoid of Herschel point-like sources
(cf. Fig. 9.2) and of WisE-identified c¢ysoOs, too. Those are found towards the west, in
and around the Treasure Chest cluster and to the east, in the cloud front seen to the left
of Fig. 9.22. Possibly this cloud front, clearly outlined in very young, Herschel-identified
sources, currently is being eroded and thus forming pillars.

The cluster shown in Fig. 9.23, Cluster No. 23, is peculiar because within a very small
area (23") three ClassII candidates and one ClassI candidate cluster. This small stellar
group is also clearly coincident with C180 clump No. 14 of Yonekura et al. [2005]. All four
cYsos are placed roughly in a straight line that points in the same direction as a short,
wide pillar ~ 40” from the closest cyso. Within the pillar head a Herschel-detected pre-
stellar source is found. Another Herschel protostar is found following the projection of
the line described by the pillar and the cysos. Unlike in other examples described in this
section, we thus do not clearly see an age sequence.

The cluster in the centre of Fig. 9.24, Cluster No. 26, might correspond to the X-
ray group No. 29 of Feigelson et al. [2011, cf. Fig. F.1]. Its position is slightly offset
to the north-east of the density peak seen here. The nearby group No. 31 of Feigelson
et al. [2011], however, agrees very well with the small ClassI-dominated eastern subset
of Cluster No. 26. The rightmost part of Cluster No. 24, seen on the right in Fig. 9.24,
coincides with the X-ray cluster No. 16 of Feigelson et al. [2011].
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-

Figure 9.21: A close-up of Fig. 9.20 on Cluster No. 25. The IRAC, MipPs, PACS and SPIRE
images are arranged as there.

Figure 9.22: Cluster No. 22, north of the South Pillars. Image wavelengths, contours and
symbols are the same as in Fig. 9.10.
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Figure 9.23: Cluster No. 23, to the east of the South Pillars. Image wavelengths, contours
and symbols are the same as in Fig. 9.10.

Figure 9.24: Cluster No. 26 within a cavity in the South Pillars. Image wavelengths,
contours and symbols are the same as in Fig. 9.10.
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Figure 9.25: Cluster No. 27 in the foot of the Giant Pillar. Image wavelengths, contours
and symbols are the same as in Fig. 9.10. Compare also Fig. 9.27.

One pillar is very prominent in Fig. 9.24, poking up from the bottom centre. It has
a bright 24 um point-like source in its tip that is, however, not identified as a cYSoO.
Right in front of the pillar, though, there is a compact group of three Class II candidates,
clustered together within 22” of each other. Especially as their immediate surroundings
are comparatively devoid of other cysos, it is highly likely that these three sources are
connected to the pillar. Within the pillar head itself, there have two protostars been
detected with Herschel, which is again indicative of an age sequence: The older, ClassII
YS0s lie in front of the pillar while the younger objects are still embedded in its head.

A similar structure is seen in the thin, winding pillar towards the right edge of Fig. 9.24.
It has three Herschel candidate protostars distributed evenly along its length and one
IrRAC ClassI candidate right outside the head. One of the Herschel protostars, the one
immediately in the pillar head is seen as a bright point-like source also in MipPs and
IRAC images, but is not identified as a YSO by its infrared excess. This thin pillar might,
however, be called a sub-pillar as it is only part of a larger structure known as the Giant
Pillar, the top of which can be seen to the right in Fig. 9.24.

The Giant Pillar

This Giant Pillar, seen in Fig. 9.25, is one of the dominant structures in the South Pillars.
It has a length of roughly 11’ (= 7pc), which makes it far larger that any other pillar
found in the CNncC. In its foot, Cluster No. 27 with eight cysos is found. Two of the
sources, associated with the brightest emission in the FIR, are ClassI, the rest ClassII.
The cluster is placed in the ‘hollow’ of the pillar foot, where the dominant nebulosity is
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Figure 9.26: Cluster No. 28 to the south-east of the Giant Pillar. Image wavelengths,
contours and symbols are the same as in Fig. 9.10.

much less pronounced than around it. The foot of the pillar is also coincident with C80O
clump No. 13 of Yonekura et al. [2005]. Its peak density is, however, offset to the north-
west from the peak of the YSo density by about 22”. About 15 WISE cYS0s are found at
this position, together with the two ClassI candidates from the Sycc and eight pre- and
protostellar sources as identified with Herschel.

Wisk-identified ¢Ysos are positioned very differently from the Sycc sample. The ma-
jority are found in the interior of the pillar, where the two IRAC-identified ClassI sources
(classed likewise with WISE) are located. They very prominently delineate the western
edge of the pillar. Sixteen of them are found arrayed along the pillar edge on a line of
about 45” length (cf. Fig. 9.27). This seems indicative of there being another source
of irradiation apart from the one that shaped the pillar. The direction from which this
hypothetical irradiation might originate points directly to the stellar cluster Collinder 228.
This cluster, 16" away from this line of cYsos, contains the O8.5V star CD-593274 and
several B and A stars, so appears to be a likely source.

The Herschel point-like sources appear to corroborate this view. Those that are found
in the base of the pillar along with IRAC and WISE cYSOs are spatially coincident with
these and show a predominance of protostars to the north-west, together with and behind
the front of WISE cysoOs and of prestellar objects in the south-east. The orientation of
all young objects is peculiarly in a broad strip running diagonally through the foot of the
Giant Pillar between north-west and south-east, as seen in Fig. 9.27. The fact that the
edge of the pillar is so clearly outlined in WISE cYSOs while the IRAC cYSOs are found
behind them in the foot of the pillar is another indication that WISE selection traces a
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slightly younger population than the IRAC selection does (Sect. 9.6).

The upper part of the pillar seems to posses its own population. It does not coincide
with an officially listed C'*O clump from the study of Yonekura et al. [2005], however,
their contours show a minor peak clearly at this position. While there are numerous
Herschel and WISE young objects within the pillar head and also along the thin ‘sub-
pillar’ described above, it is entirely devoid of Sycc sources. Feigelson et al. [2011] place
their cluster No. 19 here, which we can corroborate from the young Herschel and WISE
sources.

This two-part structure found in the cyso population is in very good accordance with
the structure that Roccatagliata et al. [2013] see from their Herschel observations of the
cloud material: Two overlaid pillars, one running in north-south direction (their pillar B),
the other running across it from the north-west to the south-east (their pillar A). The
latter shows up especially clearly in their temperature map, where the across-running
pillar exhibits lower temperatures than the surrounding foot of the north-south one.’

Cluster No. 24, as described above, might conceivably be associated with the Giant
Pillar: It is coincident with X-ray cluster No. 16 of Feigelson et al. [2011]. The ClassI
candidate in the head of the wispy top of the Giant Pillar might also be considered part
of the cluster.

Towards the south-east of the Giant Pillar, Cluster No. 28 is found. It appears as a clear
overdensity in our SYCC density map, but, uncharacteristically, is also a dense clusters of
WisE-selected cysos. The C'¥O clump No. 15 of Yonekura et al. [2005] is found slightly
to the north-west of the density peak of both IRAC and WISE cYsoO distributions. This
region clearly deserves special mention as it is not only a Sycc cluster, but also a cluster
of WISE cysos and in the catalogues of Smith et al. [2010b] and Povich et al. [2011a]
(Sect. 9.5.2). It also harbours the EGO G288.26-1.14 (Sect. 7.3.3).

9.5 Comparison to other studies of YSO clusters

The clustering properties of the Ysos in the CNC have been studied before, but never on
a sample comprising as large an area as ours does. The study of clusters has often been
the by-product of broader analysis, while other studies as that of Feigelson et al. [2011]
were explicitly designed to study clusters in more depth.

In Table 9.1 the clusters we numbered are compared to the X-ray clusters of Feigelson
et al. [2011] and the MIR cYSO clusters of Smith et al. [2010b]. The identification is not
always unambiguous mainly because the number densities in the catalogues are different.
This may skew the position of the cluster centre for low numbers (i. e. the Sycc), so that
I also included those clusters which might conceivably be associated with Sycc clusters
but where the clusters appear so different that this cannot be clearly stated.

9.5.1 The CCCP X-ray clusters of Feigelson et al. [2011]

The study by Feigelson et al. [2011] is based on the Cccp X-ray survey of the CN (cf.
Sect. 3.5). They defined a spatially complete subsample of the full Cccp data set, which
was then subjected to a statistical study of clustering properties.

"Roccatagliata et al. [2013] find that the centres of the pillars are always the coolest and at the same
time the densest part.
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To find clusters, they smoothed their sample with Gaussian kernels. Contrary to our
smoothing process, which utilises the individual distance to the specified neighbour, they
use a standard deviation of 30” (0.3 pc at the distance of the CN) for all cases. Parameters
such as the density threshold defining a cluster were set subjectively, thus making the study
as observer-influenced as ours is. Preibisch et al. [2011a] find that 19 of their 20 main
stellar clusters are also identifiable as clusters in the HAWK-1 image (apart from cluster
19 which may be highly obscured, yielding HAWK-1 non-detection). Consequently, these
clusters are clusters of cysos, which should be comparable to the Sycc clusters discussed
above. Apart from clusters Feigelson et al. also identified what they called ‘groups’, i.e.
aggregates of X-ray stars of smaller numbers than what they dubbed clusters. Fig. F.1 in
Appendix F shows a comparison between the clusters found in each study.

We find corresponding clusters to their clusters No. 1 (Tr 14, Cluster No. 14), No. 7
(Tr 15, Cluster No. 15), No. 12 (Tr 16, Cluster No. 16) and No. 14 (Cluster No. 13). We see
possible matches for their clusters No. 8 (Tr 15, Cluster No. 15), No. 13 (Cluster No. 18)
and No. 16 (Cluster No. 24). As small overdensities, not clusters as per our definition, we
detect clusters No. 5 (immediately east of Tr 14, seen in Fig. 9.15) and No. 6 (the ‘nose’
to the right of Fig. 9.18). Of their 31 smaller groups outside clusters, we see group No. 22
identified with Cluster No. 21 and possible matches for seven more: Groups No. 4 and 7
(Cluster No. 10), No. 13 (Cluster No. 20 [20b]), No. 15 and 19 (Tr 15, Cluster No. 15),
No. 21 (Cluster No. 21) and No. 29 (Cluster No. 26). Those 31 groups, though, show
clustering on a much smaller scale than we typically observe in the Sycc (because the
Cccp catalogue is much denser than the Sycc).

9.5.2 Spitzer cYSO clusters of Smith et al. [2010b]

In their Spitzer study of the CN, Smith et al. [2010b] (see Sect. 6.5.1) describe 16 over-
densities of cysos which they subjectively picked. They expressly state that they only
included the most obvious clusters in this list because the identification method is so sub-
jective. The clusters are smaller in spatial extent than those we detect and the number
of cysos tends to be slightly larger (except for the Treasure Chest, which is considerably
larger). Most identifications between the two studies are not unambiguous because of this
difference in size.

Three of their 16 clusters we unambiguously identify as Sycc clusters: Spitzer D, F (both
in Fig. 9.20), and 0. The cluster Spitzer O deserves a special mention, as it is identified
by Smith et al., us (Cluster No. 28, Fig. 9.26), and Povich et al. [2011a] (see below) and
harbours the four-part EGo G288.26-1.14 discovered by Smith et al. and described in
Sect. 7.3.3.

9.5.3 The ‘butterfly collection’ of Povich et al. [2011a]

Povich et al. [2011a] in their paper describing the Pcyc (Sect. 3.5.3) also present a ‘but-
terfly collection’” of “intriguing YSO sub-clusters”. This includes the cluster Spitzer o,
which, as stated in Sect. 9.5.2, we also identify. The obscured X-ray cluster No. 18 of
Feigelson et al. [2011] they report associated with IR source G287.9186-01.2913 is not seen
to correspond to a cYSO cluster in either the Povich et al. [2011a] study or ours. However,
the IR source is a ¢ysoO in PcycC and Sycc and seen to have an IR excess with WISE.
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Their clusters Spitzer P and Spitzer Q% appear to correspond to our Cluster No. 10.
Probably Cluster No. 10 corresponds mainly to Q, while P is better matched by the WISE
cYSos that appear to cluster around 50” in front of the cloud front there. Here, again,
IrRAC and WISE cYSOs appear to separate into two different populations. Cluster Spitzer R,
however, is associated with a single cySO each in the IRAC and WIisSE-based catalogues
and, quite to the contrary, is a particularly empty region in both surveys. There are,
however, four Herschel point-like sources clustered at the position of Spitzer R, which
might indicate that a potential cluster could be young.

The cluster Cr 232 is not seen as a cluster in either sample of ¢ysos, but does constitute
a very minor overdensity, causing a very slight bulk in our density contours. Four Sycc
sources, one WISE c¢YSO and three Herschel protostars are found here.

9.6 Discussion and conclusions

Different populations

It is known that the Herschel-selected prestellar objects and protostars are, as such, a
younger population than those cysos selected from IRAC data, which are predominantly
ClassI and Class I1. This has been utilised for the analysis in Chapter 8 already and is also
very apparent in the comparison done in this chapter. It also appears, however, that the
Wisk-selected sample traces an intermediate population, older than the Herschel point-
like sources, yet younger than the majority of the Sycc sources. Though the two MIR
studies often agree and select the same sources, there are several regions in the CN where
the WisE-selected cYsos clearly form a separate population from those selected with IRAC.

Maybe the most striking example is Gum 31 with its cluster NGC3324. In Chapter 8,
which focussed on the WISE sample, we declared NGC 3324 to be an old cluster because of
its lack of cysos. Yet, in Sect. 9.4.1 we discussed the Sycc population of the cluster—
twelve cYSOs clearly associated with the cluster, in sharp contrast to the WISE population.
A possible explanation for this disparity would of course be that the Sycc sources are
simply older than the WISE ones. In Chapter 8, it has also been shown that the WISE-
detected c¢YsoOs lie predominantly in the bubble rim. Figure 9.9 shows both populations in
direct comparison and it can clearly be seen that no such tendency can be attested for the
Sycc sources. On the contrary, they fill the interior of the bubble, where WISE cYSOs are
scarce. This, too, might indicate that the sources found inside the bubble were left behind
by the advancing ionisation front while those outside it were more recently triggered by
the front at its current position.

In this scenario, we would expect some WISE cYSOs from the ‘front’ and ‘back’ of the
bubble projected into its interior, too. These, indeed, are there. On the other hand,
following the same logic it is feasible that the Sycc sources are projected where they are
found from the wall of a bubble oriented towards us. However, if a population uniformly
distributed on a spherical surface was projected onto our view direction, we would still
expect to see a majority of sources towards the side walls. This is observed for the WISE-
identified cysos, but not for the Sycc sources.

®This nomenclature extends the clusters Spitzer A to Spitzer O employed by Smith et al. [2010b]
(Sect. 9.5.2).
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WISE reaches longer wavelengths compared to IRAC (12 pm in the colour-colour dia-
gram compared to 8.0 um). Because a protostar’s SED is especially steep in this region,
this small difference can make a large difference in detectability. As IR excess in longer
wavelengths traces colder material and thus younger stellar objects, WISE has higher
chances of detecting the younger objects.

Sensitivity might also be an issue, where the greater sensitivity of IRAC compared to
WISE (cf. Sect. 8.2.1) enables us to detect sources with weaker IR excess. As this excesss
diminishes over the life of a developing star, this means that stars losing their excess
remain detectable with an instrument that reaches deeper in sensitivity. Consequently,
older stars could stay detectable with IRAC when they are already too faint to be detected
with WISE.

Clusters

Generally, the cyso sample is widely distributed. In a low-resolution overview, however,
it is clear to see that firstly young stars are found in connection with the dust and clouds
in the CNC and secondly that there are two distinct centres: The South Pillars on the
one hand and Gum 31 on the other hand. This lends additional weight to the detailed
analysis of Gum 31 performed in Chapter 8 as we have undoubtedly shown that it is a
sadly neglected part of the complex that warrants more attention than it is currently
given.

The more detailed analysis of the clusters has also shown that while some of them are
associated with well-known clusters such as Tr 14, there are many more, some not much
smaller in numbers, that are distributed all over the CNcC. Clustering analysis has also
helped entirely unknown clusters to surface that will surely be rewarding targets for further
study. A prime example is Cluster No. 7 described in Sect. 9.4.1, which only came to our
special attention when a detailed search for Yso clusters was performed. Many more such
objects may still be hidden within the region.

In general, all ¢cYso clusters observed in the region led us to some interesting feature.
Some were associated with nebulosity, while others pointed to small stellar clusters as
yet unstudied. A large number, however, also exhibit a behaviour that appears to be a
‘smoking gun’ for the theory of triggered star formation in the South Pillars: They are
found in connection with the dust pillars that abound there. In some cases, SYCC sources
are found in the heads of such pillars. Yet there are more cases to be observed where
the IRAC cYSOs are found immediately outside pillars. This is a behaviour that would be
expected if young stars were left behind by a receding pillar in a radiatively triggered star-
formation process. The distribution of the (younger) Herschel point-like sources reinforces
this argument: They exhibit a clearly different distribution from the Sycc sources and line
the cloud edges and the pillars. Herschel sources are rarely found outside those encasings.
We have shown several examples of pillars, most prominently the Giant Pillar described
in 9.4.2, that illustrate this age structure well.

We find a number of clusters that have not been described before, for two reasons. The
obvious first reason is that we searched for YSO clusters in regions where this had not been
done before. This includes the entire Gum 31 region with our Clusters Nos. 1-8. The same
is true for Clusters No. 9, 11, 12, 14, 15 and 16, which lie outside the region surveyed by
Smith et al. [2010b] (but not that of Feigelson et al. [2011]). Cluster No. 29 lies outside
this region as well as the one surveyed by Feigelson et al. [2011] and is only covered by
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9.6 Discussion and conclusions

our exceptionally large study field.

Clusters No. 18, 19 and 28 do lie inside the area covered by Smith et al. [2010b] and
are also detected in that study. Clusters No. 13, 20 [20b], 21 and 24 may be co-detections
by both studies, but cannot be positively identified as the same clusters. We also find
Clusters No. 13, 14, 15 and 16 to coincide with clusters identified by Feigelson et al.
[2011], which in the case of Clusters No. 14, 15 and 16 is not entirely unsuspected as these
correspond to the clusters Tr14, Tr15 and Tr16. Furthermore, Clusters No. 11, 18, 20
[20b], 21, 24 and 26 are possible co-detections with this study of X-ray clusters.

The second category of prior non-detections is the scientifically more interesting one:
Clusters we identify where earlier studies have not detected clusters. In the case of the
study by Feigelson et al. [2011] this of course may easily be due to the different nature
of vysos with X-ray excess and those with IR excess. In the case of the Spitzer study by
Smith et al. [2010b], differing selection of cYsos and clustering criteria may be the reason.
The clusters not detected by Smith et al. [2010b] are Clusters No. 10, 17, 20a, 22, 23, 25,
26, and 27. Feigelson et al. [2011] do not detect Clusters No. 9, 11, 12, 17, 19, 20a, 22, 23,
25, 27 and 28. In conclusion this means that our Clusters No. 9, 11, 12, 17, 20a, 22, 23,
25 and 27 represent clusters to our knowledge never detected in prior surveys of the same
area.

Spread-out population

Another notable observation is that not all ¢cysos in Carina are found in clusters. There
is quite a substantial spread-out population as well. Referring back to the discussion of
contamination in Sect. 9.1, we can conclude that the level of cYsoOs we observe outside the
clusters is above contamination and that therefore both variants can be observed in the
CNC: ¢YsOs concentrated in dense clusters and those in a loose, spread-out population.

Up to ~ 60% of the cysos in the region surveyed are found outside clusters’, which
makes this quite a substantial population. We can conclude that neither spread-out nor
clustered population dominate the CNC, but that both contribute to the total stellar
population in the area equally. This is in agreement with the results of Feigelson et al.
[2011] and Preibisch et al. [2011c], who find that about 50% of the young stars in the CN
are found outside clusters.

Total stellar populations

In the field covered by the Cccp, Feigelson et al. [2011] estimate a total young stellar
population of 104000 vysos. Within this area, we count 366 cysos. Extrapolating this
to the complete 2.3° x 3.0° area of the Sycc and the 759 cysos found there, we would
expect a total young stellar population about twice the number of Feigelson et al. [2011],
amounting to ~ 200000 YsOs. About a third of cYsos in clusters are found in the northern
part of the CNC. This demonstrates that studies that concentrate on the central parts of
the CNC miss a large number of young stars that are situated outside the most popularly
studied parts of the complex.

"In Sect. 9.3.1 301 cysos out of the 759 cysos studied were found to have a density above our clustering
level, of which 9 are isolated and not part of clusters.
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9 Clustering properties of the young stellar population of the Carina Nebula Complex

Figure 9.27: cysos in the Giant Pillar, overlaid on a Spitzer IRAC RGB image (red: 8.0 pm,
green: 4.5um, blue: 3.6 um). The circles are Herschel point-like sources
(magenta for protostars, cyan for pre-stellar objects). The boxes are Sycc
cysos and the diamonds Wiske-identified cysos (for both: ClassI in red,
ClassII in green).

172



10 Summary

The study presented in this work was designed to provide a uniform database for sources
bright in the mid-infrared (MIR) for the entirety of the Carina Nebula Complex (CNC).
While previous studies focused on the historically well-studied immediate surroundings of
1 Car and the prominently star-forming South Pillars, the explicit aim was to cover the
complex out to its poorly studied outlying regions. The Gum 31 region with the stellar
cluster NGC 3324, especially, has not historically been recognised as part of the complex.
Here it is shown that not only is it connected to the central Carina Nebula (CN) in a
way that points towards their being two parts of the same complex, but that it also is an
important centre of star formation.

Observational data in the MIR obtained with the Spitzer Infrared Array Camera (IRAC)
are available to the public from the Spitzer Heritage Archive. Large observations of the
CNC have been performed, but never before gathered into a point-source catalogue as it is
done here. I processed the raw observational data with the MOPEX and APEX programs
provided by the Spitzer Science Center. Using them, a large catalogue of photometric
data, the Spitzer Point-Source Catalogue (SPsC), could be compiled.

It encompasses 338 782 sources allover the CNeC, 57828 of which fall into the Gum 31
area. Of the full catalogue, 244 855 sources are detected in two bands or more, which is
a first measure of reliability of point-source detection. A comparatively small number,
43 458 point-like sources, are detected in all four bands. This number is mainly limited by
IRAC’s longest-wavelength band, which has a lower sensitivity and the least likelihood to
pick up point-like sources.

Young stars are identified from the catalogue by their typical infrared excess originating
from their circumstellar disks. This infrared excess causes the young stellar objects (YSOs)
to be placed in identifiable regions of colour-colour diagrams and thus can be utilised
to select candidate young stellar objects (cysos) from the catalogue. Incorporating a
series of precautions to avoid biasing the selection through catalogue incompleteness for
faint objects and contamination through non-vso exhibiting infrared excesses such as
active galactic nuclei or asymptotic giant branch stars, I compiled a catalogue of cYSOs,
the Spitzer Yso Catalogue in Carina (Sycc). It contains 759 sources, of which 221 are
classified as ClassI sources and 538 as ClassII sources. The SPsc and consequently the
Sycc cover an area of 2.3° x 3.0° including both the central CN with the well known
star-formation region of the South Pillars and outer regions, such as the poorly studied
Gum 31 region.

With the aid of these catalogues and combining them with observations in other wave-
lengths I gathered information on the very young stars in the complex. The catalogues
could be matched with the all-sky surveys of 2MASS to cover the near-1R (NIR) and WISE
to provide alternative measurements in the MIR. Furthermore they were combined with
Herschel observations in the far-1R (FIR). For select cases, additional data could be gleaned
from Spitzer Mips images and from HAWK-I, VISTA (both NIR) and LABOCA (sub-mm)
studies of the CNC.

173



10 Summary

Combining all these data, it was possible to assemble the spectral energy distributions
(SEDs) of selected objects over a wide wavelength range. These SEDs are directly dependent
on the properties of the observed object. By fitting the individual SED with a variety of
models, the parameters that determine the best-fit model can be taken as a best fit to the
object properties. In this way, stellar masses as well as disk and envelope masses can be
estimated.

Past studies of the CNC provided lists of objects that are connected to the jets that
young stars are observed to emit: Herbig-Haro jets, extended green objects (EGOs) and
molecular hydrogen emission-line objects. EGOs are observed in the MIR, but Herbig-Haro
jets are bright in optical wavelengths (e. g. with HST) and molecular hydrogen emission-line
objects are observed in the NIR (e.g. with HAWK-1). Their sources, however, are YSOs.
Therefore this study was able to discover the probable sources of the jet phenomena,
together with three EGOs and five compact green objects. Out of 55 surveyed jet objects,
it was possible to allocate sources for 36. Compared to the number of cysos determined
in the entire CNC this is low, but the majority of jet phenomena are not observable due
to their faintness.

For those 17 objects where enough data points were gathered to allow the assembly of
an SED, the SEDs were fitted and stellar parameters obtained. Stellar masses were found
to range between ~ 1 M and ~ 10 M. Whereas the lower boundary should be due to
the detection limit, the upper limit illustrates that no high-mass stars seem currently to
be forming in the CNC. By comparing the numbers of optical to infrared (IR) jets, it could
also be shown that the majority of stars appear to be forming near the surfaces of clouds.

Furthermore, a region hitherto poorly studied was brought into focus: I characterised
the young stellar population of the Gum 31 region, using primarily WISE MIR data. In a
way analoguous to the selection of c¢ysos from IRAC data cYsOs were selected from the
WISk all-sky survey. This yields ~ 660 YSOs in the region, compared to ~ 300 from the
IRAC catalogue. A closer look is also taken at Herschel observations, which demonstrate
that Gum 31 is connected to the central CN. Herschel-identified protostars and prestellar
objects trace a younger population than the MIR cYSOs. They are seen to exhibit clustering
behaviour and also to outline the edges of the Gum 31 bubble.

Two different modes of triggered star formation are evidenced in the region. A ‘collect
and collapse’ model run with the parameters of the observed HII region leads to a simu-
lated bubble size which is well in agreement with that observed. Radiative triggering, on
the other hand, is evidenced by cYsos found in the heads of dust pillars. In agreement
with the results for the central CN, SED fitting for nine objects in and around Gum 31
found no evidence for Ysos with masses above ~ 7 Mg. Two further cysos are shown to
be probable sources of HH jets. The total young stellar population in the Gum31 area
could be estimated to be ~ 5000 YSOs.

The Sycc was employed for a very large-scale search for young stellar clusters. Because
it covers the well-studied central CN as well as the outlying regions, it can discover new
features as well as provide a test for cross-detections with previous studies. The search
was a systematic one, employing a nearest-neighbour algorithm to compute the density
of ¢ysos and an objective cutoff density criterion to define clusters. In the CNc, I de-
tected 29 cyso clusters. Of those, seven clusters were also detected in prior studies. This
corroborates the validity of the cluster search method. In the CNC, 22 new clusters are
detected, eight of those within the Gum 31 region. Nine of the clusters are new detections
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in regions that were subject to earlier IR studies. It also becomes apparent that Gum 31
is an important centre of star formation, exhibiting eight cyso clusters.

The comparison of the IRAC c¢YsOs with those selected from WISE and Herschel data
demonstrates that those three trace different populations. The Herschel pre- and proto-
stars obviously show a different distribution than the ClassI and ClassII YSOs traced by
the two MIR instruments, but it also appears that IRAC traces a slightly older population
than WISE does.

In several cases the older IRAC-detected cySos are found situated in front of a pillar
in which Herschel-detected pre- or protostars are embedded. These cysos left behind
appear in small groups or in clusters according to our definition. This is a ‘smoking gun’
for triggered star formation where a receding pillar leaves behind forming stars in its wake.

For the complete CNC, a young stellar population of ~ 200000 is estimated, which
would place the main star formation in the central CN, but attests Gum 31 to be a non-
negligible home to young stars. I was also able to show that while stars forming in clusters
constitute an important part of the young stellar population in the CNC, up to 60% are in a
distributed population that does not cluster. This is in agreement with a 50/50 separation
attested by earlier studies.

More in-depth follow-up studies and further large studies in other wavelengths would
be able to enhance our view of the CNC. This work can only present a sweeping overview
over the clusters, whereas many of them show intriguing features that would merit a closer
look. Cluster No. 7 near Gum 31, for example is seen as a cluster in the NIR and the FIR and
is associated with MIR point-like sources and nebulosity. The Giant Pillar is a complicated
structure of overlapping features and would merit closer study of the age structure of its
young population.

The catalogue presented here will hopefully prove a useful tool for further studies. It
provides photometric information from 3.6 um to 8.0 um in a compact way and allows a
quick lookup of for a given position. Hopefully, it will find use as a resource for large-scale
studies or as a look-up table for studies of individual sources.
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A Instrument zeropoints

For the conversions between flux F' in Jansky and magnitudes according to
F
=—2.5-log —
mag og 7
throughout this work we used the following zero-magnitude fluxes Fj:

IRAC

3.6 ym: 280.9 Jy
4.5pm: 179.7Jy
5.8 pm: 115.0Jy
8.0 pm: 64.9Jy

[IRAC Instrument Handbook v2.0.2, 2012]

WISE

3.4 pym: 306.682 Jy
4.6 pm: 170.663 Jy
12 pm: 29.045 Jy
22 ym: 8.284 Jy

[Cutri et al. 2012]

2MASS

J: 1594 Jy
H: 1024 Jy
Ks: 666.7 Jy

[Cohen et al. 2003]
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B Removing contaminants from the WISE
YSO catalogue

As described in Sect. 6.3.1, following Koenig et al. [2012] we try to remove the contaminants
before selecting ysos from the WISE All-Sky Data Release. This is done step by step by
removing background galaxies (Eq. (6.8), Fig. B.1), active galactic nuclei (AGN) (Eq. (6.9),
Fig. B.2a and Eq. (6.10), Fig. B.2b), resolved polyaromatic hydrocarbon (PAH) emission
(Eq. (6.11), Fig. B.3a and Eq. (6.11), Fig. B.3a) and shock emission knots (Eq. (6.13),
Fig. B.4).

The plots shown below are independent, i.e. the contaminants identified in each step
are not removed between the plots and each shows the full sample. This means that the
same source could theoretically be flagged as a contaminant by two different methods.

Of the 1105 290 sources found overall in the region selected from the WISE catalogue (2°
around 1 Car), we remove a large number during this process: 18996 sources are flagged
as background galaxies, 130011 as AGN, 50326 as unresolved PAH regions and 245 as shock
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Figure B.1: Colour-colour diagram of WISE catalogue sources: Removing background
galaxies (red) following Eq. (6.8). 18996 sources flagged.
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B Removing contaminants from the WISE YSO catalogue
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(b) Following Eq. (6.10).

Figure B.2: Colour-colour diagram of WISE catalogue sources: Removing AGN (red).

130011 sources flagged.
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(b) Following Eq. (6.12).

Figure B.3: Colour-colour diagram of WISE catalogue sources: Removing PAH regions
(red). 50326 sources flagged.
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B Removing contaminants from the WISE YSO catalogue
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Figure B.4: Colour-colour diagram of WISE catalogue sources: Removing shock emission
knots (red) following Eq. (6.13). 245 sources flagged.

emission knots. These numbers, however, are not necessarily additive as described above.
After flagging, they are all removed before the cYSoOs are selected from the WISE catalogue.

This is of course a simplified approach and as with the YSO selection process itself, the
boundaries chosen are an informed choice but not definite. They define a broad region
in the colour-colour diagram from which all sources are removed. This might include
some sources that were bona fide stars, while some contaminants might not be picked
up. Because the boundaries were chosen following the experience of previous studies, we
are confident that they constitute a good approach and that they make the catalogue of
remaining sources more reliable for analysis.
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C Reducing the PCYC in ten easy steps

Though both rely on the same data, within the same region in the central CN, the Pan-
Carina Yso Catalogue (PcycC) contains four times as many cysos as the Sycc. To test
the influence of the different sensitivities and different methods of obtaining ¢Ysos on the
final numbers, we treated the PCYC in the same way as we treated the SPSC to obtain the
Sycc. This is illustrated step by step in Fig. C.1. In this way, the original Pcyc of 1439
¢Ysos reduces to 640 cysos, showing that the method applied for obtaining the Sycc is
far more conservative than that applied by Povich et al.

Firstly, to even out the slightly different sensitivities, in Figs. C.1a to C.1d, the same
magnitude cuts we chose for the Sycc (Sect. 6.2.2) were applied to the Pcyc. This brings
the number down from 1439 sources to 1075. The remaining 364 sources were simply too
faint to appear in the Sycc.

The major contributor, however, are the different methods of selecting cysos. The
[3.6] —[4.5] vs. [5.8] —[8.0] colour-colour diagram we utilise in Figs. C.1e and C.1f (Sect. 6.2)
excludes a further 389 cysos to bring the total number down to 686. The [3.6] — [4.5] vs.
[4.5] — [8.0] colour-colour diagram applied in Figs. C.1g and C.1j then removes 46 more.

This leaves a total of 640 cYsoOs in the PCcyC when exactly the same method is applied
to it with which we obtained the Sycc from the Spsc. Figure C.1k clearly shows the
large number of purple (i.e. original Pcyc) sources that lie far outside the boundaries
we chose for YSO identification from colour-colour diagrams. Furthermore, the histograms
demonstrate well that our decision to exclude the faintest sources in order to obtain a
more reliable catalogue would also exclude many sources included in the Pcyc.

o
6 8 10 12 14 16 6 8 10 12 14 16
1361 [5.8]

[36]-[+5]
[36]-[+5]

@ 50 o 60

- 20 - 20

. o o
1 2 3 4 5 6 8 10 12 14 16 6 & 10 12 14 16
[5.8]-[8.] [45]-[82] 1451 [8.0]

(a) Step 0: The original Pcyc (1439 sources).

Figure C.1: The selection criteria with which we obtained the Sycc from the Spsc applied
to the Pcyc. In each step the process applied is signified by an added red line
in the appropriate diagram. The purple symbols and lines always represent
the original population of 1439 sources for comparison. In the colour-colour
diagrams, on the left, black symbols represent the PCyYC sources left after the
current step. On the right, their histograms are drawn in black.
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C Reducing the PCYC in ten easy steps
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Figure C.1: Continued.
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C Reducing the PCYC in ten easy steps
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D Test: Why do we not classify sources as
cYSOs from the PCYC when they are in
the SYCC?

In Sect. 6.5.2 and Appendix C it is described that after applying all our magnitude cuts
and selection criteria for YSOs to the PCYC there are a few (28) sources that appear in the
Sycc and the Pcyc but not in the reduced Pcyc (see Fig. 6.10). I tested individually on
all 28 why they were not classified as ¢Ysos by selecting them from the Pcyc although
photometry for the Pcyc and the Sycc deviates only slightly (cf. Fig. 6.5).

In the majority of cases the reason for this are very small flux differences, which cause
a source in the Sycc to fall this side of the YSO border and its counterpart in the Pcyc
to fall on the far side. Since photometric values for the PcycC are given in magnitudes
and only to the first decimal place in the VizieR online catalogue, sometimes the different
classification is based on rounding differences. In a number of cases, the PCcyC does not
have the flux for the 8.0 um band, whereas the Sycc does. As we require four bands
for selection, the PCyYC source drops out. There is also small number of cases where a
small difference lets the Pcyc source fall below the magnitude cutoff we imposed. Several
sources violate more than one equation at the same time, which is natural as they use the
same colours.

Below, I show some illustrative cases. The IRAC fluxes from the Pcyc and the Sycc are
compared. To enable better comparison at a glance, for the Sycc I give the magnitude
to three decimal places and then round it to one decimal place like the PCYC magnitudes.
For clarity, in the last column of each table I only list the one YSO selection criterion that
in the Pcyc is violated and in the Sycc is not (or, if more than one are violated, one of
those).

J10:44:52.0-59:44:21

[3.6] [4.5] [5.8] [80]  Eq. (6.1)

Pcyc 8.5 8.0 7.5 72 03204 4
Sycc 8413~84 T7.948~79 7.320~75 6.822~6.8 0.498:0.4 v

J10:46:05.1-59:28:18

[3.6] [4.5] [5.8] .00  Eq. (6.2)

Pcyc 11.5 11.1 10.7 10.3 0.4 + 0.402 4
Sycc 11459 ~11.5 11.119 ~11.1 10.643 ~10.6 10.114 ~ 10.1 0.340 = 0.316 v/
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D Test: Why do we not classify sources as cYSOs from the PCYC when they are in the SYCC?

J10:44:46.4-59:21:53

[3.6] [4.5] [5.8] 80]  Eq. (6.3)

Pcyc 10.9 10.9 10.6 9.2 0.0 £ 0.02 4
Sycc  10.846 ~ 10.8 10.843 ~ 10.8 10.554 ~ 10.6 9.145 ~ 9.1 0.016 % 0.010 v/

J10:42:14.6-60:00:33

[3.6] [4.5] [5.8] [8.0] cutoff [3.6]

Pcyc 13.3 12.8 12.1 11.4 13.3 £13.2 4
Svycc  13.089 ~13.1 12812~ 12.8 12342~ 123 11.360 ~11.4 13.089 & 13.2 v

J10:44:11.8—59:24:30

[3.6] [4.5] [5.8] [8.0] cutoff [8.0]

Pcyc 12.6 12.0 11.7 11.6 11.6 < 11.5 4
Svcc 112538 ~ 125 12.060 ~ 12.1 11.526 ~ 12.1.5 10.904 ~10.9 10.904 £ 11.5 v

J10:45:47.0-60:16:53

[3.6] [4.5] [5.8] [8.0] 4 bands

Pcyc 11.8 11.0 10.3 4
Svycc  11.717 ~ 11.7 11.026 ~ 11.0 10.176 ~ 10.2 8.932 ~ 8.9 v

186



E Minor clusters of young stellar objects

E.1 The Gum 31 region

About 8’ to the south-west of Cluster No. 1 (described in Sect. 9.4.1), there is another,
smaller, cYso overdensity found in conjunction with a Yonekura et al. [2005] C'8O clump
(their No. 2). We list it as Cluster No. 2. In this cluster (Fig. E.1) a group of four ClassII
¢YsoO is found in a shallow arc in an otherwise unremarkable region in the outer expanses
of the Gum 31 ridge. The resolution of the image printed here is not sufficient to see what
a closer look reveals: About 15” to the north of the northernmost of these cysos there are
three extremely green point-like sources to be found within less than 8” of each other. The
only ClassI candidate in Fig. E.1 also appears very green, i.e. with a 4.5 pm excess. The
same is true for a WISE cYso candidate that is not classified as such in the Sycc. This

Figure E.1: Cluster No. 2 west of NGC3324. Upper left: Spitzer IRAC RGB image (red:
8.0 um, green: 4.5 um, blue: 3.6 um), upper right: Spitzer M1ps 24 pm image.
Lower left: Herschel Pacs 70 um image, lower right: Herschel SPIRE 500 um
image. The cysos are marked by squares, red for ClassI, green for ClassII.
The yellow contours indicating the number density of cYsOs are identical to
those in Fig. 9.5.
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Figure E.2: Cluster No. 5 to the east of the Gum 31 bubble. (Images as in Fig. E.1.)

is the brighter of the two sources found directly to the east of the southernmost ClassII
candidate in the image.

The Cluster No. 5 shown in Fig. E.2 is not a very prominent one. It is placed to the east
of the Gum 31 bubble, in the outermost stretches of the clouds tracing the bubble edge.
Seven cysos form the cluster, all but one of ClassIl. Apart from one that is a spatial
outlier from the central cluster, they are all classified the same with WISE and there are
eight more WISE cysos. The cluster does not coincide with an ‘official’ C'*O clump pub-
lished by Yonekura et al. [2005], but their contours show an enhanced density in this place.

Between the central CN and Gum 31, to the west of Tr 14, there is a conspicuous over-
density of cysos that is readily visible in Fig. 9.5. The close-up in Fig. E.3 shows this
Cluster No. 9 to consist of two separate groups of two and three cysos each that do not
appear to be connected. They are both found in conjunction with wispy tendrils from a
nebulosity seen in MIR to FIR, but otherwise unremarkable. Strikingly, though, each of the
two groups is associated directly with a bright, point-like source in the 500 pm image.

E.2 The outer regions of the survey field

Those clusters at the very edges of our study region at first glance appear to be uncon-
nected, but at closer inspection are associated with IR features that seem to indicate their
being real clusters. It is, however, worth to keep in mind that the Sycc sample suffers a
strong contamination and that it is therefore possible what we are seeing here is uncon-
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Figure E.3: Cluster No. 9 located between the central CN and Gum31. (Images as in
Fig. E.1.)

nected to the region. If a cluster appears to be associated with the nebula itself and its
features are echoed in the dust then it is probably indeed a part of the complex. Outside
the complex this test of plausibility is not possible, therefore the clusters described below
might not be connected with the CNC itself, but chance projections.

Figure E.4 shows two cySO overdensities, one in the upper left corner (C'*O clump
No. 1 of Yonekura et al. [2005] and our Cluster No. 6), the other to the upper centre
(C'O peak not listed, but apparent). The former, consisting of only three Sycc cysos
and two farther out, is coincident with a bright cloud in the SPIRE 500 um image that
does not show up as bright at shorter wavelengths but is visible down to 24 um. There
are also three pre-stellar objects and one protostar found there.

Contrary to that, the elongated cloud front associated with the other overdensity is
bright in all images from 24 pum to 500 um and still faintly visible at 8.0 um. As the
southward pointing ‘nose’ of the density contours shows, cysos are found all along this
cloud, fourteen all in all. For only one of those do we compute a density above our cluster
limit, though. The cloud seems to have an undulating surface, with the outsides of the
bows pointing in the same direction as the SPIRE-bright cloud described above: Roughly
the direction of the southern Gum 31.

The very bright object at the bottom of the MiPS image, also seen in the PACS image,
appears to be the nebula GN10.31.8 described in Sect. 8.4.3, a very dense cluster of WISE
cYsos. Two of the above-mentioned Sycc Class1I candidates might conceivably belong
to this group.
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Figure E.4: Cluster No. 6 towards the western edge of the CNC study field and a further
overdensity. (Images as in Fig. E.1.)

Figure E.5: Cluster No. 8 towards the western edge of the CNC study field. (Images as in
Fig. E.1.)
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Figure E.6: Cluster No. 29 towards the southern edge of the CNC study field. (Images as
in Fig. E.1.)

Cluster No. 8, shown in Fig. E.5, consists of five SYcc cysos, three of which are ClassI
candidates. With WISE, its appearance is similar (7 cysos). The cluster is very dense;
the central four cysos cluster within just 70” (0.8 pc).

In the IRAC RGB image its most eye-catching feature is the bright pink nebula GN10.29.8
in the centre bottom (pinkness in IRAC RGB images always indicates dominating 8.0 pm
emission). On closer inspection this turns out to be part of a peculiar ring structure in
which the cluster is almost perfectly centred. The circle has a diameter of roughly 3’
and in its centre an emission maximum is found from NIR to FIR. SIMBAD lists only one
massive star in the area, B star TYC8613-2201-1, ~ 2.6 offset from this central position.

Cluster No. 29, shown in Fig. E.6, is also tiny, only two ClassI candidates and two
ClassII candidates. In addition, its environment is rather placid. Still, it is one of the
densest clusters in our study field.

In the upper left corner of Fig. E.6, a pillar is seen to emanate from the cloud that
stretches out along the top edge of the image. Immediately in the pillar head there is a
solitary ClassI candidate, seen with both IRAC and WISE, well away from other cYsoOs.
The brightest source found on the extended pillar axis is IRAS 10359-5955. IRAS 10356-5947 is
much closer to the pillar head, but is also far less luminous. Right next to IRAS 10356-5947
there is also HD 305357, a KO star, which as a late-type star should not have sufficient Uv
flux to be the shaping source.

Together with the pillar we see, especially in the 24 um image, a bright strip of nebu-
losity sweeping from the north-east to the south-west. This appears similar to what was
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Figure E.7: cYso overdensity towards the southern edge of the CNC study field. (Images
as in Fig. E.1.)

described in connection with Fig. 9.22, however, it is not accompanied by similarly bright
4.5 pm emission in the IRAC image.

Figure E.7 shows a small cYSO overdensity to the extreme south-west of our study
field, with two ClassI and ClassII candidates each from the Sycc sample. There are
considerably more WISE cysos, about 15. The HII region GAL 286.42-01.48 (SIMBAD) is
brightly seen here in the IRAC RGB image and remains extremely bright all through to the
500 um band.

To the north there is a small, previously known HII region (listed in SIMBAD as
GAL 286.40-01.35), coincident with (point-like?) sources in the 24 pm and 160 pm images.
This is accompanied by only a single Sycc source, a ClassI candidate. With WISE, how-
ever, this is a rich cluster of cysos, with 42 c¢ysos within just 2’. This cluster is also
clearly separate from its apparent environment, because around it no ¢ysos are found.

A small arc-like structure of about 2’ diameter is found in the south-western corner of
our IRAC study field (Fig. E.8). It appears as a two-part structure, consisting of an upper
arc and a, smaller, lower one, with apparent gaps to the east and the south-west. As
visible in Fig. E.8b, three cysos are found in its rim. One of these sources is associated
with very bright emission in the M1PS 24 pm image which does not extend to the FIR. On
the contrary, the only ClassI candidate of the three is a bright IRAC and MIPS source and
though faint in 70 pm, is bright and point-like again in the 500 um image.

The region has not previously been described and does not appear to be associated
with any known massive stars. The very bright IR source J105314.3-585927 appears to be
placed in the centre of the ring, but has not been studied in detail.
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Figure E.8: cYso overdensity in a miniature arc. (Images as in Fig. E.1.)
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F The X-ray clusters of Feigelson et al.
[2011]

In Sect. 9.3 we discussed the X-ray clusters of Feigelson et al. [2011] and, where appropriate,
described how they corresponded to the clusters we find from the Sycc. For a more
comprehensive comparison, Fig. F.1 shows the Sycc clusters again, as in Fig. 9.7. The
yellow circles and numbers correspond to Table 9.1. Overlaid, the magenta and cyan
circles mark the central positions of the X-ray clusters and groups, respectively.

Their size was arbitrarily chosen and does not correspond to any physical cluster size.
The number of cluster members can be obtained from Tables 1 and 2 of Feigelson et al.
[2011]. Table 1 lists the clusters, Table 2 the smaller groups. The former are represented
by magenta circles in Fig. F.1, the latter by cyan circles.
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Figure F.1: The figure is identical to Fig. 9.7, but shows the X-ray clusters of Feigelson
et al. [2011] overlaid in magenta. The ‘groups’ are drawn in cyan.
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2MASS
Acs
AGB
AGN
AOR
APEX
APEX
ATLASGAL
BCD
Bsc
c2d

CAsu

Cccpr
Cbs

CGOo
CGRrO
CN
CNc
CTI0
CcYSO
DaAorHOT
DCE
Dra
Dss
EGG
ECO
EsaA
Eso
FIF
FIR
FIRsT

FITS
FOV
F-UV
FWHM
GAIA

ii

Two Micron All-Sky Survey

Advanced Camera for Surveys (of the HST)
asymptotic giant branch (of the HR diagram)
active galactic nucleus

astronomical observation request

Atacama Pathfinder Experiment

Astronomical Point-source Extractor

APEX Telescope Large Area Survey of the GALaxy
Spitzer basic calibrated data

Bandmerge Spitzer catalogue

Spitzer Legacy Programme “From Molecular Cores to
Planet-Forming Disks”

Cambridge Astronomy Survey Unit
(http://casu.ast.cam.ac.uk/)

Chandra Carina Complex Project

Centre de Données astronomiques de Strasbourg
(http://cdsweb.u-strasbg.fr/)

compact green object

Compton Gamma-Ray Observatory

Carina Nebula

Carina Nebula Complex

Cerro Tololo Inter-American Observatory
candidate young stellar object

Dominion Astrophysical Observatory photometry software

data collection event

Deutsche Forschungsgemeinschaft
Stsci Digitized Sky Survey
evaporating gaseous globule
extended green object

European Space Agency
European Southern Observatory
fiducial image frame

far-1R

Far Infrared and Sub-millimetre Telescope (a former name of

Herschel)

flexible image transport system (a file format)
field of view

far-uv

full width at half maximum

Graphical Astronomy and Image Analysis tool



GLIMPSE
GMC

GN

HI

Hir1
HII
Hawk-1

HH jet

HR diagram
Hst

IpL

IMF

IrpacC

IR

IrAC
IrAS
IRDC
Irs

ISM

Lo
LABoCA
LBV
Mg
MHO
Mips
MipscaARr
MIR
MoPEX

Msx
MYSO
NAsA
NGC
NIR
NTT
Pacs
PAH
Pcyc
PDR
PI
PID
PMS

(http://astro.dur.ac.uk/~pdraper/gaia/gaia.html)
Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
giant molecular cloud

Atlas of Galactic Nebulae [Neckel and Vehrenberg 1985, 1987, 1990]
non-ionized hydrogen

Heterodyne Instrument for the Far Infrared (onboard Herschel)
ionized hydrogen

High-Acuity Wide-field K-band Imager (at the Eso Very Large
Telescope)

Herbig-Haro jet

Hertzsprung-Russell diagram

Hubble Space Telescope

Interactive Data Language

initial mass function

Infrared Processing and Analysis Center of NASA
(http://irsa.ipac.caltech.edu/)

infrared

Infrared Array Camera (onboard Spitzer)

Infrared Astronomical Satellite

infrared dark cloud

Infrared Spectrograph (onboard Spitzer)

interstellar medium

solar luminosity, ~ 3.84 - 1026 W

Large APEX Bolometer CAmera

luminous blue variable

solar mass, ~ 1.99 - 10% kg

molecular hydrogen emission-line object

Multiband Imaging Photometer for Spitzer

Mips study of the Carina Nebula

mid-infrared

Mosaicker and Point source Extractor
(http://irsa.ipac.caltech.edu/data/SPITZER/docs/
dataanalysistools/tools/mopex/)

Midcourse Space Experiment

massive young stellar object

National Aeronautics and Space Administration

New General Catalogue [Dreyer 1888]

near-1R

New Technology Telescope

Photodetecting Array Camera and Spectrometer (onboard Herschel)
polyaromatic hydrocarbon

Pan-Carina vso Catalogue of Povich et al. [2011a]
photo-dissociation region

principal investigator

programme identification number

pre—main-sequence
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PN
PRF
PSF
PSP
RADpDMC

RGB
RMS
SABOCA
SED
SFR
SHA

SIMBAD

SIRTF
SN

SNR
SOFI
SPIRE
Spsc
Ssc
STScl
sub-mm
Sycc
TYC

uT

[9A%
VIRCAM
VisTa
Vizier

Vir
WCS
WISE
WNH star
WR star
YSO

YMF

v

planetary nebula

point response function

point-spread function

point-source probability

a 2-D Monte-Carlo code for dust continuum radiative transfer
circumstellar disks and envelopes [Dullemond and Dominik 2004,
http://www.mpia.de/homes/dullemon/radtrans/radmc/]
red /green/blue

root mean square

Sub-millimeter APEX Bolometer CAmera

spectral energy distribution

star-formation rate

Spitzer Heritage Archive
(http://sha.ipac.caltech.edu/applications/Spitzer/SHA/)
Set of Identifications, Measurements, and Bibliography for
Astronomical Data (http://simbad.u-strasbg.fr/simbad/)
Space Infra-Red Telescope Facility (a former name of Spitzer)
supernova

signal-to-noise ratio

Son of IsaAc (at the Eso New Technology Telescope)
Spectral and Photometric Imaging Receiver (onboard Herschel)
Spitzer Point-Source Catalogue

Spitzer Science Center (http://ssc.spitzer.caltech.edu/)
Space Telescope ScCience Institute

sub-millimeter

Spitzer Yso Catalogue in Carina

Tycho Catalogue [Perryman and EsA 1997]

universal time

ultraviolet

VisTA Infra-Red CAMera

Visible and Infrared Survey Telescope for Astronomy
astronomical catalogue access tool
(http://vizier.u-strasbg.fr/viz-bin/VizieR)

Very Large Telescope

world coordinate system

Wide-field Infrared Survey Explorer

nitrogen- and helium-rich wWr star

Wolf-Rayet star

young stellar object

YSO mass function
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