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Abstract

The space between stars is not empty, but filled with a thin gas and microscopic dust
grains, together forming the so-called interstellar medium. Matter is concentrated
into clouds of very different sizes, ranging from giant molecular cloud complexes to
massive isolated dark small isolated cloudlets, called globules.

In bright emission regions, surrounding young massive stars, one can find many
tiny, isolated and cold objects appearing as dark spots against the background nebu-
losity. These objects are much smaller and less massive than normal globules. Such
small clouds are the topic of the present Licentiate thesis, where they have been
baptised globulettes. The analysis is based on Hα images of the Rosette Nebula and
IC 1805 Nebula, collected with the Nordic Optical Telescope in the years 1999 and
2000. In total 151 globulettes in these two regions were catalogued, measured and
analysed. Positions, orientations, sizes, masses, densities and pressures were derived,
as well as their present condition with regard to gravitational stability. From these
data, their origins and possible evolutionary history were discussed.

Most globulettes are sharp-edged and well isolated from the surrounding. The
size distributions are quite similar in the two studied nebulæ. The masses and
densities were derived from the extinction of light and the measured shape of the
objects. In a few cases the masses have been estimated earlier by another team, from
radio emission of CO gas, and our values are in line with their estimates for these
particular globulettes. A majority of the objects have masses < 20 MJ (Jupiter
masses), and the mass distribution drops rapidly towards higher values. Very few
objects have masses above 100 MJ ≈ 0.1 M�, which we define as the lower mass
limit for normal globules. However, there is no smooth overlap between the two
types of clouds, which makes us conclude that globulettes represent a distinct, new
class of objects.

The column density profile of a typical globulette was found to be rather uniform
in the central parts, but flattens at the periphery, as compared to what is expected
from a sphere of constant volume density.

The virial theorem, including only the kinetic and gravitational energy, indicates
that all 133 globulettes are expanding or disrupting. However, other forces, such as
outer gas and radiation pressures, can help to confine the globulettes. Our results
show that about half of these objects are gravitationally bound and even unstable
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against contraction, which opens some evolutionary scenarios not expected in the
first place. Some massive globulettes could therefore collapse to form stars with
very low masses, for instance, so-called brown dwarfs, while the low-mass globulettes
could contract to free-floating planets.

Globulettes might have been formed either by the fragmentation of larger fila-
ments, or by the disintegration of large molecular clouds originally hosting compact
and small cores. At a later stage even the confined globulettes might disrupt because
of evaporation from the action of external radiation and gas flows. However, pre-
liminary calculations of their lifetimes show that some might survive for a relatively
long time and even longer than their estimated contraction time.

No evidence of embedded infrared-emitting sources was found in independent
IR studies, but one cannot exclude that globulettes already host low-mass brown
dwarfs or planets.

Keywords: extinction - H II regions - ISM: individual: Rosette Nebula, IC 1805 -
ISM: globules - ISM: globulettes - free-floating planets.



There must be numbers of runaway planets in interstellar space, joining a host of
independent dark little suns and planets, which were never bound to any star. If
planets can have originated in the vicinity of a sun, there is no valid reason why
these small bodies could not have originated also independently, without being grav-
itationally attached to a large body.

Öpik, 1964
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Acronyms

AU Astronomical Unit
BG Bok Globules
CG Cometary Globule
Dec Declination
FITS Flexible Image Transport System
FWHM Full Width at Half Maximum
ESO European Southern Observatory
G Globulette
GMC Giant Molecular Cloud
HST Hubble Space Telescope
IR Infrared (light)
IRAS Infrared Astronomical Satellite
ISM Interstellar Medium
NOT Nordic Optical Telescope
P.A. Positions Angle
pc parsec
RA Right Ascension
RMC Rosette Molecular Cloud
RN Rosette Nebula
UV Ultraviolet (light)
VLT Very Large Telscope
2MASS Two Micron All-Sky Survey

Units and Symbols

In most circumstances cgs units are used, i.e., centimetre for length, gram for weight,
second for time, erg for energy and dyn for pressure. One solar mass of about
2.0×1033 g is denoted by the symbol M�, and one Jupiter mass of about 1.9×1030 g
is denoted by MJ . Distances are also frequently given in the units AU (astronomical
unit) or pc (parsec), where 1 AU = 1.496×1013 cm is the average earth-sun distance,
and 1 pc = 206 265 AU ≈ 3.26 light-years is the distance from which the radius
of the Earth’s orbit around the sun takes up an angle of 1

′′
. Distances within a

nebula are often given in arcsecs,
′′
, which is the angular extension in the sky. At

the distance of the Rosette Nebula, i.e., around 1400 pc, the angle 1
′′

corresponds
to a distance of 1400 AU = 2.09 × 1016 cm.
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Chapter 1

Introduction

Earth is one of nine planets orbiting our sun in the outskirts of our galaxy, the Milky
Way, composed of hundreds of billions of stars. The space between stars is filled with
thin gas and microscopic dust grains, which make up the Interstellar Medium (ISM).
The Milky Way has some 10% of its atomic mass in the form of interstellar matter,
and of this 90% is gas, while 10% is dust. The ISM is composed mainly of hydrogen
and helium. Only a minor part contains all other heavier elements once created in
previous generations of stars, and including the heavy elements in cosmic rays and
dust grains. The interstellar matter can be divided into regions characterized by the
state of hydrogen. H II regions contain ionized atomic hydrogen and can be found
around very hot stars. H I regions contain cold neutral hydrogen, while molecular
clouds consist mainly of molecular hydrogen (H2).

If the interstellar matter were spread out evenly in space the density would
correspond to about one atom per cubic centimetre. However, the distribution of
atoms is far from uniform, and regions of higher and lower densities exist. Volumes
with number densities n > 10 cm−3 are referred to as interstellar clouds. They are
found almost everywhere in our galaxy, especially in the galactic spiral arms.

The most obvious and important property of the ISM is that it contains many
different components with very different physical properties, ranging from a hot
(106 K), low density (10−3 cm−3) gas, to cold (10 − 100 K) and dense material in
molecular clouds.

The dust in the ISM is made of tiny, irregularly shaped particles with icy mantles.
The grains are small, about 0.1 μm in size. As the wavelengths of stellar light are
similar (0.1 − 1 μm), the grains are well matched to absorb and scatter ultraviolet
and visible light. This effect is called extinction. In regions with dense clouds, light
from background stars can be completely blocked. Such regions are called dark
clouds. However, light can also be reflected off the interstellar dust grains. As the
blue light is more easily scattered/reflected, cloud regions close to luminous stars
shine in a bluish colour. Such bright areas are called reflection nebulæ. Nebula is
Latin for cloud (plural: nebulæ). In other clouds, with imbedded luminous stars,
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2 CHAPTER 1. INTRODUCTION

starlight is absorbed by the gas, and the surrounding gas is heated. The light is
re-emitted in a number of emission lines, and such bright objects are called emission
nebulæ.

1.1 Interstellar cloud structures

Dark nebulæ have been subject to scientific studies since as far back as the 19th
century, when Herschel (1786) noticed regions devoid of stars and referred to them
as ”holes into the sky”. These starless regions of the sky were not studied in detail
until 1889 when Barnard pictured the Milky Way and catched the dark patches on
photographic plates. In 1919 he published a catalogue of 182 ”dark markings”, and
these clouds are now referred to as Barnard objects (Barnard 1919). Another more
detailed catalogue was published by Lynds which contains 1802 dark nebulae, iden-
tified on the National Geographic-Palomar Observatory Sky Atlas (Lynds, 1962).
After the finding of an interstellar gaseous medium it was proposed that the dark
markings are relatively compact objects of interstellar gas. The early investigations
were limited, because the internal cloud structure cannot be studied in great de-
tail at optical wavelengths. Later, when the radio telescopes had come into use,
line emission from molecules like CO (carbon monoxide) was discovered, and from
then on ”molecular clouds” became synonymous to dark clouds. One of the most
picturesque dark nebula is located in the constellation Ophiuchus, and shown in
Figure 1.1.

The sizes and masses of molecular clouds in our galaxy span many orders of
magnitude, ranging from tiny, less than one solar-mass structures, to over 100, 000
solar masses, and with sizes of up to 100 pc (Clemens & Barvainis 1988). Optical
observations and detailed mappings in molecular lines revealed that the material
is condensed into clumps, which, in turn, can be connected with each other by
filamentary structures. Such clumps may harbour dense cores with number densities
of 10, 000 − 100, 000 cm−3, which appear to be sites of star formation.

The biggest molecular clouds are called Giant Molecular Clouds (GMC) and have
masses ≥ 10, 000 M�, lifetimes of typically 107 years, densities of some 100 cm−3

and temperatures of 10− 100 K. But there are also considerable numbers of smaller
molecular clouds of 1000 − 10, 000 M�. The smallest ones are called globules, and
contain typically a few solar masses, densities of about 104 cm−3 and temperatures
of around 10 K.

Globules could play an important role in star formation in the ISM (Bok 1977;
Yun & Clemens 1990). Large clouds contain dense cores, and thus are sites of
subsequent star formation. Morphologically, globules can be classified into two types,
with different masses and sizes. These are cometary globules seen in, e.g., the Gum
and the Rosette Nebulæ (Hawarden & Brand 1976; Patel et al. 1993) and isolated
dark dense globules of gas and dust known as Bok globules (BG) named after Bok,
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Figure 1.1: This black cloud, B68, appears as a compact, opaque and rather sharply
defined object against a rich background star-field in the Milky Way. A high concen-
tration of dust and molecular gas absorb practically all the visible light emitted from
the background stars. This picture is captured with the most powerful telescope
(VLT) of the European Southern Observatory (ESO), and reproduced here from
http://www.eso.org/outreach/press-rel/pr-2001/phot-02a-01-preview.jpg.
B68 is only 0.3 light-years in diameter and carries a few solar masses. This cloud
will probably collapse by its own gravity and form one or several stars and maybe
also planets.

who first studied them extensively (see Bok & Reilly 1947).

Cometary globules can be described as small isolated clouds consisting of a dense
core, the ”head”, and a long tail that shows a variety of structures. Some of them

http://www.eso.org/outreach/press-rel/pr-2001/phot-02a-01-preview.jpg
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are surrounded by bright rims. They are typically 0.05− 1 pc in size, have densities
of 104 − 105 cm−3 (Bertoldi 1989) and temperatures of about 10 K. They are com-
monly found in emission nebulæ, where the tails often point away from the central
stars, which suggests that the evolution of these objects is strongly affected by the
ultraviolet radiation and winds from these stars.

Some Bok globules are well studied at optical, infrared and millimetre wave-
lengths, and the general properties and characteristics of these objects are as follows:

• They are relatively isolated and are seen in the optical spectral region as
sharply outlined dark patches against a background of stars.

• They are of 5-500 solar masses, and their diameters are in the range 0.2−2 pc,
while the core contains 1-5 M� with a typical radius of 0.05 pc and number
densities of 106 cm−3. These physical properties are similar to those of dense
molecular cloud cores.

• Some host so-called bipolar molecular outflows (see, e.g., Yun & Clemens 1992,
1994), which arise from embedded and obscured young stellar objects that have
turned on stellar winds or jet streams of warm plasma.

• The density decreases with the distance (R) from the centre approximately as
∼ R−2.

Most BGs show no signs of star formation, but there is still a possibility that they
can host very young low-mass stars, so-called brown dwarfs.

1.2 Formation of stars and planets

Since the time when Russel and Hertzsprung speculated on how stars are formed,
a wealth of new observational information has been obtained, largely as the result
of the development of radio and infrared telescopes. It is customary to distinguish
between low mass (< 2M�) stars and stars of high mass. However, it is now known
that the majority of stars of all masses form within GMCs.

According to the standard theory, star formation starts when a dense and cold
(10 − 20 K) cloud core contracts by gravitation. By assuming that the only force
opposing gravity is the inner thermal motions in the gas, one can derive an expression
for the critical mass MJeans (the so-called Jeans mass) for which star formation can
occur, i.e., the smallest mass needed for self-contraction:

MJeans =
(

5kBT

GμmH

)3/2 (
3

4πρ0

)1/2

. (1.1)

Here kB is the Boltzmann constant, T is the local temperature of the cloud, G is the
gravitational constant, μ is the mean molecular weight in units of u (the universal
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mass unit), mH is the mass of the hydrogen atom and ρ0 is the mean density of the
cloud. For a cloud with an initial density of 10−19 g cm−3 and a temperature of
T = 10 K, the free-fall time, τff , given by

τff =
√

3π

32Gρ0
(1.2)

is around 2× 105 years. If the cloud is initially of uniform density, the collapse time
is also uniform throughout the cloud.

During the gravitational contraction, the size of a cloud decreases by several
orders of magnitude (from a pc- to a 100 AU-scale). Conservation of angular mo-
mentum demands that the initial rotation of the system increases during the con-
traction. After some time, infalling matter will have enough transversal velocity to
prevent direct accretion by the central star. A rotating disk-like circumstellar struc-
ture is formed. Such disks are believed to be the birthplaces of planets, asteroids and
comets and are called protoplanetary disks. Numerous protoplanetary disks have
been imaged with the Hubble Space Telescope (HST), indicating that the formation
of extrasolar systems similar to ours is a rather common process in the Milky Way.

The process of planet formation is still poorly understood. The basic theory holds
that planets probably form by dust particles sticking together and forming larger
bodies, so-called planetesimals. Giant gas planets are believed to form around icy
solid cores, which then catch the accreting gas from the circustemstellar disk. Due
to gas drag, the seeds of terrestrial planets will migrate to the inner part of the
system, while the gaseous planets form in the outer parts. As an example, Jupiter
consists mainly of hydrogen and helium. Observations of planets around other stars
show, however, the presence of massive planets also very close to some stars.

The discovery of what could be free-floating planets in star-rich region, raises
the question of their origin. Do they form like stars, directly from the collapse of a
small molecular cloud fragments? Or do they form in a disc surrounding a star, from
which they are subsequently ejected to interstellar space because of gravitational
perturbations? From a theoretical point of view Boss (1997) showed that planetary
mass clumps with masses below 13 MJ (Jupiter masses) might be formed by direct
collapse of molecular gas and dust. If such low-mass clumps exist in the ISM, free-
floating objects could be formed in-situ.

If the mass of a contracting star is ≤ 0.08M� hydrogen fusion cannot ignite,
and a brown dwarf is formed. The existence of brown dwarfs was first suggested
by Kumar (1962, 1963), who predicted that they could be numerous. Based on
theoretical calculations, the border-line between brown dwarfs and giant planets is
around 13 MJ . The first observations of a brown dwarf was made in 1995 (Nakajima
et al. 1995), and by now several hundred are known. Most of them are in star-
forming regions, but some have been found also in young clusters, like the Pleiades
(Martin et al. 2000).
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1.3 Cloud contraction

The virial theorem is a useful tool for describing the overall energy balance of a gas
system and for analysing its stability. The condition for a thermodynamical system,
for instance a globule, to be gravitationally bound can be written as

2 (Kth + Kkin − Kext) + W + Emag =
1
2

d2

dt2
I, (1.3)

where Kth is the thermal energy, Kkin the kinetic energy and Kext the external
energy, which, for instance, produce an outer pressure from the surrounding envi-
ronment. The term W is the gravitational energy and Emag is the magnetic energy.
In the presence of a magnetic field of strength B the magnetic energy density is B2

8π .
The total magnetic energy of a spherical object with radius R is this energy density
times the volume:

Emag =
B2

8π

4π

3
R3 =

B2R3

6
. (1.4)

On the right-hand side of Equation (1.3), I is the moment of inertia (McKee &
Zweibel 1992). It can be written as

I =
∫

r2dm. (1.5)

In the virial theorem it describes the rate of change with time of the size and shape
of the cloud. A static cloud with Ï ∼= 0 is referred to as being in virial equilibrium
when the kinetic energy is balanced by the gravitational energy, if one neglects the
magnetic energy and the outer pressure.

The total thermal and kinetic energy inside the cloud is then given by

K =
∫

V

(
3
2
Pth +

1
2
ρν2

)
dV ≡ 3

2
P̄ V. (1.6)

Here, Pth is the local thermal pressure, ν is the local turbulent velocity, V is the
volume of the cloud, and P̄ is the mean gas pressure expressed as for an ideal gas:

P̄ =
M

μmHV
kBT. (1.7)

For a uniform, spherical cloud of mass M and radius R, the gravitational energy W
can be expressed as

Wsphere = −3GM2

5R
. (1.8)

Then the virial theorem in Equation (1.3) reduces to the simple form

2K + W = 0. (1.9)
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If the kinetic and gravitational energies would not balance, i.e., if Ï �= 0, the cloud
structure would change. Thus, if Ï < 0 the cloud contracts, and if Ï > 0 the cloud
dissipates into space.

1.4 H II regions

The bright emission nebulæ are also called H II regions, because H is ionized, while
II refers to an element being ionized once (III for two times etc.). Although a few
of the apparently brightest H II regions are visible to the naked eye, it appears
as if they remained unnoticed until the advent of the telescope in the early 17th
century. A large number of H II regions in our galaxy and in others are now well
studied. Some well-known examples of H II regions are the Eagle Nebula and the
Orion Nebula, which are connected to giant molecular clouds.

The Eagle Nebula (Messier 16) is a prominent H II region lying some 7000 light-
years (Hillenbrand et al. 1993) away in the constellation of Serpens (see Figure 1.2)
In the centre of this nebula there are several young, hot and massive, bright, blue
stars, whose light and winds push away the nebular filaments. In this region one
notes many opaque, long pillars, looking like fingers, containing grains of dust and
cold molecular gas. There are also evaporating gas globules of dense obscuring
material projected against the diffuse nebular emission in the background. The
pillars are warm, with typical temperatures of 60 K. Most of the mass is concentrated
in cores at the tips of the fingers, which have masses of 10−60 M�. One believes that
some of the fingers are incubators for new stars. This image of the Eagle Nebula is
a combination of three photographs in specific emitted colours, and was taken with
the 0.9 m telescope on Kitt Peak in Arizona.

The Orion GMC is the giant cloud most nearby to us, at a distance of around 1500
light-years. The nebula (Figure 1.3) is around 6 light-years across and the region is
believed to be one of ”stellar nursing”, which means that new stars are formed out
of interstellar gas. The four brightest stars seen in the cluster are approximately
100,000 times brighter than the sun. Young stars surrounded by dust and gas form
evaporating protoplanetary disks, so-called proplydes, which are wider than our solar
system. These objects are highly ionized objects and are generally thought to be
very young stars whose primordial disks have not yet dissipated (O’Dell et al. 1993).
Such objects are also found in the Carinæ Nebula (Smith et al. 2003).



8 CHAPTER 1. INTRODUCTION

Figure 1.2: The Eagle Nebula is located in the constellation Serpens about
7000 light-years (2146 pc) from the Earth. It is a very luminous open cluster of
stars surrounded by dust and gas. The three pillars at the centre of the image have
been sculptured by the intense radiation from the hot stars in the cluster. These
finger-like columns of molecular gas and dust are dense, compact objects, where
star formation takes place. This image was created by combining emission-line im-
ages in Hα (green), oxygen [O III] (blue) and sulphur [S II] (red). Image source:
http://www.noao.edu/image gallery/emission nebulae.html

http://www.noao.edu/image
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Figure 1.3: The Orion Nebula is the brightest nebula seen from the Earth. It
is a perfect laboratory for studying how stars are born, because it is just around
1500 light-years away (460 pc), a relatively short distance within our 100, 000 light-
year wide galaxy. The Orion constellation contains many regions rich in interstellar
gas and dust and sites of recent star formation. At the nebula’s centre is a group
of hot young stars, called the Trapezium cluster. Radiation and stellar winds make
the surrounding gas glow. In this nebula, many protoplanetary disks have been
discovered. The Hubble Space Telescope has spotted what might be young brown
dwarfs - the first time these objects have been seen in the Orion Nebula in visible
light. This image is the HST’s sharpest view of the Orion Nebula, taken from
http://hubblesite.org/gallery/album/nebula collection
/emission /pr2006001a/web print

http://hubblesite.org/gallery/album/nebula
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H II regions can be quite large. Usually stars of spectral type O ionize a re-
gion hundreds of parsecs in diameter, whereas B stars can only ionize regions with
diameters of the order of a few parsecs. Typically, a group of O and B type stars
can form from a molecular cloud, and such stars are the brightest members of a
stellar cluster. More loosly assembled groups are called OB associations. Through
the combined luminosity, the stars are capable of ionizing a large volume of the
surrounding gas. These OB stars have surface temperatures of 30, 000 − 50, 000 K,
masses of 20 − 100 M�, and lifetimes of 3 − 6 million years. These massive stars
create strong stellar winds, with speeds of around 2000 km s−1, and powerful en-
ergetic radiation. The combined force from winds and radiation pressure exerted
on the surrounding sweep up a thin but dense shell in the local cloud, which then
accelerates and expands outward, containing an expanding bubble of warm plasma.

The number densities in H II regions are of the order of 10 − 100 cm−3. The
abundance of elements in such nebulæ is cosmic, i.e., about 73% hydrogen, 25%
helium and a small fraction of heavier elements.

Massive young OB stars, which have formed in molecular clouds, are hot enough
to emit copious amounts of ultraviolet radiation, leading to ionization of the sur-
rounding gas. These UV photons knock out the electrons from hydrogen atoms.
When a free electron recombines with another H atom, it cascades down through
the energy levels, producing an emission line spectrum. In the visible spectral region
the strongest emission line is that of Hα with a wavelength λ = 6563 Å (0.6563 μm)
emitted when the electron decays from the third to the second excited level of the
H atom, as illustrated by Figure 1.4.

The reddish colour seen in images of, e.g., the Rosette Nebula (Figure 1.5), is
mainly a result of Hα emission. This false-colour image is taken in the light of Hα,
[O III] and [S II], reproduced as red, green and blue, respectively.

However, this particular nebula is also a good laboratory for studying star forma-
tion, as well as the interaction between an H II region and the surrounding molecular
cloud. At the centre of the nebula is the open star cluster NGC 2244, and the ex-
panding outer shell is very filamentary with a network of connected dark filaments.
Around these filaments also several elongated teardrop shaped objects can be ob-
served (Herbig 1974) which suggest a close association to them. Pillars of dust are
seen pointing towards the central stars. These pillars are elongated, often with wavy
or twisted substructures and sometimes surrounded by bright rims. Such pillars are
called elephant trunks, and the present work is based on a material collected for a
study of such trunks (Schneps et al. 1980; Carlqvist et al. 2003, and references
therein; Gahm 2003; Gahm et al. 2006). It was during this study one discovered
that in the regions surrounding the elephant trunks there are dark and tiny clouds,
which as a rule are detached from the filamentary shell structures. In some cases
these tiny clouds are connected with thin dark threads to the trunks or the shell.

Similar clouds were recognized earlier, by Thackeray (1950), in the H II region
IC 2944, containing also BGs. They were later studied, in detail, by Reipurth et al.
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Figure 1.4: The hydrogen atom has its ground state at the energy −13.6 eV, as
compared to its fully ionized state. The transition from a state with principal
quantum number n = 3 to one with n = 2 is strong in a hydrogen plasma, and
produces photons with wavelength λ = 656.3 nm in the red region of the spectrum.
This is why an emission nebula glows in red light on optical images.

(1997, 2003), who found that the cloud-size distribution shows a peak, indicating
typical sizes of 1.5

′′ − 2
′′
. On their HST images they also found a large number of

even smaller clouds, of sizes < 1
′′
. Only a few clouds have sizes greater than 10

′′

(Reipurth et al. 2003). These objects are much smaller than those normally called
globules and form a class of tiny cloudlets, which is the subject of the present thesis.
Typical questions to be answered are: What are their shapes, and distributions
of size and mass? Which physical conditions prevail in the objects? Will they
disintegrate in the surrounding warm plasma, or is there a chance that some may
contract under self-gravitation to form smaller objects, and in that case, of what
nature? These small clouds represent a distinct class of astronomical objects, which
we have named globulettes, since they are similar to, but much smaller than normal
globules.
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Figure 1.5: The Rosette Nebula is a large emission nebula located 4560 light-
years (1400 pc) away. The wind from the open cluster of stars, known as
NGC 2244, has cleared a hole in the nebula’s centre. Filaments of dark dust
are seen silhouetted against the bright background. This image was taken with
the National Science Foundation’s 0.9-m telescope on Kitt Peak. Image source:
http://www.noao.edu/image gallery/emission nebulae.html

http://www.noao.edu/image
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1.5 Aim and outline of the thesis

This thesis focuses on the very small dust clouds, globulettes, that are found to
be abundant in H II regions surrounding young stellar clusters. These tiny clouds
are much smaller than so-called globules, and they can be seen as dark spots in
silhouette against the bright background of nebular emission.

The goal of this thesis is to investigate and understand the nature of these
globulettes, especially considering their properties, origin and evolution. The mor-
phology, structures, dimensions, masses and densities of globulettes are considered,
and the virial theorem is applied to investigate whether the objects are contracting
or not. A complete catalogue of 151 objects, located in the Rosette Nebula and
IC 1805, can be found in Appendix A.

The outline of this work is the following:

• Chapter 2 overviews the observations of the structures studied here, and de-
scribes the regions in question.

• Chapter 3 gives the details about how various properties of the globulettes can
be evaluated.

• Chapter 4 presents the results.

• Chapter 5 contains a more general discussion about the objects, including
speculations about their origin and future fate. Some suggestions for future
research are given.

• Chapter 6 gives the conclusions.

• Appendix A lists the measured quantities and derived properties of the glob-
ulettes.

• Appendix B contains images of the two nebulæ, as well as the observational
fields and the zoomed-in images of the studied globulettes.





Chapter 2

Observations and regions

2.1 The observations with the Nordic Optical Telescope

This thesis is based on Hα images collected by Gösta Gahm and Helmuth Kristen
during totally five nights in December 1999 and five nights in November-December
2000, using the 2.6 m Nordic Optical Telescope (NOT) on La Palma, Canary Is-
lands, Spain. The original survey included several fields in ten H II regions. The
telescope was equipped with the ALFOSC camera with narrow-band filters centred
at a wavelength of 6563 Å (0.6563 μm). The angular resolutions set by the atmo-
spheric turbulence, called ”seeing”, were in the range 0.7

′′ − 1.1
′′
, and the field of

view was 6.5
′
. The astronomical seeing conditions a given night at a given location

describe how much the Earth’s atmosphere perturbs the images of stars as seen
through a telescope. The most common seeing measurement is the Full Width at
Half Maximum (FWHM) of the seeing disk of a ”point-like” star. Under the best
conditions, the seeing disc diameter is around 0.4

′′
. The scale of the CCD detector

was 0.188
′′

per pixel, which defines the smallest area for which information can be
extracted. The exposure times were 1800 s with few exceptions.

Two different filters were used; in 1999 a narrow-band filter with 33 Å FWHM,
covering the nebular emission from only the Hα line, and in 2000 a filter with 180 Å
FWHM, including also the strong nebular emission lines of [N II] at 6548.1 Å and
6583.6 Å, flanking the Hα line, and hence including more nebular emission.

All images were corrected for instrumental effects, cosmic ray excitations and the
different sensitivities of the individual pixels (including so-called dark current, bias
and flat field corrections), with the help of standard techniques. For the calibration of
fluxes one also needs to correct for the light from the sky in the images, and therefore
exposures of the sky background were collected in fields outside the emission nebulæ.
The nights were dark, except during parts of December 2 and 3, 2000, when there
was moonlight.

15
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2.2 Selected regions

Among the ten H II regions observed, we selected two regions for further studies,
namely the Rosette Nebula and IC 1805. They contain a large number of tiny
clumps, seen as dark spots against the bright nebular background - the globulettes.

To start with, the positions of all globulettes were determined (see Section 3.1).
In Table 2-1 Column (1) gives the field number, Column (2) and Column (3) give
the central equatorial coordinates of the fields in right ascension (RA, in h = hours,
m = minutes, s = seconds) and Declination (Dec, in o = degrees, ′ = arcminutes, ′′

= arcsecs) for epoch 2000.0. Column (4) gives the half-width diameter of the seeing
disk (in ′′), which are derived from stellar images in each exposure. The location of
the fields studied here are overviewed in Appendix B.

The Rosette Nebula (NGC 2237-2246, see Figure 1.5) can be described as a large,
spherical emission nebula around the young stellar cluster NGC 2244 found in the
constellation of Monoceros. The cluster was first noticed in the late 17th century by
Flamsteed (1690) and later studied by John Herschel, the son of William Herschel,
who discovered prominent nebular features, and reported them in his general cata-
logue (Herschel 1864). The cluster age has been estimated to about 3 million years
(Ogura & Ishida 1981), and the nebular surrounding contains around 105 M� of gas
and dust (Williams et al. 1995). This region is rich in filaments and small globules,
as noted by Minkowski (1949), Bok et al. (1949) and Herbig (1974).

The centre of the Rosette Nebula, where the cluster NGC 2244 lies, is devoid
of gas. In some early speculations it was discussed whether the newly formed stars
consume the gas. It is now known that the powerful stellar winds of hot OB stars heat
the inner parts of the nebula, and create a warm bubble of plasma in the surrounding
molecular cloud. This bubble has a radius of about 16 pc. It will gradually expand
and dissipate until the stars are free from nebulosity. The total lifetime of the
Rosette Nebula is estimated to be around 10 million years. Its distance from us has
been estimated to 1.4 − 1.7 kpc (Johnson 1962; Turner 1976; Heiser 1977; Ogura
& Ishida 1981; Guseva et al. 1984; Hensberge et al. 2000; Park & Sung 2002).
The differences depend mainly on the selection of the cluster members, but also
on calibrations. From the more recent estimates we select a distance of 1400 pc
(Gahm et al. 2006). The angular diameter of the nebula is around 1.5o in the sky,
corresponding to a diameter of nearly 40 pc.

The nebula IC 1805, also called the Heart Nebula, is shown in Figure 2.1. It is
connected to the stellar association Cas OB6, which includes the cluster OCl 352,
rich in O stars. The complex is part of a chain of prominent, massive molecular
clouds in the Perseus arm. Its estimated distance is 2.35 kpc and its age is some
2 million years (Gahm et al. 2006). According to Elmegreen (1980) extensive star
formation takes place in the region. The H II region is rich in dark globules and
filaments. However, since IC 1805 is so far away from the Earth, far less information
has been gained compared to that from the Rosette Nebula.
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Table 2-1: Central positions for the fields studied in the Rosette Nebula and IC 1805,
and average seeing conditions during the exposures.

Field RA (2000.0) Dec (2000.0) Seeing
(h m s) (o ′ ′′) (′′)

Rosette Nebula
1 06 30 24.0 +04 51 00 1.08
2 06 30 29.0 +04 56 00 0.70
3 06 30 40.0 +05 00 00 1.05
4 06 30 44.0 +04 39 00 0.83
5 06 30 48.0 +05 24 30 1.07

6A 06 30 50.0 +05 02 00 0.97
6B 06 30 50.0 +05 01 10 0.74
7 06 30 50.0 +05 06 30 0.80
8 06 31 10.0 +05 08 00 0.87
9 06 31 12.0 +05 24 50 0.74
10 06 31 18.5 +05 26 58 0.80
11 06 31 22.0 +05 13 30 1.15
12 06 31 32.7 +05 27 30 0.74
13 06 31 35.4 +05 08 31 1.00
14 06 31 35.4 +05 09 00 0.75
15 06 31 35.8 +05 11 55 0.74
16 06 31 47.8 +05 15 13 0.73
17 06 31 55.0 +05 30 00 0.76
18 06 32 02.0 +05 16 13 0.66
19 06 32 16.0 +05 13 13 0.94
20 06 32 19.0 +04 30 00 1.0
21 06 33 18.0 +04 46 00 1.3
22 06 33 33.0 +04 50 00 1.2

IC 1805
1 02 35 00.0 +61 09 30 0.71
2 02 35 48.0 +61 17 57 0.82
3 02 36 09.0 +61 22 25 0.83
4 02 36 29.0 +61 25 35 0.84
5 02 36 35.0 +61 22 12 0.83
6 02 36 46.0 +61 25 00 0.71
7 06 37 30.0 +61 25 00 0.73
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Figure 2.1: IC 1805 is an emission nebula, also known as the Heart Neb-
ula because of its shape. This beautifully detailed view shows the glow-
ing gas and dark dust clouds. Its estimated distance from the Earth is
2.35 kpc. This image is taken in [S II], Hα and [O II] light. Image source:
http://antwrp.gsfc.nasa.gov/apod/ap040917.html

http://antwrp.gsfc.nasa.gov/apod/ap040917.html


Chapter 3

Measurements and derivations

3.1 Positions

We have found 133 globulettes in the Rosette Nebula and 18 in IC 1805. Many
are distinct in shape, others are more diffuse, and some have extended cometlike
tails. The images from the ALFOSC camera contain no information about exact
central coordinates and the orientation of the fields in the attached Flexible Image
Transport System (FITS) image header. In order to find the coordinates of a given
object one must convert (x, y) positions in pixel space to equatorial coordinates
RA and Dec. In this work a commercially available language for interactive data
analysis, the so-called IDL, and a software written by Magnus G̊alfalk, have been
used for this operation.

Montenbruck & Pfleger (1994) and Kovalevsky (1995) discuss the problem that
the (x, y) pixel coordinate system will not be aligned with the optical axis of the
system. There will most likely be a small tilt by some angle φ, as illustrated by
Figure 3.1.

Therefore the relation between the two coordinate systems can be written as

RA = Ax + By + C, (3.1)

Dec = Dx + Ey + F. (3.2)

The six parameters A − F are constants to be determined. Coordinates for stars
in a field can be found with the help of, for instance, the Aladin Sky Atlas on-line
programme. This is an interactive software sky atlas allowing the user to visualize
digitized images of any part of the sky, in order to superimpose entries from astro-
nomical catalogues for all known objects in the studied field. The coordinates of
an object can be calculated from the pixel locations, provided the constants for the
transformation are known.

It is rather straightforward to determine the plate constants for an image. First,
the (x, y) locations of a number of stars in the field with known equatorial coordinates

19
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Dec

RA

y

x

Figure 3.1: Geometry of the two different coordinate systems: (x, y) and (RA, Dec),
rotated an angle φ relative each other.

are measured from the plate. It is preferable to have the standard stars more or
less uniformly distributed over the image. Then the standard coordinates of these
stars are found with the help of Aladin, and the equations above are solved for the
constants. Since there are three unknowns for each equation, at least three stars
are needed for solving the equations. However, in order to improve the accuracy of
these crucial constants, up to 14 stars have been used in the analyses in this thesis.
This procedure over-determines the plate constants, and the method of least-squares
is therefore used to find their optimal values. Once the plate constants are known,
it is possible to derive the coordinates for any object in an image. In this way the
central positions of all the selected globulettes were measured.

3.2 Shapes, dimensions and orientations of globulettes

For the subsequent analysis of globulettes it is necessary to find their dimensions
and orientations. At first, the shapes of the globulettes are characterized. It can
immediately be concluded that they are not always spherical, as is evident from
Figure 3.2. If one insists to assign them a certain shape, they are best approximated
by ellipsoids. It must be kept in mind, however, that we have no direct observa-
tional knowledge about the shape of a certain globulette along the line of sight,
only perpendicular to it. Hence, we can only draw indirect conclusions about their
ellipsoidal shape from their statistical appearance, and from the estimated masses
along the line of sight (as will be discussed in detail later).
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83828176 17 IC 1805

Figure 3.2: This figure illustrates how different the shapes of different globulettes
can be, with the examples G76, G81, G82 and G83 (all from the Rosette Nebula)
and G17 (from IC 1805). The green contours define their sizes, as described in the
text. Each panel is 10

′′ × 10
′′
.

First one has to define the size of each globulette, which means defining its
contour. In this work, the following method has been used. The contour is defined
here by the level where the pixel intensity has dropped to 85% of the interpolated
background intensity (remembering that a globulette is darker than the background).
For the examples given in Figure 3.2 these contours are marked with green lines.
Thereafter ellipses are fitted to the contours. In the literature there are numerous
methods suggested for fitting ellipses to closed arrays of data points, all with varying
success. Many of these techniques (Bookstein 1979; Sampson 1982) attempt to fit
the points to a general conic, defined as an intersection of a plane and a cone.
Depending on the angle and location of the intersection, the result can be a circle,
an ellipse, a parabola or a hyperbola. One has to rely on an additional constraint in
order to force the solution to become an ellipse. An ellipse is conventionally defined
in implicit form as the set of coordinates (u, v) obeying

(u − uc)
2

α2
+

(v − vc)
2

β2
= 1. (3.3)

Here α and β are the lengths of the semi-major and semi-minor axes of the ellipse,
and the point (uc, vc) is its centre. Fitzgibbon et al. (1999) presented a direct least-
squares based ellipse-specific method, where the general conic is represented by a
second-order polynomial

G(u, v) = au2 + buv + cv2 + du + ev + f = 0, (3.4)

with the ellipse-specific constraint

b2 − 4ac < 0. (3.5)

The formalism can be put in vector form if we first define the two vectors

S = (a, b, c, d, e, f)T (3.6)
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and
U = (u2, uv, v2, u, v, 1), (3.7)

which simplifies the first equation to

SU = 0. (3.8)

For the actual calculations it is suitable to decompose S further:

S =
[

S1

S2

]
, (3.9)

where S1 = (a, b, c)T and S2 = (d, e, f)T .
The problem is now to estimate accurately the best-fit elliptical parameters a−f

with the help of n given coordinates, (ui, vi), i = 1, 2, ..n, on the globulette contour.
Since SU = 0 for an ellipse, it seems appropriate to try to minimize the corre-
sponding product for the total set of data points. This is best done by using the
least-squares method for minimizing the sum of squares

h =
n∑

i=1

(
au2

i + bu2
i vi + cv2

i + dui + evi + f
)2 = ‖SW‖2 . (3.10)

Here W = [U1 U2...Un]T . It collects all information about the U matrices for the
contour points:

W =

⎡
⎢⎢⎣

u2
1 u1v1 v2

1 u1 v1 1
u2

2 u2v2 v2
2 u2 v2 1

. . .
u2

n unvn v2
n un vn 1

⎤
⎥⎥⎦ . (3.11)

W can be decomposed into quadratic and linear forms as follows:

W = [W1 W2] , (3.12)

where

W1 =

⎡
⎢⎢⎣

u2
1 u1v1 v2

1

u2
2 u2v2 v2

2

. . .
u2

n unvn v2
n

⎤
⎥⎥⎦ (3.13)

and

W2 =

⎡
⎢⎢⎣

u1 v1 1
u2 v2 1
. . .
un vn 1

⎤
⎥⎥⎦ . (3.14)

In order to constrain the solutions to ellipses, i.e., with b2 − 4ac < 0, numerous
constraints have been proposed in the past (Bookstein 1979; Gander et al. 1994;
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Rosin 1993). Here b2−4ac = −1 will be used. This can be expressed in matrix form
as STKS = 1, where

K =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 0 2 0 0 0
0 −1 0 0 0 0
2 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

. (3.15)

Hence, also the constraint matrix K can be decomposed as

K =
[ K1 0

0 0

]
, (3.16)

where

K1 =

⎡
⎣ 0 0 2

0 −1 0
2 0 0

⎤
⎦ . (3.17)

The constraint equation can therefore be simplified to

ST
1 K1S1 = 1. (3.18)

Then by introducing a Lagrange parameter λ, one can formulate the minimiza-
tion problem as solving the equations⎧⎨

⎩
HS = λKS

STKS = 1
(3.19)

Here H is the ”scatter matrix” WT W. Thus, an eigensystem with six eigenvector
pairs has been obtained. According to Fitzgibbon et al. (1996, 1999) only one of
these pairs will have a positive λ and therefore yield a true local minimum. For a
more detailed discussion of the ellipse fitting problems, see previous references.

Here Fitzgibbon’s procedure has been implemented in Matlab, in order to derive
best-fit ellipses and to determine their parameters. Once the ellipse parameters a−f
are found, a new coordinate system (u0, v0) can be defined so that the ellipse axes
are parallel to the u0 and v0 axes. The rotation angle θ between the two systems
obeys ⎧⎨

⎩
u = u0 cos θ − v0 sin θ

v = u0 sin θ + v0 cos θ
(3.20)

In the (u0, v0) system, the coefficient in front of the term u0v0 in Equation (3.4) is 0.
Hence, insertion of u and v in Equation (3.4), as expressed in u0 and v0, gives

−2a sin θ cos θ + 2c sin θ cos θ + b
(
cos2 θ − sin2 θ

)
= 0, (3.21)
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which can be solved as
tan (2θ) =

b

a − c
(3.22)

for the tilt of the ellipse in the original system.
Taking into account all terms in G(u, v) in Equation (3.4), one obtains

a (u0 cos θ − v0 sin θ)2 + b (u0 cos θ − v0 sin θ) × (u0 sin θ + v0 cos θ) (3.23)
+ c (u0 sin θ + v0 cos θ)2 + d (u0 cos θ − v0 cos θ) + e (u0 sin θ + v0 cos θ) + f = 0.

This equation makes it possible to find five parameters of the ellipse, such as the semi-
major axis length, α, the semi-minor axis length, β, the centre-point coordinates,
(uc, vc), and the orientation of the ellipse, θ, all illustrated by Figure 3.3.

v0

u0

v

u
(uc,vc)

Figure 3.3: Illustration of ellipse parameters, where α is the length of the semi-major
axis, β that of the semi-minor axis and θ the orientation.

The results can be written as

θ =
1
2

arctan
b

a − c
, (3.24)
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for the rotational angle, and ⎧⎨
⎩

uc = − n1
2m1

vc = − n2
2m2

,
(3.25)

for the centre-point coordinates. Here

m1 = a cos2 θ + b sin θ cos θ + c sin2 θ, (3.26)

n1 = d cos θ + e sin θ, (3.27)

m2 = a sin2 θ − b sin θ cos θ + c cos2 θ, (3.28)

n2 = −d sin θ + e cos θ. (3.29)

Finally, the lengths of the semi-major and semi-minor axes, α and β, can be ex-
pressed as

α =

√
m2n2

1 + m1n2
2 − 4m1m2f

4m2
1m

2
2

, (3.30)

β =

√
m2

1n2 + m2
2n1 − 4m1m2f

4m2
1m

2
2

, (3.31)

where the length of the axes will be given in pixels multiplied with the pixel-size,
0.188

′′
. These apparent axes must be corrected for seeing, as explained in Section 1.

The true diameter, Ø, of an object for which one has measured the diameter ø, can
be estimated as

Ø =
√

ø2 − S2, (3.32)

where S is the FWHM of the seeing disk.

3.3 Extinction and its relation to mass

In the images analysed here, the globulettes are seen in silhouette against a diffuse
Hα background. This provides an opportunity to measure the extinction of the
background light caused by the globulette. From such data one can, in turn, compute
the total mass over an area in the line of sight through the object, the so-called
column density.

The extinction (absorption plus scattering), Aλ, at a certain wavelength λ is
conventionally counted in magnitudes, and defined by

Aλ = −2.5 log
(

I

I0

)
, (3.33)
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where I is the light intensity measured in an area inside the globulette, and I0 is
that of the nebular background.

A relation has been found between the extinction as a function of the wavelength,
λ, and the column density of hydrogen gas, N(H2), which according to Bohlin et al.
(1978) is

N (H2) = 9.4 × 1020 AV [cm−2 mag−1], (3.34)

for normal interstellar clouds. AV refers to the extinction in the photometric V-
band centred at λ = 5500 Å. However, the observations on which this thesis work is
based were made with an Hα filter. Hence, we need to find a relation between the
extinction at λ = 6563 Å and in the V-band (λ = 5500Å).

First, one assumes that this relation is the same for our globulettes as for in-
terstellar clouds in general. The most commonly used photometric system was
developed by Johnson & Morgan (1951) and later extended to include near-infrared
wavelengths. The filter-symbols and corresponding central wavelengths are shown
in Table 3-1. The width of the filter-bands are of the order of several 100 Å.

Table 3-1: The standard photometric system, for which the central wavelength of
each filter is given. The width of the filter bands are of the order of several times
100 Å.

Filter U B V R I J K L
Mean wavelength (μm) 0.40 0.44 0.55 0.70 0.90 1.25 2.2 3.4

The colour index of an object is defined as the difference in magnitude between
two filter bands. Often the difference between the blue (B) and the visual (V) band
is used, and called (B−V ). If an ”unreddened” star, i.e., one which is not reddened
by foreground interstellar matter has the colour index (B − V )0, one defines the
colour excess of an object as

E(B − V ) = (B − V ) − (B − V )0. (3.35)

The ratio of extinction to colour excess is called R (Savage & Mathis 1979). In
the visual filter band it is defined as:

RV =
AV

E(B − V )
. (3.36)

According to Savage & Mathis (1979) the standard value of RV is 3.1. These authors
have also tabulated the values of the more general ratio

E(λ − V )
E(B − V )

(3.37)
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for the filter bands in Table 3-1. However, these do not include the Hα passband, so
we have interpolated the published values to Hα, i.e., to λα = 0.6563 μm. We then
get for the Hα extinction magnitude Aα:

Aα

E(B − V )
= 2.58. (3.38)

Hence
AV =

3.10
2.58

Aα = 1.20 Aα. (3.39)

This is the value to be put into Equation (3.34) in order to derive the column density
at a particular position in a globulette, once its extinction Aα has been measured.

Since Equation (3.34) gives only the column number density we need to take into
account the mass of a hydrogen molecule and also assume that there is a ”cosmic”
abundance of other elements, i.e., , that hydrogen makes up only 73% of the total
mass per volume. Hence, we get for the column mass density:

N = 2 × 1.67 × 10−24 × 1
0.73

N(H2) = 4.58 × 10−24 N(H2) [g cm−2]. (3.40)

Inserting Equation (3.34) finally gives

N = 5.2 × 10−3 AV [g cm−2 mag−1], (3.41)

where AV is found from Equation (3.39). (In Appendix A, these ”equivalent” AV

values are tabulated, rather than the measured values of Aα.)
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Results

4.1 Cloud appearance

The northern part of the Rosette molecular cloud is shown in Figure 4.1. The an-
gular dimension of the image is 50

′ × 37
′
, corresponding to 20 × 15 pc. The region

contains many elephant trunks, network of filaments and Bok globules. After a
closer inspection of images from NOT (the Nordic Optical Telescope) of the Rosette
Nebula, 133 globulettes with a variety of shapes were identified, and their measured
properties are listed in Table A-1 in Appendix A. Beside designation and coordi-
nates Table A-1 gives the semi-major and semi-minor axes of the best-fit ellipse in
arcseconds to two decimal place and the position angle in degrees from north to
east. However, if an object is almost circular it is difficult to determine the position
angle. Such globulettes are marked with a star in Table A-1. For objects with large
ellipticities (α/β > 1.5), the position angle is accurate to within ± 5o.

A small part of the Heart Nebula IC 1805 is shown in Figure 4.2, as imaged
with the NOT. Here the image size is approximately 330

′′ × 330
′′
, corresponding

to 3.8 × 3.8 pc. In this region there is a prominent elephant trunk with two jaws,
named the Stag-Beetle by Carlqvist et al. (2003). This trunk consists of many
dark filaments and subfilaments with twisted structures. To the south of the main
trunk there are a number of smaller trunks of a less developed nature. According to
Carlqvist et al. (2003), these trunks are built up by relatively dense heads and two
legs in V-shape. A number of small, dark objects (globulettes) can be seen around
the trunk. In this particular image 11 globulettes were found. In total 18 objects
from IC 1805 were mapped, and their data are given in Appendix A. All objects in
the Rosette Nebula and IC 1805 can be found in the overview images in Appendix B.

29
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Figure 4.1: This large-scale image of the northern part of the Rosette Nebula shows
dark filaments against the bright nebulosity. The image spans 50

′ ×37
′
, correspond-

ing to 20 × 15 pc. Lower part: Enlarged view of the square in the upper panel
showing our Hα image of a trunk, called the Wrench. The image spans 222

′′ × 256
′′
,

or 1.5×1.7 pc. The central star cluster NGC 2244, which is visible in the lower part
of the upper image, excites the nebula. North is up and east to the left.
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Figure 4.2: This NOT image with size 330
′′ × 330

′′
shows one small part of IC 1805.

Here one of the most outstanding elephant trunks, called the Stag-Beetle, is located.
It is built up by a number of dark filaments and twisted subfilaments, containing
globulettes, many observed around the trunk. They have masses of a few times that
of Jupiter. North is up and east to the left.
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These images are modified in order to highlight the characteristics of the struc-
tures, with the help of adjusted image settings, such as contrast and brightness. Of
the totally 151 globulettes, about 94 appear well isolated. The remaining objects
have some connection to each other or to filamentary structures, sometimes with
thin Y- or V-shaped threads. A few clouds also have a cometary appearance. In
addition, the globulettes can be diffuse or have bright-rimmed forms, or belong to
doublets.

A mosaic of different globulettes from the Rosette and IC 1805 nebulæ is collected
in Figure 4.3. The top row shows four examples of bright-rimmed clouds located
south of the trunk called the Wrench. These represent the interphase between the
ionized and the neutral gas. The second row shows examples of dark and almost
spherical, isolated globulettes. The characteristic sizes of these clouds are, from
left to right in the Rosette Nebula, 4.74

′′
, 3.73

′′
, 4.70

′′
and 2.17

′′
in IC 1805. The

third and fourth rows show globulettes that are connected to each other by threads
or filaments. The fifth row shows two objects to the right with long tails, defined
as cometary globulettes, while the leftmost two have teardrop shapes. These tails
point away from the central hot stars in the H II region. The second-last row shows
samples of the smallest globulettes in the Rosette Nebula, given special attention
in this thesis, with sizes from 0.69

′′
to 1.4

′′
. Finally, the bottom row in Figure 4.3

shows V- and Y-shaped structures.
A closer study shows that some globulettes have high extinctions and very sharp

edges, while others have fuzzy edges and diffuse appearances. As examples from
Figure 4.3, globulettes G34 and G76 belong to the sharp-edged ones, while G65
and G94 have fuzzy edges. Figure 4.4 shows two examples of intensity cuts across
globulettes. The one in part A is the sharp-edged G76, while part B shows the fuzzy
G77.

Figure 4.5 shows an example of how a globulette contour (boundary) can be
approximated by an ellipse. The contour is defined as the line where the globulette
blocks 15% of the background intensity. The ellipse-fitting procedure gives the
following values for globulettes G76 and G83 in the Rosette Nebula.

Globulette G76 is a well-isolated and almost spherical cloud, with a semi-major
axis of 2.48

′′
, which corresponds to a length of 3.47 × 103 AU. The corresponding

data for the semi - minor axis are 2.22
′′

and 3.10 × 103 AU. The orientation is not
well-defined due to the almost spherical shape. Globulette G83 can be described
as an ellipse connected with threads to another globulette. Its orientation angle
is 23.3o from north to east, and the axes are 8.90

′′
and 5.62

′′
corresponding to

12.5 × 103 AU and 7.87 × 103 AU.
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Figure 4.3: Examples of globulette shapes. All images are from the Rosette (RN)
and IC 1805 (IC) nebulæ, taken with NOT in Hα light. They are marked with
their numbers of out data tables. Top row: Bright-rimmed clouds; Second row:
Near spherical ones; Third row: Colouds connected to each other with tiny threads;
Fourth row: Small clouds connected to filaments; Fifth row: ”Tear-drops” in RN and
”cometary” tails in IC; Second-last row: The smallest globulettes in the RN; Bottom
row: V- and Y-shaped structures. Each panel is 16

′′ × 16
′′
, except the second-last

row, which has the size 5.5
′′ × 5.5

′′
. The north is up and east to the left.
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Figure 4.4: The upper part A shows the nearly spherical globulette G76, with a
mean radius of 2.35

′′
. The intensity profile over the white strip, to the right, shows

that this globulette has sharp edges. The lower panel B shows the diffuse G77, with
a mean radius of 1.71

′′
. This object has fuzzier boundaries than G76, as shown by

the intensity diagram. The horisontal axes are in pixels and the vertical ones in
pixel intensities.
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Figure 4.5: This figure illustrates how an ellipse contour is fitted to the object G83
in the Rosette Nebula. The upper part shows the cloud boundary, i.e., where the
contour level has dropped to 85% of the background intensity. The lower part shows
the result of the fitting algorithm, giving the following best-fit ellipse parameters:
orientation angle θ = 23.3o from north to east, and axes 8.90

′′ × 5.62
′′
.
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It is interesting to know how the studied objects are orientated in the sky. Fig-
ure 4.1 shows that the elephant trunks point radially towards NGC 2244. According
to Herbig (1974) the orientation of the symmetry axes of globules is, in general,
parallel to that of the elephant trunks. Figures 4.6 & 4.7 display the orientations of
the globulettes studied in this thesis, i.e., the ones with a well-defined orientation.
These are marked as points with short straight lines showing the direction. It is
quite clear that almost all symmetry axes are directed inward towards the central
cluster in the Rosette Nebula, as marked in the figure. In IC 1805 the globulette
orientations are more random. Some of the objects are still connected to the main
trunk, and are therefore lined up with its orientation.
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Figure 4.6: A ”map” of the northwest quadrant of the Rosette Nebula, where the
numbered globulettes are marked as points. Short straight lines show the orientation
of the major axes of those objects that are elongated. These lines point towards the
centre of the nebular cavity, as marked with a star. Four other notable stars in the
neighbourhood are marked with smaller star symbols.
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Figure 4.7: A ”map” graph of a part of IC 1805, with the same notations as in
Figure 4.6. The objects are not as clearly oriented towards the centre of the nebula
as within the Rosette Nebula. The centre of IC 1805 is to the right of the frame.

4.2 The calculations - typical examples

The estimated masses and other derived properties of the studied objects are listed
in Appendix A. In order to illustrate how these data were obtained the actual cal-
culations are given in this section for a typical example, the globulette G76. This
almost spherical cloud was studied in an image taken (in 2000) with an Hα filter
and an exposure time of 1200 s. The sky background was obtained to be 168 units
(instrumental intensity scale), which was subtracted from all intensity values. The
so-called Fits Viewer and Editor software was used, and the derived intensities in
each pixel could be written into the Matlab software.

For G76, a mean background intensity I0 = 898 − 168 = 730 units was interpo-
lated from average values obtained in small areas outside the object. The object’s
maximal extension was defined in Section 3.2, and hence calculated to be the region
inside the border with intensity 0.85 × 730 = 620.5 units. The intensity, I, well
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inside the boundary (darkest part) of the globulette is found to be 363 units. When
an internal intensity exceeds the values near the boundary, it is set to zero. This
may happen in individual pixels because of noise peaks. The intensity ratio I/I0

relates to the extinction by dust in the globulette at wavelengths around 0.6563 μm.
However, we do not know how much of the background emission that is due to fore-
ground Hα emission from the H II region in front of the globulette. We therefore
have to consider two extreme cases.

In the first case, we assume that there is no foreground emission. Hence, all
surrounding emission is from the background, and gives the object’s minimal mass.

In the second case the light from the globulette’s darkest area (with the lowest
I value, i.e., the highest extinction) is assumed to come from foreground emission
in the proportion Iforeground = 0.95 Imin. The factor 0.95 is chosen for ”technical”
reasons, in order to avoid cases where small areas of zero intensity would lead, nu-
merically, to an infinite mass. Here Imin = 480.4 units, and the maximal intensity of
the foreground is therefore taken as 456.4 units, which we subtract before calculating
the extinction. This procedure results in a maximal mass for a globulette.

In some cases these derivations can give a substantial difference between the
maximal and minimal masses, in extreme cases beyond a factor ten.

By assuming a normal interstellar extinction law we can transform the intensity
ratios to extinction in magnitude, AV , in the photometric visible V-band according
to the procedure described in Section 3.3. From Equation (3.33), Aα = 0.76 mag
for the minimal-mass case, and Equation (3.39) then gives AV = 0.91 mag from
the relation between AV and Aα. The extinction is then transformed into a column
density according to Equation (3.34), and we derive N(H2) = 8.56 × 1020 hydro-
gen molecules per cm2. This relation assumes a mass-ratio of gas to dust of 100,
i.e., negligible dust. Taking into account also heavier elements and the mass of a
hydrogen molecule, Equation (3.40) gives the total column mass density of G76 as
N = 3.91 × 10−3 g cm−2 for the minimal-mass case. The maximal-mass case is
derived in a similar fashion.

The linear size of each pixel corresponds to 0.188
′′
. With a distance to the Rosette

Nebula of 1400 pc this corresponds to 3.94 × 1015 cm, and the pixel area is hence
1.55× 1031 cm2. The mass inside one pixel is then derived as Mpixel = 6.07× 1028 g
for the minimal-mass case and as Mpixel = 1.24 × 1029 g for the maximal-mass
case. From this we compute the mean mass, which in this case becomes M̄pixel =
9.24× 1028 g (≈ 15 Mearth). Finally, we sum over all pixels inside the boundary for
this globulette, and get the total G76 mean mass (gas plus dust), as given in the
tables, M̄G76 = 3.42 × 1031 g ≈ 18.0 MJ (Jupiter masses). The minimal mass is
2.08 × 1031 g and the maximal one 4.76 × 1031 g.

In order to test the consistency of this method, 20 different globulettes were
selected from the criteria that they have all been imaged several times, at different
occasions, and hence been recorded in different ”fields”. In Figure 4.8 the result-
ing (average) masses are shown for all of them (in units of Jupiter masses), and
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Figure 4.8: The (average) masses of 20 different globulettes, each observed at several
occasions and under different conditions. All masses have been calculated by one
and the same method from the observed extinctions, and plotted in units of Jupiter
masses (MJ). The symbols refer to the image numbers (different exposures). These
fields are shown in Appendix B. The results illustrate that the analysis gives roughly
the same mass values, independent of the particular image used. The error bars mark
an estimated uncertainty of 5% in individual mass determinations.

measurements from different exposures are marked with different symbols.
We hence find that the calculated mass is quite independent of the position of a

given object in an image frame, as well as of the period and night of observations
and the sky conditions. The spread in mass obtained from different exposures is
only about 5%, which demonstrates the stability of our methods.

Gonzales-Alfonso & Cernciharo (1994) observed four teardrop-shaped globules in
the Rosette Nebula for CO emission, using the 30 m radio telescope on Pico Veleta,
Spain. Three of these objects can be identified as relatively massive globulettes
studied by us, namely TDR 10 (their designation), which includes our G29 and
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Table 4-1: The masses derived by Gonzales-Alfonso & Cernciharo (1994), from CO
studies with a radio telescope of the objects they called TDR 10, 13 and 20, as com-
pared with the masses derived by us for the globulettes G30+29, G21 and G8 at the
same positions. The agreement between the two independent mass determinations
is good.

TDR 10 G30+G29
0.48 M� (0.13 × 1.13) + (45.3 × 1.13) = 0.2 M�
TDR 13 G21
0.11 M� (0.16 × 1.13) = 0.18 M�
TDR 20 G8
0.05 M� (0.04 × 1.13) = 0.045 M�

G30 (field 8) and TDR 13 and TDR 20 corresponding to, respectively, G21 and G8
(field 7). The fourth object TDR 4 would also be distinguishable in our images, but
is not seen. It appears as if their position for TDR 4 is not correct (their positions
were transferred from epoch 1950.0 to 2000.0, as used by us). Gonzales-Alfonso
& Cernciharo (1994) derived masses for the objects, and since these are based on
column densities derived from CO, we can compare them with our masses, as derived
from the dust component. Since they assumed a distance to the Rosette Nebula of
1600 pc, we correct the masses by a factor of about 1.13, since we use the distance
1400 pc. The two sets of masses are listed in Table 4-1.

If we account for the diffuse dust tail included by Gonzales-Alfonso & Cernciharo
(1994) in the calculation of the TDR 10 mass, our derived mass for G29 + G30 would
become similar to their value. For TDR 13 and TDR 20 the agreement between the
two independent mass determinations is excellent. This is a strong support for our
method and the assumptions made, e.g., of a gas-to-dust ratio of about 100.

In all derivations where the volumes of the globulettes are essential, it has been
assumed, for simplicity, that the objects can be approximated with three-dimensional
ellipsoids, with the two minor axes having identical lengths. This might be a rough
approximation for elongated globulettes, but seems reasonable for those with an
almost circular cross section perpendicular to the line of sight. The volume is hence
given by

V =
4π

3
αβ2, (4.1)

where α is the length of the semi-major axis, and β that of the two semi-minor axes.
The estimated values of α and β for G76 were given in Section 4.1. From this we
get a volume of V = 4.69 × 1050 cm3. Since the average mass was estimated to



4.3. DENSITY DISTRIBUTIONS 41

M̄ = 3.42 × 1031 g, its mean mass density is

ρG76 =
M̄

V
= 7.29 × 10−20 g cm−3, (4.2)

giving the mean number density

nG76 =
ρ

2.4 × mH
= 1.82 × 104 cm−3, (4.3)

where μ = 2.4 is the mean molecular weight for an H2 gas plus heavy elements. The
number densities given in Tables A-5 & A-6 are in the range 103 − 104 cm−3, while
some globulettes, e.g., G50, G108 and G122 have densities up to 105 cm−3.

4.3 Density distributions

Density profiles of the globulettes can, in principle, be derived from the column
density, N(H2), as a function of the distance from the centre of the globulette. Most
globulettes actually appear to be rather weakly deformed ellipsoids, while others are
more elongated. But this is not so important for the subsequent analysis of their
possible stability. It is common to assume that the density follows a power-law
distribution with ”index” γ, according to

ρ(r) = ρ0(
r

R
)−γ (r > 0; γ ≥ 0), (4.4)

where r is the physical distance from the centre, and ρ0 is the density at r = R. This
law is usually used to describe the radial volume density profile inside molecular
clouds (Yun & Clemens 1991), and the value of the power γ is a measure of the
concentration of mass in the cloud.

Since we can measure and analyse only column densities, i.e., N(H2), in the
line of sight, it is necessary to find a formalism for converting these densities to a
radial function for the density distribution. In the following we assume spherical
symmetry, and the basic notions for this analysis are illustrated by Figure 4.9. The
column density profile of a cloud is measured along a strip through its centre, and
in the direction of the major axis, as shown in Figure 4.4. In order to even out
noise effects, we take this to contain five pixel-rows, as shown in the left panel of
Figure 4.9. Then the column density profile along the mean strip is plotted as in
the lower part of that panel.

The next step is to find the best-fit power γ in Equation (4.4). Therefore, we
try to relate the column density profile to a best-fit volume density, assuming, for
simplicity, a spherical symmetry. In a column, with a projected distance p from the
centre of the object, the actual density, ρ(r), varies within the column, and N(p)
can be theoretically derived through an integration along the line of sight:

N(p) = 2
∫ X

0
ρ(

√
x2 + p2)dx, (4.5)
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Figure 4.9: Illustrations of how column densities are used to obtain density profiles in
the globules. Left panel: The measured column density profile is taken along a five-
pixel broad strip through the globulette centre, where each plotted value, in the lower
part, is an average over the five pixels rows. Right panel: The theoretically expected
column density in a particular pixel is derived through integration along the column,
i.e., along the line of sight, of the volume density, assuming spherical symmetry and
different (power-law) density profiles. Here p is the (projected) distance between
the column and the globulette centre, R is the radius, and x is a running variable
along (half) the column, over which we integrate. The maximal value of x is X =√

R2 − p2.

where x is a running length along the line, and X = (R2 − p2)1/2 is its maximal
value (see Figure 4.9). Using Equation (4.4), this yields

N(p) ∝
∫ X

0
(x2 + p2)−γ/2dx. (4.6)

In the important case of a uniform density, i.e., ρ(r) = constant, with γ = 0,
Equation (4.6) can be simplified to

N(p) ∝
√

R2 − p2. (4.7)

The integral in Equation (4.6) can be analytically solved for some simple γ values.
Table 4-2 lists how some radial density distributions of the type ρ(r) ∝ r−γ are
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related to functional forms for the column density N(p) (Arquilla & Goldsmith
1985).

Table 4-2: The relation between the exponent γ of the radial density power-law of
Equation (4.4) and analytical column density profiles, according to Equation (4.6).
In the right-most column, these profiles are, in turn, numerically approximated by
power-laws in the variable p.

Power-law Column density Power-law
index γ distribution approximation

in Eq. (4.4) N(p) ∝ N(p) ∝

0 (R2 − p2)1/2 uniform

1 ln R+(R2−p2)1/2

p p−0.5

2 1
p arctan (R2−p2)1/2

p p−1

3 (R2−p2)1/2

Rp2 p−2

4 (R2−p2)1/2

2R2p2 + 1
2p3 arctan (R2−p2)1/2

p p−3

The observed column density data, N(H2), have been analysed in detail for four
cases where a uniform density distribution fits the data quite well; the teardrop G5,
the round object with a tail G66 and the round G76, all in the Rosette Nebula,
and G10 in IC 1805. In addition, one case with a more diffuse appearance, G35 in
the Rosette Nebula, was analysed. This choice is more or less random, with a focus
on objects that are fairly easy to measure with a reasonable accuracy. Too elon-
gated globulettes were not chosen, since the theoretical analysis assumes a spherical
symmetry.

Individual column density maps with contours were drawn for each of them.
With the help of zoomed-in maps the locations of the peak density of the core could
be determined, which were then used as the centres to obtain averaged column
density profiles, according to the formalism discussed earlier. Finally, the result is
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compared with the expectation from a uniform volume density. In the first example
below, other density laws are tested too.

The upper left quadrant of Figure 4.10 shows an intensity map (size 8
′′ × 5

′′
) of

G5, where the intensity ranges from 400 to 1400. This tear-like object is located
in the Rosette Nebula (field 2), and has a mean radius of 3618 AU and an average
mass of 17.8 MJ . The upper right panel shows that the column density is in the
interval (1 − 12) × 1020 cm−2. The position of the highest column density, marked
with a cross in the map, is used as the centre of the profile, which peaks at around
10× 1020 cm−2. The lower left panel shows the column density profile as a function
of position along a strip through the object’s centre (and from left to right in the
image). The mean values of neighbouring pixel column densities are marked as
points and the solid line is an fit to these points. These notions will be the same in
all subsequent globulette figures in this Section.

The lower right panel shows how the various functional forms from Table 4-2 fit
the data on column densities of G5. It is obvious that the best fit is achieved for a
uniform (constant, i.e., γ = 0) mass density.

Figure 4.11 shows the density map and profile for G66. This object is almost
round, with a dust tail. It is located near the prominent elephant trunk, called the
Wrench, in the Rosette Nebula (and analysed in field 14). It has a mean radius of
2613 AU and a mass of 9.4 MJ . The column density map at the upper left shows
that the column density lies in the interval (0.5−8)×1020 cm−2. The column density
profile along a strip from left to right through the centre of the globulette is shown
to the upper right. The observed column density peaks at about 7.2 × 1020 cm−2.
The lower part of the figure shows a theoretical fit to the data, assuming a uniform
mass density. It seems that the curve matches the data quite well, except for the two
last data points, which shows that the outer region is probably somewhat flattened.

Globulette G76 is a round object with sharp edges. It lies near a string of small
globulettes in the Rosette Nebula. It has a mean radius of about 3286 AU and
a mass of 18 MJ . The column density map is shown in Figure 4.12, where the
contours range in the interval (1−12)×1020 cm−2. To the right, the column density
profile along a cut through the object’s centre is shown. The density peaks at about
11.8 × 1020 cm−2. The lower figure shows that a uniform density profile (solid line)
fits the observed values well, except possibly near the centre and in the outmost
region.

Another round object is G10, which is located in IC 1805. It has a radius of
1.1

′′
and a mass of 9.9 MJ . The upper row of Figure 4.13 shows the intensity map

together with a three-dimensional profile over the area. The intensity ranges from
600 to 1000. The lower left figure shows the column density map, with contours
of (0.5 − 8) × 1020 cm−2. The lower right figure shows that the density peaks at
7.3 × 1020 cm−2 and has a uniform distribution, which is similar to that of G66, as
shown in Figure 4.11.
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Figure 4.10: Intensity and column density profiles for globulette G5 (in the Rosette
Nebula), which has a tear-like shape, a mean radius of 3618 AU and a mass of
17.8 MJ . The image covers 8

′′ × 5
′′
. Upper left: Intensity map with contours from

400 to 1400. Upper right: Column density map, where the boundary is derived
with the method described earlier, and a cross shows the central position. The
scale covers the interval (1− 12)× 1020 cm−2. The centre, with the highest column
density, is marked with a cross (as in all subsequent globulette figures). Lower
left: Column densities along a cut through the globulette centre, where points mark
the mean values of observed data, and the solid line is an eyeball fit to the data
(as in subsequent figures). Lower right: A demonstration of how various power-
law functions from Table 4.2 fit the column density data. Here γ is the ”power
index” listed in Table 4-2. The radius and the densities have been normalized to,
respectively, the mean radius and the central density. The best fit is achieved with
γ = 0, i.e., a uniform density, although the fit is not perfect.
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Figure 4.11: Analysis of the almost round G66 located in the Rosette Nebula. Upper
left: The column density map with contours in the interval (0.5 − 8) × 1020 cm−2.
Upper right: The column density profile along a strip through the centre. The
column density peaks at about 7.2×1020 cm−2. Lower panel: A comparison between
the data and the theoretical prediction for a uniform volume density. The fit is quite
good, except for the last data point, which indicates a flatter mass distribution in
the outer region.
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Figure 4.12: An analysis of the nearly round G76. Upper left: The column density
map, with contours covering (1−12)×1020 cm−2. Upper right: The column density
along a cut through G76, with data points and a line-fit. The column density peaks
at 11.8×1020 cm−2. Lower part: The uniform density profile fits the data quite well,
especially beyond the distance 0.4

′′
from the centre. Again, there is an indication of

a somewhat flatter distribution in the outmost data point.



48 CHAPTER 4. RESULTS

pixel

p
ix

e
l

5 10 15 20

5

10

15

7

1

2

3

4

5

6

x 1020

01020
01020

500

600

700

800

900

1000

1100

pixel
pixel

In
te

n
s

it
y

p
ro

fi
le

pixel

p
ix

e
l

G10 ( IC 1805 )

600

650700

700

75
0

750800

800

85
0

85
0850

900

900

90
0

900

950

950 95
0

95
0

950

95
0

5 10 15 20

5

10

15
600

700

800

900

1000

0 0.5 1 1.5
0

2

4

6

8
x 1020

Distance from centre (arcsec)

N
 (

H
2
) 

 (
c

m
-2

)

cm-2

Figure 4.13: An analysis of the round object G10 in IC 1805. Upper left: The
intensity map with contours from 500 to 1000. Upper right: The three-dimensional
intensity profile. Lower left: Column density map, with contours in the interval
(0.5 − 7.5) × 1020 cm−2. The density peaks at 7.3 × 1020 cm−2. Lower right: The
observed data points and the predicted curve with a uniform volume density match
each other well, all from the centre of the object. However, the last point indicates
that also this object has a flatter matter density distribution in the outer region.

The last example examined here is the diffuse, somewhat round G35 in the
Rosette Nebula (field 11). It has a low contrast because of foreground Hα emission.
The mean radius is about 2993 AU and the mass is 17.5 MJ . The upper part of
Figure 4.14 shows the intensity map and a three-dimensional intensity profile. They
are quite irregular. The middle part shows the column density map and a version
with just the boundaries. The lower part shows the column density profile through
the centre and the fit of a uniform volume density curve. The column density curves
cover the interval (0.5 − 3.5) × 1020 cm−2, and the density peaks at 3 × 1020 cm−2

in the centre. The data are not so well approximated with a uniform density.
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Figure 4.14: Data from the diffuse G35 in the Rosette Nebula. Upper left: The
intensity map. Upper right: A three-dimensional plot of the intensity profile. Middle
left: The column density map. Middle right: A density contour map, with contours
of (0.5 − 3.5) × 1020 cm−2. Lower left: The column density profile, peaking at
3 × 1020 cm−2. Lower right: A fit to a uniform volume density. The agreement is
not so good.
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In conclusion, it is apparent that the globulettes G5, G66 and G76 in the Rosette
Nebula and G10 in IC 1805 all seem to have an approximately uniform volume
density, while G35 in the Rosette Nebula might be an exception. Therefore one
can assume that most globulettes are likely to have uniform densities. In the very
outmost regions of the globulettes, the density seems to flatten, i.e., to fall off slower
with distance than expected from a uniform distribution. This can be expected if
regions are outgassing due to interaction with the surrounding plasma.

4.4 Physical parameters

In this Section the virial theorem is applied to the globulettes. To start with, the
following assumptions are made: the object is spherical, it has a constant gas tem-
perature and density throughout the cloud, and it has no turbulence or rotational
energy. The estimated values of the following physical parameters are tabulated in
Appendix A for all globulettes: the internal gas pressure, the thermal and gravita-
tional energies, the external pressure and two expressions, containing these param-
eters, that are useful for judging if the object will contract or expand.

One assumes that a cloud is an ideal gas sphere of radius R, mass M and temper-
ature T . Next one calculates the cloud’s internal gas pressure, with the help of Equa-
tion (1.7). Here we have assumed that round clouds have T = 10 K, while teardrops
have T = 15 K (Gonzalez & Cernicharo 1994). As an example, our calculation for
globulette G76 yields the internal gas pressure Pg = 2.51× 10−11 dyn cm−2 (assum-
ing μ = 2.4, see Sections 4.2 & 4.3). Then the kinetic energy is K = 1.76× 1040 erg,
and the gravitational energy is W = −9.53 × 1038 erg.

It is of interest to compare the kinetic and the gravitational energy, since the
ratio

2K

−W
(4.8)

is equal to unity at virial equilibrium. If the ratio is < 1, the object will contract
(providing no other forces are present). In this study, it was found that this ratio
lies between 5 and 120 for all analysed objects.

Hence, from this study it would appear as if all globulettes are expanding and
disrupting. If there are additional sources of internal energy like turbulence or mag-
netic fields this situation would be even more pronounced. Turbulence is expected
to be negligible since there is no evidence of any internal activity that can maintain
turbulence. Concerning the magnetic field we have no observational information,
but we assume that such fields are weak and can be neglected. Photo evaporation
at the surface is yet another disrupting force. It will be discussed briefly in the
concluding Chapter 5.

However, the external pressure will help to confine the objects, and from the
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general virial theorem a stable object would obey the relation:

Pout =
2K + W

3V
, (4.9)

This pressure includes both the internal and the turbulent ones, but not the radiation
pressure. The latter has an effect only on the side of the cloud facing the central
star cluster in the nebula. For our regions, typical values of the actual pressure, P0,
were estimated by Gahm et al. (2006). For the overall Rosette Nebula they found
P0 ≈ 2.5 × 10−11 dyn cm−2 and for IC 1805, P0 ≈ 6.1 × 10−11 dyn cm−2. The
radiation pressure exerted by stellar photons was found to be 8.5× 10−11 dyn cm−2

at the location of elephant trunks in the Rosette Nebula and, correspondingly, 1.1×
10−11 dyn cm−2 for IC 1805. Since our objects are located in the same regions as the
elephant trunks, we adopted these values for the outer pressures in general. When
comparing the external pressure to the internal one, one finds that Pout amounts
to a few times 10−11 dyn cm−2, which is of the same order as the internal gas
pressure. This seems to be a rather common situation for our globulettes. To find
out for which objects Pout is not strong enough to hold a cloud together, one can
use Equation (4.9) to compute the ratio

2K

−W + 3P0V
. (4.10)

This ratio should be unity in equilibrium, while a value < 1 indicates contraction.
The ratios of Equation 4.10 are tabulated in Appendix A. It can be seen that they are
rather close to unity for many globulettes, and that a high fraction of these might
therefore be gravitationally unstable and under contraction. An outer radiation
pressure may therefore lead to contraction.

Hence, including the outer pressure implies that about half of our globulettes are
close to virial equilibrium, and that many of them might be gravitationally unstable
and under contraction.

It is interesting to know the free-fall time of a contracting object that undergoes
contraction. By using Equation (1.2) and assuming that no other forces come into
play, we find that a gravitational collapse will have a timescale of several times
105 years. This is comparable with the Rosette Nebula’s estimated dynamical age
of (4− 7)× 105 years (Schneps et al. 1980; Matthews 1967). All this indicates that
globulettes may be long-living objects.

Considering our pilot case G76, we found that it has −2K
W = 37. Hence, it would

appear that it is unstable and will disrupt. However the effect of an outer pressure
was not included. The surrounding ionized gas exerts a high pressure (Pout) on the
globulette. Taking into account the outer pressure 2.5 × 10−11 dyn cm−2 in the
Rosette Nebula, the ratio in Equation 4.10 becomes 0.98. When including also the
estimated radiation pressure, 8.5 × 10−11 dyn cm−2, which acts on the outer area
of the globulettes that face the central stars, the value is around 0.23. Hence, also
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this particular globulette is on the limit of viral equilibrium and is most probably
gravitationally unstable. Its free-fall time can be estimated to around 8× 105 years.

4.5 Statistics

Figure 4.15 shows histograms of the distribution of apparent sizes for the objects
found in the Rosette Nebula and in IC 1805. The apparent size (”mean radius”)
is defined as

√
αβ, where α and β are the semi-major and semi-minor axes of the

objects, as seen in the plane perpendicular to the line of sight and in units of arcsec.
The corresponding distribution for the Rosette Nebula is shown in the upper two
figures, with a zoomed-in version to the right, for the smallest objects. The peak
in size is located around 2.5

′′
, and there are just a few objects with sizes beyond

10
′′
. From the right graph it appears that just a few clouds have sizes smaller

than 1
′′
, while a separated group of objects have sizes between 1.5

′′
and 2.5

′′
. This

distribution is similar to that of the sizes of Thackeray’s (1950) globules, as estimated
by Reipurth et al. (2003).

It is interesting that our sample includes a few very tiny objects (< 1
′′
). Maybe

they are more frequent than observed by us, and might be detected only at a higher
spatial resolution. As an example, Reipurth et al. (2003) made their observations
with the Hubble Space Telescope, where the resolution was 0.046

′′ − 0.1
′′

per pixel,
which should be compared to our 0.188

′′
per pixel with the Nordic Optical Telescope.

The lower graphs show the corresponding size distributions in IC 1805. The lower
left graph has a peak at the size 2.5

′′
. From the zoomed-in right graph it seems

that this region has no objects smaller than 1
′′
. The broad distribution around 2.5

′′

seems to resolve into two separated groups; one around 1.3
′′

and another one around
2.4

′′
. However, IC 1805 lies further away from us than the Rosette Nebula and the

instrumental resolution is not so good.
Figure 4.16 shows the distribution of ”real” sizes in units of AU, with the data

from the Rosette Nebula and IC 1805 distribution in the same graph. Here one can
conclude that the two regions have similar size distributions.

Figure 4.17 shows the distribution of ellipticity, i.e., the axes ratio α/β. The
mean values are 1.59 for the Rosette Nebula and 1.64 for IC 1805. Hence, the ellip-
ticities are similar for both regions. In both samples there are just a few elongated
objects, with ellipticities beyond 3.

Figure 4.18 shows the mass distribution for the objects in the Rosette Nebula
(upper part) and in IC 1805 (lower part), all given in units of the Jupiter mass,
MJ . The graphs to the left show all studied objects, while the ones to the right are
zoomed-in distributions for low-mass globulettes. Since IC 1805 is more distant than
the RN one can assume that the smallest, and hence lightest globulettes detected in
the RN, would not be seen in our survey of IC 1805.
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Figure 4.15: The distribution of globulette sizes transverse to the line of sight,
defined as

√
αβ, where α and β are the semi-major and semi-minor axes of the

best-fit ellipse to the globulette profile. The upper graphs are for objects in the
Rosette Nebula, and the lower ones are from IC 1805. The left-most graphs cover
all objects listed in Appendix A, while those to the right are zoomed-in versions for
the smallest globulettes. Note that the unit ”arcsec” refers to different real sizes
in the two nebulæ, since IC 1805 is further away from us than the Rosette Nebula.
Note also the different binnings into arcsec intervals in the four graphs.
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Figure 4.16: The same data as in Figure 4.15, but now ordered into classes of real
sizes, in units of AU. Here the data from the Rosette and IC 1805 nebulæ are shown
in the same graph, for comparison. Note the different binnings for the two data sets.

For both the Rosette Nebula and IC 1805 a majority of the objects have masses
< 20 MJ , which demonstrates that the globulettes form a distinct class of small
interstellar clouds of very low masses. Both distributions drop rapidly towards
larger mass and globulettes of masses 40 − 60 MJ are rare. At higher mass one
finds a few more massive objects scattered over the mass interval 70− 200 MJ , and
possibly they increase in number towards 200 MJ , at least for the Rosette Nebula.
We identify these objects as the low mass tail of normal globules, which are much
less abundant, and here identified as objects with masses of > 100 MJ .

The conclusion from this statistical analysis is that globulettes form a distinct
class of interstellar clouds. Because of their high number densities they cannot be
a low-mass ”tail” of normal globules. It might be that the latter could evaporate,
and evolve into smaller clouds with time.
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Figure 4.17: The distribution of ellipticity, i.e., the major to minor axes ratio α/β,
for the globulettes of Figures 4.15 & 4.16. The diagram to the left is for clouds in
the Rosette Nebula, while the one to the right is from IC 1805. The mean values
are 1.59 for the Rosette Nebula and 1.64 for IC 1805. Both nebulæ have just a few
objects with ellipticities α/β > 3.
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Figure 4.18: Mass distribution of clouds found in the Rosette Nebula and in IC 1805.
The masses are given in units of the Jupiter mass, MJ . The graphs to the left show
the full sample, while the ones to the right show zoomed-in distributions of the
lightest globulettes. Most globulettes have masses of < 20 MJ and therefore forms
a distinct class of objects. The most massive objects, > 100 MJ , are identified with
the low mass tail of ordinary globules, which as a rule have masses of 100 MJ , or
more.



Chapter 5

General discussion

In this work 133 small interstellar clouds (”globulettes”), discovered in two H II
regions, namely the Rosette Nebula and the Heart Nebula (IC 1805), are catalogued,
presented and analysed. For these globulettes the sizes, coordinates, orientations,
masses, densities and virials were estimated. In the Rosette Nebula we found more
globulettes than in IC 1805, partly because the former lies about 1.7 times closer to
us than IC 1805, which means that the spatial resolution of the images was better for
the Rosette Nebula. The age of star clusters in the Rosette Nebula can be estimated
to 3× 106 years, compared to 2× 106 years in IC 1805 (see Gahm et al. 2006). The
radius of the inner bubble with young stars is 16 pc in the Rosette Nebula and 26 pc
in IC 1805.

Most of these small and dark objects are well isolated and have typical angular
sizes of 0.5

′′−10
′′
. Figure 5.1 shows a log-log plot of the major and minor axes of the

best-fit ellipses for all studied objects. The solid line represents circular objects, and
it can be seen that about half of them have circular cross-sections in the line of sight
in both nebulæ. The ellipticity distributions have mean values of around 1.6 for
both the Rosette Nebula and IC 1805. In comparison, southern molecular globules
(SMG), selected from the catalogue of Hartley et al. (1986), show a mean ellipticity
of about 1.9. Thus our objects are rounder, and therefore the spherical model used
by us is acceptable for density profile determinations. Almost all objects examined
in Section 4.4 seem to have a uniform column density distribution, which flattens
outwards. The shape of these profiles are in agreement with a theoretical profile
assuming uniform density, with the power-law index γ = 0. For star-forming cores,
where the object is in equilibrium, the density profile is close to r−2 (Chandrasekhar
1957), and more like r−3/2 when the core is under a free-fall collapse (Shu 1977).
Thus one can assume that most of our listed globulettes have homogeneous densities.
However, from the observations we cannot exclude that there are denser central cores
hiding inside the globulettes, and even low-mass stars or planets.

57



58 CHAPTER 5. GENERAL DISCUSSION

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0
3.0

3.5

4.0

4.5

5.0

log of major axis (AU)

lo
g

 o
f 

m
in

o
r 

a
x
is

(A
U

)

Rosette Nebula

3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8

3.5

4.0

4.5

IC 1805

lo
g

 o
f 

m
in

o
r 

a
x
is

(A
U

)

log of major axis (AU)

Figure 5.1: The statistical relation between major and minor axes in the studied
globulettes. Circular objects would fall on the solid lines.

5.1 Morphology and distribution

Most globulettes found in the Rosette Nebula and IC 1805 are round or slightly
oval objects, with or without diffuse tails. But there are also globulettes connected
to filaments, in some cases with V-shaped thin filaments. Some globulettes, found
only in the Rosette Nebula, are bright-rimmed, tear-like or connected to each other
with a thin thread, while small cometary-shaped objects can be observed also in
IC 1805. The latter have a sharp edge on one side and are fuzzy on the other side.
Globulettes connected to each other with threads show very similar masses. It seems
that such objects are located near the trunks, except G37 and G36, which also have
smaller masses compared with the other connected globulettes. Only a few objects,
eight in the Rosette Nebula and five in IC 1805, have filamentary connections with
more massive pillars of gas and dust, elephant trunks. These globulettes are rather
massive, 30 MJ and 200 MJ (0.2 M�). Objects with masses smaller than 5 MJ and
almost round objects with a short thin tail were found only in the Rosette Nebula.

Bright-rimmed globulettes, seen in the top row of Figure 4.3, are found mainly
close to the outer expanding shell in the Rosette Nebula and are the result of the
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interaction of light from the central OB stars with the side of the globulette facing
the stars. The surface layers are photo-ionized, resulting in a bright rim. It should be
pointed out that these clouds are not proplydes (star embryos with protoplanetary
disks surrounded by ionization front), like the ones seen in the Orion Nebula (O’Dell
et al. 1993). Rows 2 and 5 of Figure 4.3 show objects, where the material has been
swept into tail-shaped morphologies by the expanding warm plasma in the H II
region. The last row of Figure 4.3 presents more complex structures found among
the globulettes. Here one finds elongated structures whose appearance resembles the
letters V and Y. These objects are small, and found near elephant trunks or shells.

Thus, most studied objects are very dark and circular, while some have diffuse
appearance and tails. The globulettes have been accelerated in the expanding H II
region. Teardrops and objects with tails show that they still move slower than the
surrounding plasma. Many globulettes are found in the vicinity of the elephant
trunks, but most are far away from any major filamentary structure. We find no
evidence for globulettes in the central cavity. If they were formed there, they might
already have accelerated out of the region. The symmetry axes of the objects in
the Rosette Nebula are mostly oriented inwards, toward the central cluster, while
in IC 1805 they are not. This might be so because only a few object have been
observed in IC 1805, and some of these are still connected with the trunk, and
therefore inherit the orientation of the trunk.

Some similar tiny objects were observed also in the southern H II region of
IC 2944, by Thackeray (1950), and these were later analysed by Reipurth et al.
(2003). They can be seen in Figure 5.2, panel A, as imaged by the Hubble Space
Telescope. These small so-called splinters are located very close to the largest glob-
ule, which in turn is totally isolated in the H II region. This situation differs from the
Rosette Nebula, where the small objects are closely associated with the dense shell
surrounding the H II region, see Figure 1.5. According to Reipurth et al. (2003)
the Thackeray objects fall into two different groups; one with sizes smaller than 1

′′

and another one with sizes 1.5
′′ − 2

′′
. In our case the size distribution has similar

peaks as for IC 2944. However, in the Rosette Nebula there are just a few objects
with sizes smaller than 1

′′
, while in IC 1805 there are no (observed) globulettes with

these small sizes. Maybe these objects are not so frequent, or they are at the limit
of the resolution of the NOT.

A string of tiny globulettes can be seen in Figure 5.2, panel B, extending from
the trunk made up of a number of dark twisted filaments. This string contains
totally eleven globulettes (G73-G83) located to the left on the trunk. Six of them
are very dark and sharp-edged, while G75, G77 and G80 are diffuse and have some
connection to each other. The remaining objects are tiny, with masses smaller than
6 MJ . Globulette G78 in panel C in the Figure 5.2 has a very long tail. Other
objects, like G93 in the Rosette Nebula and G13 in IC 1805, in panels D and E, also
have tails, but these globulettes are darker and more massive.
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Figure 5.2: The zoomed-in images B, C, D and E, from the Rosette Nebula
and IC 1805, are taken with the Nordic Optical Telescope (NOT), while image
A is taken with the Hubble Space Telescope (HST) and shows Thackeray glob-
ules in the southern IC 2944, 1800 pc away in the constellation Centaurus. Here
plate C and D are 51

′′ × 51
′′
, E is 20

′′ × 24
′′

and B is 163
′′ × 170

′′
. The width

of image A is much lager than our images and spans about 6
′
. Image source:

http://heritage.stsci.edu/2002/01/big.html
.

http://heritage.stsci.edu/2002/01/big.html
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Mass distributions of the lightest globulettes in both nebulæ are shown in the
left panels of Figure 4.18. The peak for masses of < 20 MJ demonstrates that these
objects form a distinct class of very small clouds. It seems also as if globulettes
of masses 40 − 60 MJ are rare in both nebulæ, and the most massive objects of
> 100 MJ we identify as low-mass tails of ordinary globules. Since the number
density of globulettes is so high compared to the rest of the globules, the globulettes
cannot be the evaporated remains of large globules. The mass distribution shows a
quite clear cut-off at about 100 MJ in both the Rosette Nebula and IC 1805.

Hence, the mass hierarchy of molecular clouds can be described as

• Giant molecular clouds with masses 103 − 105 M�

• Globules with masses 5 − 500 M�, with cores of 1 − 5 M�

• Massive globulettes with masses 30 MJ − 0.1 M�

• Low-mass globulettes with masses < 30 MJ .

Bok & Reily (1947) discovered small isolated dark objects in H II regions, but
it was Herbig (1974) who first discussed the origin and age of the teardrop-shaped
objects found in the Rosette Nebula. He determined also their sizes from an optical
plate. Later Gonzales-Alfonso & Cernciharo (1994) estimated the masses and other
physical parameters for three of these teardrops (G29+30, G21 and G8) by using
CO-lines (and not extinction measurements as in this thesis). These masses are in
remarkably good agreement with ours, see Section 4.4. As the masses derived by
two independent methods are similar, the mass ratio of gas to dust should not be
much smaller than the factor 100 assumed in our analysis.

5.2 Are globulettes confined?

Applying the virial theorem, and including only kinetic and gravitational energies,
indicates that all globulettes are expanding or disrupting. The massive ones show
that the typical ratio between thermal and gravitational energy is about 5 in the
Rosette Nebula and 8 in IC 1805. These values are quite close to unity in equilibrium,
but not so close as to prove that the clouds are gravitationally bound. There can be
internal energies like turbulence or magnetic fields, which make this situation more
pronounced. However, we do not expect turbulence to occur if the magnetic fields
can be expected to be very week. Hence, their effect on virial equilibrium can be
neglected. To confine the objects, we must also take account other forces, as external
pressure, which includes both the thermal and the turbulent pressure. Because our
globulettes are located in the same regions as the elephant trunks, the external
pressure values for both regions, estimated by Gahm et al. (2006), were adopted.
This implies that almost half of our globulettes are expected to be gravitationally



62 CHAPTER 5. GENERAL DISCUSSION

bound and unstable against contraction. However, this result neglects radiation
pressure, which acts on the surface facing the central stars. This radiation pressure,
also estimated by Gahm et al (2006), would actually stimulate a collapse. Thus, an
external radiation pressure can be essential for the contraction of globulettes.

As examples, we have included the effect of radiation on the bright-rimmed
globulette 59 with a mass of 2.7 MJ , and the almost round object G54 with the mass
8.1 MJ . Both objects are located close to the Wrench in the Rosette Nebula. Our
calculations show that they are not gravitationally bound, and one would expect
them to dissolve. However, by taking into account the radiation pressure, it is
found that both globulettes could be under contraction. For such low-mass objects
contraction to planets is expected, and not to brown dwarfs.

Another possibility is that globulettes already host dense central cores with
masses of, e.g., 10 MJ . The dynamical state of such globulettes would change,
and instead of expansion they could in fact contract. The free-fall time for objects
that contract in the Rosette Nebula is in the range of 4× 105 − 1.1× 106 years and
for those in IC 1805 about 6.5 × 105 years. Thus, the estimated contraction times
for globulettes in the Rosette Nebula and in IC 1805 are long, but smaller than the
age of the corresponding star formation regions.

It is also important to know if globulettes survive against evaporation. From the
physical parameters in Appendix A, Gahm (private communication) estimated their
lifetimes. This preliminary analysis shows that the photo evaporation lifetime of the
globulettes is comparable to the estimated age of the H II regions, i.e., 4×106 years.
This differs from the result by Reipurth et al. (2003) for small objects. We assume
that the shock velocity is reduced with time. Thus the globulettes survive much
longer than suggested by Reipurth et al. (2003). Even if we rarely see evidence of
photo evaporation, we have noticed objects with tails oriented toward the central
stars, showing that the radiative pressure and the stellar wind from the hot star
push the dust and gas away from the outside layers of the globulettes.

Many molecular clouds in the Rosette Nebula are associated with IRAS (The
Infrared Astronomical Satellite) sources, and therefore it is interesting to search for
embedded stars that shine mainly in the infrared at our globulette locations. Such a
study was carried out by Gahm (private communication), who examined all objects
for embedded IR stars with the Two Micron All Sky Survey (2MASS). No evidence
was found for such IR sources associated with the globulettes studied here. However,
this survey is sensitive only to rather luminous embedded sources.

5.3 Formation

In the Rosette Nebula and IC 1805, many elephant trunks are found in close associ-
ation to molecular clouds. The Wrench in the Rosette Nebula and the Stag-Beetle
in IC 1805 have similar structure, with networks of twisted filaments and jaw-like
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Figure 5.3: Left panel: The same globule as in Figure 5.2, panel A. Right panel:
A similar structure in the Rosette Nebula, with connected globulettes marked by
numbers. The hatched lines show possible ”routes” of some of the globulettes. This
image spans 118

′′ × 121
′′
.

structures at the massive heads of the trunk. In the same region also a number of
smaller outgrowths are connected within the trunks. A closer look at Figures 5.3 &
4.2 shows that at the end of each jaw in the Wrench trunk a globulette is about to
break off, while the jaw from the right side of the Wrench is already free from the
main trunk. Masses of these objects are quite similar, e.g., G68 from the Rosette
Nebula and G5 from IC 1805 have mean masses of about 80 MJ , while the G62
mass was estimated to 50 MJ . Both G68 and G62 show some evidence to form
bright-rimmed clouds. This process to form globulettes from a larger globule we call
fragmentation. The phenomenon can be seen also in IC 2944, as shown again in the
left panel of Figure 5.3. In the right panel of the same figure, a relatively isolated
globule in the Rosette Nebula (field 8, west side) is seen to be surrounded by many
globulettes. These two images of two different environments show some similarities.
Both have large globules, which are isolated and irregular, while the small objects
are isolated, with sharp or fuzzy edges. In our H II region one can see that objects
G38 and G39 are close to the large globule, which suggests that they once broke off
from it. On the tip of the globule a fuzzy tail ends in globulette G41, while G42
and G43 have apparently lost their tails by evaporation. Globulette G44 might be
a fragment from a long filamentary structure/trunk that was once connected to the
main globule, as illustrated in Figure 5.3 by a dashed line.
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Similar processes may apply also to G30 and G29. These objects are weakly
connected to each other with a thin dust tails, while G29 has some connection to
the elephant trunk by a filamentary structure. It seems that these dense heads are
on their way to break off. Also here, the final stage would be photo evaporation
of the arm, leaving G29 as a small and isolated object. Thus, when these isolated
objects are in a warm and expanding H II region, their radii and masses are reduced
by photo evaporation of their outer shells.

However, it is also possible that these globulettes have a history of once being
compact cloud cores, originally located inside a large and much more massive cloud
or trunk, which has been decomposed over time. Lacombe et al. (2004) discovered
that such low-mass cores might already exist inside clouds with sizes of 500−1000 AU
and masses of about 10− 20 MJ , that is of about the same sizes and masses as our
globulettes.

Thus, it is possible that the molecular clouds already have tiny compact cores,
and that after some time these leave the cloud with masses of about 20 MJ and
then evaporate slowly. These cores might be unstable and collapse to form massive,
free-floating planets. This assumption is difficult to confirm, because we do not have
enough observational resolution to see such substructures. Example of this scenario
might the string of the well-isolated globulettes G78-G83, which are located close to
the trunk and are probably the pinched-off remains of elephant trunks, or remains
of molecular cloud cores. It is also possible that the globulettes evolving in a string
can contain both variants.

As mentioned before, G44 might be one part of the smaller trunk, connected to
the main cloud, which with time has been reduced to the dog-shaped object with
three different cores, as can be seen in the right panel of Figure 5.4.

This unusual shape remains the same in the Wrench (see the left panel the same
figure). The difference between these two images is that G44 probably is a smaller
variant of the trunk, where no jaw-like structure is noticed, while the head, body
and broken tail are the same. However, it is still possible that in the early stages
there were outgrowths, but at some time the connection with the trunk was broken
by evaporation or by fragmentation. We do not observe any objects close to G44,
but, on the other hand, they might exist below our resolution limit.

Just like the main globule in field 8, G44 shows evidence of a complex sub-
structure. From the image itself and from the intensity graph in the lower part of
Figure 5.4, we can see that it contains three rather distinct globulettes, which by
time might fragment and finally evaporate.

We have also noticed V- and Y-shaped objects where the V-shaped legs are gen-
erally composed of two filaments connected to the massive head. Similar structures
connected to the bigger filament with some threads seem to have almost equal mass.
These objects are not gravitationally bound, but could be fragmented. Comparing
these objects with the double globulettes connected by similar threads, we find that
also these pairs have similar masses, while they differ in terms of virial equilibrium
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Figure 5.4: To the left is shown a colour-coded image of the Wrench trunk. It is
made up mainly of thin threads, which are twisted and connected to two jaws at
the lower massive head. The image spans 140

′′ × 306
′′
. The upper panel to the

right shows G44, with a shape resembling a dog. According to the intensity profile
(lower left), this object contains three cores, which in the future can form individual
globulettes, as an example of fragmentation. The image spans 18

′′ × 18
′′
. North is

up and east at the left

and are darker and more sharp-edged than V- and Y-shaped structures.

5.4 Future research

Further observational explorations of these globulettes found in several H II regions
are needed. In this work extinction measurements were used in order to estimate
physical parameters. An alternative method is to use radio telescopes to study the
molecular emission from the gas in the globulettes. This would provide information
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on the mass of the gas, but also on the radial velocities of the objects. Combined
with future proper-motion studies one can derive their space motions and get a
clue on the kinematics of globulettes, and hence from where they originate. How-
ever, the globulettes are so small that single radio dishes cannot resolve them, and
interferometric techniques are desirable.

As pointed out earlier in this Chapter, no evidence of IR star sources was found,
but it is still possible that fainter stars can hide inside the objects. The presently
best method to search for such faint objects is by using the Spitzer infrared space
telescope, but progress can be made also with, e.g., the Very Large Telescope (VLT)
at the European Southern Observatory (ESO) in Chile.

In addition to the Rosette Nebula and IC 1805, we have also looked at seven
different H II regions observed with the NOT, namely NGC 7822, 2264 & 6820,
DWB 44 & 39 (all in the Cygnus X complex), as well as IC 1848 & 2177. They are
shown in Figure 5.5. It seems as if some of these regions are devoid of globulettes,
while others have only a few (NGC 7822 & 6820 and DWB 39). Many of these
objects are bright-rimmed clouds, and one finds small globulettes close to larger
elephant trunks. There is no obvious reason why some H II regions have so many
tiny objects, while others do not. This is a question to explore further by extending
the survey to other regions.

The possible existence of interstellar planets was discussed already in 1990 by
Fogg (1990). A decade later Lucas & Roche (2000) reported that in the Trapezium
in the Orion Nebula candidates of free-floating massive objects, brown dwarfs, were
detected. These are usually not bound to any stars. They are freely floating in
the outer regions of clusters, and could be the result of ejection from protostellar
disks where they were formed, or maybe formed through cloud-core fragmentation
in isolated clouds, like maybe the globulettes. There is a possibility that some of our
objects can collapse in a similar way in the future and form free-floating Jupiter-size
planets. We might, for instance, assume that abut 1000 globulettes can be found
in a closer study of a large H II region, and that about 300 of these can collapse to
Jupiter-mass planets. Even so, the production of interstellar planets over billions
of years in our galaxy will not contribute significantly to the yet unidentified non-
luminous galactic mass - the dark matter.

One possible reason why many free-floating planetary mass objects have been
discovered in the Orion Nebula is that this nebula is much closer to us than the
Rosette Nebula or IC 1805. Therefore it could be a question of time when more
brown dwarfs and free-floating planets are found in more distant nebulæ. It will be
interesting to see whether the on-going surveys with the Spitzer telescope will lead
to such discoveries.
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Figure 5.5: This mosaic shows six different H II regions. Here NGC 7822 & 6820
and DWB 39, in the Cygnus X complex, show some evidence for tiny objects, while
DWB 44 (also in Cygnus X), as well as IC 1848 & 2177 and NGC 2264 do not. Bet-
ter observation techniques and more observations are needed before one can decide
whether these regions are really devoid of globulettes. Image sources: NGC 7822:
http://www.narrowbandimaging.com/ced214 ngc7822 cm10 150mm s2hao3.htm
IC 1848: http://www.narrowbandimaging.com/ic1848 fsq6303 s2hao3.htm
IC 2177: http://www.koyote.com/users/bobm/seagull.htm
NGC 2264: http://www.budguinn.com/1%20Nebula.htm
NGC 6820: http://www.cana.it/public/astrofoto/foto/ico/pagine/ngc6820.htm
Cygnus X: http://www.schursastrophotography.com/ccdimagepages/i5146.html

http://www.narrowbandimaging.com/ced214
http://www.narrowbandimaging.com/ic1848
http://www.koyote.com/users/bobm/seagull.htm
http://www.budguinn.com/1%20Nebula.htm
http://www.cana.it/public/astrofoto/foto/ico/pagine/ngc6820.htm
http://www.schursastrophotography.com/ccdimagepages/i5146.html




Chapter 6

Conclusions

This thesis work has been devoted to studies of Hα images from the Rosette Neb-
ula and IC 1805 taken with the Nordic Optical Telescope. This has resulted in
a complete catalogue of 133 objects, where morphologies, sizes, masses, densities,
pressures and virial states of the objects have been measured and analysed. These
selected objects from different fields have masses of typically, 20 MJ and are much
smaller and lighter than normal globules. We have demonstrated that they form a
distinct class of objects, which we have named globulettes.

The main conclusions of this study can be summarised as follows:

• Most of the globulettes are compact, roundish with sharp edges and are well
isolated from the surrounding, while some are diffuse, with fuzzy edges, and
connected to larger filaments. Bright-rimmed, cometary, tear-drop, V- and
Y-shaped objects have also been observed, both in the Rosette Nebula and
IC 1805. The bright-rimmed objects observed in the Rosette Nebula have
no central embedded stellar objects and therefore they cannot be proplydes,
i.e., they are not protoplanetary discs. However, we cannot exclude that the
globulettes host low-mass brown dwarfs or planets.

• The longest symmetry axes of the globulettes in the Rosette Nebula are di-
rected inwards toward the central cluster, while in IC 1805 the orientations
are more coupled to the trunk orientation.

• The size properties of globulettes in the Rosette Nebula are similar to those of
the objects investigated by Reipurth et al. (2003). Both samples have objects
with sizes (diameters) of up to and beyond 10

′′
.

• Distributions of ellipticity in the two regions are similar. The mean value for
the Rosette Nebula and IC 1805 is around 1.6, which is quite close to spherical
shapes.

69
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• The globulette mean column density profiles correspond to homogenous vol-
ume densities, which flatten toward the peripheries. The flattening might be
due to outgassing due to interaction with the surrounding plasma.

• Mass distributions for both the Rosette Nebula and IC 1805 show that a
majority of the objects have masses < 20 MJ and there is a pronounced drop
towards larger mass, so that globulettes of masses 40− 60 MJ are rare. There
are just a few objects in the interval 70 − 200 MJ . Objects with masses of
> 100 MJ can be identified as the low-mass tail of normal globules. The
lower limit of the new class of objects detected by us is around 0.1 MJ , while
the more massive globulettes have masses > 30 MJ and the lightest ones
< 30 MJ . A gas-to-dust mass ratio of 100 : 1 has been assumed and extinction
measurements were used to estimate globulette mean masses. In an earlier
work, Gonzales-Alfonso & Cernciharo (1994) estimated the masses with the
help of CO-lines for G21, G8 and G29+30. Their results are in remarkably
good agreement with ours.

• About half of the objects studied appear to be in virial equilibrium or under
contraction. Once a cloud becomes gravitationally bound, it will start to
collapse. The free-fall time for the globulettes in the Rosette Nebula and in
IC 1805 is smaller than the age of the region.

• Globulettes can be formed by fragmentation processes from evaporating ele-
phant trunks or larger globules. Alternatively, a parent molecular cloud al-
ready contains compact cores, which after some time become new globulettes
when the surrounding thinner gas has evaporated.

• Preliminary calculations of the globulette lifetimes suggest that some of them
can survive against photo evaporation, and the cores may collapse to massive,
free-floating planets. These objects can then escape a stellar cluster and form
a population of unbound planets in the galactic disc. However, this is not
expected to account for a significant contribution of the total mass of the
galaxy, and cannot be the solution to the dark-matter mystery.

• All globulettes in the Rosette Nebula and IC 1805 have been examined with
the 2MASS instrument and no evidence of embedded IR-emitting sources was
found, at least not related to stellar objects of high or medium mass.
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Appendix A

Data Tables

This Appendix contains all the data derived for the studied globulettes from the
analyses in the thesis. Table A-1 & A-2 contain coordinates, sizes and shapes,
Table A-3 & A-4 magnitudes and masses, Table A-5 & A-6 volumes and densities
and Table A-7 & A-8 pressures, energies and stability criteria.
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Table A-1: Objects and measured quantities in the Rosette Nebula. The columns
show, from left to right, the object number, the field (image) in which it appears,
the Right Ascension, the Declination, the semi-major axis, the semi-minor axis, the
mean radius and the orientation, measured as the inclination of the major axis of
the best-fit ellipse. Asterisks mark round objects without a clear orientation.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

1 1 06 30 31.56 04 51 26.29 1.47 1.06 1.77 ∗
2 2 06 30 31.68 04 55 33.97 3.67 2.33 4.20 −7.30
3 2 06 30 32.69 04 57 34.18 14.85 9.68 17.2 43.0
4 1 06 30 33.02 04 50 37.23 2.94 1.74 3.44 −2.76
5 2 06 30 36.73 04 55 19.09 3.18 1.99 3.62 −1.45
6 3 06 30 40.14 05 01 28.58 5.47 4.15 6.73 ∗
7 4 06 30 41.72 04 40 58.12 1.87 1.35 2.26 ∗
8 7 06 30 43.88 05 08 42.43 5.00 2.79 5.47 −29.5
9 4 06 30 45.33 04 41 28.14 2.74 1.95 3.28 ∗

10 4 06 30 45.47 04 41 21.38 2.63 2.15 3.35 ∗
11 4 06 30 45.60 04 41 27.36 1.57 1.17 1.92 ∗
12 7 06 30 48.48 05 05 58.93 0.84 0.66 1.04 ∗
13 7 06 30 48.58 05 04 45.15 2.86 1.40 2.98 36.0
14 7 06 30 49.12 05 04 49.02 2.13 1.54 2.57 ∗
15 7 06 30 52.79 05 08 31.41 3.97 3.71 5.38 ∗
16 7 06 30 53.57 05 09 08.67 1.54 1.05 1.82 ∗
17 7 06 30 54.42 05 09 12.32 1.41 0.91 1.62 ∗
18 5 06 30 54.62 05 22 30.55 3.43 2.44 4.11 −12.1
19 7 06 30 54.95 05 09 16.95 1.90 1.15 2.13 25.0
20 5 06 30 55.30 05 23 09.94 2.47 2.16 3.24 −13.3
21 7 06 30 56.66 05 05 47.81 8.70 6.45 10.6 −11.3
22 7 06 30 57.18 05 07 10.54 2.17 0.79 2.07 25.7
23 7 06 30 58.09 05 07 08.17 2.43 1.52 2.77 −32.5
24 8 06 31 04.21 05 07 11.04 4.37 2.86 5.06 ∗
25 8 06 31 05.67 05 05 56.25 10.1 7.25 12.2 ∗
26 8 06 31 06.42 05 05 23.19 1.60 1.49 2.16 ∗
27 8 06 31 06.50 05 06 38.72 4.23 3.25 5.23 ∗
28 8 06 31 07.23 05 05 03.26 7.70 4.00 8.19 −23.5
29 8 06 31 09.67 05 06 26.83 4.43 3.13 5.30 −31.4
30 8 06 31 10.71 05 06 09.53 6.5 5.4 8.34 −32.7
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Table A-1 (cont.): Objects and measured quantities in the Rosette Nebula.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

31 8 06 31 11.37 05 06 56.50 0.56 0.54 0.77 ∗
32 8 06 31 13.13 05 08 19.68 1.15 0.70 1.30 39.2
33 11 06 31 13.75 05 12 37.17 1.45 1.21 1.87 ∗
34 8 06 31 14.15 05 08 07.61 2.52 2.22 3.32 ∗
35 11 06 31 15.29 05 11 40.32 2.30 1.97 2.99 ∗
36 8 06 31 15.71 05 07 40.12 1.44 1.24 1.88 ∗
37 8 06 31 16.25 05 07 34.56 1.42 1.05 1.73 ∗
38 8 06 31 18.87 05 07 55.86 3.07 2.22 3.70 −40.7
39 8 06 31 20.30 05 08 14.02 2.25 1.53 2.65 −28.3
40 8 06 31 20.46 05 08 32.52 2.24 1.35 2.52 −35.6
41 8 06 31 21.49 05 09 02.38 4.51 3.35 5.50 ∗
42 8 06 31 21.56 05 09 15.50 2.92 2.27 3.63 ∗
43 8 06 31 21.65 05 09 24.56 1.45 1.00 1.72 ∗
44 8 06 31 21.75 05 08 24.05 8.83 3.56 8.68 −39.9
45 8 06 31 21.83 05 08 40.64 1.15 1.02 1.52 ∗
46 11 06 31 22.31 05 10 29.70 1.69 1.09 1.94 −40.8
47 8 06 31 22.42 05 08 44.73 1.19 1.04 1.56 ∗
48 14 06 31 23.30 05 08 43.06 2.45 2.10 3.18 ∗
49 11 06 31 23.77 05 10 50.62 1.00 0.78 1.24 ∗
50 11 06 31 24.04 05 10 52.66 0.97 0.81 1.24 ∗
51 11,15 06 31 27.45 05 13 57.03 3.17 1.68 3.39 16.6
52 10,12 06 31 27.45 05 26 29.96 6.60 5.90 7.36 −35.8
53 11,15 06 31 27.93 05 13 56.79 3.41 2.19 3.92 −19.7
54 13,14,15 06 31 29.70 05 09 32.20 1.55 1.38 2.06 ∗
55 11,15 06 31 30.82 05 12 16.80 3.63 2.20 4.08 −30.1
56 11,15 06 31 31.40 05 13 14.07 2.69 1.49 2.92 −15.4
57 11,15 06 31 31.55 05 13 07.10 2.89 1.96 3.40 −10.3
58 11,15 06 31 31.65 05 12 04.10 0.87 0.82 1.19 ∗
59 13,14 06 31 32.15 05 07 59.26 1.08 0.88 1.37 −14.0
60 12 06 31 32.17 05 27 01.09 0.74 0.53 0.89 ∗
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Table A-1 (cont.): Objects and measured quantities in the Rosette Nebula.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

61 13,14 06 31 32.96 05 08 57.59 5.25 3.66 6.23 ∗
62 13,14 06 31 34.49 05 07 12.81 5.15 4.10 6.48 ∗
63 13,14,15 06 31 34.57 05 06 57.59 1.24 1.14 1.19 ∗
64 13,14,15 06 31 37.18 05 09 23.63 0.83 0.66 1.04 ∗
65 13,14,15 06 31 37.59 05 09 14.37 0.69 0.6 0.88 ∗
66 13,14,15 06 31 37.81 05 08 54.28 2.04 1.69 2.61 ∗
67 13,14 06 31 37.95 05 06 53.29 1.32 1.03 1.64 ∗
68 13,14 06 31 38.41 05 07 16.91 5.75 5.20 7.64 ∗
69 13,14 06 31 39.37 05 06 31.92 1.79 1.04 1.98 26.7
70 12 06 31 39.73 05 27 09.28 2.54 0.83 2.36 −37.8
71 12 06 31 39.88 05 27 10.40 2.40 1.06 2.42 −15.8
72 13,14 06 31 40.72 05 06 30.09 1.73 1.07 1.96 −24.6
73 15 06 31 43.07 05 12 33.76 3.61 2.06 3.97 −12.8
74 15 06 31 43.30 05 12 12.10 1.07 0.79 1.31 ∗
75 15 06 31 43.84 05 12 11.30 3.87 1.98 4.10 −36.2
76 13,14,15 06 31 43.90 05 11 28.61 2.48 2.22 3.28 ∗
77 15 06 31 44.14 05 12 19.07 4.88 0.98 1.19 −28.3
78 13,14,15 06 31 44.24 05 10 36.87 1.63 1.25 2.02 ∗
79 15 06 31 44.34 05 12 01.13 4.54 1.82 1.45 ∗
80 15 06 31 44.63 05 12 32.07 1.90 0.88 1.94 −37.2
81 15 06 31 44.80 05 11 52.76 3.44 1.82 3.68 −40.0
82 13,14,15 06 31 45.73 05 11 33.85 3.31 2.51 4.07 ∗
83 13,14,15 06 31 46.10 05 11 24.41 4.45 2.81 5.08 23.3
84 18 06 31 52.95 05 15 33.44 1.38 1.09 1.73 ∗
85 18 06 31 56.59 05 16 38.14 1.91 1.08 2.10 −7.6
86 18 06 31 57.49 05 16 44.79 1.37 1.20 1.80 ∗
87 18 06 31 57.55 05 16 37.66 2.28 1.20 2.43 −24.0
88 18 06 31 57.78 05 16 30.50 1.05 0.80 1.29 ∗
89 18 06 31 58.45 05 16 10.92 11.4 7.92 13.5 ∗
90 18 06 31 59.54 05 15 52.79 0.79 0.62 0.99 ∗
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Table A-1 (cont.): Objects and measured quantities in the Rosette Nebula.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

91 18 06 31 59.75 05 17 19.07 1.68 1.15 1.98 −17.4
92 18 06 31 59.92 05 17 08.17 1.37 0.87 1.57 −12.3
93 18 06 32 00.37 05 14 42.92 3.16 1.96 3.58 23.1
94 18 06 32 00.91 05 16 41.98 0.75 0.69 1.01 ∗
95 18 06 32 03.14 05 16 58.81 1.45 1.31 1.93 ∗
96 18 06 32 04.63 05 18 02.43 1.21 0.71 1.34 −8.50
97 18 06 32 06.35 05 19 21.49 1.88 1.16 2.12 −21.5
98 18 06 32 07.34 05 15 57.20 10.5 6.93 12.2 6.30
99 18 06 32 12.18 05 16 04.37 0.84 0.41 0.88 44.0

100 18 06 32 12.97 05 16 13.47 1.67 1.00 1.87 37.8
101 19 06 32 13.06 05 13 28.54 6.08 3.34 6.59 −26.4
102 19 06 32 13.82 05 12 55.34 9.45 5.55 10.5 8.40
103 19 06 32 14.45 05 14 15.68 1.22 0.97 1.54 ∗
104 19 06 32 14.61 05 14 36.37 1.56 0.93 1.74 34.5
105 19 06 32 15.31 05 14 04.88 1.65 1.17 1.97 ∗
106 19 06 32 15.49 05 14 33.10 1.59 0.78 1.66 17.3
107 19 06 32 15.90 05 14 25.91 1.19 0.91 1.47 ∗
108 19 06 32 15.95 05 14 33.63 1.46 0.30 1.23 38.8
109 19 06 32 16.36 05 14 17.03 4.20 1.36 3.89 25.6
110 19 06 32 17.89 05 12 23.37 8.00 2.93 7.67 6.70
111 19 06 32 18.80 05 12 36.81 0.66 0.56 0.86 ∗
112 19 06 32 18.81 05 12 39.30 0.62 0.50 0.78 ∗
113 19 06 32 18.90 05 12 59.25 2.67 1.19 2.70 18.0
114 19 06 32 18.95 05 12 45.50 1.52 0.57 1.46 27.9
115 19 06 32 19.90 05 13 56.58 1.51 0.96 1.73 40.0
116 19 06 32 20.02 05 12 36.19 0.88 0.44 0.92 32.6
117 19 06 32 20.35 05 12 52.16 22.4 9.6 22.4 28.4
118 19 06 32 21.19 05 13 41.23 0.81 0.78 1.11 ∗
119 19 06 32 22.55 05 13 46.20 1.51 0.86 1.66 −22.2
120 19 06 32 22.66 05 13 50.33 1.20 0.61 1.27 ∗
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Table A-1 (cont.): Objects and measured quantities in the Rosette Nebula.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

121 19 06 32 22.91 05 14 33.79 2.39 1.02 2.39 −5.90
122 19 06 32 23.61 05 14 28.84 0.41 0.28 0.49 10.2
123 19 06 32 23.62 05 14 24.32 0.79 0.50 0.90 10.6
124 19 06 32 23.64 05 14 12.65 1.08 0.84 1.34 34
125 19 06 32 23.70 05 14 35.05 1.27 0.61 1.32 −35.0
126 19 06 32 24.96 05 13 37.52 0.93 0.69 1.14 ∗
127 19 06 32 25.49 05 14 21.15 2.31 1.24 2.48 41.1
128 19 06 32 26.15 05 10 41.02 2.17 1.71 2.71 ∗
129 21 06 33 14.70 04 47 07.01 4.69 4.00 6.08 ∗
130 21 06 33 17.11 04 45 46.85 2.50 2.25 3.33 34.5
131 21 06 33 18.09 04 45 06.79 2.45 2.41 3.40 ∗
132 22 06 33 31.36 04 50 53.32 4.29 2.62 4.83 1.5
133 22 06 33 37.17 04 51 00.44 3.30 2.80 4.27 ∗
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Table A-2: Objects and measured quantities in IC 1805.

Object Field RA (2000.0) Dec (2000.0) α β r̄ P.A.
(h m s) (o ′ ′′) (′′) (′′) (kAU)

1 1 02 34 50.23 61 11 06.97 3.18 2.53 6.72 44.3
2 2,3 02 35 51.29 61 20 28.46 1.98 1.10 3.62 9.5
3 2 02 35 57.92 61 18 49.86 2.70 0.74 3.11 10.7
4 2 02 35 58.79 61 18 36.33 6.71 3.53 12.0 10.0
5 3,4,5 02 36 18.00 61 23 30.58 4.68 1.92 7.76 −23.2
6 3,4,5 02 36 19.77 61 23 35.04 1.72 1.16 3.39 3.70
7 3,4,5 02 36 23.10 61 23 03.67 3.23 2.60 6.86 6.30
8 3,4,5 02 36 24.92 61 24 59.92 4.69 2.75 8.74 −9.2
9 3,5 02 36 25.29 61 20 49.09 1.04 0.47 1.78 35.7

10 5,6 02 36 31.60 61 21 43.82 1.15 1.02 2.55 ∗
11 4,5,6 02 36 32.68 61 22 09.47 1.11 0.85 2.29 ∗
12 5,6 02 36 34.55 61 21 41.36 1.21 1.16 2.79 ∗
13 5,6 02 36 38.41 61 21 47.39 1.19 1.07 2.66 ∗
14 5 02 36 42.11 61 19 48.6 1.40 0.80 2.58 −6.00
15 5,6 02 36 45.19 61 22 01.12 0.62 0.47 1.29 ∗
16 5 02 36 46.62 61 19 17.12 3.19 2.09 6.20 −39.0
17 5,6 02 36 47.85 61 21 57.81 2.01 1.38 3.98 4.50
18 5 02 36 52.65 61 20 02.95 0.86 0.64 1.76 ∗
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Table A-3: Extinction and masses in the Rosette Nebula. The columns show, from
left to right, the object number, the extinction in magnitudes, the minimal and
maximal mass (derived with the two methods described in the text), the average of
these, and the average mass in units of the Jupiter mass (with some high masses
given also in units of solar masses).

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

1 0.44 0.34 2.79 1.56 8.22
2 0.67 3.91 8.45 6.18 32.5
3 1.37 104 166 135 709 (≈ 0.7M�)
4 0.72 1.71 4.48 3.10 16.3
5 0.90 2.19 4.57 3.38 17.8
6 1.02 11.0 18.7 14.9 78.2
7 0.47 0.45 3.09 1.77 9.30
8 1.00 6.57 9.93 8.25 43.4
9 0.50 1.07 4.39 2.73 14.4

10 0.52 0.86 4.17 2.52 13.2
11 0.56 0.29 1.93 1.11 5.85
12 0.48 0.11 0.88 0.49 2.60
13 0.50 0.55 2.98 1.77 9.30
14 0.50 0.57 3.24 1.91 10.0
15 0.66 3.88 8.99 6.43 33.9
16 0.50 0.28 1.84 1.06 5.57
17 0.50 0.20 1.27 0.74 3.88
18 0.67 2.30 6.20 4.25 22.4
19 0.60 0.33 2.10 1.22 6.40
20 0.49 0.90 4.99 2.95 15.5
21 1.02 25.4 37.1 31.2 164 (≈ 0.2M�)
22 0.46 0.18 4.10 2.14 11.3
23 0.45 0.38 3.85 2.12 11.1
24 0.97 4.88 8.59 6.74 35.4
25 0.97 33.8 42.6 38.2 201 (≈ 0.2M�)
26 0.45 0.34 2.08 1.21 6.36
27 0.98 6.49 11.0 8.73 45.9
28 0.94 15.4 22.8 19.1 101
29 0.68 4.92 12.3 8.60 45.3
30 0.96 20.1 30.8 25.5 134 (≈ 0.1M�)
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Table A-3 (cont.): Extinction and masses in the Rosette Nebula.

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

31 0.43 0.06 0.94 0.50 2.63
32 0.47 0.15 1.38 0.76 4.02
33 0.56 0.25 2.77 1.51 7.95
34 1.05 2.15 3.82 2.98 15.7
35 0.51 0.70 5.96 3.33 17.5
36 0.46 0.30 1.70 1.00 5.25
37 0.56 0.27 1.32 0.80 4.20
38 0.98 2.67 5.45 4.06 21.4
39 0.84 1.13 2.86 2.00 10.5
40 0.65 0.75 2.46 1.61 8.05
41 0.77 4.22 8.25 6.24 32.8
42 0.67 2.13 5.37 3.75 19.7
43 0.54 0.29 1.38 0.83 4.38
44 0.74 7.46 13.2 10.4 54.5
45 0.53 0.21 1.15 0.68 3.58
46 0.48 0.19 4.36 2.28 12.0
47 0.55 0.25 1.08 3.52 3.52
48 0.72 1.46 3.53 2.50 13.1
49 0.57 0.13 2.89 1.51 6.69
50 0.47 0.12 3.37 1.74 9.20
51 0.59 1.10 3.84 2.47 13.0
52 0.71 7.47 14.8 11.1 58.6
53 0.65 1.55 5.02 3.28 17.3
54 0.51 0.25 2.82 1.54 8.08
55 0.78 2.18 6.08 4.13 21.7
56 0.74 1.01 3.37 2.19 11.5
57 0.65 1.27 4.34 2.80 14.7
58 0.48 0.10 1.08 0.58 3.06
59 0.25 0.08 0.96 0.52 2.73
60 0.45 0.06 1.00 0.53 2.79
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Table A-3 (cont.): Extinction and masses in the Rosette Nebula.

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

61 0.60 3.34 13.8 8.55 45.0
62 0.72 5.30 13.5 9.41 49.5
63 0.63 0.23 1.61 0.92 4.83
64 0.48 0.08 0.73 0.40 2.13
65 0.50 0.06 0.86 0.88 2.43
66 0.67 0.87 2.69 1.78 9.38
67 0.30 0.09 0.47 0.28 1.46
68 0.64 8.73 21.5 15.1 79.7
69 0.32 0.12 0.57 0.34 1.81
70 0.22 0.06 0.63 0.36 1.87
71 0.26 0.13 0.76 0.45 2.36
72 0.31 0.19 0.78 0.47 2.56
73 0.83 2.80 11.2 7.01 36.9
74 0.61 0.16 1.07 0.62 3.24
75 0.38 0.77 3.71 2.24 11.8
76 0.86 2.08 4.76 3.42 18.0
77 0.48 0.24 2.52 1.38 7.25
78 0.68 0.45 1.63 1.04 5.47
79 0.65 0.88 3.15 2.01 10.6
80 0.52 0.23 2.45 1.34 7.06
81 0.57 0.98 3.92 2.45 12.9
82 0.77 2.65 5.89 4.27 22.5
83 0.87 3.93 9.60 6.76 35.6
84 0.59 0.33 1.33 0.83 4.36
85 0.57 0.38 1.76 1.07 5.64
86 0.55 0.21 1.89 1.05 5.54
87 0.46 0.35 2.79 1.57 8.27
88 0.51 0.12 1.11 0.61 3.23
89 0.80 30.5 53.8 42.2 222 (≈ 0.2M�)
90 0.51 0.07 1.00 0.54 2.84
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Table A-3 (cont.): Extinction and masses in the Rosette Nebula.

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

91 0.56 0.36 1.60 0.98 5.16
92 0.50 0.19 1.50 0.84 4.43
93 0.75 2.11 4.40 3.26 17.1
94 0.42 0.07 1.73 0.90 4.74
95 0.59 0.36 1.67 1.01 5.35
96 0.48 0.11 1.43 0.77 4.06
97 0.51 0.26 1.44 0.85 4.46
98 0.71 21.4 47.2 34.3 180 (≈ 0.2M�)
99 0.49 0.05 0.85 0.45 2.36

100 0.54 0.24 1.66 0.95 5.00
101 0.65 4.35 14.5 9.44 49.7
102 1.14 26.3 46.2 36.2 191 (≈ 0.2M�)
103 0.65 0.26 3.52 1.89 9.94
104 0.63 0.30 1.57 0.94 4.92
105 0.56 0.36 2.28 1.32 6.96
106 0.54 0.15 2.27 1.21 6.37
107 0.53 0.17 1.66 0.91 4.81
108 0.48 0.86 2.58 1.33 7.02
109 0.54 0.82 3.25 2.04 10.7
110 0.97 8.82 15.9 12.4 65.1
111 0.32 0.05 0.40 0.22 1.18
112 0.40 0.04 0.46 0.25 1.33
113 0.59 0.74 2.54 1.64 8.64
114 0.48 0.18 1.63 0.91 4.77
115 0.30 0.11 1.00 0.55 2.89
116 0.30 0.02 0.21 0.12 0.61
117 1.00 94.7 146 121 634 (≈ 0.6M�)
118 0.30 0.06 0.56 0.31 1.65
119 0.30 0.10 1.11 0.60 3.18
120 0.30 0.06 0.55 0.30 1.60
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Table A-3 (cont.): Extinction and masses in the Rosette Nebula.

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

121 0.59 0.52 2.15 1.34 7.02
122 0.30 0.03 0.44 0.23 1.23
123 0.30 0.04 0.50 0.27 1.42
124 0.30 0.10 1.33 0.72 3.77
125 0.35 0.07 0.78 0.42 2.22
126 0.30 0.05 0.55 0.30 1.58
127 0.52 0.58 2.94 1.76 9.26
128 0.65 1.05 3.17 2.11 11.1
129 0.88 5.26 14.1 9.70 51.0
130 0.72 1.55 5.43 3.49 18.4
131 0.55 1.02 5.48 3.25 17.1
132 0.83 3.80 9.24 6.52 34.3
133 0.72 2.94 7.70 5.32 28.0
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Table A-4: Extinction and masses in IC 1805.

Object ĀV M1 M2 M̄ M̄J

(mag) (1031 g) (1031 g) (1031 g) (Jupiter masses)

1 0.79 6.15 19.4 12.8 67.2
2 0.41 0.83 3.84 2.34 12.3
3 0.38 0.51 2.6 1.59 8.37
4 1.10 32.5 84.4 58.5 308 (≈ 0.3M�))
5 0.76 9.14 19.6 14.4 75.6
6 0.90 2.21 6.64 4.42 23.3
7 0.88 7.86 17.6 12.7 67.0
8 1.41 23.7 48.5 36.1 190 (≈ 0.2M�)
9 0.42 10.16 2.16 1.16 6.11

10 0.63 0.83 2.89 1.86 9.88
11 0.42 0.40 1.61 1.00 5.27
12 1.16 3.12 5.97 4.55 23.9
13 1.03 1.70 6.30 2.66 21.0
14 0.95 1.43 5.61 3.52 18.5
15 1.08 0.33 2.25 1.29 6.77
16 0.99 9.69 18.6 14.1 74.4
17 0.80 2.85 12.5 7.65 40.3
18 0.88 0.68 3.63 2.15 11.3
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Table A-5: Volumes and number densities of objects in the Rosette Nebula. The
columns show, from left to right, the object number, the volume, the mass density,
the molecular density and comments about the shapes.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

1 0.64 24.5 6.10 oval
2 7.67 8.07 2.00 tear with thread, P.A. = −11o

for tail
3 536 2.51 0.63 irregular, connected to thin

filament
4 4.40 7.03 1.75 tear
5 4.85 6.97 1.74 tear
6 36.2 4.10 1.02 string with 4 globulettes
7 1.32 13.4 3.34 diffuse, with tail
8 15.1 5.48 1.36 tear-drop
9 4.01 6.81 1.70 part of string

10 4.68 5.38 1.34 part of string
11 0.83 13.5 3.35 part of string
12 0.14 35.8 8.91 connected to filament
13 2.16 8.19 2.04 clump, connected to filament
14 1.94 9.80 2.44 clump, connected to filament
15 21.1 3.05 0.76 irregular
16 0.66 16.1 4.01 connected to 17
17 0.45 16.3 4.06 connected to 16 and 19
18 7.85 5.42 1.35 tear, with thin tail
19 0.96 12.6 3.14 connected to 17
20 4.43 6.65 1.66 tear, round core and thin tail
21 138 2.26 0.56 tear-drop, broken connection

to edge of a filament
22 0.52 41.2 10.3 diffuse, connected to 23
23 2.17 9.74 2.42 diffuse, connected to 22
24 13.7 4.91 1.22 tear with two threads
25 205 1.87 0.46 tear with two threads
26 1.37 8.80 2.19 round tear with two threads
27 17.2 5.07 1.26 oval
28 47.3 4.05 1.01 tear-drop with threads
29 16.7 5.13 1.28 thin threads to 30 and trunk

filament
30 73.0 3.49 0.87 tear with thread to 29
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Table A-5 (cont.): Volumes and densities of objects in the Rosette Nebula.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

31 0.06 80.3 20.0 diffuse
32 0.02 35.0 8.71 tear with two threads
33 0.82 18.4 4.59 diffuse
34 4.77 7.05 1.75 round tear with two threads of

3
′′

= 4200 AU and with P.A.
= −38.6o

35 3.45 9.65 2.40 diffuse
36 0.86 11.7 2.90 connected to 37
37 0.60 13.2 3.29 connected to 36
38 5.81 6.99 1.74 double, two cores surrounded

with common halo
39 2.04 9.81 2.44 oval
40 1.58 10.2 2.53 oval
41 1.95 3.20 0.80 connected to filament
42 5.77 6.50 1.61 tear
43 0.56 14.9 3.70 tear
44 43.2 2.40 0.60 multiple cores surrounded

with common halo
45 0.46 14.9 3.72 almost round
46 0.77 29.6 7.37 diffuse
47 0.49 13.5 3.37 almost round
48 4.16 6.01 1.50 tear with two legs
49 0.23 65.1 16.2 diffuse
50 0.24 71.6 17.8 diffuse
51 3.44 7.18 1.79 connected to 53
52 39.1 2.84 0.71 tear with thread
53 6.27 5.23 1.30 connected to 51
54 1.15 13.4 3.33 round
55 6.76 6.11 1.52 tear
56 2.29 9.54 2.37 connected to 57
57 4.30 6.51 1.62 connected to 56
58 0.23 25.6 6.37 diffuse
59 0.32 16.3 4.06 diffuse, bright rim with irreg-

ular halo
60 0.08 67.3 16.7 tear with three threads
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Table A-5 (cont.): Volumes and densities of objects in the Rosette Nebula.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

61 27.1 3.16 0.79 diffuse with a star
62 33.4 2.82 0.70 connected to jaw
63 0.62 14.7 3.66 diffuse
64 0.14 2.93 7.30 diffuse
65 0.09 53.7 13.4 diffuse
66 2.25 7.91 1.97 almost round, with small tail

of 2.5
′′

= 3500 AU and with
P.A. = −42.2o

67 0.54 15.18 1.29 bright rim
68 59.2 2.56 0.64 round clump, connected to

jaw
69 0.74 4.66 1.16 bright rim
70 0.68 5.25 1.31 bar-like structure
71 1.03 4.35 1.08 bar-like structure
72 0.76 6.43 1.60 bright rim
73 5.91 11.9 2.95 oval
74 0.26 2.36 5.88 tear
75 5.85 3.82 0.95 irregular, connected to 77
76 4.69 7.29 1.82 almost ”spherical”
77 0.91 15.2 3.78 diffuse, connected to 74 & 80
78 0.99 10.5 2.63 tear with long thread
79 2.91 6.92 1.72 round tear
80 0.57 23.7 5.90 diffuse
81 4.36 5.62 1.40 tear with two threads
82 8.00 5.34 1.33 round tear, connected to 83
83 13.5 4.99 1.24 oval tear, connected to 82
84 0.63 13.2 3.27 almost round, connected to

filament
85 0.86 12.4 3.09 connected to 87 with thread
86 0.75 14.0 3.48 connected to 85 and 86 with

threads
87 1.26 12.5 3.11 connected to 87 with thread
88 0.26 23.8 5.93 connected to 86
89 275 1.53 0.38 irregular
90 0.12 46.3 11.5 diffuse
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Table A-5 (cont.): Volumes and densities of objects in the Rosette Nebula.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

91 0.85 11.5 2.85 oval
92 0.40 21.1 5.25 oval
93 4.68 6.95 1.73 tear with tail
94 0.14 65.4 16.3 diffuse
95 0.95 10.7 2.66 round tear with two legs
96 0.24 32.5 8.10 tear with two legs
97 0.97 8.76 2.18 tear
98 195 1.76 0.44 irregular
99 0.06 80.5 20.0 diffuse

100 0.65 14.6 3.63 tear
101 26.1 3.62 0.90 oval tear, with irregular halo
102 112 3.24 0.81 tear-drop with thin tail
103 0.44 42.6 10.6 round tear with five legs
104 0.52 18.0 4.49 tear
105 0.86 15.3 3.81 tear
106 0.37 32.7 8.15 connected to 107 with thread
107 0.38 24.0 5.96 connected to 108 and 106 with

threads
108 0.05 272 67.8 connected to 107 with thread
109 2.97 6.85 1.71 tear
110 26.4 4.67 1.16 tear-drop
111 0.08 27.4 6.83 diffuse
112 0.06 43.5 10.8 diffuse
113 1.45 11.3 2.81 tear with two legs, connected

to 114
114 0.19 47.7 11.9 tear, 10

′′
long filament con-

nected to 113
115 0.54 10.3 2.55 diffuse
116 0.06 17.9 4.46 diffuse, bright rim
117 797 1.51 0.38 tear, several threads
118 0.19 16.4 4.09 diffuse
119 0.43 14.1 3.51 diffuse
120 0.17 17.6 4.39 diffuse
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Table A-5 (cont.): Volumes and densities of objects in the Rosette Nebula.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

121 0.96 13.8 3.45 oval
122 0.01 184 45.8 diffuse
123 0.07 36.1 8.99 diffuse
124 0.29 24.7 6.14 tear with two legs
125 0.18 23.3 5.79 diffuse
126 0.17 17.5 4.37 diffuse
127 1.37 12.9 3.20 tear
128 2.43 8.70 2.16 round
129 28.9 3.36 0.84 round, P.A. ≈ −400

130 4.87 7.17 1.78 round tear
131 5.45 5.96 1.48 round, connected to filament
132 11.3 5.76 1.43 round tear
133 9.97 5.33 1.33 tear with two legs
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Table A-6: Volumes and densities of objects in IC 1805.

Object V̄ ρ n Comments
(1050 cm3) (10−20 g cm−3) (104 cm−3)

1 37.2 3.44 0.86 with dust tail
2 4.38 5.34 1.33 cometary
3 1.90 8.35 2.08 cometary
4 152 3.85 0.96 connected to filament
5 31.4 4.57 1.14 connected to filament (jaw)
6 4.21 10.5 2.62 connected to filament (jaw)
7 39.8 3.20 0.80 tear, connected to filament
8 64.4 5.61 1.40 connected to filament (jaw)
9 0.42 27.4 6.82 diffuse

10 2.17 8.55 2.13 round
11 1.44 6.95 1.73 almost round
12 2.97 15.3 3.81 connected to filament
13 2.50 16.0 3.98 round with long tail
14 1.63 21.6 5.38 oval
15 0.25 50.6 12.6 tear with threads
16 25.4 5.57 1.39 tear
17 6.95 11.0 2.74 oval
18 0.64 33.6 8.36 almost round



94 APPENDIX A. DATA TABLES

Table A-7: Physical properties of objects in the Rosette Nebula. The columns show,
from left to right, the object number, the internal gas pressure, the internal thermal
energy, the gravitational energy, a useful ratio, the outer pressure and another useful
ratio. V is the volume.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

1 8.43 8.05 0.37 43.8 8.24 3.13
2 2.77 31.9 2.44 26.2 2.67 1.06
3 0.86 695 283 4.91 0.69 0.32
4 2.42 16.0 0.75 42.8 2.72 0.95
5 2.40 17.4 0.84 41.3 2.34 0.94
6 1.41 76.6 8.78 17.5 1.33 0.55
7 4.61 9.12 0.37 49.2 4.51 1.78
8 2.82 63.8 3.33 38.3 2.75 1.09
9 2.34 14.1 0.61 46.3 2.29 0.92

10 1.85 13.0 0.51 51.3 1.81 0.73
11 4.63 5.73 0.17 66.5 4.56 1.80
12 12.3 2.55 0.06 81.4 12.1 4.63
13 2.81 9.11 0.25 65.0 2.77 1.11
14 3.37 9.83 0.38 51.9 3.31 1.31
15 1.05 33.2 2.06 32.2 1.02 0.41
16 5.54 5.46 0.17 66.1 5.43 2.14
17 5.60 3.80 0.09 84.9 5.54 2.18
18 1.86 21.9 1.18 37.2 1.81 0.73
19 4.34 6.27 0.19 67.6 4.27 1.69
20 2.29 15.2 0.72 42.4 2.23 0.90
21 1.16 242 24.6 19.6 1.10 0.45
22 14.2 11.0 0.59 37.3 13.8 4.92
23 3.35 10.9 0.43 50.4 3.28 1.31
24 1.69 34.7 2.40 28.9 1.63 0.66
25 0.64 197 32.1 12.3 0.59 0.25
26 3.03 6.23 0.18 69.0 2.98 1.19
27 1.74 45.0 3.89 23.1 1.67 0.68
28 2.09 148 12.0 24.7 2.00 081
29 1.77 44.3 3.74 23.7 1.69 0.69
30 1.20 131 20.8 12.6 1.10 0.46



95

Table A-7 (cont.): Physical properties of objects in the Rosette Nebula.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

31 27.6 2.57 0.09 59.3 27.1 9.31
32 12.0 3.94 0.12 65.5 11.8 4.48
33 6.33 7.79 0.33 47.6 6.20 2.41
34 2.42 17.3 0.91 38.0 2.36 0.94
35 3.32 17.2 0.99 34.7 3.22 1.28
36 4.00 5.14 0.14 72.5 3.95 1.57
37 4.54 4.11 0.10 83.6 4.48 1.78
38 2.40 20.9 1.19 35.1 2.33 0.94
39 3.37 10.3 0.40 51.1 3.31 1.31
40 3.50 8.28 0.27 60.4 3.44 1.37
41 1.10 32.2 1.89 34.0 1.07 0.44
42 2.23 19.3 1.04 37.3 2.17 0.87
43 5.11 4.29 0.11 79.5 5.05 1.99
44 0.82 53.4 3.30 32.3 0.80 0.33
45 5.13 3.51 0.08 85.7 5.08 2.00
46 10.2 11.7 0.71 32.9 9.87 3.62
47 4.65 3.45 0.08 89.9 4.60 1.82
48 2.07 12.9 0.52 49.1 2.02 0.81
49 22.4 7.79 0.49 31.7 21.7 6.98
50 24.6 9.01 0.66 27.4 23.7 7.24
51 2.47 12.7 0.48 53.0 2.41 0.97
52 0.98 57.4 4.51 25.5 0.94 0.39
53 1.80 16.9 0.74 46.0 1.76 0.70
54 4.60 7.92 0.31 51.6 4.51 1.78
55 2.10 21.3 1.12 38.1 2.05 0.82
56 3.28 11.3 0.04 51.5 3.22 1.28
57 2.24 14.4 0.62 46.8 2.19 0.88
58 8.80 3.00 0.08 78.6 8.68 3.37
59 5.61 2.68 0.06 101 5.55 2.19
60 23.1 2.74 0.09 64.3 22.8 8.09
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Table A-7 (cont.): Physical properties of objects in the Rosette Nebula.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

61 1.09 44.1 3.14 28.1 1.05 0.43
62 96.9 48.5 3.66 26.5 93.3 0.38
63 5.06 4.74 0.14 70.0 4.99 1.97
64 10.1 2.09 0.04 99.3 9.98 3.87
65 18.5 2.38 0.06 73.5 18.2 6.71
66 2.72 9.18 0.32 56.5 2.67 1.07
67 1.78 1.43 0.01 228 1.77 0.71
68 0.88 78.0 8.03 19.4 0.83 0.35
69 1.60 1.77 0.02 221 1.59 0.64
70 1.80 1.83 0.01 255 1.80 0.72
71 1.49 2.31 0.02 208 1.49 0.60
72 2.21 2.51 0.03 154 2.20 0.88
73 4.08 36.1 0.33 21.8 3.89 1.52
74 8.12 3.17 0.08 81.9 8.02 3.12
75 1.31 11.5 0.33 70.6 1.30 0.52
76 2.51 17.6 0.95 37.0 2.44 0.98
77 5.22 7.08 0.21 67.0 5.14 2.02
78 3.63 5.36 0.14 74.8 3.58 1.42
79 2.38 10.4 0.38 54.9 2.33 0.93
80 8.14 6.92 0.25 55.8 8.00 3.08
81 1.93 12.6 0.44 57.9 1.90 0.76
82 1.83 22.0 0.12 36.7 1.78 0.72
83 1.72 34.9 2.41 30.0 1.66 0.67
84 4.52 4.27 0.11 80.3 4.47 1.77
85 4.26 5.52 0.15 75.5 4.20 1.66
86 4.80 5.42 0.17 65.7 4.73 1.87
87 4.30 8.10 0.27 59.6 4.23 1.67
88 8.19 3.16 0.08 81.2 8.09 3.15
89 0.53 218 35.2 12.3 0.48 0.21
90 15.9 2.78 0.08 70.6 15.7 5.84
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Table A-7 (cont.): Physical properties of objects in the Rosette Nebula.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

91 3.94 5.05 0.13 77.8 3.89 1.55
92 7.26 4.34 0.12 71.7 7.16 2.79
93 2.39 16.8 0.79 42.4 2.33 0.94
94 22.5 4.64 0.21 43.2 21.9 7.44
95 3.68 5.24 0.14 73.1 3.63 1.44
96 11.2 3.98 0.12 67.1 11.0 4.20
97 3.01 4.37 0.09 96.6 2.98 1.19
98 0.61 177 25.8 13.7 0.56 0.24
99 27.7 2.31 0.06 75.7 27.3 9.66

100 5.02 4.90 0.13 76.1 4.95 1.96
101 1.24 48.7 3.61 26.9 1.20 0.49
102 1.68 280 33.4 16.7 1.57 0.64
103 14.6 9.73 0.62 31.3 14.2 4.93
104 6.20 4.82 0.13 71.7 6.11 2.40
105 5.26 6.82 0.24 57.5 5.17 2.03
106 11.3 6.24 024 52.7 11.0 4.15
107 8.23 4.71 0.15 62.1 8.10 3.13
108 93.6 6.88 0.39 35.4 90.9 18.2
109 2.36 10.5 0.29 73.6 2.32 0.93
110 2.41 95.6 5.33 35.9 2.34 0.94
111 9.42 1.16 0.02 148 9.36 3.68
112 15.0 1.30 0.02 119 14.8 5.69
113 3.88 8.43 0.27 63.6 3.82 1.51
114 16.4 4.68 0.15 62.1 16.1 5.93
115 3.53 2.83 0.05 121 3.50 1.39
116 6.16 0.60 0.004 308 6.14 2.45
117 0.52 622 174 7.17 0.45 0.20
118 5.65 1.62 0.02 137 5.61 2.22
119 4.85 3.11 0.06 106 4.80 1.90
120 6.06 1.57 0.02 160 6.03 2.39



98 APPENDIX A. DATA TABLES

Table A-7 (cont.): Physical properties of objects in the Rosette Nebula.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

121 4.76 6.89 0.20 68.9 4.69 1.85
122 63.2 1.21 0.03 80.2 62.4 19.2
123 12.4 1.39 0.02 128 12.3 4.78
124 8.48 3.69 0.10 72.1 8.36 3.24
125 8.00 2.18 0.04 119 7.94 3.12
126 6.03 1.55 0.02 146 5.99 2.37
127 4.42 9.07 0.33 54.4 4.34 1.71
128 2.99 10.9 0.44 49.5 2.92 1.17
129 1.15 50.0 4.14 24.2 1.11 0.45
130 2.46 18.0 0.98 36.7 2.40 0.96
131 2.05 16.8 0.83 40.3 2.00 0.80
132 1.98 33.6 2.35 28.6 1.91 0.77
133 1.83 27.4 1.77 31.0 1.77 0.72
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Table A-8: Physical properties of objects in IC 1805.

Object Pg K −W −2K/W Pout
2K

−W+(3PoutV )

(10−11 (1039 erg) (1039 erg) (10−11

dyn cm−2) dyn cm−2)

1 1.18 65.8 6.50 20.3 1.12 0.46
2 1.84 12.1 0.40 59.7 1.81 0.73
3 2.87 8.20 0.22 75.4 2.83 1.13
4 1.16 301 76.0 7.93 1.15 0.50
5 1.57 74.1 7.13 20.8 1.50 0.25
6 3.61 22.8 1.55 20.5 3.50 0.58
7 1.10 65.6 6.32 20.7 1.05 0.18
8 1.93 186 40.0 9.32 1.72 0.31
9 9.42 5.98 2.02 59.2 9.27 1.51

10 2.94 9.59 0.36 52.8 2.88 0.48
11 2.39 5.17 0.12 88.2 2.36 0.39
12 5.27 23.5 1.99 23.5 5.05 0.83
13 5.50 20.6 1.61 25.6 5.29 0.87
14 7.42 18.1 1.28 28.3 7.16 1.16
15 17.4 6.64 0.34 38.6 1.69 2.65
16 1.92 72.8 8.61 16.9 1.80 0.31
17 3.78 39.5 3.93 20.1 3.59 0.60
18 11.6 11.1 0.70 31.5 11.2 1.79





Appendix B

Images of Fields and
Globulettes

This Appendix contains images of the Rosette Nebula and IC 1805, with all studied
fields marked, as well as of the fields, with the globulettes marked. Finally, there
are zoomed-in images of all studied globulettes. Unless otherwise stated, the images
are from observations with the Nordic Optical Telescope by Gahm and Kristen.
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Figure B-1: The studied fields in the Rosette Nebula, with field numbers.
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Figure B-2: The studied fields in IC 1805, with field numbers. Image source:
http://www.astropics.com/part of ic 1805.htm

http://www.astropics.com/part
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Figure B-3: Fields 1 & 4 in the Rosette Nebula, with globulette numbers marked.
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Figure B-4: Fields 2 & 3 in the Rosette Nebula, with globulette numbers marked.
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Figure B-5: Fields 5, 21 & 22 in the Rosette Nebula, with globulette numbers
marked.
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Figure B-6: Field 7 in the Rosette Nebula, with globulette numbers marked.
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Figure B-7: Field 8 in the Rosette Nebula, with globulette numbers marked.
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Figure B-8: Field 11 in the Rosette Nebula, with globulette numbers marked.
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Figure B-9: Field 12 in the Rosette Nebula, with globulette numbers marked.
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Figure B-10: Field 14 in the Rosette Nebula, with globulette numbers marked.
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Figure B-11: Field 15 in the Rosette Nebula, with globulette numbers marked.
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Figure B-12: Field 18 in the Rosette Nebula, with globulette numbers marked.
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Figure B-13: Field 19 in the Rosette Nebula, with globulette numbers marked.
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Figure B-14: Fields 1 & 3 in IC 1805, with globulette numbers marked.
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Figure B-15: Field 2 in IC 1805, with globulette numbers marked.
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Figure B-16: Field 5 in IC 1805, with globulette numbers marked. A globulette-free
midpart of the field has been omitted for layout reasons.
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Figure B-17: Images of globulettes in the Rosette Nebula, with pixel sizes 100×100.
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Figure B-18: Images of globulettes in the Rosette Nebula, with pixel sizes, from
upper left to lower right, of 300 × 300, 200 × 200, 150 × 150, 100 × 200, 100 × 150
and 200 × 100.
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Figure B-19: Images of all globulettes in IC 1805, with pixel sizes 200 × 200.






