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The cover image shows the northern part of the Rosette Nebula. In the lower
right part of the image the Wrench, an elephant trunk is shown. This trunk
is mainly made up of thin threads that are twisted and connected to two jaws
at the lower massive head. In the upper part of this Wrench a string of dark
dots, globulettes, are seen in silhouette against the bright background. This
false-color image shows emission from lines of Sulfur, Hydrogen and Oxygen
(shaded red, green and blue). Credit: Astronomy Picture of the Day, March
2014.
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We are just an advanced breed of monkeys on a minor planet of a very
average star. But we can understand the Universe. That makes us something
very special. Stephen Hawking

To my family





ABSTRACT

Interstellar gas and dust can condense into clouds of very different size, ranging
from giant molecular cloud complexes to massive, isolated, dark cloudlets,
called globules with a few solar masses.

This thesis focuses on a new category of small globules, named globulettes.
These have been found in the bright surroundings of H II regions of young,
massive stellar clusters. The globulettes are much smaller and less massive
than normal globules. The analysis is based on H-alpha images of e.g., the
Rosette Nebula and the Carina Nebula collected with the Nordic Optical Tele-
scope and the Hubble Space Telescope.

Most globulettes found in different H II regions have distinct contours and
are well isolated from the surrounding molecular shell structures. Masses and
densities were derived from the extinction of light through the globulettes
and the measured shape of the objects. A majority of the globulettes have
planetary masses, <13MJ (Jupiter masses). Very few objects have masses
above 100MJ ≈ 0.1M� (Solar masses). Hence, there is no smooth overlap
between globulettes and globules, which makes us conclude that globulettes
represent a distinct, new class of objects.

Globulettes might have been formed either by the fragmentation of larger
filaments, or by the disintegration of large molecular clouds originally hosting
compact and small cores. At a later stage, globulettes expand, disrupt or
evaporate. However, preliminary calculations of their lifetimes show that some
might survive for a relatively long time, in several cases even longer than their
estimated contraction time.

The tiny high density globulettes in the Carina Nebula indicate that they
are in a more evolved state than those in the Rosette Nebula, and hence they
may have survived for a longer time. It is possible that the globulettes could
host low mass brown dwarfs or planets.

Using the virial theorem on the Rosette Nebula globulettes and including
only the thermal and gravitational potential energy indicated that the 133
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found globulettes are all either expanding or disrupting. When the ram and
the radiation pressure were included, we found that about half of our objects
are gravitationally bound or unstable to contraction and could collapse to form
brown dwarfs or free floating planets.

We also estimated the amount of globulettes and the number of free floating
planetary mass objects, originating from globulettes, during the history of the
Milky Way. We found that a conservative value of the number of globulettes
formed is 5.7× 1010. A less conservative estimate gave 2× 1011 globulettes and
if 10% of these forms free floating planets then the globulettes have contributed
about 0.2 free floating planets per star.

In the Crab Nebula, which is a supernova remnant from the explosion of a
massive old star, one can find dusty globules appearing as dark spots against
the background nebulosity. These globules are very similar to the globulettes
we have found in H II regions. The total mass of dust in globules was estimated
to be 4.5 × 10−4M�, which corresponds to . 2% of the total dust content of
the nebula. These globules move outward from the center with transversal
velocities of 60–1600 km s−1. Using the extinction law for globules, we found
that the dust grains are similar to the interstellar dust grains. This means that
they contribute to the ISM dust population. We concluded that the majority
of the globules are not located in bright filaments and we proposed that these
globules may be products of cell-like blobs or granules in the atmosphere of the
progenitor star. Theses blobs collapse and form globules during the passage of
the blast wave during the explosion.
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2017, A&A , 602, A61



Table of Contents

1 Introduction 3
1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . 5

2 Background 7
2.1 Early Universe and Star Formation Rate . . . . . . . . . . . . . 7
2.2 Background of Spectroscopic Observations . . . . . . . . . . . . 8
2.3 Gas Components of the ISM . . . . . . . . . . . . . . . . . . . . 10
2.4 Molecular Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Atomic Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.6 Ionized Interstellar Gas . . . . . . . . . . . . . . . . . . . . . . . 13

2.6.1 H II Formation . . . . . . . . . . . . . . . . . . . . . . . 13
2.7 Gas Cooling and Heating . . . . . . . . . . . . . . . . . . . . . . 15
2.8 Dust Grains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.9 Interstellar Cloud Structures . . . . . . . . . . . . . . . . . . . . 18

2.9.1 Molecular Clouds . . . . . . . . . . . . . . . . . . . . . . 20
2.9.2 Giant Molecular Clouds . . . . . . . . . . . . . . . . . . 20
2.9.3 Cold Dark Clouds and Globules . . . . . . . . . . . . . . 21
2.9.4 Clumps and Cores . . . . . . . . . . . . . . . . . . . . . 23
2.9.5 Globulettes . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.9.6 Hot Molecular Cores . . . . . . . . . . . . . . . . . . . . 25

2.10 Formation of Stars and Planets . . . . . . . . . . . . . . . . . . 25
2.10.1 The Onset of Star Formation Processes . . . . . . . . . . 25

2.11 Free Floating Planetary Mass Objects . . . . . . . . . . . . . . . 29
2.12 H II regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.12.1 H II regions: Dynamics . . . . . . . . . . . . . . . . . . . 32
2.13 Supernovae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.13.1 Core Collapse Supernova Type II . . . . . . . . . . . . . 39

ix



x TABLE OF CONTENTS

2.13.2 The Evolution of Supernova Remnants . . . . . . . . . . 40

2.13.3 Dust Formation . . . . . . . . . . . . . . . . . . . . . . . 42

3 Theory 45

3.1 Interstellar Extinction . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Visual Extinction . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3 Extinction Curve . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.4 Optical Depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5 Measuring Extinction . . . . . . . . . . . . . . . . . . . . . . . 50

3.6 Cloud Contraction . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7 Proper Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Methodology 57

4.1 Positions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.2 Shapes, Dimensions and Orientations . . . . . . . . . . . . . . . 59

4.3 Column Density Distribution . . . . . . . . . . . . . . . . . . . 65

4.4 Extinction and Relation to Mass . . . . . . . . . . . . . . . . . . 69

5 Observations 73

5.1 The Observations with the Nordic Optical Telescope . . . . . . 73

5.2 The Hubble Space Telescope . . . . . . . . . . . . . . . . . . . . 74

5.3 Filter System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6 Introduction to Papers 77

6.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.1.1 Rosette Nebula and IC 1805 . . . . . . . . . . . . . . . . 78

6.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.2.1 Carina Nebula . . . . . . . . . . . . . . . . . . . . . . . . 82

6.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.3.1 Crab Nebula . . . . . . . . . . . . . . . . . . . . . . . . 86

6.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.4 Paper IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.4.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7 Discussion and Outlook 93

7.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



TABLE OF CONTENTS xi

8 Bibliography 99

A Astronomical Quantities 113
A.1 Magnitude Scale . . . . . . . . . . . . . . . . . . . . . . . . . . 113
A.2 The Celestial Coordinate System . . . . . . . . . . . . . . . . . 114
A.3 Column Density . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

B Images of Fields 117
B.1 Description of Images . . . . . . . . . . . . . . . . . . . . . . . . 117

C Data Tables of Globulettes in Nebulæ 121





TABLE OF CONTENTS 1

List of Acronyms and Abbreviations

ACS Advanced Camera for Surveys
AU Astronomical Unit
A.D. Anno Domini (Latin: In the year of the Lord)
BG Bok Globule
Dec Declination
FFPs Free floating planets
FITS Flexible Image Transport System
FWHM Full Width at Half Maximum
EGG Evaporating gas globule
ESO European Southern Observatory
G Globulette
GMC Giant Molecular Cloud
HST Hubble Space Telescope
HLA Hubble Legacy Archives
IR Infrared (light)
ISM InterStellar Medium
LMC Large Magellanic Cloud
NGC New General Catalogue
NOT Nordic Optical Telescope
OB Stars of spectral types O or B
P.A. Position Angle
PAH Polycyclic-Aromatic Hydrocarbons
Pop III Population III
PDR PhotoDissociation Regions
PWN Pulsar Wind Nebula
RA Right Ascension
SFR Star Formation Rate
RN Rosette Nebula
SN SuperNova
SNR SuperNova Remnant
UV UltraViolet (light)
WFC Wide Field Camera
WFPC2 Wide Field Planetary Camera 2
2MASS Two Micron All-Sky Survey



2 TABLE OF CONTENTS

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× 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). 1 AU = 1.496× 1013 cm is the average
earth-sun distance, and 1 parsec = 1 pc = 206 265 AU is the distance from
which the radius of the Earth’s orbit around the sun covers an angle of 1′′.
However, distances within a nebula are often given in arcseconds, denoted by
′′
, corresponding to their angular extension in the sky. At the distance of the

Rosette Nebula (RN), i.e., around 1400 parsec, the angle 1′′ corresponds to a
distance of 1400 AU = 2.09× 1016 cm.

The expansion of the Universe causes light waves to stretch with time,
known as the redshift (z). This is often used as a measure of distance from
us or the age of the Universe. Today, the Universe has z = 0, while 10 billion
years ago z ∼ 2.



Chapter 1

Introduction

On a dark and clear night we can look up towards the sky where we can see
a luminous band running across the dark sky, the Milky Way, composed of
hundreds of billions of stars. Earth is one of eight planets orbiting our Sun,
located ∼ 8.5 kpc (about 27 700 light years) from the galactic center in one
of the Milky Way’s spiral arms. Discoveries of planets outside of our solar
system (Mayor & Queloz, 1995) indicate that formation of planetary systems
with rogue planets are as common as stars in the galaxy. A number of isolated
free-floating planets (FFPs) have been located over the last decade. Recent
results from Mróz et al. (2017) indicate that the upper limit on the number of
Jupiter size free floating planets in the Milky Way is about 0.25 planets per
star.

However, The Milky Way does not only consist of planets and stars. Beau-
tiful images taken with the Hubble Space Telescope (HST) have made famous
gigantic interstellar nebula that floats among the stars (one example can be
seen on the front page). Nebula is Latin for cloud (plural: nebulæ). The space
between stars is filled with a thin gas and microscopic dust grains, together
forming the so-called 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. In general, 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 character-
ized by the state of hydrogen. H II regions contain ionized atomic hydrogen
(H+) and can be found around very hot stars. H I regions are cold neutral
hydrogen (H) clouds, while molecular clouds contain molecular hydrogen (H2).

The distribution of interstellar matter is far from uniform, and regions of

3



4 CHAPTER 1. INTRODUCTION

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 K) and dense
(n>104 cm−3) material in molecular clouds.

The dust in the ISM is made of tiny, irregularly shaped particles with icy
mantles. The grains are about 0.1µm in size and as the wavelengths of stellar
light are similar (0.1–1µm), 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 color. Such bright areas
are called reflection nebulæ. In other clouds, with imbedded luminous stars,
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. There is not a well-defined boundary between the two cases,
and many objects show both scattered starlight and emission lines from excited
nebular gas species.

The brightest and most massive hot stars explodes as supernovae (plural:
SNe; singular: SN) at the end of their evolution, recycling enriched material
into to ISM and by that contributing the birth of new stars. After these ex-
plosions thin layers or filaments is surround the supernovae, and these nebulæ
are called supernova remnants (SNR). During their lives the massive stars are
responsible for a large amount of the momentum and kinetic energy input into
the interstellar gas.

1.1 Objectives

The objective of my research has been to investigate dark small cloudlets
of dust and gas, found as dark silhouettes against the bright background of
nebular emission in optical images of H II regions and against the continuum
emission in the Crab Nebula.
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1.2 Research Questions

The goal of this thesis has been to investigate and understand the nature
of the cloudlets, known as globulettes, especially their properties, origin and
evolution.

- What are their shapes, morphologies, structures, densities and distribu-
tions of size and mass?

- What are the physical conditions in these 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? In that case, what is their nature?

- Could a certain fraction of globulettes form FFPs?

- How many globulettes have been formed in the Milky Way over the years
and how may these contribute to the total FFPs population?

- What is the visible dust mass of the dark cloudlets in the Crab Nebula,
and what is the extinction law and the proper motion of these dusty
blobs?

1.3 Structure of the Thesis

The outline of the different chapters of the thesis are as follows:
Chapter 2 gives a background of the early Universe, gas components and

dust, and a short overview of the formation of stars and planets, H II regions
and supernova remnants.

Chapter 3. An overview of relevant properties and theories are presented,
such as interstellar extinction, reddening, virial theorem and proper motion,
where multi epoch images from the second generation Wide Field Planetary
Camera 2 (WFPC2), and third generation Advanced Camera for Surveys
(ACS) was used.

Chapter 4 gives the details about how various properties e.g., mass, radii
of the globulettes can be evaluated.

Chapter 5 gives a review over the observations and instrumentations with
the Nordic Optical Telescope (NOT) and the HST, but also which filters have
been used.
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Chapter 6 gives a short overview of the observed regions and the summery
of important result from the four papers.

Chapter 7 concludes the thesis by summerising the work with a general
discussion. Some suggestions of future research are also given.

Appendix A gives some astronomical background needed to understand
some parts of the thesis.

Appendix B contains images of analyzed H II regions (used in Paper IV),
where the observed areas are superimposed on the images.

Appendix C lists the positions in Right Ascension (RA) and Declination
(Dec) and their mean radii for additional globulettes introduced in Paper IV.



Chapter 2

Background

Some of the content is taken from the Grenman (2006) licentiate thesis.

2.1 Early Universe and Star Formation Rate

The Big Bang occurred about 13.8 Gyr years ago (Planck Collaboration et
al., 2014). The first stars, known as population III (Pop III) stars, formed
a few hundred million years after the Big Bang in dark matter mini halos of
∼ 106M� (Tegmark et al., 1997). These stars are believed to have been very
massive (102 to 103M�) and consisted mainly of hydrogen and helium (Bromm
& Larson, 2004; Schneider et al., 2006; Bromm & Yoshida, 2011). The large
mass of the Pop III stars is due to the low cooling effect of the primordial gases
in the stars. These massive stars lived short lives that ended in supernovae
explosions. These explosions resulted in the enrichment of the ISM of elements
heavier than H and He (usually referred to as metals). Observations of the
high redshift Universe, about 1 Gyr after the Big Bang, confirm the presence
of a large amount of dust and heavy elements. This metal enrichment by
Pop III stars leads to the formation of lower mass Pop II stars, as soon as
the critical metallicity 10−6–10−3.5 Z� was reached (Schneider et al., 2012). A
good example of a Pop II environment is the Large Magellanic Cloud (LMC),
where the metallicity is about half that of our Sun (Rolleston et al., 2002).

Metals constitute about 1% of the baryon matter in the Universe. Since
iron is one of the most abundant metals found in stellar spectra, and the
overall stellar metallicity, Z, is often defined using the total iron-content of
the stellar atmosphere “[Fe/H]”, in terms of mass (Binney & Merrifield, 1998).
This abundance ratio is defined as the logarithm of the ratio of a star’s iron

7



8 CHAPTER 2. BACKGROUND

abundance compared to that of the Sun:

[Fe/H] = log10

Fe/H

(Fe/H)�
≈ log10

Z

Z�
, (2.1)

where the solar metallicity is Z�= 0.0196 (Vagnozzi, 2017).
In the Milky Way, metal poor Pop II stars, with about [Fe/H] < −1.0 (e.g.,

10% of Sun’s metallicity), can be found mostly in the globular clusters and in
the thick disk, above and below the galactic plane. In this low metallicity
environment, planets have been observed orbiting stars with an age of about
10 Gyr (Anglada-Escudé et al., 2014, and references therein). The theoretical
estimations of the planet formation in the early Universe has been discussed
by e.g., Lineweaver (2001), Prantzos (2008), Johnson & Li (2012), Behroozi &
Peeples (2015) and Mashian & Loeb (2016).

The amount of gas converted into stars per unit time is known as the star
formation rate (SFR), which usually has the unit of [M�/yr]. This shows the
total star formation activity in a galaxy or in a given area in a galaxy. In our
galaxy stars forms at a rate of ∼ 1–5M�/yr (Smith et al., 1978; Robitaille
& Whitney, 2010; Chomiuk & Povich, 2011) and for a star-forming galaxy of
equal mass, at about 10 billion years ago the SFR was ∼ 30 times larger (Daddi
et al., 2007). This implies also that the formation rate of ionized nebula, H II
regions, surrounding newborn stellar clusters was higher then now. In Paper
IV, we assume that the number of H II regions is proportional to the SFR
and combined with the present day number, this gives the formation rate
of H II regions in the early Universe. More discussion around the SFR and
the metallicity history can be found in e.g., Behroozi et al. (2013); Madau &
Dickinson (2014).

2.2 Background of Spectroscopic Observations

The gas in the ISM emits detectable electromagnetic radiation and is on the
average of very low density (about one atom per cubic centimeter) compared
to conditions on the Earth and even compared to vacuums created in labo-
ratories (∼ 105–107 cm−3). To extract information from this gas, such as its
temperature or chemical composition, the astronomers observe spectral lines
from atoms and molecules in the gas.

When an atom absorbs a photon, a distinct amount of energy, E = hc/λ,
where λ is the wavelength, is transferred, resulting in an excited atom. This
gives rise to absorption lines (dark) in the spectra corresponding to these
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distinct wavelengths. An electron stays at an excited energy level for a limited
amount of time before returning to the lower energy level, thereby emitting the
energy difference as a photon. This gives rise to bright emisson line spectra,
corresponding to the energy difference.

The dominant element in the Universe is hydrogen. In the Milky Way,
about 60% of the mass of interstellar hydrogen is atomic (H I), about 20%
is ionized (H II) and about 20% is molecular (H2) (Draine & Li, 2001). The
hydrogen atom consists of a proton and an electron, which can occupy any
bound energy level, denoted by n = 1, 2, 3 etc. and where n = 1 is the ground
state. At large n values the energy levels are very close together and there
comes a point where the electron is in a unbound state. This electron can
occupy a range of possible continuum levels, where it has a certain free kinetic
energy (Dyson and Williams, 1997). Figure 2.2 shows an example of hydrogen
atom energy diagrams and its emission and absorption spectra.

In addition to the electronic transitions, molecules have rotational and/or
vibrational transitions. These transitions have lower energy and hence the
emitted light has longer wavelength. Vibrational transitions come from stretch-
ing or bending of the molecules. Together, the vibrational and rotational tran-
sitions give rise to ro-vibrational bands.

Usually, an atom, molecule or ion gets excited through a collision with an
energetic particle (e− or H+) and then undergoes radiative de-excitation (spon-
taneous or stimulated), emitting a photon. The photon is emitted typically
after 10−8 s with spontaneous emission. When this happens, the kinetic energy
of the colliding particle will be transferred to radiation, which may escape the
cloud, thereby cooling the gas.

In addition, some energy levels in metals (and their ions) are split into
multiple “sublevels” or fine structure levels. Collision with free electrons excite
bound electrons in the lower level of atoms to higher levels and take some of
the kinetic energy of the colliding electrons.

However, observations of the interstellar gas have shown that some spec-
tral lines have a low transition probability and that they cannot normally be
observed in the laboratory. The low probability is because the transition is
forbidden. This means that the state gets de-exited by collisions rather than
spontaneous emission. These transitions are denoted with a square bracket,
for example single ionized Oxygen [O II].



10 CHAPTER 2. BACKGROUND

2.3 Gas Components of the ISM

In the ISM, the gases exist in three states, with rising temperature: the molec-
ular, the atomic, and the ionized state. These states are divided in different
phases, since stable balance of heating and cooling at a given pressure often
can be achieved at more than one temperature. From this classification, the
multiple phase structure in the ISM was developed (McKee & Ostriker, 1977).

Observations have shown, that the hot (∼ 106 K), thin, ionized and low
density (10−3 cm−3) gas permeates most of the galaxy. Only a few percent
of the volume contains cold neutral gas, which is concentrated in thick struc-
tures (T ∼ 50–100 K, n ∼ 10–100 cm−3). The cold dense molecular gas (T =
10–20 K, n ∼ 104 cm−3) fills up less than 1% and can be found in molecular
clouds. Despite the low filling factor, this densest gas contains 30 %–60 % of
the total gas mass in the ISM. These five phases are in dynamic interaction
with each other. However there is some ionized hydrogen even in the neu-
tral regions, because of cosmic ray ionizations, and there is also some neutral
hydrogen atoms in ionized regions, because of continuous recombination. An
overview of different phases from coolest to hottest is given below.

2.4 Molecular Gas

The molecular gases in the ISM are present in the interior of dense clouds that
are shielded from the radiative dissociation by ultraviolet (UV) photons. These
gases are not hot enough for significant collisional dissociation. Comparison
of molecular and atomic hydrogen abundances in different line of sights have
shown that interstellar gas is almost entirely molecular above a gas column
density of about N(H I)>1021 cm−2 (self-shield against UV radiation).

In these high density regions, H2 may form rapidly on dust grains (Section
2.8). However, if sufficiently free electrons are present, H2 can also form in the
gas phase, until all free electrons are used. The first molecular clouds in the
Universe were probably formed in this way, before dust grains condensed from
the heavy elements. Still these reactions are rare due to the limited electron
abundance.

The most important ingredient for star formation is molecular hydrogen,
which constitutes about 99% of the mass of these cold and dark molecular
clouds. This makes it the most abundant molecule in the Universe. Despite
the large abundance of H2 molecules, they are very difficult to detect because
they are not sufficiently excited to emit photons at the low temperatures in
the clouds. Molecular hydrogen is a symmetric molecule (consisting of two
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identical atoms) and has no permanent dipole moment. This means that their
centers of mass are also their center of charge and therefore spontaneous vi-
brational/rotational transitions cannot occur. Thus, we can only observe H2

in shocked regions, created by e.g., jets from young stars or in very warm
conditions near UV stars (Krishna Swamy, 2005).

To trace H2 we observe the second most common molecule, carbon monox-
ide (CO), which is one of the first molecules to form in circumstellar envelopes
of old stars. These molecules seem to co-exist with H2 molecules and they
have a strong dipole moment, which means that they can be exited a low
temperatures (<10 K). Thus, we can use the CO rotational transition lines
at radio wavelengths, 2.6 mm (the lowest energy transition) and 1.33 mm to
trace the H2 molecule (Graves et al., 2010). With an appropriate conversion
factor, known as the “X factor”, CO emissions can be used as a tracer of H2

abundances and hence the total mass of the dense clouds. Most of what we
know about the large-scale distribution of molecular hydrogen is therefore de-
rived from observations of CO and its isotopic varieties, see Figure 2.1. More
than one hundred molecular species have been discovered through spectro-
scopic observations. The molecular medium is surrounded by neutral atomic
gas.

2.5 Atomic Gas

Most of the hydrogen in space is in its ground state and the proton and elec-
tron normally spin in the same direction. Observations have shown (Kalberla
& Kerp, 2009; Dickey & Lockman, 1990) that neutral hydrogen exists in two
phases: cold neutral medium and a more diffuse warm neutral medium. These
two phases are often considered to be in pressure equilibrium (Savage & Sem-
bach, 1996; Cox, 2005) but with different temperature and density.

One of the best indicators of the presence of H I in the ISM is the 21 cm
line radio emission (Ewen & Purcell, 1951). This line comes from photon
emission when the electron flips its spin from parallel (higher energy state) to
anti-parallel (slightly lower energy state). Since this is a forbidden transition,
the spontaneous spin flip occurs only every 11 million years. However, the
time between collisions is actually much shorter and collisional de-excitation
occurs before most atoms can decay spontaneously. Thus, the population of
the two states is determined primarily by collisions between atoms or with
free electrons. Even though these emissions occur rarely, there are so many
hydrogen atoms in the ISM that they will produce an observable line at 21 cm,
see Figure 2.1.
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Figure 2.1: A selected collection of the Milky Way in 5 different wavelength
bands. The ISM extends over the whole galactic disk. From the top: 1) 21 cm
atomic hydrogen emission. 2) 2.6 mm CO radio emission, tracing the galactic
molecular gas. 3) Composite image of mid- and far-infrared, typical tracer of
interstellar dust emission. 4) Composite near-infrared image, radiation from
cool stars. 5) Optical light, were we can see the regions obscured by dust.
Thus dimming is wavelength dependent and in near infrared the plane of the
Milky Way is much more transparent, which makes it more easy to observe
the galactic bulge surrounding the galactic center. Image and caption credit:
NASA Multiwavelength Milky Way project (http://mwmw.gsfc.nasa.gov/).

Roughly half of all neutral hydrogen atoms are in the warm, more diffuse
phase, which is detectable across the whole sky. This medium (sometimes
also called the warm intercloud medium) has usually a low optical depth and
can be seen only in broad emission spectral lines. The cold neutral medium
forms highly inhomogeneous and structured filaments that may be a result of
turbulence in the interstellar gas. These clouds tend to have a high optical
thickness and are visible both in absorption and emission line spectra. Even
though these clouds are cold enough to form some simple molecules, they
will never collapse and form stars since they need to be compressed to form
molecular hydrogen.

Actually, the cooling and heating processes in H I region show large resem-
blance with photodissociation regions (PDR), also known as photon-dominated
regions. In these regions, the far-UV photons (E = 6–13 eV) can penetrate
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into the clouds. Therefore, this medium can be described as a low density
PDR (Hollenbach & Tielens, 1999). The cold and warm neutral phases are
embedded into warm and a hot ionized gas (see below) with a filling factor
between 20% and 70%.

Atomic hydrogen has been used to map out the large scale distribution
of atomic clouds. The main application area is to estimate the mass, the
distribution, kinematics, and temperature of the gas.

2.6 Ionized Interstellar Gas

A large fraction of the ISM is filled with ionized gas, which can be found in the
H II regions, planetary nebulæ and the hot interstellar medium. As example,
the warm ionized gas can be found in H II regions, while the hot gas comes
from supernova explosions that produce hot bubbles of expanding gas (Spitzer,
1990; Wolfire et al., 2003). This hot interstellar medium, can be traced via
UV and X-ray observations (Yao et al., 2009).

2.6.1 H II Formation

The most bright and massive stars in the galaxy are classified as O and B
type stars from their optical spectra. They are formed from the material in
the molecular cloud and they are hot enough to produce large amounts of
high energy UV photons, which are able to ionize hydrogen and helium atoms
around them.

H II regions are formed within molecular clouds after photodissociation of
H2 molecules by UV photons with energies >11.2 eV (λ ∼ 110.8 nm, Whit-
tet, 1992). Young hot stars subsequently photoionize the neutral hydrogen
gas with photon energies > IH = 13.6 eV (λ < 91.2 nm), creating a bub-
ble of warm ionized gas which then expands. This expansion is known as the
Strömgren sphere (Dyson and Williams, 1997), where the moving edge is called
the ionization front, see Section 2.12.

Photoionization occurs when the UV photons knock out the bound elec-
trons from hydrogen atoms to the continuum, H I + hν → H II + e−. In
this process, the excess energy hν − IH , is carried away as kinetic energy
by the ejected electron. This electron then transfers its kinetic energy to
other atoms, molecules and ions, thereby heating the medium through elastic
collisions. This free electron eventually recombines with an ionized H atom
(H II + e− → H I + hν) to form a neutral atom. In this process photons
are emitted as the electron cascades down, creating a number of observable
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spectral lines. The energy levels of these emission lines depend on the kinetic
energy of the recombining electron (in its continuum state) and its binding
energy in the atom.

The transitions in hydrogen atoms down to the first excited level (n = 2)
produce the Balmer lines: (in order of decreasing wavelength) Hα, Hβ, Hγ and
so on, seen in Figure 2.2. In the visible spectrum, the strongest emission line
is that of Hα with a wavelength λ = 6563 Å (0.6563µm) emitted when the
electron decays from the third to the second excited level of the H atom. Thus,
the reddish color seen in images of, e.g., the Rosette Nebula (Figure 6.1), is
mainly a result of Hα emission. This false-color image, is taken in the light of
Hα, [O III], and [S II], reproduced as red, green and blue, respectively. Thus,
in H II regions it is also possible to find heavier elements such us oxygen,
nitrogen and carbon which are collisionally excited.

Figure 2.2: The hydrogen atom has its ground state (n = 1) at the energy
13.6 eV, as compared to its fully ionized state. T he 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. Hydrogen atoms emission and absorption spectrum is also shown in
lower part.
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2.7 Gas Cooling and Heating

The structure of the ISM phases is determined by heating and cooling process.
The more the ISM is heated, the more diffuse it becomes. If the cooling
processes dominate, the inverse processes occur, resulting in a cooler, denser,
and more neutral ISM. Since the temperature increases due to gravitational
contraction, which counteracts a gravitational collapse, a balance is required
between heating and cooling processes in order for star formation to occur.
Heating and cooling occur by a variety of processes with radiation as the
dominant transport mechanism, with transfer of kinetic energy to and from
atoms, molecules and ions.

There are several radiation sources in the ISM such as stars, X-ray stars,
and supernovae. One of the major heating processes is photoionization of
hydrogen. Less important heating processes include shock heating, collisional
ionization caused by cosmic rays and photodissociation of molecules.

In contrast to the heating processes, cooling of interstellar gas occurs mainly
through emission of radiation, such as forbidden line emission. Efficient cooling
occurs when the gas is optically thin, so that emitted photons are not re-
absorbed and when there is enough of particles to make collisions frequent.

The dominant cooling lines in the ISM and the PDRs are from Oxygen
(e.g., [O I], [O III]), Nitrogen (e.g., [N II]), Sulphur (e.g., [S II]) and Carbon
([C II]). Even recombinations of hydrogen and helium to levels other than then
ground state contribute somewhat to gas cooling.

Another important cooling process in the ISM is through the rotational
energy levels of molecules. One such example is the CO rotational transition
lines. Finally, free-free emission contributes somewhat to the cooling, where
free electrons are accelerated by an ion, thus emitting a photon.

2.8 Dust Grains

Trumpler (Trumpler, 1930) found that light from distant stars was more dim
than expected from using the inverse square law for the flux, F = L/4πD2,
where D is the distance and L is the luminosity. Trumpler concluded that
interstellar space must contain cosmic dust particles which attenuate star light.
The presence of dust grains in the ISM has then been proved using four different
methods: 1. extinction and reddening at UV and optical wavelengths (see
Chapter 3); 2. polarization of starlight; 3. reflection nebulæ and 4. thermal
emission from the galaxy (Mathis, 1990). Dust plays an important role in
the physics of the ISM and also in the formation of rocky planets, stars and
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galaxies.
Dust grains are formed mainly in the cool atmospheres of old (evolved) stars

but also in the ejecta resulting from supernovae outbursts. In this environment,
the temperature and pressure are suitable for the formation of heavy elements,
see Section 2.13.3. The most abundant ones (∼ 1 atom for each 1000 H atoms)
are the “organics” C, O, N, while the “rockies”, such as Mg, Si, Fe have an
abundance of ∼ 1 atom for each 10 000 H atoms. Dust that originates from
stars is called “Stardust”. However dust grains may also form by a series of
chemical reactions, where atoms and molecules in the gas phase combine in
the cold cores of molecular clouds (van Steenberg & Shull, 1988; Draine, 2009).

Figure 2.3: From left to right: 1) Typical cosmic dust particle, composed
of numerous small grains (NASA Johnson Space Center). 2) A presolar
(stardust) onion-like graphite grain, 5 micrometers in diameter, from the
Murchison meteorite. Photo courtesy of S. Amuri, Washington University,
St.Louis. 3) A presolar grain of silicon carbide, SiC. The grain is 3 mi-
crometers across. Photo by Rhonda Stroud, Naval Research Laboratory
(http://www.psrd.hawaii.edu/Aug03/stardust.html). 4) Example of the
structure of the PAH molecule. These molecules are flat, with each carbon
having three neighboring atoms, much like graphite.

Observation of UV extinction and optical scattering of dust grains have
showed a broad size distribution around 10−4–1µm (Weingartner & Draine,
2001), and polarization studies have indicated that large dust grains are non-
spherical and aligned along the magnetic field lines. Dust grains can be de-
scribed as solid particles with typical radii of ∼ 0.1µm (similar to the size of
smoke particles from a cigarette) and with densities of about 2 g cm−3. Theo-
retical models of the diffuse ISM assume that there is a mixture of mainly small
size (<0.01µm) carbonaceous materials (graphites, soot) and bigger grains
(>0.01µm), amorphous silicates (e.g., olivine), often with mantles of water or
CO ice (Kim & Martin, 1994; Whittet et al., 1988). There is also evidence that
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Figure 2.4: Schematic representation of a dust grain with ice mantle. At low
temperature, most gas phase molecules e.g., water, CO, freeze into ice mantels
on dust grain. Main formation of H2 happens on dust grain surfaces. Once two
H meet, they form H2, which has no unpaired electron and so H2 is released.
Original image form https://www.astrochem.org/sci/.

a population of macro molecules, polycyclic-aromatic hydrocarbons (PAHs),
compounds of both gaseous molecules and small solid particles, exist in the
ISM and can be found in PDRs (Werner et al., 2004), typically ∼ 50 C atoms
in an often planar arrangement. Figure 2.3 shows some examples of dust grains
and a structure of the PAH molecule.

Dust absorbs and re-emits about half the visible star light in a typical
galaxy (Dale et al., 2007) and it is well mixed with gas, although the dust to
gas ratio can vary between and across galaxies. In our galaxy (Figure 2.1), dust
makes up only about 1% (Chaisson, E. & Steve, M., 2013) of the total mass
of the ISM, i.e., the gas to dust ratio is 100:1. The interstellar dust, coupled
to the gas clouds, forms molecular clouds that come in a variety of shapes,
sizes and densities (see Section 2.9). When radiation penetrates through this
medium, it can absorb, scatter or emit electromagnetic radiation (see Sec-
tion 3.1). Typically, all processes take place simultaneously, thus shielding the
interior part of the clouds from ionizing radiation and photodissociation.

In this low temperature environment, H2 molecules can form on sticky dust
grain surfaces, see Figure 2.4. As H2 has no unpaired electron, it binds only
very weakly on the grain and soon leaves into the gas phase again. Many other
molecules also form in this way, e.g., H2O, though water remains frozen on the
dust grains. When most of the hydrogen has been depleted, CO molecules
can condense directly on the ice and coagulate into large grains (Ormel et al.,
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2011). The UV radiation on the ice mantles breaks molecules leading to new,
more complex, organic molecules.

However, emission at longer wavelengths also carries information about
the dust population. Large grains can be treated as modified blackbodies
(“grey bodies”). They are less affected by single photons, but are hit more
often, leading to a steady temperature of <60 K, referred to as cold dust.
These grains are responsible for the extinction of visible and infrared (IR)
light and in the low temperature environment, the majority of the energy is
emitted at far-IR and submm wavelengths (60–800µm). Small grains can not
be considered as black bodies. They have higher temperatures compared to
the large grains. Most of the emission will take place when they are briefly
heated to high temperatures, probably by the absorption of a single photon
(van Dishoeck, 2004). They typically emit their energy in the near-and mid-
infrared wavelengths (Draine & Li, 2001) corresponding to temperatures of
>60 K, warm to hot dust. Thus, in order to study dust properties, it is an
advantage to use IR telescopes as has been done from the satellites Spitzer
(3.6–160µm) for hot and cold dust, and Herschel (55–625µm) for cold dust.
Near- to far-IR composite images of the Milky Way are shown in Figure 2.1.

Dust grains are exposed to radiation and get a wide range of temperatures
when they pass from diffuse to dense clouds and back again. The typical life-
time of a dust grain is a few hundred million years before it is either vaporised
by e.g., shock wave fronts from supernovae, by collisions with each other, or
they are integrated into larger objects such as stars (Tielens et al., 1994; Jones
et al., 1996).

2.9 Interstellar Cloud Structures

Dark nebulæ have been subject to scientific studies since as far back as the
19th century, when Sir William Herschel (1785) noticed regions devoid of stars
and remarked “My God, there is a hole in the sky!” He thought that it was a
place where the stars had burned out. These starless regions of the sky were
not studied in detail until 1889 when Edward E. Barnard pictured the Milky
Way and catched the dark patches on photographic plates. In 1919 he pub-
lished 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 Beverly Lynds, which contains 1802 dark nebulæ, identified on
the National Geographic-Palomar Observatory Sky Atlas (Lynds, 1962). After
the discovery of an interstellar gaseous medium it was proposed that the dark
markings are relatively compact objects of interstellar gas. The early investi-
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Figure 2.5: This black cloud, Bok globule (B68), appears as a compact, opaque
(optically thick) and rather sharply defined object against a rich background
star-field in the Milky Way, in the left side of the image. Here the B (450 nm),
V (550 nm) and I (800 nm) bands are depicted with colors blue, green and red,
respectively. As we can see, the high concentration of dust absorbs practically
all the visible light emitted from the background stars. 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. A near-IR color composite image (bands B, I, K and at 2200 nm)
are depicted with colors blue, green and red and can be seen in the right
panel. It appears almost transparent at the longest wavelength band K, were
background stars are seen. The picture is captured with the most powerful
telescope VLT (Very Large Telescope) of the European Southern Observatory
(ESO) and with the ESOs New Technology Telescope (NTT). Image credit:
ESO PR Photo 02c/01.

gations were limited, because the internal cloud structure cannot be studied in
great detail at optical wavelengths. Later when the radio telescopes had come
into use, line emission from molecules like CO was discovered. From then on
“molecular clouds” became synonymous to dark clouds. One of the most pic-
turesque dark nebula is located in the constellation Ophiuchus, as shown in
Figure 2.5.
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2.9.1 Molecular Clouds

The Milky Way contains about 5000 molecular clouds (Scoville & Sanders,
1987) and they are formed by a process known as self shielding. In this pro-
cess, far-UV photons may destroy molecules forming at the edge of clouds by
photodissociation, thus creating a low density photodissociation region (PDR),
which corresponds to diffuse/translucent clouds. As a result, these photons do
not penetrate the material which is behind this PDR layer. In this way, the
molecules that subsequently form are protected by this envelope, which makes
it possible for the cloud to stay bound (McKee & Ostriker, 2007). The main
components of a molecular cloud is molecular hydrogen (73 % in mass), atomic
helium (25 %), dust particles (1 %), neutral atomic hydrogen (<1 %), and also
a mixture of interstellar molecules (<0.1 %). The mean molecular weight is
therefore between 2.3 and 2.8 u (the universal mass unit) depending on whether
dust particles are included or not.

The sizes and masses of molecular clouds span many orders of magnitude,
ranging from tiny, less than one solar-mass structures, to more than 106 solar
masses (Clemens & Barvainis, 1988), and with sizes of up to 200 pc (Murray,
2011). Optical observations and detailed mappings in molecular lines have
revealed that the mass distribution of molecular clouds is very hierarchical.
Large structures contain small and dense clumps, which, in turn, can be con-
nected with each other by filamentary structures. Such clumps may harbor
dense cold cores with number densities of 10 000–100 000 cm−3. These clumps
appear to be sites of star formation. In the current view, it seems that the tur-
bulence is the main force behind creating filaments and it is the gravitational
fragmentation that leads to formation of dense cores (André et al., 2012, 2013).
From now on, we will use the notation M� for one solar mass, 1.989× 1033 g.

Table 2-1 shows the broad classification of molecular cloud types and their
physical properties. A short description of the relevant classes of clouds is
presented in the sections below.

2.9.2 Giant Molecular Clouds

More than half the total gas mass in the galaxy is found in Giant Molecular
Clouds (GMCs), mainly confined in the spiral arms (for a review see Fukui
& Kawamura, 2010; Sawada et al., 2012). The GMCs have been observed
from the 1970s using the lowest CO transition line. An example of such an
observation is a large survey towards the galactic plane (Combes, 1991, and
references therein). Observations have shown that GMC have lifetimes of a
few to tens of 107 years and they are clumpy. Typically 5–10 % of the volume
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Table 2-1: Overview of the global properties of molecular clouds

Clouds∗ Clumps Globules Cores Globulettes
size (pc) 5− 200 0.5− 10 ≤ 2 ≤0.1 <0.05
density (cm−3) >100 103 − 104 103 − 105 104 − 106 103 − 105

mass (M�) 103 − 106 ≤ 103 5− 500 0.5− 5 <0.1
temperature (K) 10− 30 10− 20 <15 <15 <15

∗ Ranging from small dark clouds to giant molecular clouds.
Most information is adapted form Bergin & Tafalla (2007) and Murray (2011).

consists of clumps (Stutzki & Guesten, 1990). According to existing theories
(Bally, 1989; Poidevin et al., 2013, and reference therein), these giant clouds
can be formed in two different ways. In the “bottom-up” model a cloud forms
via coagulation of cold H I clouds, thereby increasing its size and mass until
the cloud is massive enough to continue its growth due to its gravitation. The
“top-down” model (Kim & Ostriker, 2002) suggests that clouds form either
via large scale gravitational and magnetic instabilities in the ISM or by forced
compression by supernova, turbulence or shock waves.

It takes about 2 Myr (Clark et al., 2012) from GMC formation before the
star formation begins, forming thousands of low mass star but also a number
of high-mass stars, such as O and B stars. This type of star formation can only
originate from GMCs, where there is sufficient material available to transform
large amounts of mass into stars.

Once these hot O stars are formed, the GMC starts to disintegrate, due
to the intense emission of UV radiation, which dissociates and ionizes the
molecules and atoms by forming H II regions. However, the internal pressure
in the GMC is about ten times higher than the pressure in the ambient ISM.
This means that these clouds are held together by the mass of the molecular
gas within them, otherwise they would disperse in about 10 million years.
Examples of GMCs are e.g., the Orion Molecular Complex and the Carina
Complex.

2.9.3 Cold Dark Clouds and Globules

Smaller than the GMCs are the Dark Cloud Complexes, with masses between
1000–10 000M� (Mundy, 1994). They are generally associated with sites of
low mass star formation. The so called globules are even smaller and they
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contain typically a few solar masses, with 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). Morphologically,
they can be classified into two types, with different masses and sizes. These are
cometary globules, seen in, e.g., the Gum and the Rosette Nebula (Hawarden
& Brand, 1976; Patel et al., 1993) and Bok globules (BG, Figure 2.5), which
are isolated dark dense globules of gas and dust, named after Bart J. Bok, who
first studied them extensively (Bok & Reilly, 1947).

Cometary globules can be described as small isolated clouds consisting of
a dense core, the “head”, and a long tail, which shows a variety of structures.
Some of them are surrounded by a bright rim, which is a shell of ionized gas.
These occur when the object is facing ionizing sources. The high pressure
at the surface of the globule drives a photoevaporation flow of photoionized
material away from the surface of the globule, thus protecting it against rapid
photoevaporation. Due to the conservation of momentum, the globules also get
a relative velocity in the radially outward direction from the central ionizing
source known as the “rocket effect” (Oort & Spitzer, 1955). Tail-like structures
are formed, where the loosely bound gaseous envelope is pushed away.

These globules 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 commonly found
in emission nebulæ, where the tails point away from the central stars in the
nebulæ.

Some Bok globules are well studied at optical, infrared and radio 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 contain of 5–500 solar masses, and their diameters are in the range
0.2–2 pc, while the core contains 1–5M� 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 (Yun & Clemens, 1992,
1994), which arise from embedded and obscured young stellar objects
that eject stellar winds or jet streams of warm plasma.

- The density are often described with a Bonnor-Ebert sphere (Ebert, 1955;
Bonnor, 1956) with a density profile and a density that decreases with
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the distance, R, from the center, approximately as ∼ R−2 and steepening
at the edge.

Most BGs show no signs of star formation, but there is still a possibility that
they can host brown dwarfs, see Section 2.11.

2.9.4 Clumps and Cores

In GMCs, the turbulence and density fluctuations leads to dense sub-structures.
The structures with higher densities (104–105 cm−3) are often referred to as
clumps. They have sizes between 0.5–10 pc and may or may not contain cores
(see below) in which single or multiple stars are born. They are referred to
as “starless clumps” or “star forming clumps”, respectively (Williams et al.,
2000).

The clumps may fragment into cold prestellar cores or pre-brown dwarf
cores (André et al., 2012). If the cores are gravitationally bound they will
continue to collapse into individual protostars. Observations from the Infrared
Space Observatory (Kessler et al., 1996) revealed central dust temperatures of
10–12 K, while in the outskirts of prestellar cores the temperature is 15–20 K
(Ward-Thompson et al., 2002).

2.9.5 Globulettes

In H II regions, one can find many very tiny, isolated objects, which we call
globulettes. They appear as dark spots against the background nebulosity.
These objects were noticed by Gahm and Grenman (Paper I, II) and classified
as a new distinct class of objects, see Figure 2.6 taken from Paper II.

Most globulettes are sharp-edged and well isolated from their surroundings.
They are roundish objects, which are much smaller (<10 kAU) than normal
globules, and with number densities between 103–105 cm−3. A majority of the
objects have masses <13MJ (Jupiter masses), and the mass distribution drops
rapidly towards larger values. Very few objects have masses above 100MJ ≈
0.1M�. The first survey of such objects was presented by De Marco et al.
(2006).

The globulettes can also have tails, bright rims and halos and some of the
objects are connected by thin filaments to large molecular blocks or even to
each other. This suggests that globulettes might have been formed either by
the fragmentation of larger filaments, or by the disintegration of large molec-
ular clouds originally hosting compact and small cores. At a later stage glob-
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ulettes might expand, disrupt or evaporate or actually collapse to form brown
dwarfs and planetary objects.

The calculated lifetime of globulettes suggests that they may survive in the
harsh H II environment for a long time, >105 yrs (Gahm et al., 2007; Haworth
et al., 2015). This is the reason to suspect that they may be a source of brown
dwarfs and free floating planetary mass objects in the galaxy as explored in
Paper IV.

Figure 2.6: Examples of globulettes found in the Carina Nebula. The most
typical cases are the dark globulettes shown in the upper four rows followed
by objects with bright halos. The last two rows show examples of elongated
objects with tails, some with bright rims. Note that the scales are different
from panel to panel (the dimensions in arcsec are given for each object in the
Paper II).
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2.9.6 Hot Molecular Cores

When a dense cold core begins to form a massive protostar, the energy pro-
duced e.g., from the outflows, heats up the surrounding molecular gas to tem-
peratures of >100 K. At these high temperatures molecules that have formed
on the surface of dust grains will evaporate, which gives rise to molecular com-
plexity in the gas and forming a Hot Core. This core can be described as a
dense (>107 cm−3) and compact (<0.1 pc) region which represents the most
chemically rich phase of the interstellar medium (Charnley et al., 1992; Kurtz
et al., 2000). Based on chemical models, the estimated life time is less than
105 years Fontani et al. (2007)

2.10 Formation of Stars and Planets

Star formation takes place in molecular clouds, in many cases seen as dark
dust lanes in optical images of the galactic plane (Schneider & Elmegreen,
1979; Bally et al., 1987) in Figure 2.1. Most stars in the Milky Way have
formed in stellar clusters. Examples of such star formation regions are shown
in Figure 2.7.

The low mass star formation (< 8M�) is more efficient overall and takes
place throughout the cloud (from GMCs to globules). Differently from low
mass stars, high mass star formation (> 8M�) requires larger clump masses
and the formation process is faster than in low mass stars. Massive stars may
already be on the main sequence, which means that stars fuse hydrogen atoms
into helium atoms in their cores. These stars are still deeply embedded in
the dust cloud and they are actively accreting. They cease accreting when
they reach the final stage of their formation process. These stars have short
lifetimes on the main sequence compared to the low mass star and they have
also relatively low formation rates, which indicates that they are less common
in the galaxy.

2.10.1 The Onset of Star Formation Processes

Clumps in molecular clouds can produce single or multiple cores, depending
on the clump mass but also on the nature of the fragmentation. These cold
compact cores are completely shielded from intensive UV radiation and slowly
approach the centrally concentrated state. This is known as the pre-stellar
phase, which lasts about 106 yr (Shu et al., 1987). If the molecular cloud is
in equilibrium, then self-gravity is balanced by internal gas pressure, magnetic
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fields, turbulence, radiation pressure and rotational forces (McKee & Ostriker,
2007), see Section 3.6.

Figure 2.7: The left image shows the star formation region G82.65-2.00I in
three-color montage. The colors, red, green, and blue correspond to Herschel
data at wavelengths 160, 250, and 500 µm, respectively. The filament can be
seen as a blue rim. The white dots, situated along this filament, are protostars.
The distance to the cloud is about 1 kpc and the length of the filament is ∼20
pc. Figure credit: Galactic Cold Cores project. The right image shows a star
formation region inside the Carina Nebula. In the top of the longest finger of
dust and also in the middle-left part of the image, bipolar outflows, jets can be
seen. These are ejected by young stars at speeds of 100 km/s–1000 km/s, and
collide with the surrounding nebula. This produces bright shock fronts that
glow when the gas is heated by friction. This composite image was taken in
2010 with the Hubble Space Telescope, using three different color filters. The
colors correspond to oxygen (blue), hydrogen and nitrogen (green), and sulfur
(red). Image Credit: NASA, ESA, M. Livio and the Hubble 20th Anniversary
Team (STScI).

Simplified, low mass star formation begins when a pre-stellar core, with
temperature about 10–20 K, starts to collapse by gravity that surpasses the
inner thermal motion of the gas. The critical mass can be shown to be MJeans,
the so-called Jeans mass, (Jeans, 1902), for which star formation can occur,
i.e., the smallest mass needed for self-contraction:

MJeans =

(
5kBT

Gµ̄mH

)3/2(
3

4πρ0

)1/2

. (2.2)
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Here kB is the Boltzmann constant, T is the local temperature of the cloud, G
is the gravitational constant, µ̄ is the mean molecular weight, 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 Shu et al. (1987),

τff =

√
3π

32Gρ0

(2.3)

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

However, during the gravitational contraction, the size of a cloud decreases
by several orders of magnitude (from ∼1 pc to ∼100 AU). Conservation of
angular momentum implies that the initial rotation of the system increases
during the contraction. After some time, infalling matter will have enough
transversal velocity to prevent direct accretion by the central star. A rotating
disk-like circumstellar structure is then formed. Both the protostar and the
disk are still surrounded by an envelope of gas and dust. At the same time,
this central object can eventually become hot enough to drive strong outflows
in the form of stellar winds and oppositely directed jets, see in Figure 2.7 right.
Then, gas and dust falls into the disk and either accretes onto the central star
or are driven back into the ISM via outflows. Interaction of the infalling matter
stream with high velocity jets carries angular momentum outwards.

These disks are believed to be the birthplaces of planets, asteroids and
comets and they are called protoplanetary disks. The disks are round and they
are often observed to be ∼ 5–10 times larger than our solar system (Williams
& Cieza, 2011). Numerous 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. One class of disk are
called proplyds which are disks subject to photoevaporation from the radiation
of stars in young clusters. Figure 2.8 contains a composition of young objects
with circumstellar dusty features.

Further gravitational contraction increases the temperature and eventually
allows the ignition of hydrogen. When this happens, dust close to the star is
vaporized while gas close to the star is blown away. After this, only the star
and the planets are remaining.

The formation of massive stars is poorly understood, compared to their low
mass equivalents, and various scenarios have been suggested such us monolithic
collapse and competitive accretion (Bonnell et al., 2001; Zinnecker & Yorke,
2007; Tan et al., 2014). Simplified, the high mass star formation process starts
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Figure 2.8: Examples of newborn stars with surrounding dusty features ex-
posed to light from stars in the Orion Nebula. These objects are called pro-
plyds and have been selected form the HST Atlas of protoplanetary disks (Ricci
et al., 2008). Credit: NASA/ESA and L. Ricci.

already in the pre-stellar core phase. The subsequent phase is the hot core,
where the rapidly accreting massive star is located inside the core. Outflows
can also be observed, where the jets shoot out at the poles of the star. In this
phase, most of stellar mass is already acquired and due to the accretion it be-
comes sufficiently hot that substantial amounts of UV photons are produced.
The surrounding hydrogen is rapidly ionized, forming a hypercompact H II
region of linear size <0.01 pc (Sewi lo et al., 2008). Little is known about these
regions but they are treated as an intermediate stage between hot core and
ultracompact regions, which is the next stage of the H II evolution. Ultracom-
pact regions have size <0.1 pc and can be detected by its ionizing radiation
(Thompson et al., 2006). The natal dust cloud that surrounds the ionized
hydrogen radiates in the mid- and far-infrared. About 10% of the O type stars
in our galaxy are in the ultracompact H II region phase. As accretion stops
and the expansion takes over, the H II regions expands as it evolves from ul-
tracompact to compact (0.1–1 pc) (Wood & Churchwell, 1989) and then finally
to extended H II regions (>1 pc) (Mellema et al., 2006). Extended or giant
H II regions are defined by their Lyman continuum flux from stars in central
clusters which is larger than >1050 photons per second (Moisés et al., 2011).

The process of planet formation is still poorly understood. According to
basic theory, the planets 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 circustem-
stellar 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. However, be-
side the standard core-accretion model (Mizuno, 1980; D’Angelo et al., 2010),
another popular formation theory is through disk instabilities (Boss, 1997). A
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discussion can be found in Boss (2008, 2009).
In 1995 the discovery of an planet, orbiting the solar-like star 51 Peg, was

announced by Mayor & Queloz (1995). This type of planet is called extra
solar planets or in short exoplanets. According to extrasolar planets database
(http://exoplanet.eu) about 4000 exoplanets have been confirmed and many
more candidates are awaiting confirmation. The majority of the exoplanets
have been discovered by indirect methods, typically by radial velocity tech-
nique or transit technique (Perryman, 2000; Santos, 2008).

Observations of exoplanets have shown that their orbital distance can be
within 0.1 AU. These planets are called “hot Jupiters” because of their high
equilibrium temperature, which is due to their small separation from their par-
ent star. To explain the existence of these “hot Jupiters”, planetary migration
theory, known as “Type II”-migration (Ward, 1997; Armitage & Rice, 2005)
was developed. In this theory, gravitation interacts with the gaseous disk at an
early stage of the planet formation. However, a change in the orbital periods
of gaseous planets can also occur by planet planet scattering (Chatterjee et
al., 2008) or by orbital disruption (Petrovich, 2015).

In later years other types of exoplanets have been discovered, such as exo-
Jupiters, at intermediate orbit radii (' 1 AU) and super-Earths. The super-
Earths have masses between 1 and 10 Earth masses and may be orbiting at
small radii or located at several AUs from their star (Cassan, 2014).

2.11 Free Floating Planetary Mass Objects

The International Astronomical Union defines the mass limit of a planet to be
below the deuterium-burning mass (13 Mj, Boss, 1997), while brown dwarfs
and stars populate the mass range above. Stars that are not massive enough
to sustain hydrogen fusion are called brown dwarfs. The existence of these
brown dwarfs was first suggested by Kumar (1962, 1963), who predicted that
they could be numerous. The first observations of a brown dwarf was made
by Nakajima et al. (1995), and by now several hundred are known. However,
observations have shown that brown dwarfs can have masses that are within
the official planetary mass range (Caballero et al., 2007) and therefore an
alternative definition of a brown dwarf has been proposed which would be based
on the formation mechanism rather than on a critical mass limit (Burrows et
al., 2001).

A number of isolated free floating planets (FFPs), which are not clearly
bound to a host star, have been discovered in young clusters and star for-
mation regions e.g., Trapezum cluster, the AB Doradus moving group (Peña
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Ramı́rez et al., 2012, 2016; Clanton & Gaudi, 2017) and also in the galactic
field (Cushing et al., 2014). These objects extend from brown dwarf masses
down to the regime of giant planets, with M ≥MJ . These rogue planets first
got the attention when Zapatero Osorio et al. (2000) discovered a population
of free floating planetary object candidates in the σ Orionis star cluster.

Figure 2.9: An artists illustration of the accretion disk of the FFP mass object
OTS 44. OTS 44 may have formed the same way stars are made. Credit:
MPIA / A. M. Quetz.

A good method to study these dark cold objects is by microlense obser-
vations towards the galactic bulge, where the stellar density is the highest.
The microlensing occurs when a compact object (lens) approaches very closely
to the observer’s line of light with a background star (source). The source
increases in brightness as the observer, lens and source are aligned in the
line of sight and returns to it’s regular intensity as they become unaligned
again. This standard microlensing light curve follows a characteristic sym-
metric curve, Paczynski profile (Paczynski, 1986, 1996). For more reading see
Gaudi et al. (2008), Gaudi (2010), Gould & Loeb (1992) and Cassan (2014).

This method has been used by the Microlensing Observation in Astro-
physics group (MOA-2) (Sumi et al., 2003, 2011; Freeman et al., 2015) and the
Optical Gravitational Lensing Experiment (OGLE-III) (Wyrzykowski et al.,
2015). Sumi et al. (2011) examined two years of microlensing survey data from
the MOA-2 collaboration and found that the Jupiter-sized FFPs are about 1.8
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times as common as main-sequence stars. However, recently presented result
by Mróz et al. (2017) shows a lower number of free floating planet population,
with an upper limit of about 0.25 Jupiter sized planets per star. These planets
are defined as unbound, or bound but very distant >100 AU, from any star.

Thus the discovery of what could be free-floating planets in star-rich re-
gions, raises the question of their origin, which is not currently known. They
may have formed in situ from a direct collapse of a molecular cloud by fragmen-
tation, similar to star formation (Bowler et al., 2011). In fact, Luhman et al.
(2005); Joergens et al. (2015); Fang et al. (2016); Boucher et al. (2016); Bayo et
al. (2017) have found four FFPs with an accretion disk. The Figure 2.9 shows
an artist’s view of the accreting disk of the free floating planetary mass object
OTS 44 (Joergens et al., 2015). Furthermore, planetary-mass binaries, which
would be almost impossible to form through planetary formation mechanisms,
have also be found by e.g., Best et al. (2017). Another possibility to form
FFPs is by forming stellar embryos that are fragmented and photoevaporated
by nearby stars (Whitworth & Zinnecker, 2004). They may also have been
ejected after they were formed in circumstellar protoplanteray disks through
gravitational instabilities (Li et al., 2015). Such instabilities can be caused in
a triplet star system (Reipurth & Mikkola, 2015) or by the passage through
the center of a dense star cluster (Wang et al., 2015). Hence the formation
mechanism for FFPs is still an open question.

.

2.12 H II regions

The bright emission nebulæ are also called H II regions because they consist
primarily of ionized hydrogen. Although a few of the visually brightest H II
regions are visible to the naked eye, they seem to have remained relatively
unnoticed until the advent of the telescope in the early 17th century. A large
number of H II regions within our galaxy as well as and in others are now well
documented. Some well-known examples of H II regions are the Eagle Nebula
(Messier 16, M 16) and the Orion Nebula (M 42). The most studied extra
galactic H II region lies in the Large Magellanic Cloud and is known as 30
Dorados or NGC 2070.

The Eagle Nebula is a prominent H II region lying some 7000 light-years
away (Hillenbrand et al., 1993) in the Serpens constellation (Figure 2.10). In
the center 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
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grains of dust and cold molecular gas. These pillars are warm, with typical
temperatures of 60 K. Most of the mass is concentrated in the cores at the
tip of the fingers, with masses of 10–60M�. These finger tips are known as
EGG (evaporating gas globules, see the zoomed in image in Figure 2.10). They
have a characteristic radius between 300 and 400 AU and calculations suggest
that most objects do not survive longer than 104 years (Hester et al., 1996).
Nevertheless, studies on these objects by McCaughrean & Andersen (2002)
showed that ∼ 15% of these contain young low mass stars or brown dwarfs.
In Paper IV, very dark globulettes were found in the Eagle Nebula. Most of
these objects are roundish in shape and they are isolated from the filaments.
In this nebula we catalog 46 gloublettes, see Table C1.

The Orion GMC is the nearest giant cloud to us, at a distance of around
1500 light-years. The Orion Nebula (Figure 2.11), with an age of about
1–5 Myr, is around 6 light-years across and the region is believed to be a
“stellar nursery”, which means that numerous new stars are formed out of in-
terstellar gas. This nebula contains brown dwarfs and several thousand young
stars, with masses ranging from one solar mass up to type O stars with 40
solar masses. The four brightest stars seen in the cluster are approximately
100 000 times brighter than the Sun. Within the Orion Nebula, Drass et al.
(2016) also discoverd 160 isolated planetary mass object candidates.

An H II region is formed from the moment that a newly formed massive star
begins to ionize its surroundings by emitting UV radiation. Stars of spectral
type O ionize a region out to hundreds of parsecs, whereas B stars ionize
regions with diameters of a few parsecs. Typically, within a giant molecular
cloud, stellar clusters containing type O and B stars will form, called OB
stars. These stars have surface temperatures of 30 000–50 000 K, masses of
20–100M�, and lifetimes of about 1–10 million years. Through the combined
luminosity, the stars ionize a large volume of the surrounding gas and dissociate
the molecular gas beyond the H II region with far-UV photons.

2.12.1 H II regions: Dynamics

The expansion of an H II region depends on several factors, such as temper-
atures of the stars, density, and the size of the original molecular cloud. The
increase in temperature and pressure in a young H II region leads to an expan-
sion of the ionized volume into the surrounding molecular gas. This continues
until the H II region breaks free of the confining molecular cloud. The OB stars
form initially in the center of the H II region, where they create strong stellar
winds, with speeds of around 2000 km s−1, and powerful energetic ionizing ra-
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Figure 2.10: The Eagle Nebula is located in the constellation Serpens about
6000 light-years (1800 pc) from the Earth. This nebula is an example of a
blister H II region. It hosts a very luminous open cluster of stars, surrounded
by dust and gas. The three pillars at the center of the image have been sculpted
by the intense radiation from the hot stars in the cluster. The in-zoomed image
of one of the pillar’s heads (1), shows finger-like objects, so called evaporating
gas globules (EEGs), which contains molecular gas and dust. They are dense,
compact objects, where star formation may occur. The radii of these objects
are about 400 AU. The in-zoomed image (2) illustrates the size of our solar
system compared to a gas globule. The ionization fronts can be seen as bright
rims at the edge of the H II region. Dark objects close to the ionization
fronts are shock compressed molecular gas clouds. This image was created
by combining emission line images in Hα (green), oxygen [O III] (blue) and
sulphur [S II] (red) and taken from https://www.astronomy.com.

diation. The expansion of an H II region can be approximated as a uniform
process. In reality, however, the density gradients and the inhomogeneous ma-
terial distribution within the molecular cloud cause the majority of the H II
regions to be non spherical. In this case, the warm ionized gas escape in the
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Figure 2.11: The Orion Nebula is an example of compact H II region. This
is the brightest nebula seen from Earth. It is a suitable laboratory for study-
ing how stars are born, because it is relatively close (about 1300 light-years
away). The Orion constellation contains many regions rich in interstellar
gas and dust and sites of recent star formation. At the nebulas center is
a group of hot young stars, called the Trapezium cluster. These stars emit
strong UV radiation and stellar winds after having pushed away nearby mat-
ter. When the shell reaches the molecular cloud, warm ionized gas escape into
the less dense gas with a high velocity outflow, similar to uncorking a bottle
of champagne and hence the name “Champagne flows”, seen in the image. A
thin and dense PDR is located between the background molecular cloud and
the ionized gas. The This image is a combination between visible and near-
infrared bands, taken from http://hubblesite.org/gallery/album/nebula

collection /emission /pr2006001a/web print.

direction of the less dense gas, into the intercloud medium. These H II regions
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are referred to as “blister H II regions” and the gas escape as a “champagne”
flow effect, Churchwell (2002). This can be seen e.g., in M 16 and the Orion
Nebula.

When ionizing radiation from the far-UV reaches the wall of the cavity,
it is absorbed in a very thin zone called an ionization front, seen as a bright
rim at the edge of the H II region, see Figure 2.10. However the internal
pressure of the H II region is much higher (∼ 200 times) than the external
medium. Therefore a shock front expands just outside the ionization front.
The expansion stops when a pressure equilibrium between ionized gas and
neutral medium is achieved.

Thus, the combined forces from winds and radiation pressure exerted on
the surroundings, sweep up a thin but dense shell in the local neutral cloud,
which then accelerates and expands outwards. The inner surface of this neutral
shell, which is directly beyond the ionization front, appears as a photodissoci-
ation region (PDR) (Kristensen et al., 2003). A schematic view of a spherical
H II region expanding into a homogeneous medium (Deharveng et al., 2010)
is shown in Figure 2.12.

Figure 2.12: A schematic view of a spherical H II region expanding into a
homogeneous medium. Original figure from Deharveng et al. (2010).

At the edge of the PDR, ionized hydrogen atoms begin to recombine.
Furthermore, far-UV photons dissociate molecular hydrogen and ionize other
atoms with low ionization potentials (e.g., C and S). The photons also heat the
gas. Eventually, dissociation rates of the molecules become small enough that
most H is in H2 and C in CO. The heating of PDRs is mainly caused by the
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photoelectric effect (Bakes & Tielens, 1994), while the cooling is dominated
by the forbidden transition lines [C II] and [O I]. As mentioned before, the
gas is not uniform in density and therefore the ionization front does not move
uniformly into the cloud. When the radiation encounters a dense part of the
cloud, the ionization front slows down. As the molecular cloud evaporates, the
PDR boundary can develop pillars, which later detach to crate isolated glob-
ules or globulettes. The ionization front drives a shock wave into the interior
of the cloud, thus compressing neutral gas, which leads to formation of dense
cores. Typically, a shock wave moves into globules or globulettes at velocities
in the order of a few km/s. These dense cores can subsequently collapse to
form new stars or planetary mass objects (Lefloch & Cernicharo, 2000).

The effects of photoevaportion on the interstellar clouds have been investi-
gated by Bertoldi (1989) and analytical models of radiation driven implosion
has been done by e.g., Bertoldi & McKee (1990), Bisbas et al. (2011) and Ha-
worth & Harries (2012). The models explain how a shock wave can compress
a spherical clump and produce the cometary shape of the cloud that is in pres-
sure equilibrium with the surrounding photoevaporating gas. This theory has
been applied to globules in H II regions, such as IC 1848, and also to glob-
ulettes, see Paper I. The radiation pressure from the hot stars gradually drives
most of the gas away and once these stars cool when moving away the main
sequence, they produce drastically less UV radiation. This effectively shuts
off the nebula’s ionizing photons. However, sometimes the H II region will
still have a diffuse radiation field but eventually it will cease, and the nebula
starts to fade and disperse. Thus, an H II region basically lasts only as long
as the main sequence lifetime of its ionizing star(s). However, H II regions can
live longer than an ionizing star, either in large star forming regions, involv-
ing multiple clusters, progressive star formation (Smith et al., 2010) or when
there is a spread in stellar ages with co-existing younger (∼ 1 Myr) and older
(∼ 10 Myr) stars. In Paper IV, the mean lifetime for H II regions was assumed
to be 5 Myrs.

2.13 Supernovae

A massive star evolves until its core collapses under its own gravity and then
it dies in a powerful stellar explosion, a supernova, leaving behind a supernova
remnant (SNR). These remnants consist of the ejected material of circumstellar
and interstellar material that has been affected by the shock wave from the
supernova. SNRs can be observed at many different wavelengths and they
can have various morphologies. Their appearance depend mostly on the initial
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conditions of the progenitor star but also on the surrounding environment.
Some examples of SNRs are shown in Figure 2.13.

Figure 2.13: These Astronomy Picture of the Day images (from the HST)
display some of the complex morphologies observed in supernova remnants.
Images 1–2 are remnants after Type Ia supernovae and Images 3–4 are shell-
type supernovae remnants. From left to right: 1) SNR 0509-67.5 is a remnant
from a supernova in the Large Magellanic Cloud. 2) Tycho’s Supernova, dis-
covered in the year 1572. 3) Simeis 147, or the Spaghetti Nebula, tracing
the shocked, glowing gas. 4) SNR E0102-72, located in the Small Magellanic
Cloud. The outer blast wave produced by the supernova is blue, and an inner
ring of cooler material is red. This inner ring is probably expanding ejecta
from the explosion that is being heated by a shock wave traveling backwards
into the ejecta.

In the Milky Way there have been about 100 million supernova explosions
over time. They have enriched our galaxy with heavy elements, like oxygen,
carbon and iron. The supernova explosions can even trigger star formation in
the disturbed interstellar clouds. The classification of SN is based on optical
spectra and their lightcurves, where the intensity is measured as a function of
time. The SNe can be divided into two main classes: thermonuclear and core
collapse supernova.

In Type Ia, or thermonuclear supernovae, a white dwarf accretes material
from a companion star. These can be found in all stellar populations and in
all types of galaxies. The core of a white dwarf is very dense with a mass of
about 0.7–1.4 solar masses and a size of similiar to the Earth. The maximum
mass limit for white dwarfs is estimated to about 1.4M�, which is called the
Chandrasekhar mass (Janka et al., 2007).

Core collapse supernovae are divided into Type II and Ib, Ic, where Type II
are divided into subtypes (Filippenko, 1997, and references therein). Type Ib
and Ic have similar evolutions as the Type II supernova (see below). The main
difference is that the Type II spectra show hydrogen absorption (Minkowski,
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1941). This could be due to the loss of the hydrogen envelope, ejected from
high mass stars (Wheeler & Harkness, 1990). The main distinction between the
core collapse and Type Ia is the chemical abundances. Supernova explosions
from massive stars emit large abundances of oxygen, while the lighter Type Ia
supernova contain a lot of iron.

Core collapse supernova subtypes are defined in the order of increasing
progenitor mass, starting with II-P and ending with Ic (Anderson & James,
2008). The most common type are Type II-P SN where the mass range of
the progenitors is between 8–17M� (Smartt et al., 2009). The progenitors of
II-Ps are mainly red supergiants. Model calculations of the convective layers
of these old stars have shown that it is possible for large scale supergranulation
(convective surface elements) to provide the dominant photospheric convection.
They may be so large that a handful of them may be enough to cover the surface
of the star. Examples of models of convection in red supergiants can be found
in Freytag (2006), Chiavassa et al. (2009) and Figure 7.1.

When the core collapse supernova explodes, it destroys the star and leaves a
remnant in the form of a neutron star, a pulsar or a black hole, while the ejecta
expand into the surrounding ISM. Neutron stars are the smallest and densest
stars known to exist. It can be described as a giant atomic nucleus made
almost entirely of neutrons and held together by gravity, which is balanced by
degeneration pressure. As the star’s core collapses, its rotation rate increases
as a result of the conservation of angular momentum. Newly formed neutron
stars rotate at up to several hundred times per second. In the beginning of the
1960’s it was predicted that core collapse SN would create so called pulsars
(Hoyle et al., 1964). The radiation from pulsars is thought to be primarily
emitted from regions near their magnetic poles and if the neutron star happens
to be aligned so that the poles face the Earth, we will see the radio waves, every
time one of the poles rotates into our line of sight. Therefore the pulsar appear
to blink periodically as seen from the Earth. A star with a mass greater than
25M� end its life as a black hole (Carroll & Ostlie, 1996).

There are two types of supernova remnants, shell-type and Crab-like rem-
nant or Power Wind Nebula (PWN). A shell-type remnant is an expanding
supernova blast wave that sweeps the surrounding ISM. They have typically a
symmetric shell morphology, see Figure 2.13 images 3–4. A PWN has a central
young pulsar that produces a wind of energetic particles that are accelerated
in the magnetic field and emit synchrotron radiation. This radiation interacts
with the surrounding medium.

The Crab Nebula (Figure 6.4) is thought to be the result of a Type II core
collapse supernova explosion, where the progenitor star was a red supergiant.
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This SNR is the main subject in this thesis and it is therefore described in
more detail below.

2.13.1 Core Collapse Supernova Type II

Gravitation leads to star formation and it also responsible for triggering the
condition that leads to thermonuclear fusion. In massive stars, when more
hydrogen is added, the gravitational force increases, which increases the tem-
perature in the core. The increased temperature accelerates the burning of
hydrogen into helium, which shortens the time spent on the main sequence.

Core collapse supernova fuse increasingly higher mass elements, from hy-
drogen to helium and then to carbon, neon and oxygen, until finally a core
of iron and nickel is produced. In this final stage, no more energy can be
generated. This because iron is in a tightly bound nucleus and has the high-
est binding energy per nucleon among all the stable elements. The extreme
pressure in the core fuses the atoms; protons and electrons will be crushed
together, forming neutrons in the core and releasing neutrinos. This large
neutrino flux is a sign of a supernova event. The pressure is only held up for
as long as the core mass stays below the Chandraskar mass limit. Eventually
the core becomes too massive to be supported by electron degeneracy pressure
and the core subsequently collapses. The radius of the core is only a few tens
of km and the density is approximately two times that of the atomic nucleus
(∼ 1014 g cm−3). The nuclei are so close together that the strong force becomes
repulsive. As a result, the hard core rebounds and pressure waves are send
back throughout the outer collapsing stellar layers. The material above the
core is now so dense that not all the neutrinos escape immediately. The pres-
sure of these trapped neutrinos adds to the energy of the shock, which leads to
the explosion of the star (see for a review, Janka et al., 2007; Carroll & Ostlie,
1996). Then the expanding ejecta collides with the slower material outside of
the star, which results in elements that are heavier than iron.

The duration of every stage of evolution depends on the stage of element
synthesis and also on the initial mass of the SN. In general, the different
burning stages take less and less time. As an example, the duration of hydrogen
burning in a 20M� star lasts for a period of 8 million years, the helium burning
phase lasts one million years, carbon burning around 900 years, and the final
stages are matters of a year. Finally, the collapse happens in a matter of
seconds (Heger et al., 2005).
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2.13.2 The Evolution of Supernova Remnants

The evolution of a supernova remnant goes through several stage or phases and
is described below (Shu, 1992; Vink, 2012). Theses stages are approximate,
because the remnant or the ISM is not homogeneous and different parts of a
SNR can be in different phases. For review see Gaensler & Slane (2006).

Thus the energy that is released in a core-collapse supernova explosion is
around 1053 erg (1046 J). Almost all of this energy is radiated away in the
form of neutrinos which leaves about 1051 erg (Woosley & Janka, 2005) in the
form of kinetic energy deposited by the blast wave into the surrounding ISM.
This energy is, however, still enough to drive a shock wave through all of
the stellar layers above the core, explosively outward at 10% of the speed of
light. This propagates into the medium just behind the blast wave and into
the surrounding medium.

Models by Kifonidis et al. (2003) show that instabilities of stellar layers
and neutrino driven convection cause ejecta that form clumps of metal-rich
gas. This happens within minutes of the explosion and as the gas expands and
cools, the clumpiness increases.

The blast wave will sweep up, heat, compress and accelerate the ISM it
encounters (McKee & Hollenbach, 1980). This interstellar material is sepa-
rated from the freely ejected stellar material by a contact discontinuity, i.e., a
surface between two different materials with similar velocity and pressure but
different density. This is distinct from a shock front, where all three quantities
change. Thus, as long as the mass of the ejecta is dominant over the swept
up material mass from the ISM, the expansion of the ejecta behind the shock
can be seen as almost free. This stage is called the ejecta dominated phase. In
the free expansion, the ejecta velocity is roughly constant with typical values
of 5000 km s−1(Reynolds, 2008) and it will continue through the first century
of the SN lifetime. At some point, which is not exactly known, a critically
pressure difference between these two media is developed and behind the con-
tact discontinuity a second shock wave is starting to form in the ejected stellar
materials, driven into the interstellar medium. The velocity of this shock wave
is determined by the speed of the fastest moving ejecta. When this shock
moves through the interstellar medium, it is quickly slowed down as it sweeps
up mass. This causes a reverse shock, which propagate back toward the ex-
plosion center, through the freely expanding ejecta. The shock wave will heat
up the gas to high enough temperatures for thermal X-rays to be emitted. An
example can be found in Figure 2.13, image 4. However, if the ejecta expands
into vacuum, the formation of a reverse shock will not occur.

From Figure 2.14, the SNR consists now of two shock fronts traveling in
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opposite directions, separated by a contact discontinuity; a forward shock wave,
where ambient gas is compressed and heated; and a reverse shock wave, where
the ejecta is decelerated. This two-shock phase can last up to thousands of
years (Reynolds, 2008).

The interaction between the expanding PWN and free ejecta may pro-
duce Rayleigh-Taylor instabilities that cause the formation of a filamentary
morphology as we can see in the Crab Nebula. A Rayleigh-Taylor instability
occurs when a light fluid is accelerated into a heavy fluid and the interface
between the two fluids does not remain sharp. Rayleigh-Taylor instabilities
may also occur between a reverse shock and the PWN.

Thus, when the reverse shock reaches the expanding PWN and collides
with the nebula, the shock wave gradually decelerates and the ejecta mixes
with the shocked material, sweeping up a comparable mass of the ISM. When
this happens, the supernova remnant begins its adiabatic Sedov-Taylor phase,
which typically lasts for 104 years.

This phase is no longer dominated by the ejecta, which implies that the
characteristics of the progenitor are no longer visible (Jones et al., 1981). The
evolution is still described by a self-similar solution, obtained by Sedov (1959)
under the assumption that the SNR expands into a homogeneous medium.
Thus, as long as energy is conserved and radiation losses are negligible, the
Sedov-Taylor solution is a quite accurate way to treat the evolution of SNR.

After this “adiabatic” phase, a thin dense shell begins to form, which en-
closes the hot interior gas with temperatures of a million K. The electrons
begin to recombine with the heavier atoms, releasing energy, which leads to
shell cooling. The more the shell cools, more atoms are able to recombine which
makes more energy to be released. In this stage, the adiabatic approximation
no longer applies because radiation losses are too important and the remnant
enters its next phase, known as the “snowplough” phase. Even though the
material just behind the shock front cools down, the interior gas can still be
sufficiently hot to push the cold outer shell of gas through the ISM, due to its
pressure (Ballet, 2003).

In the final stages, the outward expansion slows down and it leaves behind
a cavity with higher temperature than the surrounding ISM. After around 106

years all the SNR material will be mixed up into the ISM, thus enriching it
with heavy elements.
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2.13.3 Dust Formation

There are two main dust producers in Universe, the asymptotic giant branch
(AGB) stars and supernovae (see e.g., the review by Gall et al., 2011). AGB
stars evolve from lower mass stars and could be the major source of the dust
grains produced within our galaxy. These stars produce dust in their later
stellar phase, in their atmospheres, where the gas is sufficiently cool and dense
that molecules may form and stick together to form dust grains. However, it is
believed that AGB stars cannot be responsible for all dust seen at high redshift
due to their relatively long lifetimes (in the order of 109 yr). Therefore the
early dust is probably produced mainly by core collapse supernovae (Morgan
& Edmunds, 2003; Maiolino et al., 2004).

For these supernova types, dust is mainly produced at the end of their
evolution and also after the supernova explosion. As the ejected material
cools, small dust particles condense out of the gas of heavier elements inside
the ejected material. Thus, early dust formation can take place in a cold dense
shell which is behind the forward shock front and also right after the reverse
shock has propagated through the medium (Fox et al., 2011; Stritzinger et al.,
2012). Figure 2.14 shows a simplified overview of where dust formation would
take place. The dust that is formed in a SN can both be hot dust (500–1000 K)
and cold dust (<50 K) and it emits mostly at IR wavelengths.

Most of the SN ejecta have shown dust formation, already a few hundred
days after the explosion, with different dust masses (Gomez et al., 2009; Barlow
et al., 2010). Dust in a cold dense shell could be formed very early, about 60
days after explosion and in some core type SN even earlier (Smith et al., 2012).

Several theoretical models for dust formation have been developed, where
the results show that each SN (Type II) explosion must produce between
0.1–1M� of dust (Dwek et al., 2007) in order to account for the observed
mass values in high-redshift galaxies (Bertoldi et al., 2003). However, IR stud-
ies of SNs have found no evidence for large quantities of dust particles. Only
small amounts of dust have been observed, sometimes a hundred times lower
than theoretical predictions (Dwek, 2004; Green et al., 2004; Temim et al.,
2006). One of the reasons may be that dust is destroyed by erosion and sput-
tering in the region between the forward and the reverse shock (Dwek et al.,
2008; Kozasa et al., 2009). But this is still puzzling considering the missing
dust mass and the unresolved question of how much dust the supernovae create
and inject into the ISM.

The sensitivity and resolution of the space telescopes Spitzer and Herschel
has enabled mass estimates of dust for several SNe. For example, for the entire
Cas A supernova, the total amount of dust was recently estimated to be around
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0.5M� (De Looze et al., 2017). For the Crab Nebula, infrared emissions show
dust masses in the range 0.02–0.13M� (Temim & Dwek, 2013), while Owen &
Barlow (2015) estimate values in the range of 0.18–0.27M�.

The first supernova in which the in situ dust formation within the expand-
ing ejecta was observed, was SN 1987A in the Large Magellanic Cloud. The
dust masses were about 10−4–10−3M� at epochs between 615–6067 days after
the explosion (Ercolano et al., 2007). Indebetouw et al. (2014) and Matsuura
et al. (2015) found a much larger amount of dust, in the order of 0.5M� from
observations obtained at later phases.

Figure 2.14: Schematic image of the structure of the SN as it will look like in
the ejecta dominated phase. The pulsar and the expanding PWN are located
in the center of the SNR. Initially, the PWN expands into cold SN ejecta. The
numbers from 1–6 show different parts of the SN environment, where we can
find the dust: 1) in the remnant of the SN, 2) in the ejecta, 3) in the reverse
shock, 4) in the cold dense shell, 5) in the forward shock moving out through
the circumstellar media and 6) in the unshocked cold dense materia.





Chapter 3

Theory

This chapter is intended to provide readers with a general background and
notations, necessary for understanding the discussion in the Papers. Some of
the text content is taken from the Grenman (2006) licentiate thesis.

3.1 Interstellar Extinction

Dark clouds can be seen against the background sky of stars or bright nebulæ
in optical images. These clouds consist mostly of molecular gas, but also dust.
When star light travels through these clouds, some of the light will be absorbed
and scattered by dust grains. During the absorption, a photon is absorbed
either by converting into internal energy of the dust grain or by ejecting an
electron from the dust grain. When scattering, a photon is re-emitted at the
same frequency but in a different direction. Particles that are much smaller
than the wavelength 2πa� λ, where a is the radius, cause mainly Rayleigh
scattering. The combination of processes such as absorption and scattering is
known as extinction, A, measured in magnitudes.

It has been shown that the extinction depends on the wavelength. There-
fore, extinction is measured in small wavelength intervals, called photometric
bands, from near IR to UV.

The most commonly used photometric system was developed by Johnson &
Morgan (1953) and later extended to include near-IR wavelength. 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, see Section 5.3.
Stellar light is generally observed in the range of the visible light spectrum
(known as the V band centered at 0.555µm) and therefore the most commonly
used extinction is AV .

45
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Table 3-1: The standard photometric system (Savage & Mathis, 1979), in
which the central wavelength of each filter is given. The width of the filter
bands are of the order of several 100 Å. From lower rows, one can see that
the extinction decreases with increasing wavelength, which is why we use IR
imaging to see through the dust. Thus, B (blue), V (green) and R (red) are
located in the visible band while the J, K and L bands lie in near-IR region
and U lies in the ultraviolet region. The corresponding magnitudes are known
as B, V , etc.

Filter U B V R I J K L
Mean wavelength, λ (µm) 0.40 0.44 0.55 0.70 0.90 1.25 2.2 3.4
Aλ/E(B − V ) 4.40 4.10 3.10 2.32 1.50 0.87 0.38 0.16
Aλ/AV 1.53 1.32 1 0.75 0.48 0.26 0.15 0.09

Figure 3.1: The small dust particles scatter blue light more effectively than
light at longer wavelengths, which passes straight through.

Thus, it can be shown that the blockage is most effective when there is
an approximate match between the particle size and wavelength,e.g., the sun
looks red when it is low above the horizon.

This effect applies also to the dust grains, which scatter most efficiently
at wavelengths close to the size of the grain or smaller (Binney & Merrifield,
1998), meaning that the extinction is more efficient at short (UV and bluer)
than at longer (redder) wavelengths, see Figure 3.1. Thus, the longer the
distance through the ISM, the redder the star appears. This effect is known
as reddening, where the observed intensity is stronger at longer wavelengths.
Examples of how extinction and reddening affects the appearance of a dusty
cloud are shown in Figure 2.5.

To determine the degree of reddening, we can measure the color index of
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an object, which is defined as the difference in magnitude between two filter
bands. Often the difference between the magnitudes 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 color index (B − V )0, one defines the color excess
of an object as

E(B − V ) = (B − V )− (B − V )0 = (B −B0)− (V − V0) = AB − AV . (3.1)

Thus, as E(B − V ) increases, the emitter is considered “redder” and when
it decreases, the emitter is “bluer”. Color excess can also be defined for any
other wavebands and one can similarly define E(λ− V ) = A(λ)− A(V ).

Table 3-1 lists the wavelength dependence of extinction based on the em-
pirical measurements by Savage & Mathis (1979), which are valid within the
Milky Way. The total extinction can then be determined from the color excess
in equation (3.1), using Table 3-1:

E(B − V ) = AB − AV = AV (
AB
AV
− 1) = 0.32AV . (3.2)

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

RV =
AV

E(B − V )
. (3.3)

Using Table 3-1 (Savage & Mathis, 1979) the standard value of RV is found to
be about 3.1. The extinction curve is usually given in a normalized way as

E(λ− V )

E(B − V )
or

A(λ)

AV
. (3.4)

This is often plotted against 1/λ, see Figure 3.2.

3.2 Visual Extinction

In many observational works, such as this thesis, the gas to dust ratio is as-
sumed to be a constant (100:1). Assuming the reddening law (RV = 3.1), and
a constant dust to gas ratio, it is possible to convert between the visual extinc-
tion, AV and the total number density of particles along the line of sight (total
column density), N (Bohlin et al., 1978; Draine & Bertoldi, 1996) through:

AV =
N

1.87× 1021[cm2]
. (3.5)



48 CHAPTER 3. THEORY

The total column density (cm−2) N = NH + 2NH2 , where NH is the column
density for atomic hydrogen and NH2 is the column density for molecular hy-
drogen.

3.3 Extinction Curve

Figure 3.2 (Greenberg, 2002) shows the average interstellar extinction curve
from the near IR to UV (solid line). This curve is linear in the IR and visible,
then continues with a broad absorption feature, a “bump” region, at about
λ−1 = 4.6µm−1 (⇔ λ = 2175 Å), followed by a steep rise in the far-UV,
corresponding to the shortest wavelengths. The redding parameters range
between 2.75 ≤ RV ≤ 6 for different lines of sight (Cardelli et al., 1989).
With the increasing RV , the curve shows less steepness, which indicates that
a fraction of larger grains is present. The smallest grains may be destroyed in
some regions or because the size increases in dense clouds due to coagulation or
ice condensation. Thus, in the denser ISM, RV values range from 4–6 (Vrba et
al., 1993; Strafella et al., 2001; Kandori et al., 2003). However, low RV values
give a steep inclination of extinction curves, which indicates the presence of
small dust grains.

Extinction measurements show that the dust size distribution changes
within the galaxy. The population of large grains is responsible for the IR
and visual part of the extinction. The small carbonaceous materials, e.g.,
graphite, diamonds, and/or polycyclic aromatic hydrocarbons (PAHs) can be
found in the “bump” region (Draine, 1989). While the far-UV rise in the
extinction curve is caused by smaller silicate materials (Li & Draine, 2001)
and PAH molecules (Desert et al., 1990). However, the UV “bump” appears
slightly weaker in the Large Magellanic Cloud (metallicity∼ 50% solar) and it
is essentially absent in the Small Magellanic Cloud (metallicity∼ 10% solar),
which instead shows a more dramatic far-UV rise (Vijh et al., 2003). This
indicates that the “bump” size is strongly dependent on the metallicity of the
gas.

3.4 Optical Depth

The transport of radiation along some path δl through a medium can be de-
scribed in terms of the specific intensity, opacity and emissivity. In general,
these quantities depend on wavelength. Thus, the specific intensity Iν can be
defined as the amount of energy transported by radiation that passes through
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Figure 3.2: The normalized interstellar extinction curve (solid line), where
RV =3.1. On the top, the various wavelength regions are indicated from in-
frared (IR), to red (R), visual (V), blue (B), ultraviolet (U) to far-ultraviolet
(FUV). The silicate grains ∼ 0.1µm can be observed in the IR and the visi-
ble band (green dash-dot-line). They are also a major fraction of the visible
extinction (red solid line). Very small carbonaceous grains are responsible for
the “bump” in the extinction (short dash line) and small silicate grains and
PAHs are responsible for the UV extinction. Large values of RV correspond
to a flatter extinction curve, which indicates that the fraction of small grains
is small. However, very large grains would produce gray extinction with the
limit RV → ∞, where the extinction curve is completely flat (long dash line)
meaning that all wavelengths are absorbed equally. Thus, if the RV value lies
between ∼ 3–6, this indicates that interstellar dust is not gray. Dust is trans-
parent in the IR, microwave and radio-wave regions, but opaque in the optical,
UV and at shorter wavelengths. Original figure from Greenberg (2002).

a unit surface at frequency ν per unit time, per unit solid angle (or area) and
per unit frequency. Then presuming that the effect of scattering is small and
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the cloud both emits and absorbs radiation, the change of intensity Iν along a
line of sight through a part length dl is given as,

dIν = −ανIdl + jνdl, (3.6)

where jν is the emission coefficient and αν is the absorption extinction coeffi-
cient of the medium. Here αν = ρdustκν [cm−1], where ρ [g cm−3] is the mass
density of the material that causes the extinction and κν is the opacity, the
cross section for absorption of radiation of wavelength (frequency) per unit
mass of gas [cm2 g−1].

Equation (3.6) is the equation of radiation transfer and it can be rewritten
by only considering transfer for pure absorption without the emissivity term
as

dIν = −ανIdl ≡ −Iνdτ, (3.7)

where dτ is the change in the optical depth (or optical thickness), see Figure 3.3
left. Integration yields ∫ Iν

Iν(0)

dIν
Iν

= −
∫ τ0

0

dτ, (3.8)

and when radiation passing through a length, l , through the cloud, the inten-
sity can be written as

Iν = Iν(0)e−τ0 , (3.9)

where the intensity of light entering the cloud is Iν(0) and for a uniform gas
τ0 = lαν , which has no unit. By adapting the optical properties of the cloud,
such as the number density of absorbing particles, n [cm−3], but also the extinc-
tion cross section Cext [cm2], which is the effective blocking area to radiation,
the optical depth for uniform gas can be written as τ(l)= nCextl. Thus the
infalling intensity decreases exponentially with the optical depth along the ray.

3.5 Measuring Extinction

The usual method to measure the amount of material in molecular clouds is
by the number of particles along the line of sight. However, measuring this di-
rectly is difficult. Therefore, indirect methods are used, such as measuring the
extinction, A(λ). Thus, the amount of extinction A(λ) at a certain wavelength
λ, can be measured by comparing the observed intensity, I, from the source
where one is affected by dust reddening I(λ) and from an area, which has
negligible foreground dust I0(λ), see Figure 3.3, right. Interstellar extinction
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in magnitudes is given by:

Aλ = −2.5 log

(
I(λ)

I0(λ)

)
. (3.10)

The relation between the extinction Aλ from equation (3.10) and the optical
depth in equation (3.9) is given by

Aλ = 2.5 log(eτ ) = 1.086τ, (3.11)

where the optical depth increases with column density of dust particles per
cm−2, Nd, as τ =

∫
nCext dl = Nd σ Qext, where the extinction efficiency factor

Qext is given by the ratio of the extinction cross section Cext to the geometric
cross section σ (Li, 2007). This means that equation (3.11) becomes

Aλ = 1.086Ndπa
2Qext, (3.12)

where the Qext is the sum of the efficiency factor for scattering and absorption
and each dust grain is assumed to be spherical with the cross section σ = πa2.

Figure 3.3: Left: To measure how opaque a medium is compared to the radia-
tion propagating through it, we use optical depth τ , which describes how much
absorption occurs over a part of length of the cloud. Right: H-alpha image
from M 16, where a globulette can be seen in extinction against the bright
background. In both images, I(0) is the reference field, the intensity that we
would have received in the absence of dust along the line of sight, and I is the
intensity we actually received.
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3.6 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, (3.13)

where Kth is the thermal energy, Kkin the kinetic energy and Kext the external
energy, which, for instance, produce an outer pressure, Pout, from the sur-
rounding environment. The term W is the gravitational potential 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
. (3.14)

On the right-hand side of equation (3.13), I is the moment of inertia, which
can be written as

I =

∫
r2dm. (3.15)

The virial theorem 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 potential
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. (3.16)

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

µ̄mHV
kBT, (3.17)

where µ̄ is the mean atomic mass, mH is the mass of a hydrogen atom and
kB is the Boltzmann constant. For a uniform, spherical cloud of mass M and
radius R, the gravitational potential energy W can be expressed as

Wsphere = −3GM2

5R
, (3.18)
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where G is the gravitational constant. Then the virial theorem in equation
(3.13) reduces to the simple form (Bertoldi & McKee, 1992)

2K +W = 0 (3.19)

and the virial ratio:

αvir =
2K

|W |
. (3.20)

If the kinetic and gravitational potential energies would not balance, i.e.,
if Ï 6= 0, the cloud structure would change. Thus, a value of αvir < 1 implies
Ï < 0, which means that the cloud contracts, and if αvir > 1, this implies
Ï > 0, which means that the cloud dissipates into space.

If the thermal pressure in the ambient medium is constant at Pout, then
Kext = 3/2PoutV . By including Kext in the virial theorem the condition for
gravitational contraction is

2K

−W + 3V Pout
< 1. (3.21)

In addition, photons carry momentum and when light is absorbed, that mo-
mentum is dissipated into the gas or dust that absorbed it. Ionizing radiation
is absorbed by neutral hydrogen, while visible light is absorbed by dust. Gen-
erally, photons carry momentum away from the source in the direction they
are traveling and the absorbed momentum pushes the absorbed gas away from
the light source. From simulations of regions close to a star cluster (Krumholz
& Matzner, 2009) or in IR optically thick regions (Fall et al., 2010), it has been
shown that it is important to include this radiation pressure, Prad. Further-
more, ram pressure, Pram, is also included, in addition to the outer pressure.
Pram is the pressure exerted on a globulette (on the surface facing the central
cluster), which is moving through a fluid medium (plasma). It causes a drag
force to be exerted on the body and is defined as

Pram = (∆v)2ρp, (3.22)

where ∆v is difference in velocity between the plasma flow and the globlette
and ρp is the plasma density. Thus, the Prad and Pram pressures help to confine
the object on the side that is facing the star.

3.7 Proper Motion

Proper motion, µ, is the astronomical measure of the angular change in position
of a star or object across our line of sight, measured in arcseconds per year,
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see Figure 3.4. Generally, it is measured by calculating the positional change
of the object between two or more images, which are normally taken a few
years apart and with a fixed frame of reference. Thus, position coordinates
for an object are given at two times, (α1, δ1) for time 1 and (α2, δ2) for time
2, where (α) is in right ascension (RA) and (δ) is the declination (Dec). Then
we calculate the positional difference and divide them by the time difference
∆T , in order to calculate the proper motion as

µ(α, δ) =
(α2, δ2)− (α1, δ1)

∆T
. (3.23)

The total proper motion of an object can then be written as

µ =
√

(µα cos δ)2 + µ2
δ , (3.24)

where µα cos δ and µδ are the proper motion components of the change in right
ascension and declination, respectively.

The tangential velocity, vt, is given by

vt = µr, (3.25)

where r is the distance of the object from the Sun. If the distance, D, in
parsec from Earth to the object is known, the tangential velocity (which is
perpendicular to line of sight) in km s−1 can be calculated to

vt = 4.74µD. (3.26)

In order to measure the space velocity of an astronomical object, measure-
ments of radial velocity and tangential velocity is needed. Their lengths are
related by the Pythagorean theorem as

v =
√
v2
r + v2

t , (3.27)

where vr is radial velocity directed along the line of sight (with respect to the
Earth and calculated by using Doppler shift).
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Figure 3.4: Sketch of the concept of proper motion, where the changes in right
ascension and declination of the object is shown.





Chapter 4

Methodology

Most of the material in this chapter is taken from my licentiate thesis, Grenman
(2006).

4.1 Positions

In Paper I the images were taken with the Nordic Optical Telescope (NOT)
with the ALFOSC camera. This instrument 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 et al. (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 4.1.

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

RA = Ax+By + C, (4.1)

Dec = Dx+ Ey + F. (4.2)

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

57
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Figure 4.1: Geometry of the two different coordinate systems: (x, y) and (RA,
Dec), rotated an angle φ relative each other.

from astronomical 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 are measured from the plate. It is preferable to have the standard
stars more or less uniformly distributed over the image. Then the coordinates
of these standard 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 Paper I. 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.

In Paper II-IV, the central positions of the globulettes in RA and Dec were
taken from HST archives and the Hubble Legacy Archives (HLA). Additionally,
in Paper III, in order to improve the accuracy of the coordinates of a given
object in ASC images, we converted each object’s (x, y) positions in pixel space
to equatorial coordinates by using an online astrometric position calculator
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program (Jordan D. Marche1). In this program, we entered positions of 10
reference stars, taken from the Sloan Digital Sky Survey and 2MASS catalogue
and also their x, y pixel coordinates of its image centroid.

4.2 Shapes, Dimensions and Orientations

For the subsequent analysis of globulettes it is necessary to find their dimen-
sions and orientations. At first, the shapes of the globulettes are characterized.
It can immediately be concluded that they are not always spherical, as is ev-
ident from Figure 4.2. If one insists to assign them a certain shape, they are
best approximated by ellipsoids.

Figure 4.2: This figure illustrates five different shapes of globulettes, with the
examples GRN88, GRN91, GRN94 and GRN95 (all from the Rosette Nebula)
and G180517 (from the H II region IC 1805). The green contours define their
forms, 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 by the level where the pixel intensity has dropped to 95% of the
interpolated background intensity (remembering that a globulette is darker
than the background). An example of how a globulette contour (boundary)
can be approximated by an ellipse is shown in Figure 4.3 where the contour
is marked with dark line, separating the blue from the green. 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

1http://www.phys.vt.edu/ jhs/SIP/astrometrycalc.html
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Figure 4.3: An example of how a globulette contour (boundary) can be approx-
imated by an ellipse. The contour is defined as the line where the globulette
blocks 5% of the background intensity.

ellipse is conventionally defined in implicit form as the set of coordinates (u, v)
obeying

(u− uc)2

α2
+

(v − vc)2

β2
= 1. (4.3)

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 center. Fitzgibbon et al. (1996, 1999) pre-
sented 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, (4.4)

with the ellipse-specific constraint

b2 − 4ac < 0. (4.5)

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

S = (a, b, c, d, e, f)T (4.6)

and
U = (u2, uv, v2, u, v, 1), (4.7)
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which simplifies the first equation to

SU = 0. (4.8)

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

S =

[
S1

S2

]
, (4.9)

where S1 = (a, b, c)T and S2 = (d, e, f)T .
The problem now is 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 corresponding 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 . (4.10)

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

 . (4.11)

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

W = [W1 W2] , (4.12)

where

W1 =


u2

1 u1v1 v2
1

u2
2 u2v2 v2

2

. . .
u2
n unvn v2

n

 (4.13)

and

W2 =


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

 . (4.14)
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In order to constrain the solutions to ellipses, i.e., with b2 − 4ac < 0,
numerous constraints have been proposed in the past (Gander et al., 1982;
Rosin, 1982). Here b2 − 4ac = −1 will be used (Fitzgibbon et al., 1996). 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

 . (4.15)

Hence, also the constraint matrix K can be decomposed as

K =

[
K1 0
0 0

]
, (4.16)

where

K1 =

 0 0 2
0 −1 0
2 0 0

 . (4.17)

The constraint equation can therefore be simplified to

ST1 K1S1 = 1. (4.18)

Then by introducing a Lagrange parameter λ, one can formulate the min-
imization problem as solving the equations

HS = λKS

STKS = 1
(4.19)

Here H is the “scatter matrix” WTW . Thus, an eigensystem with six eigen-
vector 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
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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
(4.20)

In the (u0, v0) system, the coefficient in front of the term u0v0 in equation (4.4)
is 0. Insertion of u and v in equation (4.4), as expressed in u0 and v0, hence
gives

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

)
= 0, (4.21)

which can be solved as

tan (2θ) =
b

a− c
, (4.22)

for the tilt of the ellipse in the original system.
Taking into account all terms in G(u, v) in equation (4.4), one obtains

a (u0 cos θ − v0 sin θ)2 + b (u0 cos θ − v0 sin θ)× (u0 sin θ + v0 cos θ) (4.23)

+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 center-point
coordinates, (uc, vc), and the orientation of the ellipse, θ, all illustrated by
Figure 4.4.

The results can be written as

θ =
1

2
arctan

b

a− c
, (4.24)

for the rotational angle, and 
uc = − n1

2m1

vc = − n2

2m2
,

(4.25)

for the center-point coordinates. Here

m1 = a cos2 θ + b sin θ cos θ + c sin2 θ, (4.26)

n1 = d cos θ + e sin θ, (4.27)
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Figure 4.4: 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.

m2 = a sin2 θ − b sin θ cos θ + c cos2 θ, (4.28)

n2 = −d sin θ + e cos θ. (4.29)

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

α =

√
m2n2

1 +m1n2
2 − 4m1m2f

4m2
1m

2
2

, (4.30)

β =

√
m2

1n2 +m2
2n1 − 4m1m2f

4m2
1m

2
2

, (4.31)

where the length of the axes will be given in pixels multiplied with the pixel-
size, in arcsecond. In Paper I, these apparent axises must be corrected for
seeing (see Section 5.1). The true diameter, Ø, of an object for which one has
measured the apparent diameter ø, can be estimated as

Ø =
√

ø2 − S2, (4.32)

where S is the Full Width at Half Maximum (FWHM) of the seeing affected
image. A more detailed description will be presented in Section 5.1.

The data in Paper II and III are based on space observations and therefore
seeing is not present. The objects are considered to be elongated if the ratio
between major and minor axes is larger then 1.5.
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4.3 Column Density Distribution

Density profiles of the globulettes can in principle be derived from the col-
umn density N(H2) as function of distance from the center 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
follow a power-law distribution with index γ according to

ρ(r) = ρ0(
r

R
)−γ (r > 0; γ ≥ 0), (4.33)

where r is the physical distance from the center, 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 exponent 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 den-
sities to a radial function for the density distribution. In the following we
assume spherical symmetry, and the basic notions for this analysis are illus-
trated by Figure 4.5. The column density profile of a cloud is measured along
a strip through its center, and in the direction of the major axis, as shown in
Figure 4.6 a. This strip is five pixels- rows as shown in the left panel top of
Figure 4.5. 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 index” γ in equation (4.33).
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 center 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, (4.34)

where x is a running length along the line, and X = (R2−p2)1/2 is its maximal
value (see Figure 4.5 right). Using equation (4.33), this yields

N(p) ∝
∫ X

0

(x2 + p2)−γ/2dx. (4.35)
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Figure 4.5: 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 center, 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 density profiles.
Here p is the (projected) distance between the column and the globulette
center, 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.

In the important case of a uniform density, i.e., ρ(r) = constant, with γ = 0,
equation (4.35) can be simplified to

N(p) ∝
√
R2 − p2. (4.36)

The integral in equation (4.35) can be analytically solved for some simple γ
values. Table 4-1 lists how some radial density distributions of the type ρ(r) ∝
r−γ are related to functional forms for the column density N(p) (Arquilla &
Goldsmith, 1985).

An example of a round globulette is the GRN88 in the Rosette Nebula.
Density profiles are shown in Figure 4.6. The graph c shows the intensity
profile of GRN88 taken across the globulette along the white line indicated in
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Table 4-1: The relation between the exponent γ of the radial density power-
law of equation 4.33 and analytical column density profiles, according to equa-
tion 4.35. In the right-most column, these profiles are, in turn, approximated
by power-laws in the variable p.

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

in eq. 4.33 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 upper image a. The profile indicates that the object has sharp edges. In
the image b the column density map is shown, where the contours range in the
interval (1–12)×1020cm−2. The maximum density is marked by an “x” and is
not in the center of the object. It is instead close to the part of the globulette
mostly affected by the radiation from the stellar cluster. This can be seen
from the more densly packed contours in this area compared with the more
sparsely packed contours in the upper right part of the globulette. The graph
d shows a cut through the globulette center. The density peaks at about
11.8× 1020 cm−2. The graph e shows the normalized column density profile
along a cut through the center of the object, marked by squares. The solid
line shows a uniform density profile and the dashed line shows the protostellar
dependence condition r−1.5. As is evident, the data represented by the squares
is inbetween these two lines. The graph f shows the uniform density profile
(solid line in red), which fits the observed values (marked by filled circles) quite
well especially beyond the distance 0.4′′ from the center of the globulette. As
result, we can approximately apply a uniform density law for the objects.
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Figure 4.6: a): The nearly spherical Rosette globulette GRN88 is shown. The
mean radius is 2.35′′ and the mass is 18 Jupiter masses. c): The intensity
profile over the white strip is shown. From this profile the globulette display
sharp edges. e): The squares in the figure correspond to the normalized column
density profile as derived from a cut through the globulette center, after the
correction for the influence of seeing. The solid line in the same figure is the
theoretical prediction assuming uniform density and the dashed line shows an
r−1.5 dependence. Thus the observed column density falls in between these
two cases b): The column density map, with contours covering (1− 12)× 1020

cm−2. d): The column density along a cut thorough GRN88, with data points
and a line-fit. The column density peaks at 11.8× 1020 cm−2. f): The uniform
density profile fits the data quite well, except possibly near the centre and in
the outmost region.



4.4. EXTINCTION AND RELATION TO MASS 69

4.4 Extinction and Relation to Mass

In the images analyzed in Paper I-III, the objects are seen in silhouette against
a diffuse Hα background, see the right figure in Figure 3.3. They can also
be seen against a continuum 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, Aλ, at a certain wavelength λ is defined by

Aλ = −2.5 log

(
I

I0

)
, (4.37)

where I is the residual light intensity measured in an area inside the globulette,
and I0 is interpolated bright nebular background. See Appendix A for a more
extensive treatment. However, we do not know how much of the background
emission that is due to foreground 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 we set the level of the foreground emission to 95% of the
darkest area of the object (with the lowest I value, i.e., the highest extinction),
which gives object’s maximum mass. This factor was chosen for “technical”
reasons, in order to avoid cases where small areas of zero intensity would lead,
numerically, to an infinite mass. In Paper I and II we assumed that the gas to
dust ratio is the same as in interstellar clouds, namely 100 to 1.

The relation between the extinction as a function of the wavelength, λ, and
the column density of hydrogen gas, N(H2), is given by

N (H2) = 9.4× 1020 AV [cm−2 mag−1], (4.38)

according to Bohlin et al. (1978) for normal interstellar clouds assuming that
all hydrogen is in molecular form. In Paper III we were only interested in the
dust fraction and therefore N(H2) was divided with 100.

The visual extinction AV is centered at λ = 5500 Å but the observations
in Paper I and II where based on an Hα filter. Hence, the need for a relation
between the extinction at λ = 6563 Å and in the V-band (λ = 5500 Å). How-
ever data presented in Table 3-1 does not include the Hα passband, so we have
interpolated the published values to Hα, i.e., to λα = 0.6563µm. We then
arrive at the Hα extinction magnitude Aα:

Aα
E(B − V )

= 2.58. (4.39)
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Hence the visual extinction is given by

AV =
3.10

2.58
Aα = 1.20 Aα. (4.40)

This is applied to equation (4.38) in order to derive the column density at a
particular position in a globulette, once its extinction Aα has been measured.

Since equation (4.38) only gives 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]. (4.41)

Inserting equation (4.38) finally gives

N = 5.17× 10−3 Aα [g cm−2 mag−1], (4.42)

where Aα is found from equation (4.40).
In Paper III the work was based on the measurements of the visual filter

and by assuming the same cosmic chemical composition, the total column
density of dust was estimated to

N = 4.3× 10−7 AV [g cm−2 mag−1]. (4.43)

In all Papers, the mass in grams inside one pixel is then derived as pixel
area times column mass density. Adding the pixel values inside the contour as
defined in Section 4.2 will give total mass of object for the two different cases.
The average of these two masses gives the total mass of each object.

In order to test the consistency of this method, 20 different globulettes
from Rosette Nebula were selected from the criteria that they have all been
imaged on several times, at different occasions and under different conditions.
All masses (MJ) have been calculated by one and the same method from the
observed extinctions, and plotted in the graph. We 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%, see Gren-
man (2006).

Moreover Gonzalez-Alfonso & Cernicharo (1994) observed four teardrop
shaped globules in the Rosette Nebula for CO emission using the 30 m radio
telescope on Pico Veleta, Spain. They derived masses based on column den-
sities derived from CO and therefore we have a unique possibility to compare
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with our masses, which are derived from the dust component. Since they as-
sumed a distance to Rosette Nebula of 1600 pc, we must correct their masses
by a factor of about 1.14 for the comparison. These masses, and also ours, are
listed in Table 4-2.

Table 4-2: Gonzalez-Alfonso & Cernicharo (1994) derived masses for three
globulettes, labeled TDR 10, 13 and 20, are compared with our measurements
of these objects GRN40+39, GRN13 and GRN12. The result shows that the
agreement between the two independent mass determinations is good.

TDR 10 GRN40+G39
0.48 M� (0.13× 1.14) + (0.04× 1.14)= 0.2 M�
TDR 13 GRN13
0.11 M� (0.16× 1.14) = 0.18 M�
TDR 20 GRN12
0.05 M� (0.04× 1.14) = 0.046 M�

From this table we can conclude that Our masses based on column densities
of dust agree remarkably well with those based on column densities of gas. This
gives a strong support to our method, and the assumptions made, for instance
of a gas to dust ratio of about 100. Moreover, analysis of radio emission lines
from globulettes in the RN complex (Gahm et al., 2013), where the derived
masses were based on the gas content, were in the same range as those derived
from the optical study, based on the dust content. However, the radio masses
where statically slightly larger than the optical masses.

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 globulettes that have a more circular cross section perpendicular
to the line of sight. The volume is hence given by

V =
4π

3
αβ2, (4.44)

where α is the length of the semi-major axis, and β that of the two semi-minor
axes. Then the globulettes mean mass density can calculate as

ρ =
M̄

V
[g cm−3], (4.45)
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which giving the mean number density of molecules per unit volume

n =
ρ

2.4×mH

[cm−3], (4.46)

where µ̄ = 2.4 is the mean molecular weight for an H2 gas plus heavy elements.
In Paper III the dust mass calculation was based on assumptions of grain

properties such as grain radii and grain density ρ. These are related to the
extinction in magnitudes and grain properties through equation (3.12), where
the extinction efficiency factor is Q=2.

The column density of dust was estimated as mc = Nd ×mg , where the Nd

is from equation (3.12), AV is from objects intensity profiles, and the grain
mass is mg = V ×ρ. Integrating over surface area, the total mass of the object
was calculated.



Chapter 5

Observations

This chapter gives an overview of the observations done with the Nordic Opti-
cal Telescope (NOT) and also a brief introduction to the HST instrumentation
and filters. Parts of the material in this chapter is taken from my licentiate
thesis, Grenman (2006).

5.1 The Observations with the Nordic Optical

Telescope

Paper I is based on Hα images collected by Gösta Gahm and Helmuth Kristen
during five nights in December 1999 and five nights in November-December
2000, using the 2.6 m Nordic Optical Telescope on La Palma, Canary Islands,
Spain. The original survey included several fields within ten different H II
regions. The telescope was equipped with the ALFOSC camera with narrow-
band filters centered at a wavelength of 6563 Å (0.6563 µm). The angular
resolutions set by the atmospheric turbulence, called “seeing”, were in the
range of 0.7′′–1.1′′ and the field of view was 6.5′ which corresponds to an area
of 33 arcmin2. The astronomical seeing conditions, at a given night and 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. The FWHM is defined as the diameter at which the star’s intensity
distribution falls to one-half of its peak value. Seeing values were estimated
with the Matlab software. 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 from which information can be extracted. Most of

73
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the exposure times were 1800 s.
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,
using the IRAF program1. For the calibration of fluxes one also needs to
correct for the light from the sky in the images. 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. The majority of the fields are in the Rosette Nebula and in IC
1805 and the distribution of observed areas are shown in Paper I.

5.2 The Hubble Space Telescope

The Hα images of the Carina Nebula (Paper II) plus 20 H II regions (Paper IV)
were downloaded from the HST archive2. In Paper III optical images of the
Crab Nebula were downloaded from the Hubble Legacy Archive (HLA)3 and
also from the HST archive. The distributions over observed areas are shown
in Paper II-III and in Appendix B. All analyzed images were taken with
the instruments ACS/WFC, WFPC2, WFPC3/UVIS, see Figure 5.1. Brief
descriptions of these instruments are given below.

1. The Wide Field and Planetary Camera 2 (WFPC2) field of view is cov-
ered by four cameras, each of which span 800× 800 pixels in size. Three
of them are arranged in an L-shaped field (134′′ × 134′′) and operated
at a pixel scale of 0.1′′. The fourth one is referred to as the Planetary
Camera (PC) and operates at a pixel scale of 0.046′′.

2. The Wide Field Camera 3 (WFC3) replaced the WPFC2 camera in 2009.
The Ultraviolet-Visible channel (UVIS) uses a mosaic of two CCDs, with
0.04 arcsec/pixel, covering a 162′′ × 162′′ field of view. The 2 CCDs are
butted together but have a ∼ 1.4′′ gap between the two chips.

3. The Advanced Camera for Surveys (ACS/WFC) camera contains two
CCDs of 2048 × 4096 pixels glued together with a small gap of approx-
imately 50 pixels in between. The pixel size corresponds to 0.05′′ per
pixel and the field of view is 202′′ × 202′′.

1http://iraf.noao.edu/
2https://archive.stsci.edu/hst/
3https://hla.stsci.edu/
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Figure 5.1: Field of view of the ACS/WFC, WFPC2, WFPC3/UVIS and AL-
FOSC instruments are shown. These HST instrumentation images are taken
from the respective handbooks.

The respective areas for the instruments WFPC2, WFC3 and ACS are es-
timated to be 5, 7 and 11 arcmin2. More information about each of these
instruments can be found in the manuals on the Mast Web site4 and in the
NOT manual5.

5.3 Filter System

A filter system is a set of filters (see also Section 3.1). Each filter has a specific
central wavelength and a specific band width, narrowband (N), intermediate
(M) or broadband (W). The width is determied by the FWHM, see Figure 5.2,
which is the wavelength/filter width at the transmission point that is 50% of
the peak transmission. The most used optical system is the Bessell photometric
set, UBVRI filters seen in Figure 5.2, top. However there are also a number
of others, such as the Strömgren filter set (uvby).

If we put a filter in front of a CCD camera, we obtain an image containing
only the wavelengths passed by the filter. In this way magnitudes can be
measured in different bandpasses. If we use a filter with a large bandpass,
then we have much more light in the image than in a narrow bandpass. On
the other hand, the wavelength precision is then reduced.

For the images taken with NOT (Paper I), two different filters were used; in
1999 a narrow-band Hα 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

4http://www.stsci.edu/hst/HSToverview/instruments
5http://www.not.iac.es/instruments/alfosc
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Figure 5.2: a) Transmission curves for the ALFOSC Bessell filters are shown.
b) The Hα filter is shown at 33 Å FWHM, covering the nebular emission only
from the 6563 line. c) The Hα filter, width 180 Å FWHM, also includes the
strong nebular emission lines of [N II] at 6583.6 Åand 6548.1 Å.

the Hα line, and hence including more nebular emission. Examples of filter
transmissions with these bandwidths for NOT are shown in Figure 5.2 in lower
part.

In Paper II and Paper IV, the narrowband Hα images at F658N (which also
includes the [N II] line) were collected from the HST. These narrow band filters
allow for mapping of circumstellar matter and detecting the dark silhouette of
objects on the background of a bright nebula.

In Paper III, we analyzed images from the HST that were processed through
the F550M and F547M medium band filters, designed to avoid bright emission
lines. Both filters are centered at the V-band but F547M is somewhat narrower.
We also used images that were processed using the F814W broadband filter.



Chapter 6

Introduction to Papers

This thesis consist of four journal publications, which are summarized in the
following sections. The introduction to Paper I is taken mainly from my licen-
tiate thesis, Grenman (2006).

6.1 Paper I

The Rosette Nebula is a good laboratory for studying star formation, as well
as the interaction between an H II region and the surrounding molecular cloud.
A colorful image of this nebula is shown in Figure 6.1 where the northern part
shows an expanding outer shell, which is very filamentary with a network of
connected dark filaments. Around these filaments, several elongated teardrop
shaped objects can be observed, which suggests 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 with by
bright rims. Paper I is based on the material collected from a studies of such
trunks by Schneps et al. (1980), Carlqvist et al. (2003) and Gahm et al. (2006).
It was during this study that we discovered that in the regions surrounding
the elephant trunks there are dark and extremely 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,
also containing Bok Globules. They were later studied in detail by Reipurth
et al. (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 ′′. The clouds observed in these H II regions are much smaller
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than those normally called globules and they form a class of tiny cloudlets,
which we have named globulettes.

Deep narrow band Hα images of 10 H II region were collected with the
NOT in the years 1999 and 2000. The majority of the objects were observed
in the Rosette Nebula and IC 1805 and therefore the focus lies on these two
regions.

6.1.1 Rosette Nebula and IC 1805

The Rosette Nebula (NGC 2237-2246) can be described as a large, spheri-
cal emission nebula around the young stellar cluster NGC 2244 found in the
constellation of Monoceros. The cluster was first noticed in 1690 by John
Flamsteed and later studied by John Herschel, the son of William Herschel,
who discovered prominent nebular features, and reported them in his general
catalogue (Herschel, 1864). The cluster age has been estimated to about 3
million years (Ogura & Ishida, 1981), and the nebular surrounding contains
around 105M� 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 center of the Rosette Nebula, where the cluster 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. The emission nebula has a radius of about
16 pc. The bubble will gradually expand and dissipate until the stars are free
from nebulosity. The total lifetime of the Rosette Nebula Complex is estimated
to be around 10 million years. Its distance from us has been estimated to be
1.4–1.7 kpc (Ogura & Ishida, 1981; Hensberge et al., 2000). 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 reddish color seen in the Rosette Nebula image (Figure 6.1) is
mainly a result of Hα emission.

The nebula IC 1805, also called the Heart Nebula, 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, far less information has
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Figure 6.1: The Rosette Nebula is a large emission nebula located 4560
lightyears (1400 pc) away. The wind from the open cluster of stars, known
as NGC 2244, has cleared a hole in the center of the nebula. Filaments of
dark dust and prominent shell structures are seen as silhouetted against the
bright background. The so-called Wrench trunk is located in fields 13 and 14
in the Paper and shown on the front page. Left up shows an enlarged view
of a string of globulettes, which is also presented in the front page. This im-
age was taken with the National Science Foundations 0.9-m telescope at Kitt
Peak, in light of H-alpha, [O III] and [SII] (red, green and blue). Image source:
http://www.noao.edu/.

been gained compared to that from the Rosette Nebula.
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6.1.2 Results

The main conclusions of this study can be summarized as follows.

1. From 10 H II regions, 173 gloublettes were located, mostly from the
Rosette Nebula and IC 1805. Most of these objects are compact, slightly
elliptical or circular, with sharp edges and well isolated from their sur-
roundings, lacking any sign of surface activity. However, some objects
were found diffuse and with fuzzy edges and/or connected to trunks by
thin filaments. We also included the objects surrounded by bright ha-
los or bright rims, as well as cometary, teardrop and V- and Y-shaped
clouds. The bright-rimmed objects observed in the Rosette Nebula have
no central embedded stellar objects and therefore they cannot be proply-
des, i.e., they are not protoplanetary discs. However, we cannot exclude
that the globulettes host extremely low-mass brown dwarfs or planets.
A mosaic over selected globulettes can seen in Figure 4 in Paper I.

2. Most of the globulettes in the Rosette Nebula are found in the fields
covering the long chain of dark filaments and trunks, just to the north
and northwest of the central cavity.

The longest symmetry axis of the globulettes in the Rosette Nebula are
directed inwards toward the central cluster. The same pattern is also
evident in IC 1805 and other regions with smaller number of objects.

3. Globulette size distribution show that most objects have mean radii
<10 kAU and that the peak is at about ∼ 2.5 AU.

4. The number densities are around 104 cm−3 and the mass densities are
around ρ=10−20 g cm−3. The column density profiles show that the dis-
tribution is not Gaussian. As a first approximation, we apply a uniform
density law, which is dropping sharply close to the surface.

5. Mass distributions for both the Rosette Nebula and IC 1805 show that a
majority of the objects have masses <13MJ , corresponding to planetary
mass objects. There are fewer with larger mass, which means that glob-
ulettes of masses 40–60MJ are rare. There are just a few objects in the
interval 70–200MJ . However, objects with masses ∼ 1MJ may escape
detection.

A gas to dust mass ratio of 100:1 has been assumed and extinction mea-
surements were used to estimate the mean masses of the globulettes.
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Gahm et al. (2013) derived masses for several of the objects from ra-
dio observations of CO12 and CO13. These measures, based on the gas
content, agree well with those based on the dust content.

6. The outer pressure from the surrounding warm plasma and also the radi-
ation and ram pressure (acting on one side of the globulette) is contribut-
ing to confining the objects. It is expected that the initial penetrating
shock, generated by photoionization, lead to compression of the inte-
riors. Furhtermore, some of the objects seem to be protected against
rapid photoionization by a screen of expanding ionization gas. Thus, we
found that about half of the globuettes studied can survive against pho-
toevaporation on a short timescale, <106 yrs, before the ionization front
has reached far into the interior. Hence, the cores may collapse to form
massive, free-floating planets.

7. Globulettes can be formed by fragmentation processes from evaporating
elephant trunks, larger blocks or shells. As an example, the string of
isolated dark globuletts GRN87–95, seen in the zoomed in part of Fig-
ure 6.1, may have formed recently from a filament that became detached
from this rotating complex. South of the Wrench trunk (Figure 3 in Pa-
per I, middle right) there are diffuse globulettes with bright halos, and
therefore it appears that these are already in a more advanced phase of
erosion from photoevaporation and possibly streaming plasma. These
could represent an intermediate phase before substellar objects are even-
tually formed.

Alternatively, a parent molecular cloud might already contain compact
cores, which after some time are exposed when the surrounding thinner
gas has evaporated.

8. All globulettes in the Rosette Nebula and IC 1805 have been examined
with the 2MASS instrument and no evidence of embedded IR-emitting
sources, at least related to stellar objects of high or medium mass was
found. However, Mäkelä et al. (2017) found embedded IR stars in a few
larger objects.

6.2 Paper II

This paper aims to make an inventory of the population of globulettes in the
Carina Nebula. Optical images were downloaded from the HST, based on
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observations with the ACS/WFI camera. The camera has a good spatial reso-
lution and a large covered area, which gives us the opportunity to investigate
globulettes more closely in the H-alpha images.

6.2.1 Carina Nebula

The Carina Nebula is the southern hemispheres largest giant H II region,
where some of the central parts of the nebula are even brighter than the Orion
Nebula. This region contains ∼ 200 OB stars and more than 60 O type stars,
according to Smith et al. (2010a), Smith et al. (2010), Povich et al. (2011) and
Gaczkowski et al. (2013).

Figure 6.2: Seven star cluster are shown in this image of the Carina complex.
The locations of the Eta Car are marked with “+”. Numbers 1-4 are the
zoomed in areas shown in Figure 6.3. This image is created by combining the
light from three different filters, tracing emission from oxygen (blue), hydrogen
(green), and sulfur (red). (Credit: Nathan Smith, Univ. of Minnesota, NOAO,
AURA, NSF, courtesy of NASAs Jet Propulsion Laboratory).
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Figure 6.3: Images 1-4 show the zoomed in areas, where 1) shows a close up
image of Eta Car; 2) shows a large fragment with the nickname the ”Fin-
ger of God” located in the Tr16; 3) shows the isolated globulette GCN93 in
Tr14 with a mass of 63M� and 4) shows a large block and a couple of de-
tached large globulettes. The white rings in Image 4 indicate the place where
we detected globulette clustering, see Paper II, Figure B.2, field 11. Credit:
http://hubblesite.org.

The distance to the Carina complex has been estimated in several publica-
tions with rather different results. A distance of 2.3 kpc has been adopted as a
kind of standard (Smith, 2008). However, Hur et al. (2012) concluded that the
main stellar clusters Trumpler 14 (Tr14) and Tr16 are located at a distance of
2.9 kpc, which we also use in this Paper.

Figure 6.2 shows the Carina Nebula, where the most massive stars in our
galaxy are located, including the famous star Eta Car, a prime candidate for
the next galactic supernova. This star had an estimated initial mass >150M�
(Hillier et al., 2001). The position of Eta Car is marked with “+” and this
star is shown in more detail in Figure 6.3, image 1.

In the center of the Carina Nebula, a prominent V-shaped dark feature lo-
cated, associated with the nebular complex and consisting of dust and molec-
ular gas. Several star clusters and smaller sub-cluster, such as Tr15, Collinder
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228 and 232, and Bochum 10 and 11 are also shown in Figure 6.2. Two largest
groups, Tr14 and Tr16 are situated in the central parts of the emission nebula,
where the typical ages for the young stars in Tr14 and Tr16 are 1–3 Myr, while
Tr15 is older by a few million years. However, these star clusters are not as
densely packed as those of 30 Doradus in the LMC (Massey & Hunter, 1998),
or NGC 3603 in our own galaxy (Moffat et al., 2002).

Feedback (stellar winds and radiation) from the young and massive stars
has cleared out the nebulosity in the central region and have revealed a large
number of elongated structures, so-called pillars (Smith et al., 2000), but also
dark irregular blocks and fragments of all sizes (see Figure 6.3, image 4 ), some
of which are very elongated and shaped like worms or long, narrow cylinders,
and some show very irregular shapes. The most known fragment is known as
the “Defiant Fingers” described by Smith et al. (2004) surrounded by a number
of smaller cloudlets with irregular shapes, which have probably eroded from the
larger ones. This object is located in Tr16 and shown in Figure 6.3, image 2.
The pillars have formed in the outer regions and we can see many of them
in the southern part of the image while more regular sized objects, such as
globules and globulettes can be seen all over the region.

6.2.2 Results

The main conclusions of this study can be summarized as follows.

1. From the total observed area of about 700 arcmin2, 288 globulettes were
found, which exceeds the number found in any other H II region. Most
objects are dark without any bright rims and/or tails and halos, seen in
the first rows in Figure 2.6. However, in the central part of the nebula, the
objects with a bright rim are more numerous than those without, which
indicates that the interaction with the radiation field is more intense
closer to the center. The globulettes are spread over the entire region,
but are more abundant along the western part of the V-shaped dark
cloud and in areas surrounding Tr14 and Tr16. However, some objects
are classified as round may instead elongated if they are oriented closer
to the line of sight and objects surrounded by bright halos may indicate
the presence of bright rims on the remote side.

Objects with an elongated form, or with tails, are oriented in the direc-
tion of the massive young star clusters in the area. However, some of the
objects show random orientations, particularly in the central part of the
nebula, probably because several O stars are spread over the entire area.
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2. None of the 288 globulettes coincides in position with any of the young
stellar object candidates listed in Povich et al. (2011) and Gaczkowski
et al. (2013).

3. The globulettes have radii <1000 AU, and the distribution increases
steeply towards the detection limit.

4. In mass estimates, we followed the procedure described in Paper I. Prac-
tically all globulettes found in the Carina Nebula are of planetary mass,
and most have masses less than one Jupiter mass. Only 4% of the glob-
ulettes are more massive than 10MJ .

5. The average density in the Carina globulettes was estimated to be ρ =
2.8 · 10−19 g cm−3, which is higher compared to the Rosette globulettes.
The number densities of molecular hydrogen exceed 105 cm−3 in several
Carina globulettes. It appears that the population of tiny globulettes in
the Carina complex are in a more evolved state than those encountered
in other H II regions. One possibility is that this is because they have
eroded faster in the intense radiation field, or they might be older. It is
likely that thin envelopes would gradually be lost with time, and that
the remnant cores may also become denser with time.

6. Most of the objects are quite isolated and located at a projected distance
of >1.5 pc from the closest larger molecular structures, which indicates
that objects can survive a long time. An example is shown in Figure 6.3,
image 3, where GCN93 is located in the Tr14 as an isolated object with
very sharp edges.

However, from virial arguments we conclude that the objects are not
bound unless they contain a bit more mass than inferred from the derived
mean mass.

7. We speculate that the objects might contain denser unresolved cores or
even planetary-mass objects that already have formed in their interior.

6.3 Paper III

A number of small dust concentrations are visible as dark spots against the
background of synchrotron emission in optical images of the Crab Nebula,
downloaded from the HST/HLA archive. In this Paper the focus was on



86 CHAPTER 6. INTRODUCTION TO PAPERS

roundish dusty cloudlets. These objects are reminiscent of the so called glob-
ulettes present in H II regions. However, the dust found here is “Star dust”
which has not yet been mixed with the ISM. This is because the Crab Nebula
lies in a low density region. Hence they are of a different nature than the
globulettes, and we refer these objects to Crab globules. A mosaic in Figure 4
in the Paper and Figure 6.4 , showing some of the objects.

6.3.1 Crab Nebula

It was William Parsons, third Earl of Rosse, who through his 72 inch (1.8 m)
reflecting telescope around 1844 observed a cloudy blob in the sky, which he
named the Crab Nebula. However, some years after his first observation, he
observed this object again with a better telescope and discovered that it showed
no similarity to a crab, but the name was difficult to change because it was
already establish in the society.

The Crab Nebula was also the first supernova remnant to be associated
with a “guest star” seen by ancient Chinese and Japanese astronomers in 1054
AD. This connection was fist done by Lundmark (1921). From the old notes,
the new star was visible in daytime for three weeks and in the night sky nearly
two years before becoming too dim to be seen with the naked eye (Clark &
Stephenson, 1977).

The Crab Nebula is also known as M1, the first object in Messier’s catalogue
of nebulous objects and is the brightest and best studied relatively young
supernova remnant, located at a distance of about 2 kpc (Trimble, 1973). This
nebula was formed by a core collapse supernova, Type II explosion (Chevalier,
1977). At the center of the nebula lies one of the first known pulsars, PSR
BO531+21, see Figure 6.4, where its current location is marked with “+”.
In this figure, also zoomed in image of the pulsar are shown, taken in x-ray
(image a) wavelength.

Observations have shown that the Crab pulsar send signals that reach
the Earth every 0.033 seconds, making it one of the fastest pulsars recorded
(Matthew & Matteo, 1996). This pulsar powers a surrounding power wind
nebula (PWN) and sweeps up the freely-expanding SN ejecta that is observed
in the form of a bright network of ionized gas. These bright filaments and
finger-like structures, which are produced by Rayleigh-Taylor instabilities, ef-
fectively form a cage like structure and confine this synchrotron nebula as can
been seen in Figure 6.4. The filaments are dense enough so that all three emis-
sion lines ([O III], [N II], S[II]) are present, where the two last lines are much
stronger relative to Hα than in typical H II regions. This is because there is
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a difference between photoionization from a hot O star and the shock wave
ionization.The gas is heated and ionized almost instantaneous when the front
strikes and then cools down by radiation.

Since the explosion the Crab Nebula has been expanding, and several au-
thors have measured the proper motion of the optical filaments (Trimble, 1968;
Wyckoff, 1977), indicating an accelerated expansion where the synchrotron
emitting parts expand more rapidly than the filaments (Bietenholz et al., 2015).
The nebula expands outward with a velocity of about 1264 km s−1 (Temim et
al., 2006), where the NW portion of the nebula expands faster and is further
away from Earth than the SE side (Loll, 2010).

In the Crab Nebula, the presence of dust was first suggest by Glaccum et
al. (1982) based on an analysis of the far-infrared spectrum and was later
confirmed by Marsden et al. (1984). After the initial observation further
analyses were based on Spitzer observations (Temim et al., 2006, 2012) giv-
ing a total mass of warm dust associated with the filament system between
1.2× 10−3–12× 10−3 M�. This can be compared to Hershel telescope observa-
tions that give masses between 0.12–0.24 M�, depending on dust temperature,
composition and size (Gomez et al., 2011). There have also been several ex-
aminations of the continuum images by using narrow-band filters in the visual
band. First out was Woltjer et al. (1987) and some years later Hester et al.
(1990) and Fesen & Blair (1990), also showing optical evidence of dust via
extinction of the background synchrotron nebula. These authors located and
cataloged several dust features and calculated the visible dust mass of the neb-
ula to 2× 10−4M�. The dust appears to be spread over the entire nebula, and
is strongly concentrated to the optical filaments. Sankrit et al. (1998) pro-
posed the dust is freshly formed in filaments resulting from Rayleigh-Taylor
instabilities acting on the ejecta. The authors also found that the dust to gas
ratio in NW filament can be as high as 0.1, while Loll (2010) estimated this
value to 0.05 which is still a factor of 5 higher than typical ISM ratio of 0.01.
However the latest result from Owen & Barlow (2015) showed that the dust to
gas ratio in the Crab Nebula lies between 0.026 to 0.038 for widespread dust
and from their studies the value of 0.03 was used in this Paper. This means
that the mass of the dust in the filaments is uncertain and different regions
could have different abundances and also different dust to gas ratios.

In addition to the dusty structures, Loh et al. (2011) found a number of
knots emitting in the line of molecular hydrogen at 2.12µm. In our investi-
gation we found 5 of these knots to be coincident with globules. However,
according Richardson et al. (2013) there are cases where dust free knots could
be sources of strong H2 emission. Beside molecular hydrogen detection, Bar-
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Figure 6.4: Composite HST image from Hester (2008), where the synchrotron
emission from the power wind nebula (PWN) is shown in bluish. The Crab
Nebula consists of three components; The Crab pulsar (marked with “+”),
the PWN and the complex of bright filaments composed of 2–5M� of material
ejected in the explosion itself. The nebula is shown in the optical lines of [O
III] in red, [S II] in green, and [O I] in blue. More ejecta lie well outside of the
filaments but these are not visible. Image a, is zoomed in image of region of
the pulsar, taken with the Chandra (X-ray). Fast moving material from the
pulsar creates shock waves and X-ray emitting rings. Mosaic of gobules are
also showed.

low et al. (2013) also mapped emission from the molecule ArH+ from several
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positions in the nebula.
The Crab filaments formed significant amounts of both dust and molecules,

indicating that they went through a phase of very high density and rapid
cooling. From Hester (2008) the Crab is expanding inside a cavity, were the
filaments expand at a rate faster than the expected free expansion velocity.
Since the supernova occurred in relatively empty region of space the outer
blast wave has still not interacted with enough material to be observable and
therefore the reverse shock has not formed yet. Thus the Crab Nebula differ
from the typical Type II SN evolution.

6.3.2 Results

The main conclusions of this study can be summarized as follows.

1. From continuum images of the Crab Nebula we located 92 cold cloudlets
seen in extinction against the bright background. These dusty globules
appear as dark, roundish object in the broad and medium band HST
images. Mean radii of these objects range from 400 to 2000 AU, and
40% of the globules are slightly elongated with a ratio between major
and minor axes >1.5. These objects are too small to be distinguished in
current instruments like Spitzer and Herschel.

2. The globules are distributed over the entire nebula but less abundant in
the region surrounding the central pulsar. Several globules are located at
emission filaments where elongated objects are aligned with the filaments.

3. We estimate the amount of extinction in the V band for each object
individually, with different assumptions on the amount of foreground
emission. From these measurements we obtain the individual masses of
dust using two different methods, the so called Bohlin relation and by
using grain properties. In addition, we estimated the mass of extended,
obscuring filaments also present in the nebula.

4. Following Bohlin et al. (1978) derived masses of dust range from 1 to
60×10−6M�. The total mass contained in the 92 globules amounts to
4.5× 10−4 M�, a fraction of 2% at most of the total dust content of the
nebula. Assuming a gas to dust content of 30 the corresponding total
mass amounts to 1.4× 10−2M�. In comparison to the Bohlin relation
four spherical objects with smooth density distribution were chosen to
estimate the dust mass based on grain properties, with a grain radius
of 2× 10−5 cm and density 3 g cm−3. The masses of these objects are
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approximately a factor two smaller than those derived from the Bohlin
relation.

5. The mass contained in globules and the distribution of sizes are in the
same range as for the smallest globulettes residing in H II region, but
larger than dusty knots found in certain planetary nebula (O’dell & Han-
dron, 1996). Beside that the mean density of dust was found to about
∼ 2.5× 10−21 g cm−3, which is comparable to the corresponding values
derive for globulettes in Rosette Nebula.

6. Dusty globules are typically two orders of magnitude larger than the
dusty clumps assumed by Ercolano et al. (2007) to match the energy
distribution of SN 1987A.

7. From extinction measurements at wavelengths 5470 Å and 8140 Å we ac-
quire information on the shape of the extinction law for the globules. As
a result, we found that the extinction law for the globules and filaments
matches a normal interstellar extinction law. Hence, the globules will
eventually feed the interstellar medium with grains of interstellar type.

8. From images taken between 1994 and 2014 we derived the proper mo-
tion and related transversal velocity of each globule. All globules move
outwards from the center with transversal velocities of 60 to 1600 km s−1

along with the general expansion of the remnant. For some objects we
could also derive space velocities, as example for two objects in the NW
part of the nebula the velocity was estimated to about 1300 km s−1.

6.4 Paper IV

Globulettes may be a source of brown dwarfs and free floating planetary mass
objects in the galaxy. Therefore, it is interesting to know how many globulettes
that could have formed in the Milky Way and how much they could contribute
to the total population of free floating planets. In this paper we have examined
319 H II regions, whereof 27 were observed with a narrow-band Hα filter. The
position of these 27 H II regions are shown in Appendix B, where the map
is plotted in galactic coordinates. In this chart, the plane of the Milky Way
galaxy passes across the middle and the zero point of galactic latitude and
longitude are positioned at the galactic center. Images analyzed here are from
NOT observations and from the HST archive.



6.4. PAPER IV 91

6.4.1 Results

The main conclusions of this study can be summarized as follows.

1. The total area (Atot) and observed area (Aobs) of the 27 H II regions were
estimated to 44 413 armin2 and to 3 297 arcmin2, respectively. Distribu-
tion over observed HST fields are shown in Appendix B.

2. In Appendix C, Table C1 lists all globulettes found in these regions,
besides the globulettes listed in Paper I & II.

3. We estimated the mean radii for each globulette found in the H II re-
gions. The majority of the objects have radii <10 kAU but most seem
concentrated around ∼ 0.5 kAU with a small peak at 2.5 kAU.

4. Amongst the 27 H II regions, there are 18 nebulae with <18 observed
globulettes and 8 nebula with no observed globulettes.

5. We postulate that the first globulettes were formed roughly 12 Gyr (T0)
ago and that H II regions were 2 times more abundant in the early Milky
Way than they are now (fHII). The number of H II regions, nHII , today
is estimated to 10 000. Globulette production is assumed to take place
when an H II region is still young, . 5 Myr (THII), and we assume that
we can find a similar number of objects also on the backside of the nebulæ
(fB). The spatial resolution was lower in seven of the H II regions, and
the number of globulettes in these regions was estimated to 346. The
lifetime of globulettes, Tglob, was estimated to 4 Myrs.

The total number of gloublettes, Gtot, was calculated to 951 and the aver-
age number of globulettes per H II region was estimated to be about 35.
The estimated number of globulettes that have formed in the history of
the Milky Way (MW) is

GMW =
TII
Tglob

× T0

THII
× nHII × fB × fHII ×

Atot
Aobs

× Gtot

NHII

. (6.1)

The total number of globulettes was estimated to 5.7× 1010, which can
be considered a conservative value. A less conservative estimate gives
2.0× 1011 globulettes.

6. The globulettes could represent a non-negligible source for FFPs in the
Milky Way. A less conservative number of globulettes would mean that
the globulettes could contribute 2.0× 1010 free floating planets. Then, if
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10% of the globulettes of our less conservative estimate form FFPs, then
the globulettes would contribute to about 11% of all FFPs, as estimated
by Sumi et al. (2011).

7. In the 30 Doradus, the globulettes mean radii has a peak at ∼ 5.7 kAU,
which is higher than the peaks of the H II regions within the Milky Way.
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Discussion and Outlook

7.1 Discussion

A number of H II regions have been investigated during the years and it has
been found that many regions contain small dark objects with different mor-
phologies. These clouds form a specific class of interstellar clouds, which are
similar to the larger globules in shape and physical state but different regarding
size and mass distribution. This distinguishes them from globules and from
proplyds. In order to cover several different objects given in the literature,
such as splinters, cups, nodules etc, we have proposed the name globulette.

After detailed studies of regions such as the Rosette Nebula and the Carina
Nebula, the globulettes can be described as small dark objects with sharp
edges, round or slightly elliptical.

From the numerical simulation models, the bright rims on the objects oc-
cur on the side facing a stellar cluster, because of the interaction with stellar
light. These objects develop into teardrop forms and eventually dusty tails
form, in the opposite direction from the ionizing stars. However, a large num-
ber of globulettes show no sign of surface activities in the form of ongoing
photoevaporation and most of our object are dark against the background and
without tails. One explanation of the absence of bright rims is that the den-
sity is higher close the surface layers. This was concluded in both optical and
radio/near infrared surveys. The bright rims can also be on the remote side
of the objects or these rims might not be detectable in Hα images. In order
to trace these rims, observations in e.g., near IR and Hα emission were done
by Gahm et al. (2013), Mäkelä et al. (2014), where some of the globulettes
showed evidence of bright thin rims on the remote sides facing the RN cluster.

However, an additional reason for the lack of bright rims can be that dis-
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tance between the object and the UV radiation source is large, such as in the
Carina Nebula. In these cases, the photodissociation is weak.

Observations have also shown that many globulettes are isolated and lo-
cated far from the molecular shells and elephant trunks, while others are seen
clustering close to these, see Figure 6.3. There are also objects connected by
thin filaments to the large blocks, suggesting that globlettes may form as a
consequence of erosion of the large structures.

The discovery of a population of tiny dense globulettes in the Carina Neb-
ula appears to represent a more advanced evolution state than the Rosette
globulettes. This indicates the possibility that the removal of the thin en-
velope caused by a radiation field, can unveil the core, which becomes more
dense with time. Therefore, the globulette may lose its bright rim and tail.
Thus, globulettes may contain yet unresolved cores or more speculatively, even
Jupiter-size planets. This might explain why they appear to have survived for
such a long time.

However, the high density observed in dark objects indicate that the density
distributions are more flat than uniform, which was assumed in Paper I, where
it was consistent (to a first approximation) with the column densities derived
as a function of radial position, and inferred by Gahm et al. (2013).

We also observed that some isolated globulettes with dark cores were sur-
rounded by bright halos, which may represent an intermediate phase, before
denser cores have eventually formed. An example of this is a planetary mass
object that has been found in its early years in the Orion Nebula, where it
may have been formed from such a low mass globulette (Fang et al., 2016).

It is also possible that the molecular clouds hoste tiny compact cores, and
that after some time, when the cloud disperses, these cores are left free and
will appear as globulettes.

From analyzing the globulettes, the average radii was estimated from about
0.1 to 10 kAU, with masses from 0.1 to 100 Jupiter masses and number densities
ranging from 103–105 cm−3. The mass hierarchy of molecular clouds can now be
described as: Giant molecular clouds (103–106M�), globules (5–500M�), cores
(1–5M�), massive globulettes (30MJ–0.1M�) and planetary mass globulettes
(<13MJ).

However, the globulette masses derived here can in some cases be under-
estimated since some objects may have developed dense cores that escape de-
tection or because we use a normal extinction law. As an example, in several
areas in the Carina Nebula, large values of RV have been found (Hur et al.,
2012), and also the globulettes may contain larger dust grains.

By analyzing the Rosette globulettes with the virial theorem, where we also
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included outer pressure, we concluded that a large fraction of the gloublettes
could be unstable and would contract on short timescales, less than 106 yr.
In addition, by including also radiation and ram pressure, which act on the
side facing the cluster, could stimulate contraction. We also estimated the
expected lifetimes against photoevaporation based on the analytic treatment
of photo evaporation clumps by Mellema et al. (1998), which showed that they
might survive in this harsh H II environment for a relatively long time. This
means that many globulettes can collapse to form free floating planetary mass
objects before the evaporation is significant.

Lately, many free floating planetary mass objects in the interstellar space
have been observed. As an example Sumi et al. (2011) estimated the number
of unbound planets in the Milky Way to be about twice the number of main
sequence stars (∼ 100× 109), while Mróz et al. (2017) found about 0.25 plan-
ets per star. However, as discussed above, globulettes can be an additional
source of free floating planetary mass objects. To find out how much the glob-
ulettes can contribute to the FFP population, we first estimated the number
of globulettes formed over the life time of the Milky Way. A conservative value
was found to be 5.7× 1010 and a less conservative value was 2.0× 1011. Then,
by assuming that 10% of the less conservative estimate forms FFPs, this gives
about 0.2 free planets per main sequence star.

Dust can also be found in the remnants of supernovae and we examine
the Crab Nebula, where we found objects, similar to globulettes, but of a
different origin. The total mass of these objects was estimated 4.5× 10−4M�
or . 2% of the total dust content of the nebula. We concluded that a majority
of the globules are not located wihtin bright filaments and we proposed that
these objects may be products of cell-like blobs or granules in the atmosphere
of the progenitor, that form globules during the passage of the blast wave
during the explosion following the collapse. It may be a coincidence, but the
number of such granules calculated for red supergiants is in the order of one
hundred, which is similar to the total number of globules found, see Figure 7.1.
Furthermore, their masses are comparable to the masses of globules by taking
into account the gas to dust ratio of 100.

We also estimated the extinction law for globules and found that the dust
grains are similar to interstellar dust grains. Since they are moving out in the
galactic environment they will contribute the ISM dust population. In addi-
tion, estimated transversal velocities where all globules move outwards from
the center with velocities of 60 to 1600 km s−1 along with the general expan-
sion of the remnant. For some objects we could also derive space velocities and
for two objects, located in the NW direction, the velocities were estimated to
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about 1300 km s−1.

Figure 7.1: Granulation on the Sun (left) compared to simulated granu-
lation of a red supergiant, (right). The first image to the left is from
https://astrobites.org/2012/07/04/a-hot-test-of-gr/and the image
to the right is from https://www.youtube.com/watch?v=6r7YUj42SJ0.
These blobs (middle) occur due to the convection below the photosphere, where
rising gas is hot and sinking gas is cold. A typical granule lasts about 8 to
20 minutes. The surface of the Sun is covered by approximately 3.5–4 million
granules, while the red supergiant contains only around one hundred.

7.2 Outlook

Over the years, many observational and theoretical studies have been made
of globulettes in the Rosette Nebula and the Carina Nebula. Studies in the
near infrared and in the radio spectrum of the molecular lines of the largest
globulettes in the Rosette Nebula showed that the objects are dense and that
the gas is molecular, even close to the surface layers (Gahm et al., 2013). The
authors found that the masses for some objects was similar but systematically
higher than the extinction based estimated masses in Paper I. Furthermore,
the system of globulettes found in the northern part of the Rosette Nebula
were found to be moving outwards with velocities of about 22 km s−1 relative
to the central cluster. These globulettes show no evidence of a rocket effect,
e.g., acceleration form interaction with stellar light.
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The nature and the fate of the globulettes is still uncertain, such as if
they collapse to form free floating objects, like brown dwarfs and planetary
mass objects. Kuutmann (2007) made 3D numerical simulation of the Rosette
globulettes and found lifetimes of 104 years, which increases with increasing
mass. However, large globulettes may collapse before any signifcant evapora-
tion takes place. Kuutmann (2007) also estimated the terminal velocity to be
5–10 km s−1 with the respect to the initial rest frame. This means that the
globulettes are expected to move outwards with the same velocity as the shells
and system of trunks.

Haworth et al. (2015) calculated the evolution of globulettes assuming pres-
sure confined isothermal Bonner-Ebert spheres. In this model the globulettes
survive for long time (∼ 105 yr) but do not contract into low mass objects,
except for the cases where they catch up with the expanding shell. However,
the analysis in Grenman (2006) and Gahm et al. (2013) show that the inner
structure of a globulette is very different from that of a Bonner-Ebert sphere.
Therefore new calculations have to be done concerning the inner structure of
the globulettes and their lifetimes.

Images taken with the NOT cannot resolve the dense cores in the glob-
ulettes and our estimated masses are possibly underestimated for such objects.
In order to resolve these dense cores, we need telescopes with higher spatial
resolutions. Therefore, our next project is to follow up the Rosette Nebula
with the higher resolution telescope, using HST, and make new density pro-
files, better suited for globulettes. We intend to investigate some regions, such
as M 16, where some of the globulettes are quite isolated and have very dark
and sharp edges. Another on-going project is resolving certain globulettes in
the Rosette Nebula using the radio interferometer ALMA for emission lines of
different molecules. The preliminary results show the presence of dense cores,
with nH2 . 106 cm−3 in two of the Rosette objects, then supporting the idea of
formation of FFPs from globulettes. Another riddle is why some H II regions
have so many tiny objects while others do not. This is a question to explore
further by surveying more regions.

The origin of the dust in supernova remnants is still an open question and
better instrumentation is needed for further observations. The Crab Nebula
can be studied in more detail in the future with the James Webb Space Tele-
scope. This telescope will resolve infrared images of dusty globules, which can
provide further clues as to whether the dust is warm or cold. More detailed
hydrodynamic calculations are needed for the formation of dusty globules from
convective cells outside the filaments.
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Appendix A

Astronomical Quantities

A.1 Magnitude Scale

The brightness of an astronomical object is measured in the units of appar-
ent magnitude mλ (as seen from Earth) or absolute magnitude Mλ (if the
star would have been viewed from distance of 10 pc (32.6 light years). The
magnitude system originated from the first systematic studies of the night sky
that were carried out only with the naked eye. The human eye has a roughly
logarithmic response curve, which means that the difference between a flux
of 1 and 10 is perceived the same as the difference between a flux of 10 and
100. Meaning that the brighter the star is the smaller the value of its magni-
tude. Thus the brightest stars on the sky have magnitudes around one and the
faintest visible star has a magnitude of six. The magnitude scale was slightly
adjusted in a way such that a difference by 5 magnitudes equals a factor 100
in flux or intensity (1001/5=2.512). Thus

m1 −m2 = −2.5 log
F1

F2

, (A.1)

where the bright star Vega defines the zero point and the m1 and m2 are the
magnitudes of two sources and F1 and F2 their fluxes, respectively. Then in
a given waveband, for example the V band, the extinction is AV = mV −
mV,0 where mV is the apparent V-band magnitude and mV,0 is the apparent
magnitude in the absence of dust.

However we can also write the inverse relation of equation (A.1) as,

F2

F1

= 100.4(m1−m2) (A.2)
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A.2 The Celestial Coordinate System

The celestial sphere can be described as an imaginary sphere whose center
coincides with the center of the Earth. The celestial coordinate system is
used for indicating the positions of celestial bodies on the celestial sphere.
The coordinates are right ascension (RA or alpha) and declination (Dec or
gamma). Declination (Dec) of the body is measured in degrees (°), arcminutes
(′) and arcseconds (′′) north or south of the celestial equator. Right ascension
(RA) is measured in hours (h), minutes (m), and seconds (s) since the Earth
needs 24 hour to rotate around and where 0 corresponds to 0 hours and 360
corresponds to 24 hours. That means that one second of right ascension is
actually 15 times larger than 1 arcsec. The right ascension is always measured
eastward from the vernal equinox, where we have 0 RA, see Figure A.2.1.

Figure A.2.1: Depiction of the equatorial coordinate system. Origi-
nal images from http://kidspicturedictionary.com/encyclopedia/astronomy-
encyclopedia/celestial-earth-coordinate-system

A.3 Column Density

In Figure A.3.1 a small long cylinder of hydrogen gas is shown. If we draw
a line that passes from observer’s eye thorough the cylinder, then that line is
called the line of sight. In the same figure the cylinder cross section area (cm2)
is also shown. The column density of hydrogen N(H) can be defined as the
total number of particles enclosed in this cylinder. The total volume density
of hydrogen gas is n(H) in units cm−3, then N(H) is the integral of n(H) along
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a line of sight.

N(H)[cm2] =

∫ L

0

n(H)dl (A.3)

Thus if the volume density is known then the column density is a measure of
the thickness of the cloud along the line of sight. Generally it is difficult to
know the depth of the cloud and therefore it is important to estimate both
volume and column density of the gas in order to measure the mass of the
cloud.

Figure A.3.1: Schematic of column density.





Appendix B

Images of Fields

B.1 Description of Images

This Appendix contains analyzed images of the studied H II regions from
Paper IV. Their location in celestial coordinates (degrees) are shown on an all
sky map (Figure B.1), where the thicker middle line is the equator. All images
were downloaded from the HST archive and superimposed by the analyzed
rectangular areas.
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(a) Analyzed rectangular
areas in NGC 3372.

(b) Analyzed rectangular
area in Gum 38b.

(c) Analyzed rectangular
areas in S273 .

(d) Analyzed rectangular
areas in S277.

(e) Analyzed rectangular
areas in Orion constella-
tion.

(f) Analyzed rectangular
areas in S106.

(g) Analyzed rectangular
areas in NGC 7635.

(h) Analyzed rectangular
areas in M 16.

(i) Analyzed rectangular
areas in NGC 281.

Figure B.1.2: Analyzed H II regions.
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(a) Analyzed rectangular
areas in M 17.

(b) Analyzed rectangular
areas in M 20.

(c) Analyzed rectangular
area in S155.

(d) Analyzed rectangular
areas in Gum 31.

(e) Analyzed rectangular
area in Gum 29.

(f) Analyzed rectangular
areas in IC 434.

(g) Analyzed rectangular
areas in NGC 2467.

(h) Analyzed rectangular
areas in M 8.

(i) Analyzed rectangular
areas in NGC 6357.

(j) Analyzed rectangular
area in IC 2944.

(k) Analyzed rectangular
areas in NGC 2174.

(l) Analyzed rectangular
areas in 30 Doradus.

Figure B.1.3: Analyzed H II regions.



Appendix C

Data Tables of Globulettes in
Nebulæ

This Appendix contains the data derived for the studied globulettes from dif-
ferent H II regions in Paper IV that have not been described elsewhere. Coor-
dinates are measured in RA and Dec in column 2 and 3, sizes in arcsecond, and
kAU in column 4 and 5 and shapes (EL = elongated, T = tails and tear-drop
forms, C = connected to filaments or each other, BR/BH = marked as bright
rims or bright halos) in column 6. This column also contains references to other
works. The letter “R”+number indicates that the object is from Reipurth et
al. (2003), letter“D”+number indicates that the object is from De Marco et
al. (2006).
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Table C1: Globulettes studied in Paper IV. Coordinates are measured in RA
and Dec in column 2 and 3, sizes in arcsecond, and kAU in column 4 and 5
and shapes (EL = elongated, T = tails and tear-drop forms, C = connected
to filaments or each other, BR/BH = marked as bright rims or bright halos)
in column 6. This column also contains references to other works. The letter
“R”+number indicates that the object is from Reipurth et al. (2003), letter
“D”+number indicates that the object is from De Marco et al. (2006).

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

(1) (2) (3) (4) (5) (6)

IC 2944, D=2300 pc

1 11:38:10.4 -63:21:02 0.72 1.66 R19
2 11:38:11.5 -63:21:22 1.30 3.00 R20
3 11:38:11.5 -63:20:55 2.15 4.95 R36
4 11:38:13.0 -63:20:38 1.33 3.05 R16
5 11:38:13.1 -63:20:49 0.79 1.82 R17
6 11:38:13.2 -63:21:38 0.50 1.15 R21
7 11:38:14.2 -63:20:46 0.43 0.99 R18
8 11:38:17.7 -63:21:19 0.36 0.82 C
9 11:38:17.8 -63:21:23 0.71 1.63 C
10 11:38:18.1 -63:21:21 0.61 1.4 R25
11 11:38:18.2 -63:21:14 0.27 0.62
12 11:38:18.2 -63:21:40. 1.44 3.31 R23
13 11:38:18.7 -63:21:09 0.53 1.22
14 11:38:18.8 -63:21:44 1.32 3.04 R24
15 11:38:19.0 -63:21:10 0.26 0.60
16 11:38:19.8 -63:21:08 0.51 1.17 R28
17 11:38:20.5 -63:21:18 0.58 1.33 R26
18 11:38:20.5 -63:21:16 0.56 1.29 R27
19 11:38:20.8 -63:20:56 1.15 2.65 R15
20 11:38:21.0 -63:20:46 2.75 6.33 R14
21 11:38:22.5 -63:21:09 0.43 0.99 R35
22 11:38:22.8 -63:20:23 1.66 3.82 R36
23 11:38:23.8 -63:21:31 1.35 3.11 R32
24 11:38:24.2 -63:20:31 1.30 3.00 EL
25 11:38:24.5 -63:20:12 1.22 2.80 R37
26 11:38:25.3 -63:20:14 0.79 1.82 R38
27 11:38:25.8 -63:20:47 0.83 1.91 R12
28 11:38:26.3 -63:21:05 1.00 2.30 R33
29 11:38:30.7 -63:20:21 0.32 0.74 R40
30 11:38:30.9 -63:20:21 0.26 0.60
31 11:38:31.1 -63:20:23 0.36 0.83 T
32 11:38:31.2 -63:20:51 0.51 1.17 R39
33 11:38:33.0 -63:19:43 0.49 1.13 R42
34 11:38:33.1 -63:19:51 0.42 0.97 R41

Carina Nebula, D=2800 pc

1 10:40:44.1 -59:51:02 0.31 0.90 T
2 10:40:55.9 -59:41:46 0.70 2.03
3 10:41:05.0 -59:41:08 0.42 1.22 BH
4 10:42:58.6 -59:17:31 2.38 6.9 T, BR
5 10:43:32.9 -59:16:44 1.30 3.77 BH, EL
6 10:43:51.1 -60:04:37 0.63 1.83 BR
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Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

Carina Nebula, D=2800 pc

7 10:43:52.9 -59:58:50 0.27 0.73
8 10:43:53.4 -60:03:20 0.17 0.49
9 10:43:53.4 -60:04:20 0.27 0.73 BH
10 10:43:54.6 -60:03:05 0.10 0.29
11 10:43:54.9 -60:03:10 0.41 1.19
12 10:43:55.4 -60:02:53 0.19 0.55 BR
13 10:44:01.1 -60:02:35 0.20 0.58
14 10:44:06.7 -59:45:49 0.43 1.25
15 10:44:07.1 -60:25:19 0.76 2.20 T, EL, BR
16 10:44:07.4 -59:45:29 0.59 1.71
17 10:44:09.2 -60:25:25 0.37 1.07
18 10:44:09.3 -60:25:18 0.65 1.89 EL, BR
19 10:44:13.2 -60:03:22 0.25 0.73
20 10:44:14.9 -60:03:17 0.22 0.64
21 10:44:35.7 -60:07:25 0.53 1.54
22 10:44:36.2 -60:08:26 0.41 1.19
23 10:44:41.5 -59:46:27 1.20 3.48
24 10:44:44.8 -59:21:15 0.29 0.84 BH
25 10:44:45.0 -59:21:25 0.34 0.99
26 10:44:46.8 -60:05:41 1.70 4.93
27 10:45:13.0 -60:03:06 1.90 5.51 EL, BR
28 10:45:13.1 -60:03:17 0.24 0.70 TD, BH
29 10:45:13.2 -60:03:19 0.33 0.96 TD, BH
30 10:46:08.2 -59:58:06 0.17 0.49 BR
31 10:46:09.9 -59:59:26 0.27 0.78 C
32 10:46:10.0 -59:59:22 0.35 1.01 EL
33 10:46:12.0 -59:59:26 0.34 0.99 EL
34 10:46:13.2 -59:59:01 0.28 0.81 BR
35 10:46:14.3 -59:58:56 0.38 1.10 TD,T, BR
36 10:46:15.0 -59:59:16 0.16 0.46 BH
37 10:46:15.3 -59:59:53 0.26 0.75
38 10:46:15.4 -59:59:19 0.075 0.22 BR
39 10:46:15.5 -59:58:57 0.27 0.78 BR
40 10:46:15.6 -59:59:20 0.09 0.26 BR
41 10:46:15.6 -59:59:14 0.21 0.61 BR
42 10:46:15.8 -59:59:23 0.10 0.29 BR
43 10:46:15.9 -59:59:01 0.27 0.78 BR
44 10:46:16.0 -59:59:58 0.21 0,61 EL
45 10:46:17.0 -59:59:58 0.36 1.04 EL
46 10:46:17.2 -59:59:31 0.075 0.22 BH
47 10:46:19.4 -59:59:43 0.14 0.41 C to 49
48 10:46:19.5 -59:59:44 0.11 0.32 C to 47
49 10:46:19.6 -59:59:44 0.19 0.55 C to 48
50 10:46:20.1 -59:59:34 0.14 0.41
51 10:46:20.4 -59:59:45 0.24 0.70 T
52 10:46:22.0 -59:57:47 0.29 0.84 T
53 10:46:23.0 -59:59:15 0.18 0.52
54 10:47:39.3 10:47:39 0.75 2.18
55 10:47:51.8 -59:59:48 0.43 1.25

M42/43, D=410 pc

1 5:34:21.4 -5:25:23 1.83 0.75
2 5:35:13.0 -5:23:55 0.21 0.09
3 5:35:13.4 -5:24:15 0.17 0.07



124 APPENDIX C. DATA TABLES OF GLOBULETTES IN NEBULÆ

Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

M42/43, D=410 pc

4 5:35:13.5 -5:24:24 0.29 0.12
5 5:35:13.5 -5:24:25 0.27 0.11
6 5:35:14.1 -5:23:56 0.27 0.11 T C to 7
7 5:35:14.1 -5:23:56 0.34 0.14 T C to 6
8 5:35:14.2 -5:23:52 0.61 0.25
9 5:35:14.5 -5:24:02 0.34 0.14 T, BR

NGC 2467, D=5000 pc

1 7:52:10.7 -26:26:55 0.46 2.30 D50
2 7:52:11.2 -26:26:31 0.24 1.20 D53
3 7:52:11.3 -26:25:30 0.31 1.55 T, BH
4 7:52:12.4 -26:25:35 0.13 0.65 BH
5 7:52:13.2 -26:25:04 0.17 0.85 D33
6 7:52:13.4 -26:24:53 0.27 1.35 D32
7 7:52:13.3 -26:26:10 0.56 2.80 D54
8 7:52:13.7 -26:25:30 0.31 1.55 D24
9 7:52:15.2 -26:26:59 0.25 1.25 D49
10 7:52:15.5 -26:25:33 0.36 1.80 D23
11 7:52:16.2 -26:26:52 0.58 2.90 D47
12 7:52:16.6 -26:25:44 0.24 1.20 D20
13 7:52:16.7 -26:24:47 0.95 4.75 D28
14 7:52:16.8 -26:26:02 0.33 1.65 D17
15 7:52:16.8 -26:25:56 0.34 1.70 D18
16 7:52:16.8 -26:25:39 0.41 2.05 D22
17 7:52:16.8 -26:25:30 0.40 2.00
18 7:52:17.0 -26:25:37 0.14 0.70
19 7:52:17.0 -26:25:49 1.02 5.10 D19
20 7:52:17.1 -26:25:40 0.56 2.80 D21
21 7:52:17.2 -26:27:03 0.16 0.80 BH, EL
22 7:52:17.4 -26:25:59 0.41 2.05
23 7:52:17.5 -26:27:27 0.46 2.30 C
24 7:52:17.6 -26:27:28 0.43 2.15 D45
25 7:52:17.9 -26:27:23 0.32 1.60 EL
26 7:52:18.0 -26:24:55 0.32 1.60 T
27 7:52:18.2 -26:27:31 0.24 1.20 T
28 7:52:18.4 -26:25:04 0.51 2.55 DE25
29 7:52:18.9 -26:27:24 0.13 0.65 BR
30 7:52:18.9 -26:25:14 0.53 2.65 D15
31 7:52:19.4 -26:28:05 0.14 0.70 D34
32 7:52:19.4 -26:25:15 0.47 2.35 T, BR
33 7:52:19.5 -26:25:19 0.31 1.55
34 7:52:19.8 -26:27:34 0.78 3.90 D38
35 7:52:20.0 -26:26:27 0.67 3.35
36 7:52:20.4 -26:25:29 0.37 1.85 D13
37 7:52:20.5 -26:25:37 0.45 2.25
38 7:52:20.5 -26:25:41 0.15 0.75
39 7:52:20.6 -26:28:03 0.28 1.40 BR
40 7:52:20.8 -26:27:50 0.16 0.80 D35
41 7:52:20.8 -26:27:26 0.25 1.25 D41
42 7:52:20.9 -26:25:29 0.30 1.50
43 7:52:21.0 -26:25:29 0.17 0.85 D10
44 7:52:21.0 -26:25:30 0.23 1.15
45 7:52:21.1 -26:27:52 0.15 0.75
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Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

NGC 2467, D= 5000 pc

46 7:52:21.4 -26:25:31 0.26 1.30 BR
47 7:52:21.9 -26:26:15 0.65 3.25 EL
48 7:52:22.1 -26:26:51 0.95 4.75 C EL
49 7:52:22.2 -26:25:28 0.17 0.85
50 7:52:22.3 -26:25:25 0.26 1.30 D9
51 7:52:22.6 -26:26:32 1.20 6.00 BR
52 7:52:23.2 -26:26:54 0.50 2.50
53 7:52:23.2 -26:25:30 0.27 1.35 D8
54 7:52:23.9 -26:25:39 0.14 0.70
55 7:52:24.1 -26:25:33 0.58 2.90 EL
56 7:52:24.9 -26:25:32 0.78 3.90 D6
57 7:52:25.2 -26:25:37 0.24 1.20 D2
58 7:52:25.2 -26:25:38 0.23 1.15 D5
59 7:52:26.0 -26:25:45 0.16 0.80 D3

NGC 281, D=2800 pc

1 0:52:28.1 +56:34:30 0.72 2.01 EL
2 0:52:28.3 +56:34:32 0.50 1.40
3 0:52:51.4 +56:36:28 1.90 5.32 D2
4 0:52:54.1 +56:37:01 1.80 5.04 D3
5 0:52:54.4 +56:37:07 1.60 4.48 D4
6 0:52:54.5 +56:38:16 1.60 4.48
7 0:52:55.5 +56:38:41 0.70 1.96
8 0:52:55.8 +56:38:25 0.75 2.10 C
9 0:52:55.8 +56:38:38 0.63 1.76
10 0:52:56.8 +56:37:31 1.90 5.32
11 0:52:59.0 +56:39:54 1.20 3.36
12 0:52:59.9 +56:38:49 0.78 2.18
13 0:53:00.0 +56:39:48 0.65 1.82
14 0:53:05.4 +56:38:28 0.78 2.18 BR, C, EL
15 0:53:07.7 +56:38:35 0.55 1.54 EL, T
16 0:53:07.8 +56:38:38 0.44 1.23
17 0:53:07.9 +56:39:23 5.00 14.0
18 0:53:13.4 +56:38:01 1.30 3.64

NGC 2174, D=2200 pc

1 6:09:04.8 +20:32:24 0.67 1.47
2 6:09:05. +20:32:10 0.79 1.76 C TO F
3 6:09:12.4 +20:27:08 0.70 1.54 T
4 6:09:12.5 +20:26:25 0.39 0.86
5 6:09:12.9 +20:27:01 0.40 0.88 T
6 6:09:13.1 +20:26:27 0.63 1.39
7 6:09:13.6 +20:26:50 0.30 0.66
8 6:09:13.7 +20:26:47 0.30 0.66
9 6:09:14.0 +20:26:41 0.63 1.39 EL
10 6:09:15.0 +20:28:21 1.10 2.42 BR, T, EL
11 6:09:15.3 +20:26:49 0.88 1.94
12 6:09:15.4 +20:27:13 0.37 0.81
13 6:09:15.5 +20:26:56 0.75 1.65 EL
14 6:09:16.2 +20:26:54 0.78 1.72 EL, T
15 6:09:16.2 +20:28:13 0.83 1.83 BR, EL
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Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

NGC 3603, D=6000 pc

1 11:14:54.9 -61:15:49 0.80 4.80 IR, T
2 11:14:55.8 -61:15:50 1.00 6.00 IR
3 11:15:12.4 -61:15:58 0.29 1.74 C
4 11:15:13.5 -61:16:29 0.28 1.68 TD, BH
5 11:15:14.2 -61:16:08 0.11 0.66

NGC3324, D=2300 pc

1 10:36:42.1 -58:41:03 0.22 0.51
2 10:36:42.5 -58:40:52 0.48 1.10
3 10:36:43.8 -58:40:50 0.52 1.20
4 10:36:44.5 -58:40:56 0.24 0.55
5 10:36:44.9 -58:40:57 0.39 0.94 EL
6 10:36:50.9 -58:40:15 0.28 0.64
7 10:36:54.3 -58:37:01 0.41 0.90 C

NGC 3247, D=4200 pc

1 10:23:57.5 -57:44:44 0.14 0.59 EL
2 10:23:58.1 -57:44:38 0.17 0.71 BH
3 10:23:58.2 -57:44:40 0.76 3.19 BR, EL
4 10:24:03.0 -57:43:59 0.47 1.97 T
5 10:24:09.0 -57:45:60 0.73 3.07 EL,BR
6 10:24:10.0 -57:46:56 0.11 0.46 BR
7 10:24:11.9 -57:46:49 0.20 0.84 BR
8 10:24:13.7 -57:46:52 0.54 2.27 C
9 10:24:14.0 -57:46:56 0.39 1.64 C
10 10:24:17.3 -57:44:57 0.24 1.00 T, BH

NGC 6357, D=1700

1 17:24:46.2 -34:09:27 0.93 1.58 D18
2 17:24:46.6 -34:09:51 0.93 1.58 D13
3 17:24:48.5 -34:10:20 0.37 0.63 D9
4 17:24:49.0 -34:10:19 0.45 0.77 D2
5 17:24:49.1 -34:10:22 0.35 0.60 EL
6 17:24:49.4 -34:10:26 0.33 0.56 D1
7 1 17:24:49.5 -34:09:34 0.17 0.29 D8
8 17:24:49.9 -34:10:06 0.81 1.37 D4
9 17:24:49.9 -34:10:14 2.50 4.25 D3
10 17:24:50.1 -34:10:00 0.18 0.31 D5
11 17:24:50.4 -34:10:06 0.32 0.54 D6

NGC 7635, D=2400 pc

1 23:20:36.5 +61:11:46 0.24 0.58 EL, BR
2 23:20:39.8 +61:11:27 0.39 0.94 BR
3 23:20:43.6 +61:11:34 0.22 0.53 BH
4 23:20:46.0 +61:14:02 0.50 1.20 T, BH

M 8, D=1300 pc

1 18:03:33.2 -24:22:30 0.18 0.23 BR
2 18:03:37.1 -24:24:04 0.40 0.52 BR
3 18:03:37.6 -24:24:10 0.68 0.88 BR
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Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

M 8, D=1300 pc

4 18:03:38.2 -24:22:05 0.44 0.57
5 18:03:38.6 -24:21:58 0.47 0.61
6 18:03:39.0 -24:23:21 0.50 0.65
7 18:03:39.0 -24:22:55 0.43 0.56
8 18:03:39.1 -24:22:31 0.42 0.55
9 18:03:39.6 -24:23:20 0.46 0.60
10 18:03:40.8 -24:22:57 0.18 0.23 EL,T, C
11 18:03:40.8 -24:21:35 0.19 0.25 BR
12 18:03:41.2 -24:22:47 0.39 0.51 T
13 18:03:41.4 -24:22:50 0.61 0.79 EL
14 18:03:41.7 -24:22:56 1.70 2.21 T, C
15 18:03:41.8 -24:22:42 0.13 0.17
16 18:03:41.9 -24:22:45 0.16 0.21
17 18:03:42.4 -24:21:43 0.20 0.26 EL
18 18:03:42.9 -24:23:01 0.54 0.70 EL, C

M 16, D=1800 pc

1 18:18:26.7 -13:44:23 0.55 0.99 C
2 18:18:34.9 -13:43:28 0.47 0.85 EL, T
3 18:18:38.1 -13:44:43 0.80 1.40
4 18:18:39.3 -13:47:13 0.37 0.67 D1
5 18:18:40.3 -13:47:00 0.80 1.40 D2
6 18:18:40.7 -13:44:55 1.25 2.30
7 18:18:40.8 -13:44:56 1.17 2.10
8 18:18:41.1 -13:45:32 0.77 1.39
9 18:18:41.2 -13:45:33 0.80 1.44
10 18:18:43.1 -13:47:09 0.61 1.10 C
11 18:18:43.5 -13:47:10 0.43 0.77 C
12 18:18:44.9 -13:46:46 2.00 3.60 C
13 18:18:45.1 -13:46:57 0.59 1.06 D3
14 18:18:46.0 -13:46:49 0.28 0.50 EL
15 18:18:46.0 -13:46:47 0.28 0.50 EL
16 18:18:46.8 -13:47:11 0.81 1.46 T
17 18:18:47.0 -13:47:10 0.30 0.54 T
18 18:18:47.0 -13:47:04 2.20 3.96 T
19 18:18:47.1 -13:47:34 0.28 0.50 EL, C
20 18:18:47.1 -13:47:19 0.25 0.45 T
21 18:18:47.2 -13:46:59 0.27 0.49
22 18:18:47.2 -13:47:15 0.21 0.38 T
23 18:18:47.2 -13:47:28 0.36 0.65 T
24 18:18:47.3 -13:47:29 0.29 0.52 T
25 18:18:47.3 -13:47:29 0.21 0.38 EL, T
26 18:18:47.4 -13:47:27 0.33 0.59
27 18:18:49.5 -13:45:25 1.70 3.06 T, BR
28 18:18:47.6 -13:47:04 0.12 0.22
29 18:18:49.7 -13:49:00 0.28 0.50 EL, BR
30 18:18:51.0 -13:45:08 1.20 2.16
31 18:18:51.5 -13:48:39 0.58 1.04 EL, BH
32 18:18:51.6 -13:50:05 0.18 0.32
30 18:18:51.0 -13:45:08 1.20 2.16
31 18:18:51.5 -13:48:39 0.58 1.04 EL, BH
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Table C1: continues

Nr R.A. Dec. r̄ R̄ Remarks
J (2000.0) J (2000.0) (arcsec) (kAU)

M 16, D=1800 pc

30 18:18:51.0 -13:45:08 1.20 2.16
31 18:18:51.5 -13:48:39 0.58 1.04 EL, BH
32 18:18:51.6 -13:50:05 0.18 0.32
33 18:18:51.7 -13:45:05 0.28 0.50
34 18:18:51.9 -13:45:09 0.27 0.49 C
35 18:18:52.0 -13:50:07 0.24 0.43 C
36 18:18:52.0 -13:45:13 0.12 0.22 EL
37 18:18:52.3 -13:49:39 0.22 0.40 BH
38 18:18:52.4 -13:50:10 0.40 0.72 C, EL
39 18:18:52.5 -13:44:28 0.55 0.99 BR
40 18:18:53.1 -13:44:22 0.20 0.36
41 18:18:53.2 -13:44:58 0.27 0.49
42 18:19:14.9 -13:44:32 0.69 1.20
43 18:19:25.0 -13:44:38 1.70 3.06 EL, BR
44 18:19:27.9 -13:44:21 0.95 1.7 C, EL
45 18:19:26.5 -13:45:43 0.41 0.74 TD
46 18:19:26.7 -13:45:42 1.00 1.80 EL

M 17, D=2000 pc

1 18:20:27.9 -16:07:59 0.56 1.12 D11
2 18:20:28.8 -16:08:35 0.16 0.32 D8
3 18:20:29. -16:08:16 0.38 0.76 D10
4 18:20:29.1 -16:08:16 0.15 0.3 D9
5 18:20:30.6 -16:07:56 0.36 0.72
6 18:20:33.1 -16:07:59 0.33 0.66 D3
7 18:20:33.5 -16:09:32 0.31 0.62 EL
8 18:20:35.5 -16:08:02 0.13 0.26
9 18:20:35.5 -16:08:01 0.17 0.34 T
10 18:20:37.0 -16:07:45 0.17 0.34 BH
11 18:20:39.0 -16:08:53 0.31 0.62 T
12 18:20:39.1 -16:09:20 0.57 1.14 D7
13 18:20:39.8 -16:09:45 0.18 0.36
14 18:20:39.8 -16:09:52 0.16 0.32
15 18:20:40.8 -16:08:20 0.22 0.44 D1
16 18:20:40.9 -16:08:25 0.22 0.44 EL
17 18:20:41.1 -16:09:22 0.40 0.80 T
18 18:20:41.1 -16:09:24 0.29 0.58 T
19 18:20:41.2 -16:09:25 0.42 0.84 EL
20 18:20:41.3 -16:08:20 0.18 0.36
21 18:20:41.3 -16:09:23 0.18 0.36 T, EL
22 18:20:44.2 -16:09:20 0.71 1.42
23 18:20:48.6 -16:09:28 1.76 3.52 IR
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ABSTRACT

Some H ii regions surrounding young stellar clusters contain tiny dusty clouds, which on photos look like dark
spots or teardrops against a background of nebular emission. From our collection of H� images of 10 H ii regions
gathered at the Nordic Optical Telescope, we found 173 such clouds, which we call ‘‘globulettes,’’ since they are
much smaller than normal globules and form a distinct class of objects. Many globulettes are quite isolated and
located far from the molecular shells and elephant trunks associated with the regions. Others are attached to the trunks
(or shells), suggesting that globulettes may form as a consequence of erosion of these larger structures. None of our
objects appear to contain stellar objects. The globulettes were measured for position, dimension, and orientation,
and we find that most objects are smaller than 10 kAU. The Rosette Nebula and IC 1805 are particularly rich in
globulettes, for which the size distributions peak at mean radii of �2.5 kAU, similar to what was found by Reipurth
and coworkers and De Marco and coworkers for similar objects in other regions. We estimate total mass and density
distributions for each object from extinctionmeasures and conclude that amajority contain<13MJ , corresponding to
planetary-mass objects.We then estimate the internal thermal and potential energies and find, when also including the
effects from the outer pressure, that a large fraction of the globulettes could be unstable and would contract on short
timescales,<106 yr. In addition, the radiation pressure and ram pressure exerted on the side facing the clusters would
stimulate contraction. Since the globulettes are not screened from stellar light by dust clouds farther in, one would
expect photoevaporation to dissolve the objects. However, surprisingly few objects show bright rims or teardrop
forms. We calculate the expected lifetimes against photoevaporation. These lifetimes scatter around 4 ; 106 yr, much
longer than estimated in previous studies and also much longer than the free-fall time. We conclude that a large
number of our globulettes have time to form central low-mass objects long before the ionization front, driven by the
impinging Lyman photons, has penetrated far into the globulette. Hence, the globulettes may be one source in the
formation of brown dwarfs and free-floating planetary-mass objects in the galaxy.

Key words: H ii regions — ISM: general — ISM: globules — planets and satellites: general — stars: formation

Online material: machine-readable table

1. INTRODUCTION

Star-forming regions containingmassive stars develop expand-
ing bubbles of ionized gas, H ii regions, around a central cluster
after the first massive O and B stars appear. Cold molecular ma-
terial surrounds the H ii regions, sometimes developing long fil-
amentary and rather massive pillars of gas and dust, so-called
elephant trunks, extending from the shell and pointing at the cen-
tral young cluster. It was recognized early on that some regions
also contain a number of smaller clouds that appear as dark ob-
jects when silhouetted against the bright background nebulosity
on optical images. Some clouds are relatively large and look like
regular globules, but some are much smaller. The clouds may be
round or shaped like teardrops pointing at the central hot stars,
and many have bright rims indicative of surface activity induced

by the incident stellar UV light and/or the expanding warm
plasma in which the clumps are engulfed. The clouds are usu-
ally found in the vicinity of the trunks or shells and can be con-
nected to these through filamentary threads, but some are quite
isolated (Thackeray 1950; Herbig 1974). The properties of such
globules have been reviewed by Leung (1985).

Reipurth et al. (1997, 2003) have taken a detailed look at the
H ii region IC 2944, first studied by Thackeray, and their Hubble
Space Telescope (HST )material in particular revealed a large num-
ber of tiny dark clouds. Several of them are round and isolated
and have no bright rims. It was concluded that they would dis-
integrate on timescales of less than 100 yr due to photoevapora-
tion unless they were shadowed from stellar light, but no obvious
screen for shadowing was observed. The size distribution, indi-
cating two peaks, shows that most objects have characteristic radii
of less than 10 kAU, and it was hinted that the smallest cloudsmay
have masses of only a few Jupiter masses. Similar objects were
also found by Smith et al. (2003) in the Carina Nebula in a search
for so-called proplyds, photoevaporating circumstellar disks with
central newborn stars (see, e.g., Bally et al. 2000). HST images

1 Based on observations made with the Nordic Optical Telescope, operated
on the island of La Palma jointly by Denmark, Finland, Iceland, Norway, and
Sweden in the Spanish Observatorio del Roque de losMuchachos of the Instituto
de Astrofı́sica de Canarias.
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taken of the H ii region M16 revealed tiny clumps close to major
elephant trunks, and Hester et al. (1996) speculated that these so-
called EGGs (evaporating gaseous globules) would dissolve on
timescales of <104 yr.

Recently, De Marco et al. (2006) surveyed 10 H ii regions for
small dark clouds and proplyds. In addition to IC 2944, another
three H ii regions were found to exhibit a number of similar small
starless clouds, while in other regions none or only some ob-
ject(s) were found. It was suggested that the clumps may be self-
gravitating and could form stars, at least if they were shadowed
from the destructive stellar radiation. The size distributions turn
out to be very similar to that obtained by Reipurth et al. (2003),
but with only one broad peak with effective radii extending from
300 to 5000 AU for IC 2944.

The tiny clouds constitute a specific class of interstellar clouds.
They are similar to the much larger starless globules in their shape
and physical state but distinctly different with regard to distribu-
tion, and are not the low-mass tail of the globules. In the literature
they have many names, splinters, nodules, cusps, etc., and here
we propose the name ‘‘globulettes’’ to distinguish them from
globules.

Isolated free-floating planetary-mass objects have been located
in interstellar space (Zapatero Osorio et al. 2000; Lucas & Roche
2000; Luhman et al. 2005; Jayawardhana & Ivanov 2006a). It has
been suggested that such planets once formed in circumstellar
protoplanetary disks from which they were later ejected, or as a
result of stripping of protostellar material through interaction with
neighboring stars (see, e.g., Kroupa & Bouvier 2003). The recent
discovery of an isolated young binary of very low mass implies
that low-mass objects may originate as a consequence of contrac-
tion of isolated small clouds (Jayawardhana & Ivanov 2006b). In
the present article we investigate whether the tiny clouds discussed
above could also be a source of low-mass objects. Our investiga-
tion is based on deep H� images of 10 H ii regions collected with
the Nordic Optical Telescope. The area coverage is much larger
than the HST-based surveys referred to above, but the spatial
resolution is lower. On the other hand, most of our regions are
closer than those previously studied (not IC 2944), and in many
cases the actual physical resolution is not drastically different. In
total we have found 173 small clouds in this survey. We make a
detailed determination of their masses and discuss the physical
conditions both inside and outside the clouds and whether or not
they may contract. We also discuss their origins and lifetimes.
Preliminary results obtained for two regions, namely, IC 1805 and
the Rosette Nebula, were included in a licentiate thesis by T. G.
(Grenman 2006), in which our numerical methods for analyzing
the observational data are reviewed in detail.

2. OBSERVATIONS AND REGIONS

Deep narrowband H� images of 50 total fields in 10 H ii re-
gions were collected with the 2.6 mNordic Optical Telescope on
La Palma, Canary Islands, Spain. The ALFOSC camera used has
a field diameter of 6.50, and the CCD detector has a scale of
0.18800 pixel�1. The exposure times were 1800 s with few excep-
tions, and the seeing conditions were generally good, 0.700Y1.100.
Two different filters were used: in 1999 a narrowband filter with
33 8 FWHM, covering the nebular emission from only the H�
line, and in 2000 a filter with 180 8 FWHM, also including the
strong nebular emission lines of [N ii] at 6548.1 and 6583.6 8,
flanking the H� line, and hence including more nebular emis-
sion. All images were flat-fielded and corrected for cosmic-ray
excitations and bias. For the calibration of the intensity scale one
also needs to correct for the light from the sky background, and

TABLE 1

Central Positions for Observed Fields

Field No. R.A. (J2000.0) Decl. (J2000.0)

Rosette Nebulaa

1................................................. 06 30 24.0 +04 51 00

2................................................. 06 30 29.0 +04 56 00

3................................................. 06 30 40.0 +05 00 00

4................................................. 06 30 44.0 +04 39 00

5................................................. 06 30 48.0 +05 24 30

6................................................. 06 30 50.0 +05 02 00

7................................................. 06 30 50.0 +05 01 10

8................................................. 06 30 50.0 +05 06 30

9................................................. 06 31 10.0 +05 08 00

10............................................... 06 31 12.0 +05 24 50

11............................................... 06 31 18.5 +05 26 58

12............................................... 06 31 22.0 +05 13 00

13............................................... 06 31 32.7 +05 27 30

14............................................... 06 31 35.4 +05 09 00

15............................................... 06 31 35.4 +05 09 00

16............................................... 06 31 35.8 +05 11 55

17............................................... 06 31 47.8 +05 15 13

18............................................... 06 31 55.0 +05 30 00

19............................................... 06 32 02.0 +05 06 13

20............................................... 06 32 16.0 +05 13 13

21............................................... 06 32 19.0 +04 30 00

22............................................... 06 33 18.0 +04 46 00

23............................................... 06 33 33.0 +04 50 00

NGC 6820b

1................................................. 19 43 35.0 +23 21 39

2................................................. 19 43 37.8 +23 21 54

3................................................. 19 43 42.4 +23 23 00

4................................................. 19 43 52.1 +23 21 39

5................................................. 19 43 52.5 +23 19 35

NGC 7822c

1................................................. 00 01 39.3 +67 06 20

2................................................. 00 02 09.0 +67 05 28

3................................................. 00 05 00.0 +67 06 30

IC 1805d

1................................................. 02 35 00.0 +61 09 30

2................................................. 02 35 48.0 +61 17 57

3................................................. 02 36 09.0 +61 22 25

4................................................. 02 36 29.0 +61 25 35

5................................................. 02 36 35.0 +61 22 12

6................................................. 02 36 46.0 +61 25 00

7................................................. 02 37 30.0 +61 25 00

IC 1848e

1................................................. 02 57 25.0 +60 40 00

2................................................. 03 01 15.0 +60 41 45

NGC 2264f

1................................................. 06 36 18.0 +10 25 22

2................................................. 06 38 04.0 +10 16 30

3................................................. 06 38 09.0 +10 10 56

DWB 44g

1................................................. 20 18 12.0 +39 46 28

2................................................. 20 18 42.0 +39 38 27

3................................................. 20 18 48.0 +39 48 40

4................................................. 20 19 12.0 +39 37 50
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therefore, sky exposures were collected in fields outside the emis-
sion nebulae. The nights were dark, except during parts of 2000
December 2 and 3, when there was moonlight. Several fields were
observed twice, and some fields overlap. The agreement is excel-
lent when comparing parameters derived for the same object ex-
posed during different nights (and years) with different night sky
conditions and at different positions in overlapping fields. Part of
our Nordic Optical Telescope material was first used for a de-
tailed study of elephant trunks in NGC 7822, IC 1805, the Rosette
Nebula, and DWB 44, and more information on these regions can
be found in Carlqvist et al. (2003) and Gahm et al. (2006).

Table 1 lists the central positions of the fields observed in the
H ii regions selected with adopted distances based on the refer-
ences quoted. NGC 7822 is relatively nearby and related to the
Cep OB4 association centered on the young cluster Berkeley 59.
IC 1848 and IC 1805 are connected to sites of extensive star for-
mation in the Perseus arm. The Rosette Nebula (NGC 2237Y
2246) is a magnificent H ii region with numerous elephant trunks.
A cavity has developed around the central massive, young stars.
NGC 2264 and IC 2177 (related to CMa OB1) are relatively
nearby (�1 kpc) regions of star formation. NGC 6820 is related to
the young cluster NGC 6823 and the Vul OB4 association, while
for DWB 39, DWB44, and an anonymous nebula in the crowded,

TABLE 1—Continued

Field No. R.A. (J2000.0) Decl. (J2000.0)

IC 2177h

1................................................. 07 04 44.4 �10 26 55

DWB 39 i

1................................................. 20 20 51.3 +39 17 00

Cyg X Anonymous j

1................................................. 20 26 32.0 +41 22 12

Note.—Units of right ascension are hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and arcseconds.

a Distance of 1.4 kpc (Ogura & Ishida 1981).
b Distance of 1.89 kpc (Kharchenko et al. 2005).
c Distance of 0.85 kpc (MacConnell 1968).
d Distance of 2.35 kpc (Massey 1995).
e Distance of 2.2 kpc (Guetter & Vrba 1989).
f Distance of 0.76 kpc (Sung et al. 1997).
g Distance of 0.72 kpc (Kaltcheva & Hilditch 2000; Gahm et al. 2006).
h Distance of 1.0 kpc (Kaltcheva & Hilditch 2000; Tjin A Djie et al. 2001).
i Distance of 0.72 kpc (Kaltcheva & Hilditch 2000; Gahm et al. 2006).
j Distance of 0.72 kpc (Kaltcheva & Hilditch 2000; Gahm et al. 2006).

Fig. 1.—Observed fields in the Rosette Nebulamarked on awide-field image taken at Kitt PeakNationalObservatory. Dark, prominent shell structures and elephant trunks
are seen in silhouette against the bright background. The so-called Wrench trunk is located in fields 13 and 14. The image spans 510 ; 510; north is up, and east to the right.
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so-called Cygnus X region (see, e.g., Dickel et al. 1969), there is
less information on distances and relations to sites of star forma-
tion. DWB 39 and DWB 44 belong to a system of nebulae that
may be connected to the Cyg OB9 association according to
Gyul’budagyan et al. (1994), who assigned a distance of 0.74 kpc.
The anonymous nebula observed by us may be connected to the
same association.

The majority of the fields are in the Rosette Nebula and
IC1805, as displayed in Figures 1 and 2, while for three regions
we have only one exposure, each centered on elephant trunks. In
total we covered an area of�1570 arcmin2. We located 173 dis-
tinct clouds of different sizes. Of these 145 are in the Rosette
Nebula (NGC 2237Y2246), which is also best covered, and 18
in IC 1805, and we focus our discussion on objects in these two
regions. In half of the regions not a single object was found. Sim-
ilarly, in the survey by De Marco et al. (2006) only half of the
regions contained cloudlets, and in the central part of the Orion
Nebula, where star formation has ceased, there are many proplyds
but few starless cloudlets. Our sample of regions is entirely

different from those that have been surveyed for small clouds
before, but several of the largest elongated features in the Rosette
Nebula were already noticed by Herbig (1974). Most of the
clouds we found are sharp and slightly elliptical, even circular,
andwithout any sign of bright rims indicative of ongoing surface
activity. Some are more elongated, even shaped like teardrops but
with a distinct head, and these can be connected to nearby trunks
with thin dark filaments. The teardrops may also have bright rims
on the side facing the center of the H ii region. There are also iso-
lated clouds with bright rim features, like diffuse halos surround-
ing a dense core.

3. OBSERVED AND DERIVED PROPERTIES
OF THE CLOUDS

Most of the globulettes found in the Rosette Nebula are in the
fields covering the long chain of dark filaments and trunks just to
the north and northwest of the central cavity. There is no evi-
dence of any obscuring structures in the area over the cavity, and
it is likely that this area is also void of very small clouds. Figure 3
shows examples of globulette-rich fields in the Rosette Nebula
and IC 1805. The top panels show areas in field 8, which contains
larger blocks of obscuring matter reminiscent of the irregular
globule called Thackeray 1 by Reipurth et al. (2003) in IC 2944.
The globule in the right panel is connected to the general shell,
while the one in the left panel is rather isolated and may have
fragmented from the shell. The bottom panels show areas close to
big trunks, named by Carlqvist et al. (2003) in the Rosette Nebula
and IC 1805. Note that some globulettes are quite isolated and
appear as dark spots with or without bright rims or halos. The
globulettes are designated with ‘‘G’’ and a running number for
each region. A brief reference to the H ii region in question is
added as an index in order to avoid confusion.
In Figure 4 we zoom in on a number of globulettes starting

with a series of round and well-defined objects, followed by
some examples of irregular and very elongated objects. Such flat
globulettes are few, and since they are all lined up and point at the
central clusters, they are more likely teardrops than disks. A few
globulettes are double and connected with thin dark filaments.
GRN 94/95 is an example of such a pair. The bottom rows show
objectswith bright diffuse haloswith orwithout visible dark cores.
To start with we determined the central positions of the objects

based on coordinate systems constructed from several reference
stars in each field. The outer contour of an object is set where the
intensity level has dropped to 95% of the interpolated background
nebular intensity. Outside this contour the level of noise starts to
affect the definition of the boundary, but as a rule very little matter
resides in the outskirts. Thereafter ellipses are fitted to the contours
using amethod developed byFitzgibbon et al. (1996, 1999), andwe
derive the seeing-corrected sizes (semimajor and semiminor axes),
as well as the position angles of the elongated objects. With the
adopted distance we then find the physical dimensions of the ob-
jects and define a characteristic radius r as the mean of the semi-
major and semiminor axes. The so-derived positions, dimensions,
and orientations are listed in Table 2 together with information on
which objects have bright rims or halos (BR), pronounced tails (T),
or distinct filamentary connections (F) to larger cloud structures.
Reipurth et al. (2003) made some estimates of the masses

of globulettes on the basis of their average optical depth, a
method that was applied earlier to proplyds (O’Dell &Wen 1994;
McCaughrean & O’Dell 1996). We have undertaken a more thor-
ough analysis to derive themasses of the globulettes. The residual
intensity for each pixel within a cloud relative to the interpolated
bright background relates to the extinction due to dust at 6563 8
(A�). However, we do not know howmuch of the residual intensity

Fig. 2.—Observed fields in IC 1805marked on awide-field image. The image
spans 160 ; 290. The so-called Stag Beetle trunk is in field 5.
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Fig. 3.—Top panels: Two areas in field 8 in the Rosette Nebula. The field is rich in globulettes, which cluster around two large, dark globules. The left panel spans
3:10 ; 1:90. The right panel, spanning 4:30 ; 2:40, contains three large globulettes connected to the globule by very long filaments, which point like fingers toward the
central cluster.Middle left: Area containing a string of globulettes connected with very thin filaments to theWrench trunk. North of the string is the jawlike head of another
trunkwith helical, filamentary substructures. The panel spans 4:40 ; 3:60.Middle right: Southern part of theWrench trunkwith its jawlike head and the clumpsGRN 73 and
79 at the ends. These objects appear to be in the process of detaching from the trunk. Isolated dark globulettes are found in the vicinity. The panel spans 4:20 ; 2:80. South of
the jaw are several isolated objects with dark cores surrounded by spherical bright halos (see enlarged square). Bottom left: Area in the southeastern part of the Stag Beetle
trunk. Besides some isolated globulettes there are clumps with V-shaped filamentary connections to the shell, ‘‘outgrowths.’’ The panel spans 1:50 ; 1:70.



is due to foreground emission from the H ii regions engulfing the
object. Two extreme cases were considered: no foreground emis-
sion at all, or practically all the residual intensity in the dark-
est areas of each object being caused by foreground emission. In
the latter case we have set the level of the foreground emission to
95% of the darkest area of the object in order to avoid situations in
which the extinction, and thereby the column density, becomes
infinite in individual pixels because of noise. We have assumed
a standard interstellar reddening law (Savage & Mathis 1979) to
compute the visual extinction, AV ¼ 1:20A�, and from this we
compute for each pixel the column densities of molecular hydro-
gen,N (H2) ¼ 9:4 ; 1020AV, according to the relations by Bohlin
et al. (1978), including the standard mass ratio of gas to dust of 100
and assuming that all hydrogen is in molecular form. In order to

obtain the total column density we assume that a cosmic chem-
ical composition applies (with amass fraction of hydrogen of fH ¼
0:73). The final relation between total column densityN expressed
in g cm�2 mag�1 and A� can be written

N ¼ mH2

1

fH
N (H2) ¼ 5:17 ; 10�3

� �
A�; ð1Þ

where mH2
is the mass of a hydrogen molecule.

For each object we then sum over all pixels inside the contour
defined above and obtain the total mass.We finally take themean
of the two extreme cases defined above as a measure of the total
mass of each object. The extreme values differ from this mean by
�50% on average.

Fig. 4.—Examples of globulettes. The first five rows show some dark, relatively well-defined, rather round objects, and the fifth row contains some very tiny objects.
The sixth row shows teardrop-shaped objects without bright rims. The star in GRN 72 is probably not connected to this very diffuse globulette, while GRN 91 appears to have a
close foreground star, which illuminates the surface of the globulette. GRN 94/95 is an example of the rather few double globulettes found. Examples of teardrop-shaped
globulettes with bright rims, also some with a rather flat appearance, are shown in the seventh row, and objects with bright halos are in the eighth row. In the ninth row are
examples of diffuse, bright objects (designated BO), not investigated here. The images span 1700 ; 1700.
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TABLE 2

List of Globulettes

Globulette No. Glob Flag R.A. (J2000.0) Decl. (J2000.0)

�

(arcsec)

�

(arcsec)

r

( kAU)

P.A.

(deg)

Mass

(MJ)

�

(10�20 g cm�3)

NGC 7822 (G7822)

1......................... BR 00 02 22.18 +67 07 26.5 2.3 2.1 1.9 � 1.90 4.24

2......................... BR 00 04 42.33 +67 03 26.6 3.0 2.2 2.2 � 3.77 5.60

3......................... BR 00 04 42.99 +67 03 20.3 3.2 1.7 2.1 �8 2.43 5.68

4......................... T 00 04 52.21 +67 04 10.2 4.2 3.7 3.4 � 12.5 4.78

5......................... BR 00 04 56.88 +67 07 25.0 1.5 1.4 1.2 � 0.38 2.9

6......................... BR 00 04 57.64 +67 07 21.3 4.3 0.7 2.1 �26 0.49 5.4

7......................... 00 05 00.87 +67 03 58.6 1.8 1.0 1.2 � 0.93 10.7

8......................... 00 05 10.58 +67 04 07.3 2.7 2.4 2.2 � 4.05 5.86

9......................... 00 05 18.81 +67 08 09.7 0.6 0.5 0.45 � 0.27 44.0

IC 1805 (G1805)

1......................... T 02 34 50.23 +61 11 07.0 2.9 2.5 6.4 44 36.4 2.04

2......................... BR 02 35 51.29 +61 20 28.5 1.9 1.0 3.4 10 8.08 4.11

3......................... BR 02 35 57.92 +61 18 49.9 2.0 0.6 3.0 11 5.75 8.96

4......................... F 02 35 58.79 +61 18 36.3 7.5 4.3 14 10 255 1.95

5......................... F 02 36 18.00 +61 23 30.6 5.1 2.0 8.3 �23 55.0 2.91

6......................... F 02 36 19.77 +61 23 35.0 2.2 1.5 4.4 3.7 16.7 3.52

7......................... F 02 36 23.10 +61 23 03.7 3.7 2.7 7.4 6.3 61.8 2.46

8......................... F 02 36 24.92 +61 24 59.9 5.6 3.0 10 �9.2 96.6 2.00

9......................... 02 36 25.29 +61 20 49.1 1.5 0.8 2.6 36 5.53 6.50

10....................... 02 36 31.60 +61 21 43.8 1.5 1.3 3.3 � 10.5 4.41

11....................... 02 36 32.68 +61 22 09.5 1.2 0.9 2.5 � 5.43 6.08

12....................... F 02 36 34.55 +61 21 41.4 2.0 1.5 4.1 � 25.2 5.64

13....................... 02 36 38.41 +61 21 47.4 1.4 1.3 3.2 � 9.22 3.99

14....................... 02 36 42.11 +61 19 48.1 2.0 1.0 3.5 �6.0 7.53 3.75

15....................... 02 36 45.19 +61 22 01.1 0.6 0.5 1.3 � 2.67 17.1

16....................... 02 36 46.62 +61 19 17.1 3.4 2.9 7.4 �39 58.8 2.16

17....................... 02 36 47.85 +61 21 57.8 2.5 1.8 5.1 4.5 23.5 3.04

18....................... 02 36 52.65 +61 20 03.0 1.1 0.8 2.2 � 6.03 8.58

Rosette Nebula (GRN)

1......................... 06 30 24.08 +04 48 03.5 1.6 1.3 2.1 � 2.98 5.08

2......................... 06 30 28.99 +04 49 27.8 3.3 2.6 4.1 � 13.0 2.98

3......................... 06 30 31.56 +04 51 26.3 1.7 1.3 2.1 � 5.59 8.93

4......................... T 06 30 31.68 +04 55 34.0 3.9 3.3 5.1 �7.3 28.5 3.27

5......................... F 06 30 32.69 +04 57 34.2 15 10 18 �44 665 2.09

6......................... T 06 30 33.02 +04 50 37.2 3.8 2.2 4.2 �2.8 18.2 5.06

7......................... T 06 30 36.73 +04 55 19.1 3.6 2.5 4.2 �1.5 18.4 4.11

8......................... 06 30 37.39 +04 42 05.2 2.6 2.2 3.4 1.2 9.01 3.41

9......................... 06 30 40.14 +05 01 28.6 5.7 4.6 7.2 � 72.2 3.02

10....................... 06 30 41.72 +04 40 58.1 2.6 2.0 3.2 � 9.63 4.37

11....................... 06 30 42.29 +05 05 41.9 2.3 2.1 3.1 � 8.08 3.95

12....................... T 06 30 43.88 +05 08 42.4 6.3 3.2 6.6 �30 46.9 3.65

13....................... F 06 30 45.33 +04 41 28.1 3.6 2.8 4.5 � 17.6 3.05

14....................... F 06 30 45.47 +04 41 21.4 3.0 2.8 4.1 � 17.0 3.59

15....................... F 06 30 45.60 +04 41 27.4 1.9 1.6 2.4 � 6.39 6.87

16....................... 06 30 45.94 +05 06 29.8 1.6 1.4 2.1 � 4.11 6.31

17....................... 06 30 45.94 +05 06 25.7 1.9 1.5 2.4 � 4.26 4.78

18....................... 06 30 48.48 +05 05 58.9 1.4 1.2 1.8 � 3.05 7.04

19....................... F 06 30 48.58 +05 04 45.2 3.6 1.7 3.7 36 8.22 4.11

20....................... F 06 30 49.12 +05 04 49.0 2.5 2.1 3.3 � 9.76 4.18

21....................... F 06 30 49.53 +05 06 12.9 2.4 1.7 2.9 � 8.63 5.99

22....................... 06 30 49.83 +05 06 15.3 2.7 1.9 3.3 � 10.9 5.21

23....................... 06 30 51.50 +04 39 56.7 1.7 1.4 2.2 � 3.88 5.69

24....................... 06 30 52.79 +05 08 31.4 4.5 4.0 5.9 � 32.9 2.26

25....................... 06 30 52.88 +04 37 01.1 1.6 1.3 2.0 � 3.49 6.71

26....................... 06 30 53.57 +05 09 08.7 2.0 1.2 2.3 3.5 5.54 8.98

27....................... 06 30 54.42 +05 09 12.3 1.7 1.2 2.1 � 4.14 7.73

28....................... T 06 30 54.62 +05 22 30.6 4.9 2.8 5.4 �12 23.9 3.16

29....................... 06 30 54.95 +05 09 17.0 2.1 1.3 2.4 25 4.52 6.19

30....................... T 06 30 55.30 +05 23 09.9 4.0 3.0 4.9 �13 17.9 2.45

31....................... T 06 30 56.66 +05 05 47.8 9.4 7.1 11 �11 155 1.64



TABLE 2—Continued

Globulette No. Glob Flag R.A. (J2000.0) Decl. (J2000.0)

�

(arcsec)

�

(arcsec)

r

(kAU)

P.A.

(deg)

Mass

(MJ)

�

(10�20 g cm�3)

Rosette Nebula (GRN)

32....................... 06 30 57.18 +05 07 10.5 3.2 1.9 3.6 26 12.7 5.68

33....................... 06 30 58.09 +05 07 08.2 3.1 2.1 3.6 �33 12.7 4.87

34....................... 06 31 03.94 +05 07 09.0 4.2 3.3 5.3 � 33.7 3.56

35....................... T 06 31 05.88 +05 05 55.3 7.4 5.9 9.3 � 172 3.30

36....................... T 06 31 06.54 +05 05 24.0 1.4 1.2 1.8 � 4.81 11.8

37....................... 06 31 06.37 +05 06 38.0 4.6 3.6 5.7 � 46.4 3.84

38....................... T 06 31 07.39 +05 05 04.4 7.8 4.0 8.2 �24 96.8 3.90

39....................... T, F 06 31 09.67 +05 06 26.8 4.6 2.9 5.3 �31 42.2 5.30

40....................... T, F 06 31 10.80 +05 06 08.2 6.5 5.7 8.5 �33 123 2.85

41....................... 06 31 11.25 +05 06 56.1 1.0 0.9 1.3 � 2.88 17.7

42....................... 06 31 12.75 +05 08 17.9 1.6 1.1 1.9 39 3.53 9.07

43....................... 06 31 13.75 +05 12 37.2 1.9 1.6 2.5 � 4.63 4.67

44....................... 06 31 13.91 +05 08 06.0 3.3 2.5 4.0 � 16.8 4.01

45....................... 06 31 15.29 +05 11 40.3 3.5 3.2 4.7 � 16.2 2.22

46....................... 06 31 15.58 +05 07 38.4 2.1 1.8 2.7 � 6.00 4.67

47....................... T, F 06 31 16.16 +05 05 58.5 4.6 3.5 5.7 � 27.1 2.32

48....................... 06 31 16.16 +05 07 33.1 2.2 1.4 2.5 �14 4.71 5.62

49....................... 06 31 18.71 +05 07 54.0 3.4 2.8 4.3 � 22.2 4.21

50....................... 06 31 20.14 +05 08 12.1 2.8 2.1 3.4 � 11.4 4.66

51....................... 06 31 20.22 +05 08 29.8 2.8 1.7 3.1 �36 9.46 5.99

52....................... F 06 31 21.18 +05 08 59.0 4.5 4.1 6.0 � 34.7 2.32

53....................... 06 31 21.26 +05 09 12.3 3.4 3.0 4.5 � 20.6 3.42

54....................... 06 31 21.31 +05 09 21.2 2.3 1.6 2.7 � 5.11 4.20

55....................... 06 31 21.56 +05 08 21.5 10 3.6 9.6 �40 67.2 2.49

56....................... 06 31 21.56 +05 08 38.0 1.8 1.7 2.4 � 4.16 4.21

57....................... 06 31 22.31 +05 10 29.7 3.2 2.5 4.0 � 13.4 3.29

58....................... 06 31 22.16 +05 08 41.9 1.9 1.6 2.5 � 4.11 4.10

59....................... 06 31 23.30 +05 08 43.1 2.9 2.4 3.7 � 13.6 4.19

60....................... 06 31 23.77 +05 10 50.6 2.0 1.7 2.6 � 6.27 5.19

61....................... 06 31 24.04 +05 10 52.7 2.5 1.8 3.0 � 8.09 5.02

62....................... 06 31 27.45 +05 13 47.0 3.6 2.2 4.1 17 13.9 3.75

63....................... 06 31 27.45 +05 26 30.0 6.7 4.0 7.5 �24 59.4 2.69

64....................... 06 31 27.96 +05 13 56.8 4.0 2.5 4.5 �20 18.2 3.68

65....................... 06 31 29.70 +05 09 32.2 2.6 2.3 3.5 � 9.22 3.18

66....................... T 06 31 30.82 +05 12 16.8 4.1 2.6 4.7 �30 22.3 4.00

67....................... 06 31 31.40 +05 13 14.1 3.4 2.2 3.9 �15 14.7 4.40

68....................... 06 31 31.55 +05 13 07.1 3.3 2.7 4.2 � 14.9 3.04

69....................... 06 31 31.65 +05 12 04.1 1.6 1.2 1.9 � 2.90 6.63

70....................... BR 06 31 32.15 +05 07 59.3 2.3 1.1 2.4 �14 2.80 4.99

71....................... 06 31 32.17 +05 27 01.1 1.2 1.1 1.5 � 2.61 10.1

72....................... 06 31 32.96 +05 08 57.6 6.5 4.7 7.9 � 42.8 1.45

73....................... BR, F 06 31 34.49 +05 06 58.7 5.8 4.2 7.0 � 51.4 2.49

74....................... 06 31 34.57 +05 06 57.6 1.0 1.0 1.4 � 1.74 7.95

75....................... F 06 31 37.18 +05 09 23.6 1.2 1.1 1.6 � 2.47 8.74

76....................... 06 31 37.59 +05 09 14.4 1.0 0.8 1.3 � 1.48 10.4

77....................... 06 31 37.81 +05 08 54.3 2.5 2.1 3.3 � 8.81 3.79

78....................... BR 06 31 37.95 +05 06 53.3 1.4 1.1 1.7 � 1.50 4.64

79....................... BR, F 06 31 38.41 +05 07 16.9 6.4 5.6 8.4 � 85.1 2.10

80....................... BR 06 31 39.37 +05 06 31.9 1.8 1.1 2.0 27 1.83 4.57

81....................... 06 31 39.73 +05 27 09.3 2.4 1.0 2.4 �38 2.31 5.02

82....................... 06 31 39.88 +05 27 10.4 2.5 1.1 2.5 �16 2.70 4.51

83....................... 06 31 40.39 +05 28 46.4 1.0 0.9 1.3 � 1.45 8.85

84....................... BR 06 31 40.72 +05 06 30.1 2.0 1.1 2.2 �25 2.91 5.85

85....................... 06 31 43.07 +05 12 33.8 4.5 2.5 4.9 �13 33.2 5.61

86....................... 06 31 43.30 +05 12 12.1 1.3 0.9 1.6 � 3.31 13.6

87....................... 06 31 43.84 +05 12 11.3 4.3 2.3 4.6 �36 15.6 3.52

88....................... 06 31 43.90 +05 11 28.6 3.1 2.8 4.2 � 19.6 3.92

89....................... 06 31 44.14 +05 12 19.1 2.7 1.5 2.9 �28 7.94 6.48

90....................... 06 31 44.24 +05 10 36.9 1.8 1.5 2.3 � 5.17 6.32

91....................... 06 31 44.34 +05 12 01.1 2.8 2.5 3.7 � 11.5 3.30

92....................... 06 31 44.63 +05 12 32.1 2.7 1.4 2.9 �30 7.72 7.31

93....................... 06 31 44.80 +05 11 52.8 4.6 2.3 4.8 �40 14.0 2.83

94....................... 06 31 45.73 +05 11 33.9 3.7 2.8 4.5 � 22.4 3.92

95....................... 06 31 46.10 +05 11 24.4 4.5 3.2 5.4 23 36.8 4.00

96....................... F 06 31 52.95 +05 15 33.4 1.5 1.4 2.0 � 3.73 6.74

97....................... F 06 31 56.59 +05 16 38.1 2.3 1.4 2.6 �8.0 5.77 6.46



We also derive the column density profiles of the globulettes
from the extinction profiles across the globulettes. The observed
extinction profiles must be corrected for the influence of seeing,
which is of importance only for the smallest objects.Many objects
may be slightly concentrated toward the center, but not asmuch as
would expected from a standard r�1.5 dependence, representing

protostellar conditions. Therefore, the cores of most objects are
represented rather well with a density law assuming uniform vol-
ume density (see the example in Fig. 5), and we calculate this
average density. The total number densities range from 3 ; 103 to
1 ; 105 cm�3 and cluster around 104 cm�3. The so-derived masses
and densities (with � in 10�20 g cm�3) are entered in Table 2.

TABLE 2—Continued

Globulette No. Glob Flag R.A. (J2000.0) Decl. (J2000.0)

�

(arcsec)

�

(arcsec)

r

( kAU)

P.A.

(deg)

Mass

(MJ)

�

(10�20 g cm�3)

Rosette Nebula (GRN)

98....................... 06 31 57.49 +05 16 44.8 1.6 1.5 2.1 � 4.87 7.22

99....................... F 06 31 57.55 +05 16 37.7 2.9 1.4 3.0 �24 5.48 4.56

100..................... F 06 31 57.78 +05 16 30.5 1.4 1.1 1.8 � 3.02 8.25

101..................... F 06 31 58.45 +05 16 10.9 11 8.1 14 � 234 1.53

102..................... 06 31 59.54 +05 15 52.8 1.2 1.1 1.6 � 2.17 7.48

103..................... 06 31 59.75 +05 17 19.1 2.1 1.3 2.4 � 4.61 6.24

104..................... 06 31 59.92 +05 17 08.2 1.9 1.3 2.3 � 4.54 6.52

105..................... 06 32 00.37 +05 14 42.9 3.4 2.2 3.9 23 17.6 5.46

106..................... 06 32 00.91 +05 16 42.0 1.1 0.9 1.4 � 2.06 10.7

107..................... 06 32 03.14 +05 16 58.8 2.1 1.6 2.6 � 5.69 5.46

108..................... 06 32 04.63 +05 18 02.4 1.9 1.2 2.2 � 3.57 6.16

109..................... 06 32 06.35 +05 19 21.5 2.4 1.4 2.6 �22 4.92 5.34

110..................... F 06 32 07.34 +05 15 57.2 12 7.2 13 6.0 190 1.50

111..................... 06 32 12.18 +05 16 04.4 1.2 1.1 1.6 � 2.04 7.74

112..................... 06 32 12.97 +05 16 13.5 2.0 1.5 2.5 � 5.59 6.07

113..................... 06 32 13.06 +05 13 28.5 6.2 4.3 7.4 � 52.4 2.25

114..................... T 06 32 13.82 +05 12 55.3 9.9 6.2 11 8.0 195 2.52

115..................... F 06 32 14.45 +05 14 15.7 2.2 1.6 2.7 � 7.55 6.29

116..................... T, F 06 32 14.61 +05 14 36.4 1.5 0.8 1.7 35 3.45 15.6

117..................... 06 32 15.31 +05 14 04.9 2.3 1.8 2.9 � 7.60 4.99

118..................... 06 32 15.49 +05 14 33.1 2.4 1.3 2.6 6.0 4.60 5.49

119..................... 06 32 15.90 +05 14 25.9 2.0 1.4 2.3 � 4.07 5.69

120..................... 06 32 15.95 +05 14 33.6 2.6 1.4 2.8 39 6.02 5.97

121..................... 06 32 16.36 +05 14 17.0 5.1 1.7 4.8 26 11.9 3.87

122..................... T 06 32 17.89 +05 12 23.4 9.7 3.0 8.9 6.7 68.0 3.73

123..................... 06 32 18.80 +05 12 36.8 0.5 0.4 0.67 � 0.98 51.2

124..................... 06 32 18.81 +05 12 39.3 0.8 0.6 0.92 � 1.01 21.3

125..................... 06 32 18.90 +05 12 59.3 3.2 1.8 3.5 18 9.56 4.77

126..................... T 06 32 18.95 +05 12 45.5 2.4 1.1 2.4 28 5.66 10.1

127..................... 06 32 19.90 +05 13 56.6 1.8 0.9 1.9 39 2.89 9.99

128..................... 06 32 20.02 +05 12 36.2 0.9 0.6 1.1 � 1.18 17.1

129..................... 06 32 20.35 +05 12 52.2 26 9.4 25 28 691 1.47

130..................... 06 32 21.19 +05 13 41.2 0.8 0.7 1.0 � 1.65 22.3

131..................... 06 32 22.55 +05 13 46.2 1.4 1.2 1.8 � 3.18 7.43

132..................... 06 32 22.66 +05 13 50.3 1.1 0.7 1.3 � 1.60 14.1

133..................... 06 32 22.91 +05 14 33.8 3.0 1.7 3.3 �6.0 7.72 4.53

134..................... 06 32 23.61 +05 14 28.8 1.0 0.6 1.2 10 1.27 15.6

135..................... 06 32 23.62 +05 14 24.3 1.0 0.8 1.3 � 1.46 11.6

136..................... 06 32 23.64 +05 14 12.7 2.7 1.1 2.7 � 4.59 6.33

137..................... 06 32 23.70 +05 14 35.1 1.6 0.6 1.5 �35 2.30 18.3

138..................... 06 32 24.96 +05 13 37.5 0.8 0.7 1.1 � 1.85 22.4

139..................... 06 32 25.49 +05 14 21.2 3.1 1.6 3.3 41 10.0 6.52

140..................... 06 32 26.15 +05 10 41.0 2.9 2.4 3.7 � 12.4 3.61

141..................... 06 33 14.70 +04 47 07.0 5.2 4.4 6.7 � 52.7 2.61

142..................... 06 33 17.11 +04 45 46.9 3.6 3.2 4.8 � 20.1 2.67

143..................... 06 33 18.09 +04 45 06.8 2.9 2.7 3.9 � 17.8 4.22

144..................... T 06 33 31.36 +04 50 53.3 5.4 3.0 5.9 1.5 36.1 3.69

145..................... 06 33 37.17 +04 51 00.4 3.8 3.5 5.1 � 29.1 3.05

NGC 6820 (G6820)

1......................... BR 19 43 27.68 +23 21 24.9 0.9 0.6 0.7 � 0.6 25.6

Notes.—Shown are central positions, dimensions, position angles, mean masses, and densities. (BR) Bright rim or halo; (T) pronounced tail; (F) distinct filamentary
connection to larger cloud structures. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. In the position
angle column, asterisks indicate that the position angle is not well defined (round object). Table 2 is also available in the electronic edition of the Astronomical Journal.
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Interestingly, four of our larger objects in the Rosette Nebula,
GRN 12, 13, 39, and 40,were detected inCObyGonzález-Alfonso
& Cernicharo (1994), and total masses were derived based on the
gas content. The agreement with our mass estimates, based on
the dust content, is excellent, which supports our method and
also the assumption of a normal gas-to-dust ratio. González-
Alfonso & Cernicharo also derived the internal temperature of
their clouds, from which we find a mean of T ¼ 18 K, which we
adopt as the internal temperature for all our clouds in the sub-
sequent analysis.

4. RESULTS

4.1. Statistics

More than half of the globulettes are nearly circular, and no
position angle can be defined. Only a minority are irregular or
have pronounced teardrop forms with or without filamentary con-
nections. In Figure 6 we show the orientation of the elongated
objects in the Rosette Nebula, and as noted by Herbig (1974) they
all point at the central cluster. The same pattern is also evident in
IC 1805 and other regions with a smaller number of objects. In
addition, the distribution of ellipticity of the globulettes is similar
for the two regions.

The size distributions of globulettes in the Rosette Nebula and
IC 1805 are shown in Figure 7. The majority of the objects have
radii <10 kAU, and the distribution peaks at �2.5 kAU. This
corresponds well with the distributions found by DeMarco et al.
(2006), with the difference that objects smaller than �0.7 kAU
escape detection in our survey. IC 1805 has a similar distribution
of sizes, but since the region ismore distant, the low-mass limit is
larger.

Figure 8 shows the distributions of mass for globulettes in the
Rosette Nebula and IC 1805. One finds that the distribution is
dominated by objects with masses <13 MJ , which is currently
taken to be the domain of planetary-mass objects. Regular glob-
ules, clouds with masses >60 MJ , are rare. Objects with masses
<1MJ may escape detection. The detection limit varies depend-
ing on the distance to the H ii region in question and to the con-

trast. None of our objects contain central stellar objects or coincide
in position with IR sources listed in the Two Micron All Sky
Survey (Skrutskie et al. 2006). Hence, there is so far no evidence
of embedded objects, but deeper searches for IR sources of
very low luminosity are needed. As it stands, we have not found
a single proplyd candidate in our survey.We conclude that most
globulettes have masses of around a few Jupiter masses only.
Hence, the indication is that these small clouds cannot form nor-
mal stars.

4.2. Physical Parameters

Next we turn to the question of the physical state of the
globulettes, and whether or not they may be unstable to gravita-
tional contraction. Based on the findings abovewe assume that the
globulettes are uniform with regard to density and temperature

Fig. 5.—Left: Distribution of total column densities N, derived from the image of GRN 88. Right: Corresponding normalized column density profile as derived from a
cut through the globulette center, but after the correction for the influence of seeing (squares). Superposed are the theoretical predictions assuming uniform density (solid
line) and an r�1.5 dependence (dashed line). The observed column densities fall in between these two cases.

Fig. 6.—Map of the northwestern quadrant of the Rosette Nebula, with the
core of all elongated objects markedwith an assigned number. The lines show the
orientations of the major axes. These lines point toward the center of the nebular
cavity that has developed around the central cluster (open star).
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and that they can be approximated by spheres. The temperature
is set to T ¼ 18 K, from the empirically derived mean by Gon-
zález-Alfonso & Cernicharo (1994) mentioned in x 3. The in-
ternal gas pressures were calculated and scatter around 2:5 ;
10�11 dyn cm�2. Since we have no evidence of embedded
sources, we expect no mechanism of internal turbulence, which
is hence neglected in the subsequent analysis. In addition, we
assume that there is no rotation or any remaining frozen-in
magnetic fields. We then compute the total thermal energy of the
globulettes,K, assuming that all hydrogen is molecular and has a
standard mean molecular weight of � ¼ 2:4. The potential en-
ergyW ¼ �3GM 2/5r for this type of object, where r is the mean
radius defined in x 3. The virial theorem is applied, and in this
first step the criterion for a globulette to contract would be
2K/(�W ) < 1. One then finds that with the assumptions made,
the condition for gravitational contraction is not realized, and that

only a few of the most massive clouds are close to virial equi-
librium. One would then expect all globulettes to disintegrate on
short timescales, just as was concluded in earlier surveys. How-
ever, the influence of the outer pressure exerted by the warm,
turbulent plasma surrounding the objects has been neglected so
far, andwe proceed to estimate its effect on the globulettes in ques-
tion, focusing on objects in the Rosette Nebula and IC 1805.

For the Rosette Nebula there is rather detailed information on
electron temperatures Te, electron densities ne, degrees of ioniza-
tion and turbulent velocities at different locations within the neb-
ula. Most of our globulettes reside in the northern and western
parts. From the non-LTE calculations by Celnik (1985) we adopt
Te ¼ 5800 K and ne ¼ 10 cm�3 to represent all our locations.
From information on the degree of ionization of the gas and as-
suming a cosmic chemical composition, the total number densi-
ties nwere calculated, then providing an estimate of the outer gas

Fig. 7.—Size distributions of globulettes in the Rosette Nebula and IC 1805 in terms of the mean radius. The distributions peak at�2.5 kAU. A few observed objects
with sizes >10 kAU fall outside the range.

Fig. 8.—Mass distributions of globulettes found in the Rosette Nebula and IC 1805 in intervals of 13MJ. A few ordinary globules with masses�600MJ are outside the
range. Most globulettes have masses of <13 MJ; i.e., they are of planetary mass.
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pressure of Pgas ¼ 1:8 ; 10�11 dyn cm�2. Turbulent velocities
v turb were inferred by Viner et al. (1979) from the width of ra-
dio recombination lines. Very high turbulent velocities, v turb ¼
36 km s�1, were found in the southeastern quadrant, diminishing
to 11 km s�1 to the west and even less in the northwest, v turb <
7 km s�1. Taking v turb ¼ 10 km s�1 as representative we calculate
an average turbulent pressure of Pturb ¼ 2:9 ; 10�11 dyn cm�2,
rather close to the case of equipartition between thermal and tur-
bulent energies. For the subsequent calculation of the total outer
pressures we simply assumed that such an equipartition holds for
all our regions. For IC 1805, Tereby et al. (2003) also found elec-
tron densities of�10 cm�3. The conditions in IC 1805 are similar
to those of the Rosette Nebula, and therefore, we have used our
estimated average value of the total outer pressure of Pout ¼ 3:6 ;
10�11 dyn cm�2 for the subsequent analysis of all our globulettes
in both the RosetteNebula and IC 1805. The total outer pressure is
typically a factor of �1.5 higher than the internal gas pressures.

Including the outer pressure in the virial theorem, the con-
dition for gravitational contraction is 2K/(�W þ 3PoutV ) < 1
(where V is the volume). This quantity was computed for the
globulettes in the Rosette Nebula and IC 1805, and the results are
shown in Table 3. In contrast to the first calculation made above,
we now find that a majority of the globulettes can contract. Of
these a total of 43 objects have masses below 13 MJ and would
form planetary-mass objects rather than brown dwarfs.

Hence, we find that the outer pressure is a critical parameter
when applying the virial theorem to the globulettes. Small changes

in the assumptions leading to the calculated value of Pout will dras-
tically change the number of objects that we predict to contract.
Even with zero turbulent pressure, a number of objects would
contract, and these are marked with an asterisk in Table 3. If the
gas temperature is more like 104 K, which is often assumed for
H ii regions, then more objects are confined and can contract.
This would also happen were the internal temperatures lower than
the 18 K adopted, like in normal globules (Martin & Barret 1978;
Keene 1981). The exact definition of where to draw the outer
border of a given globulette is also of importance, especially in
the cases in which the outskirts are diffuse.
However, there are two more pressure forces to consider. One

is the radiation pressure Prad , acting on the globulette on the side
facing the star. The total luminosity of all cluster stars was found
to be 4:3 ; 106 L� for IC 1805 (Massey 1995), as well as for the
Rosette Nebula (Cox et al. 1990). Amajority of the globulettes in
the Rosette Nebula are located in areas close to the filamentary
shell from which the Wrench trunk also extends, and this system
is a foreground network of filaments, with the Wrench trunk
tilted by�45� to the plane of the sky (Schneps et al. 1980; Gahm
et al. 2006). Hence, the globulettes are located rather far out in
the spherical nebula. From this we derive a distance to the central
O stars of �8 pc, and the expected radiation pressure at this
distance is Prad � 8:5 ; 10�11 dyn cm�2. Note that elongated ob-
jects in this area are likely to be tilted by�45� to the line of sight,
but when including this geometry in the derivation of the mean
density, the differences to the values presented in Table 2 are small.

TABLE 3

Virial Conditions, X ¼ 2K/ �W þ 3PoutVð Þ, of Selected Globulettes in IC 1805 and the Rosette Nebula

Object X Object X Object X Object X Object X Object X

IC 1805

1� ............... 0.35 4� .............. 0.33 7� .............. 0.43 10.............. 0.78 13.............. 0.69 16� ............ 0.37

2................. 0.70 5� .............. 0.50 8� .............. 0.34 11.............. 1.05 14.............. 0.66 17� ............ 0.53

3................. 1.53 6................ 0.62 9................ 1.14 12.............. 0.98 15.............. 2.97 18.............. 1.48

Rosette Nebula

1................. 0.87 26.............. 1.53 51.............. 1.02 76.............. 1.78 101� .......... 0.26 126............ 1.71

2................. 0.51 27.............. 1.32 52� ............ 0.40 77.............. 0.65 102............ 1.29 127............ 1.71

3................. 1.50 28� ............ 0.30 53.............. 0.59 78.............. 2.03 103............ 1.07 128............ 2.92

4................. 0.56 29.............. 1.06 54.............. 0.72 79� ............ 0.36 104............ 1.12 129� .......... 0.24

5� ............... 0.34 30� ............ 0.24 55� ............ 0.43 80.............. 1.24 105� .......... 0.52 130............ 3.76

6................. 0.86 31� ............ 0.28 56.............. 0.73 81.............. 0.87 106............ 1.84 131............ 1.27

7................. 0.70 32.............. 0.97 57.............. 0.57 82.............. 0.78 107............ 0.94 132............ 2.41

8................. 0.58 33.............. 0.83 58.............. 0.71 83.............. 1.51 108............ 1.06 133............ 0.78

9� ............... 0.51 34.............. 0.61 59.............. 0.72 84.............. 1.22 109............ 0.92 134............ 2.66

10............... 0.75 35.............. 0.55 60.............. 0.89 85.............. 0.95 110� .......... 0.25 135............ 1.99

11............... 0.68 36.............. 2.00 61.............. 0.86 86.............. 2.31 111............ 1.32 136............ 1.09

12............... 0.62 37.............. 0.65 62.............. 0.64 87.............. 0.60 112............ 1.04 137............ 3.10

13� ............. 0.52 38.............. 0.66 63� ............ 0.46 88.............. 0.67 113� .......... 0.38 138............ 3.78

14............... 0.62 39.............. 0.89 64.............. 0.63 89.............. 1.11 114� .......... 0.43 139............ 1.11

15............... 1.17 40� ............ 0.48 65.............. 0.55 90.............. 1.08 115............ 1.08 140............ 0.62

16............... 1.08 41.............. 2.98 66.............. 0.69 91.............. 0.57 116............ 2.64 141� .......... 0.24

17............... 0.82 42.............. 1.55 67.............. 0.76 92.............. 1.25 117............ 0.85 142� .......... 0.25

18............... 1.21 43.............. 0.80 68� ............ 0.52 93� ............ 0.49 118............ 0.94 143� .......... 0.40

19............... 0.71 44.............. 0.69 69.............. 1.14 94.............. 0.67 119............ 0.98 144............ 0.63

20............... 0.72 45� ............ 0.38 70.............. 0.86 95.............. 0.68 120............ 1.02 145� .......... 0.52

21............... 1.02 46.............. 0.80 71.............. 1.73 96.............. 1.15 121............ 0.66

22............... 0.89 47� ............ 0.39 72� ............ 0.25 97.............. 1.10 122............ 0.64

23............... 0.97 48.............. 0.97 73� ............ 0.43 98.............. 1.24 123............ 8.39

24� ............. 0.39 49.............. 0.72 74.............. 1.36 99.............. 0.78 124............ 3.62

25............... 1.15 50.............. 0.80 75.............. 1.50 100............ 1.41 125............ 0.82

Note.—Asterisks indicate X < 1, also without external turbulence.
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The globulettes in fields 5, 9, 10, 12, and 17 are at about the same
distance from the center, since they are located closer to the plane
of the sky, and for these objects we expect similar values of Prad.
The globulettes in IC 1805 are close to the sky plane but at a larger
distance from the central cluster, and for these objects we derive
Prad � 1 ; 10�11 dyn cm�2.

If the globulettes are lagging behind in the general expanding
plasma in the H ii regions, then additional force from the ram pres-
sure Pram will also act on the globulette surface facing the central
cluster. If the difference in velocity between the plasma flow and
the globulettes is �v and the plasma density is �p, then Pram ¼
(�v)2�p. It was concluded byGahm et al. (2006) that the elephant
trunks have already accelerated in the expanding plasma, and that
the difference between flow velocity and trunk velocity can max-
imally be a few kilometers per second. Many of our globulettes
cluster in areas surrounding trunks, and many have no tails, indi-
cating substantial interaction with gas flows and radiation. This
also indicates that the globulettes are flowing outward, andmay in
fact once have been detached from the radiallymoving trunks.With
a�v of a fewkilometers per second only,Pram � 10�12 dyn cm�2,
i.e., an order of magnitude smaller than the radiation pressure.
For the globulettes with evidence of surface activity, and with
pronounced teardrop forms, we simply do not know what the
trade-off is between warm plasma flowing around the globulettes
and the radiation pressure, both resulting in shaping the objects
and inducing surface activity.

The combined radiation and ram pressures produce an extra
force on one side of the globulette, and one could envision how
objects close to virial equilibrium will become compressed and
start imploding from the side facing the central clusters. How-
ever, the globulettes are also subject to disrupting forces. So far
we have regarded the objects to be stationary, but in the follow-
ing the dynamic states of the globulettes are also considered.

5. DISCUSSION

The surveys of small, dark clouds, globulettes, in H ii regions
indicate that some regions may host hundreds of such objects,
while other regions contain just a few. Many globulettes are dark,
round and isolated, and in earlier studies (Reipurth et al. 2003;
De Marco et al. 2006) it was speculated that blocks of obscur-
ing material closer to the central clusters would screen the objects
from direct stellar light, since the timescales for photoevaporation
were expected to be short,<100 yr. The central regions in, for in-
stance, the Rosette Nebula and IC 1805 are void of any obscuring
structures, and it appears that the shell structures with the asso-
ciated elephant trunks are not always spherically distributed around
the expanding H ii regions. The question of their survival against
radiation must be reconsidered, and below we also discuss the
origin and evolution of the globulettes.

5.1. Photoevaporation

The effects of photoevaporation on interstellar clouds have
been investigated by Bertoldi (1989), Bertoldi &McKee (1990),
and Gorti & Hollenbach (2002), and the theory has been applied
to globules in H ii regions such as IC 1848 (Lefloch & Lazareff
1995), the Rosette Nebula (White et al. 1997), and NGC 3372
(Smith et al. 2004). Similar processes occur in knots developing
teardrop shapes in planetary nebulae (see, e.g., Cantó et al. 1998;
Mellema et al. 1998; López-Martı́n et al. 2001). A cloud exposed
to radiation will go through a two-step process. During the first
phase the impinging photons start to ionize the surface layers.
Overpressure leads to outgassing at the surface at the same time
as a shock wave is driven inward, leading to compression and

moderate heating. The time for the shock to pass the entire cloud
is relatively short, but next the clump evolves into a ‘‘cometary
phase,’’ in which the object is slowly further compressed and
sculpted into a teardrop form. An ionization front is set up in the
object and produces a flow streaming outward, and this flow ab-
sorbs incoming photons. Therefore, the short timescales for dis-
ruption of globulettes discussed above, relying on the total mass
available for ionization in comparison to the number of incoming
photons, does not apply. Instead, it is more appropriate to consider
the timescale for contraction of clumps during this second phase
of evolution. Following Mellema et al. (1998), the timescale for
complete ionization of a clump is

tion ¼ t�
5

6
þ ln 1þ �ð Þ

6�

� �
; ð2Þ

where t� ¼ v�h0/c
2
0 , with v� being the velocity of the ionization

front, c0 the sound speed of the neutral medium, and h0 the char-
acteristic size of an object, and � is related to the incident flux of
ionizing Lyman continuum photons, the recombination coefficient,
the size of the object, and the isothermal sound speed in the
ionized medium.With the parameters relevant to our globulettes,
it is realized that the last term in the brackets in equation (2) is
negligible, and tion � t�. Conservatively setting h0 ¼ r, we find
that the expected lifetimes of globulettes against photodisinte-
gration scatter around 3:8 ; 106 yr, which is comparable to the
cluster age and much longer than the timescales estimated earlier.
We conclude that the objects may survive destruction from photo-
evaporation for a very long time. This explains the presence of
isolated globulettes in regions unprotected from radiation from
the central cluster. It also implies that a given clump can detach
from a filamentary shell, or an elephant trunk, and move far out
into the surrounding plasma without losing much mass. Far from
all our globulettes show clear signs of bright rims indicative of
ongoing photoevaporation. Many of these are unstable against
contraction but may lack the particular implosion phase driven
by photoevaporation.

5.2. Contraction

The timescale for gravitational collapse is given by

tA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3�

32G�0

s
; ð3Þ

where �0 is the density. For the objects that we found to be un-
stable and able to contract in the Rosette Nebula, tff is in the range
of 2 ; 105Y4 ; 105 yr, and for those in IC 1805 around 6:5 ;
105 yr. Thus, the estimated contraction times for the globulettes
in the Rosette Nebula and in IC 1805 are much smaller than the
timescale derived above for photoevaporation. Therefore, it ap-
pears that our globulettes can contract to form low-mass objects,
brown dwarfs or planetary-mass objects, even long before the
clouds start to dissolve. One would therefore expect that objects
formed early in the evolution of the expanding H ii region would
have long since either disintegrated or formed low-mass objects,
which could be one explanation of the absence of globulette-like
bodies in the central parts of the Orion Nebula (Bally et al. 2000).
The central regions of the Rosette Nebula and IC 1805 are void
of dark markings in optical images, but the elephant trunks in
the outskirts are expanding outward with the shell (Gahm et al.
2006). One must therefore assume that the filaments and clouds
once developed in the central region have already accelerated
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and moved outward, which may also be the case in the Orion
Nebula.

5.3. Origins

So far no survey of an entireH ii region has beenmade to search
for tiny clouds. Nevertheless, the absence of dark markings on
existing images of the central parts of many regions suggests that
the globulettes are located farther out, close to the elephant trunks
and the shells.We note that Vannier et al. (2001) and Lacomb et al.
(2004) discovered a number of tiny clumps embedded in larger
molecular clouds. It is of course possible that when a parent mo-
lecular cloud disperses these cores are left free and will appear as
globulettes. Regardless of this, we have found that the elephant
trunks are filamentary and contain clumps, and it is natural to as-
sume that these clumps are the embryos of the globulettes, which
fragment from the trunks. We have many examples of tiny dark
clouds with filamentary connections to shells or trunks. Exam-
ples of such semidetached globulettes are G1805 5, 8, and 12 and
GRN 13, 52, and 102. One can envision how the dark cores even-
tuallywill detach from the filaments and form isolated globulettes.

As pointed out by Gahm et al. (2006), many trunks have jaw-
like heads with clumps swinging out in the surrounding plasma
with rotation. A dramatic example is the so-called Batman trunk
in DWB 44, where the head has evolved into an extended wing
of filamentary and knotty material, which is moving at high an-
gular speed. It was also pointed out that many trunk heads have
developed filamentary ‘‘strings,’’ which have detached from the
trunks. Structures like these can be expected to erode quickly
and form smaller bodies.

In the area surrounding the Wrench trunk there are several in-
teresting features that may be key objects in understanding the
creation of globulettes. Figure 3 (middle left) shows an area to
the northeast of the Wrench trunk, which includes the objects
GRN 87Y95. To the north is a typical jawlike head with helical
filamentary endings in a trunk extending north. The string of glob-
ulettes appears to be connected to theWrench trunk, however, and
the globulettes must have formed as a result of fragmentation of a
filament that became detached from the trunk. South of the string
there are diffuse globulettes with bright halos, some of which
have faint filamentary connections to the string, and therefore, it
appears that these are already in amore advanced phase of erosion
from photoevaporation and possibly streaming plasma.

Figure 3 (bottom right) shows the area south of the Wrench
trunk, including the remarkable clumps at the edge of each jaw,
GRN 73 and 79, which are still attached to the trunk. South of the
jaws are several objects with dark cores and bright spherical
halos, GRN 78, 80, and 84, and in addition, there are a few diffuse
objects without visible dense cores. The jaw in theWrench rotates,
and the whole trunkmoves radially outward from the central clus-
ter. The massive head lags behind in the expansion, so the trunk is
stretching. The trunk, therefore, is subject to several disrupting
forces. The assembly of small clouds could result from an erosion
process, in which smaller clouds fragment in the head and are be-
ing chopped off from the trunk. They start to photoevaporate, and
bright rims and halos develop. Some of these still maintain
dense cores, while others appear to be almost entirely dissolved.
Globulettes originating from clumps in rotating trunks can start
moving away from the trunks.

The relatively large clumps, GRN 73 and 79 attached to the
jaws, could then be precursors of isolated globulettes, such as
those found rather far out from the main trunk. The condition of
contraction is satisfied (see Table 3), and since the ratio of life-
times is tA/t�T1 for the objects in question, they will have time
to contract long before they are dissolved by photodisintegra-

tion. The globulettes with dark cores surrounded by bright halos
south of the jaws could represent an intermediate phase before
substellar objects are eventually formed. It is puzzling that the
halos around these objects are spherical and not just bright rims
facing the cluster. They cannot be teardrops with the bright rim
on the backside seen from us, in which case they would point in a
direction away from the central cluster. As mentioned above, the
direction to the central cluster for these objects is at an angle of
�45

�
to the plane of the sky. If bright rims are developing on the

side facing the cluster, then wewould observe asymmetric bright
rims oriented toward the center. These objects are engulfed in gas
and dust, which eroded from the main trunk at an earlier phase. It
is possible that scattered Lyman continuum photons may contrib-
ute significantly to the photoevaporation in this environment, in
which case spherical, bright halos could form from recombination.
Another puzzle is that there are isolated objects that lack any sign of
surface activity. Could it be that the outgassing bubbles are so thin
that they are below the detection threshold of our H� images, or
that most emission originates from the backside of the objects?
Our survey has demonstrated that some H ii regions host a

large number of small clouds, which have fragmented from el-
ephant trunks and shell structures. These clouds, the globulettes,
come in different forms, and although many show evidence of
surface activity induced by stellar radiation, and possibly also
plasma flows, there are numerous examples of isolated dark ob-
jects without any detected signs of interaction with the environ-
ment. The majority of the objects are of planetary mass and are
unstable against contraction when considering the influence of
the outer pressure exerted by the surrounding plasma. In addi-
tion, the flow of incident Lyman continuum photons leads to
photoevaporation, inducing an implosion and shock-driven com-
pression in the objects. We have shown that the lifetime against
complete ionization from photoevaporation is much longer than
the expected free-fall time, and hence,we conclude that a number
of the globulettes studied are likely to contract to form both brown
dwarfs and planetary-mass objects long before the surface layers
have dissolved. This is opposite to the case for planetary nebulae
knots, which are smaller and thinner.
It cannot be excluded that some globulettes already contain

central mass concentrations, and even substellar objects, and
it would be of great interest to search for embedded IR low-
luminosity objects. It would also be of interest to make a deeper
search for possible faint halos surrounding isolated globulettes
for which we have not detected any evidence of photoevap-
oration. A survey of the small globulettes for molecular emission
would provide independent checks on the mass estimates, and
indirectly on the gas-to-dust ratio, in addition to information about
the internal temperatures and radial velocities of the objects.

5.4. Conclusions

Our H� images of a number of fields in H ii regions surround-
ing young stellar clusters have revealed that some of these re-
gions host a large number of tiny clouds, which appear as dark
spots or teardrops when silhouetted against the bright nebular back-
ground. A total of 173 such objects, which we call ‘‘globulettes,’’
were studied in detail. They are much smaller than normal glob-
ules and form a distinct class of objects. Most of our objects are
round or only slightly elliptical, and only a minority have bright
rims facing the central clusters and/or filamentary connections
to shells or elephant trunks in the area. We measured positions,
dimensions, and orientations of all objects. Most elongated
globulettes point at the central clusters.
We derive the size distributions of the globulettes.Most objects

have mean radii <10 kAU. The majority of our globulettes are
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found in the Rosette Nebula and IC 1805, where the distributions
peak at mean radii of �2.5 kAU, similar to what was found in a
couple of previous studies of similar objects in other H ii regions.

We estimate the total mass of each globulette bymeasuring the
extinction of background light, assuming standard laws of extinc-
tion and calibrations of the column densities of dust versus total
column densities. An average mass was calculated from two ex-
treme assumptions on the amount of foreground emission present
over the darkest part of each globulette. A few of our mass esti-
mates, based on the content of dust, were compared to those based
on the gas content, as derived by others from observations of CO.
The agreement between the two independent mass estimates is
excellent.

We find that the globulettes are of substellar mass and that the
majority have masses<13MJ , corresponding to planetary-mass
objects. None of our objects appear to host embedded stellar
sources, unless they are very faint.

From the column density profiles of the globulettes we derive
the distribution of the density, and as a first approximation we
can apply a uniform density law. The total number densities scat-
ter around 104 cm�3. We then estimate the internal thermal and
potential energies and find, when also including the effects from
the outer pressure, that a large fraction of the globulettes could be
unstable to gravitational contraction and would form low-mass
brown dwarfs or planetary-mass objects on short timescales,
<106 yr. In addition, the radiation pressure and ram pressure ex-
erted on the side facing the clusters would stimulate contraction.

We show that the isolated globulettes are not screened from
stellar light by dusty clouds in the direction of the central O and

B stars, and we evaluate the effects of photevaporation generated
by the impinging Lyman continuum photons. Following the stan-
dard theory developed for photoevaporating knots in planetary
nebulae, we estimate the lifetimes for the globulettes to undergo
total ionization. These lifetimes scatter around 4 ; 106 yr, much
longer than estimated in previous studies and also much longer
than the free-fall time. We conclude that a large number of our
globulettes have time to form central low-mass objects long before
the ionization front has reached far into the interior. The bright-
rimmed globulettes indicate ongoing photoevaporation, but we are
puzzled by the large number of completely dark, round, and iso-
lated globulettes lacking any sign of surface activity.

We conclude that the globulettes may very well be seeds of
brown dwarfs and free-floating planetary-mass objects, and hence
that low-mass objectsmay form in situ in interstellar space and not
only by ejection from, or disruption of, protoplanetary disks. The
newly discovered binary systems with components of very low
mass may indicate similar formation scenarios.

Finally, we discuss the formation of globulettes with examples
suggesting that they may form from the fragmentation of struc-
tures inherent in eroding elephant trunks.
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ABSTRACT

Context. Small molecular cloudlets are abundant in many H  regions surrounding newborn stellar clusters. In optical images these
so-called globulettes appear as dark silhouettes against the bright nebular background.
Aims. We aim to make an inventory of the population of globulettes in the Carina nebula complex, and to derive sizes and masses for
comparisons with similar objects found in other H  regions.
Methods. The globulettes were identified from Hα images collected at the Hubble Space Telescope.
Results. We have located close to 300 globulettes in the Carina complex, more than in any other region surveyed so far. The objects
appear as well-confined dense clumps and, as a rule, lack thinner envelopes and tails. Objects with bright rims are in the minority, but
more abundant than in other regions surveyed. Some globulettes are slightly elongated with their major axes oriented in the direction
of young clusters in the complex. Many objects are quite isolated and reside at projected distances >1.5 pc from other molecular
structures in the neighbourhood. No globulette coincides in position with recognized pre-main-sequence objects in the area. The
objects are systematically much smaller, less massive, and much denser than those surveyed in other H  regions. Practically all
globulettes are of planetary mass, and most have masses less than one Jupiter mass. The average number densities exceed 105 cm−3 in
several objects. We have found a statistical relation between density and radius (mass) in the sense that the smallest objects are also
the densest.
Conclusions. The population of small globulettes in Carina appears to represent a more advanced evolutionary state than those
investigated in other H  regions. The objects are subject to erosion in the intense radiation field, which would lead to a removal of
any thinner envelope and an unveiling of the core, which becomes more compact with time. We discuss the possibility that the core
may become gravitationally unstable, in which case free-floating planetary mass objects can form.

Key words. HII regions – dust, extinction – evolution – ISM: individual objects: Carina nebula

1. Introduction

Optical images of galactic H  regions show a mix of bright and
dark nebulosity. Foreground cold dust clouds obscure the bright
background of warm and ionized gas. The warm plasma in these
nebulæ accelerates outwards through the interaction with radia-
tion and winds from hot and massive stars. The molecular gas
is swept up and forms expanding shells, which are sculpted into
complex filamentary formations, like elephant trunks, pillars that
point at O stars in the nebula. Blocks of cold gas can detach
from the shells and trunks and may fragment into smaller clouds
that appear as dark patches on optical images of these nebulæ as
noted long ago by Bok & Reilly (1947) and Thackeray (1950).
The clumps may be round or shaped like tear drops, some with
bright rims facing the central cluster (Herbig 1974).

A number of such H  regions have been subject to more
detailed studies, and it has been found that many regions con-
tain distinct, but very small clumps, extending over less than
one to a few arcseconds. Several studies have focused on the so-
called proplyds, which are photoevaporating discs surrounding
very young stars (e.g. O’Dell et al. 1993; O’Dell & Wen 1994;
McCaughrean & O’Dell 1996; Bally et al. 2000; Smith et al.

? Based on observations collected with the NASA/ESA Hubble
Space Telescope, obtained at the Space Telescope Science Institute.
?? Appendices are available in electronic form at
http://www.aanda.org

2003). In these studies small cloudlets without any obvious cen-
tral stellar objects were also found, as also recognized by Hester
et al. (1996) and Reipurth et al. (1997, 2003) from Hubble Space
Telescope (HST) images of nebular regions.

More systematic studies of such star-less cloudlets followed,
and from the surveys of more than 20 H  regions by De Marco
et al. (2006), Grenman (2006), and Gahm et al. (2007; here-
after Paper I) it can be concluded that most of the objects have
radii <10 kAU with size distributions that peak at ∼2.5 kAU. In
Paper I masses were derived from extinction measures indicating
that most objects have masses <13 MJ (Jupiter masses), which
currently is taken to be the domain of planetary-mass objects.
This class of tiny clouds in H  regions were called globulettes
in Paper I to distinguish them from proplyds and the much larger
globules spread throughout interstellar space. We define glob-
ulettes as cloudlets with round or slightly elongated shapes with
or without bright rims and/or tails.

Some globulettes are connected by thin filaments to larger
molecular blocks and it is then natural to assume that isolated
globulettes once detached from shells and trunks. They may also
survive in this harsh environment for long times, as concluded
in Paper I. Follow-up 3D numerical simulations in Kuutmann
(2007) predict lifetimes of ∼104 years, increasing with mass.
Owing to the outer pressure exerted on the globulettes from
surrounding warm gas, and the penetrating shock generated by
photoionization, it was found that many globulettes may even
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collapse to form brown dwarfs or planetary-mass objects before
evaporation has proceeded very far. The objects are protected
against rapid photoevaporation by a screen of expanding ion-
ized gas (e.g. Dyson 1968; Kahn 1969; Tenorio-Tagle 1977).
Consequently, the objects are expected to develop bright rims on
the side facing the cluster because of the interaction with stellar
light. In addition, the models predict that dusty tails emerge from
the cloud cores. It is therefore puzzling that most globulettes lack
any trace of bright rims in Hα, and that most are round, or only
slightly elongated, without any trace of tails.

In a recent study by Gahm et al. (2013; hereafter Paper II),
based on near-infrared imaging and radio molecular line obser-
vations of globulettes in the Rosette nebula, it was found that
the objects contain dense cores, which strengthens the sugges-
tion that many objects might collapse to form planetary-mass
objects or brown dwarfs that are accelerated outwards from the
nebular complex. The whole system of globulettes and trunks ex-
pands outwards from the central cluster with velocities of about
22 km s−1. In the case where more compact objects are formed
inside some globulettes, they will escape and become free-
floating objects in the galaxy. In both the optical and radio/near-
infrared surveys (Papers I and II) it was concluded that the den-
sity is relatively high even close to the surface layers, which
could explain why the objects lack extensive bright rims in Hα.
Some of the optically completely dark objects were discovered
to have thin rims manifested in Pβ and H2 emission. In a follow-
up study of the near-infrared images, Mäkelä et al. (2014) found
that some smaller globulettes are also crowned by thin bright
rims that are not seen in Hα.

The present study is an inventory of globulettes in the Carina
nebula (NGC 3372) based on images taken from the HST
through a narrow-band Hα filter. Basic parameters, like size and
mass, are derived and we compare the results to surveys of sim-
ilar objects in other nebulae.

The Carina complex, with its extended network of bright and
dark nebulosity, spans over several degrees in the sky and is
one of the most prominent sites of star formation in the galaxy.
More than 60 O-type stars and several young clusters (Tr 14, 15,
and 16; Collinder 228 and 232; and Bochum 10 and 11) are
located in the region, and more than a thousand pre-main se-
quence stars have been identified from optical, infrared, and
X-ray surveys (e.g. Tapia et al. 2003; Ascenso et al. 2007;
Sanchawala et al. 2007a,b; Smith et al. 2010a,b; Povich et al.
2011; Gaczkowski et al. 2013). The global properties of the
nebular material was discussed in Smith et al. (2000), Smith
& Brooks (2007), and references to studies based on obser-
vations of selected areas can be found in the comprehensive
review by Smith (2008). Additional surveys from the submm
range (Preibisch et al. 2011; Pekruhl et al. 2013) and the far-
infrared (Preibisch et al. 2012; Roccatagliata et al. 2013) have
been made more recently. The Carina nebula, in all its glory,
is presented in multicolour mosaics found at the Hubble Space
Heritage webpage.

A number of small obscuring structures in the Carina neb-
ula were noted by Smith et al. (2003) from HST images, and
were regarded as possible proplyds. However, the objects studied
were found to be larger than the standard cases in the Orion neb-
ula (Bally et al. 2000). More objects of this nature were recog-
nized by Smith et al. (2004) who stated that their nature remains
ambiguous: “analogues of Orion’s proplyds, starless cometary
clouds, or something in-between?” Ascenso et al. (2007), how-
ever, concluded from near-infrared imaging that these candidates
do not harbour any stars. Most of these objects are globulettes
by our definition and are thereby included in our list of nearly

300 globulettes. Thus the Carina complex is the richest known
with regard to total number of globulettes. A number of Herbig-
Haro jets emanating from embedded young stars in the region
were found by Smith et al. (2010a). Most of these are related to
trunks or larger fragments. However, HH 1006 is related to an
isolated cloud with an embedded jet-driving source (Sahai et al.
2012; Reiter & Smith 2013). Tentative jet-signatures were also
found for a few much smaller isolated clouds like HH 1011 and
HHc-1.

The distance to the Carina complex has been estimated in
several investigations with rather different results. A distance
of 2.3 kpc has been adopted as a kind of standard (Smith 2008).
Recently, Hur et al. (2012) concluded that the main stellar clus-
ters Tr 14 and 16 are located at a distance of 2.9 kpc. We have
adopted this value in the present investigation, but will discuss
the implications if the complex is closer.

The paper is organized as follows. We present the fields we
have searched, the objects identified, and their measured proper-
ties in Sect. 2. The results are analysed in Sect. 3 and discussed
further in Sect. 4. We end with a summary in Sect. 5.

2. Objects and measurements

2.1. HST fields

The optical images of the Carina complex were downloaded
from the HST archive, cycle 13 and 14 programs GO-10241
and 10475 (principal investigator N. Smith) based on observa-
tions with the ACS/WFI camera, which contains two CCDs of
2048 × 4096 pixels glued together with a small gap in between.
The pixel size corresponds to ≈0.05 arcsec pixel−1, and the field
of view is 202 × 202 arcsec. All images selected were exposed
for 1000 s through the narrow-band filter F658N, covering the
nebular emission lines of Hα and [N ].

Most of the HST fields contains globulettes, and only these
are listed in Table 1 with a running field number and references
to target and image designations according to the HST archive.
Figure 1 shows how the areas covered by HST are distributed
over the region (see also Smith et al. 2010a). Two regions on
opposite sides of a large V-shaped dark cloud are rather well
covered by HST. The total area covered is ∼700 arcmin2, which
is larger than covered by all HST-based surveys of H  regions
together, but much smaller than the area covered of the Rosette
nebula in Paper I. This ground-based survey was limited to ob-
jects with radii ≥0.8 arcsec, however.

The globulettes are easily recognized as dark patches against
the bright background. Most are roundish without any bright
rims or halos, similar to previous surveys. A number of the elon-
gated objects with tear-drop forms are crowned with bright rims.
The Carina complex is also rich in dark irregular blocks and frag-
ments of all sizes, some of which are very elongated and shaped
like worms or long, narrow cylinders, and some show very ir-
regular shapes. These objects, which as a rule are much larger
than typical globulettes, were not included in our list of glob-
ulettes, but in Sect. 3.3 we highlight some smaller cloudlets with
peculiar shapes.

The Carina nebula contains a large number of very small
globulettes, down to the limit of resolution of HST, but we do
not consider objects with dimensions ≤3 pixels across. Some re-
gions contain quite isolated globulettes, while in others there are
clusters of globulettes. Examples of different types of globulettes
are shown in Fig. 2, where the first four rows show round and
dark globulettes, which are most abundant. Round objects with
bright halos are found in the fifth row followed by objects that
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Table 1. HST archive data used.

Field/Target RA Dec Images
(J2000.0) (J2000.0)

1/Pos 30 10:41:27 −59:47:42 J9dk09010
2/Pos 30 10:41:38 −59:46:17 J9dk09020
3/Pos 30 10:41:40 −59:44:41 J9dka9010
4/Pos 19 10:42:23 −59:20:59 J9dk12010
5/Pos 19 10:42:48 −59:19:44 J9dk32010
6/Tr 14 10:43:07 −59:29:34 J900c1010
7/Tr 14 10:43:23 −59:32:06 J900b1010
8/Tr 14 10:43:24 −59:27:55 J900c2010
9/Tr 14 10:43:39 −59:34:37 J900a1010
10/Tr14 10:43:41 −59:30:17 J900b2010
11/Tr 14 10:43:47 −59:35:53 J90001020
12/Tr 14 10:43:55 −59:37:09 J90001010
13/HH 666 10:43:58 −59:54:39 J900a9010
14/Tr 14 10:43:59 −59:32:38 J900a2010
15/Tr 14 10:44:00 −59:28:05 J900b3010
16/HH 666 10:44:01 −59:58:42 J900b9010
17/Tr 16 10:44:05 −59:40:16 J900c5010
18/Tr 14 10:44:07 −59:33:53 J90002020
19/Tr 14 10:44:15 −59:35:09 J90002010
20/Tr 14 10:44:17 −59:30:27 J900a3010
21/Tr 14 10:44:19 −59:25:54 J900b4010
22/Tr 16 10:44:20 −59:42:48 J900b5010
23/Tr 16 10:44:22 −59:38:34 J900c6010
24/Tr 14 10:44:35 −59:33:09 J90003010
25/Tr 16 10:44:36 −59:45:19 J900a5010
26/Pos 27 10:44:40 −59:59:46 J9dk07010
27/Pos 27 10:44:43 −59:56:34 J9dk27010
28/Tr 16 10:44:44 −59:46:35 J90005020
29/Tr 16 10:44:49 −59:37:35 J900b7020
30/Tr 16 10:44:52 −59:47:51 J90005010
31/Tr 14 10:44:54 −59:31:08 J90004010
32/Tr 15 10:44:58 −59:26:50 J9dka0010
33/Tr 16 10:44:58 −59:38:47 J900b7010
34/Tr 16 10:45:12 −59:45:51 J90006010
35/Tr 16 10:45:17 −59:36:38 J900b8010
36/Tr 15 10:45:23 −59:26:59 J9dk10010
37/Tr 16 10:45:44 −59:40:34 J90008020
38/Pos 23 10:45:53 −60:08:16 j90010010
39/Pos 23 10:45:56 −60:06:42 J90010020
40/Pos 22 10:46:32 −60:05:14 J9dk23010
41/Pos 21 10:46:47 −60:09:29 J9dk22010
42/Pos 20 10:46:58 −60:06:26 J9dk01010
43/Pos 20 10:47:01 −60:03:14 J9dk21010

are more elongated or have developed pronounced tails, with or
without bright rims.

2.2. Measurements

Central positions were measured in terms of x and y coordinates
and RA and Dec according to available HST readouts. The glob-
ulettes, designated CN (as Carina nebula plus number), are listed
in order of increasing RA in Table 2 showing only the first en-
tries. The complete table is found in Table A.1. Finding charts
for all fields containing globulettes are found in Fig. B.1. In
these charts we have also marked some objects that we do not
consider to be regular globulettes, like some clumps with pecu-
liar shapes (see Sect. 3.3). Some larger fragments are marked as
Frag and these features will be commented on in Sect. 4. Most
globulettes have circular or slightly elliptic shapes. The semi-
major and semi-minor axes are given in arcseconds in Cols. 7
and 8. These quantites are defined from an outer contour where

Fig. 1. Image of the central region of the Carina nebula, where the
HST fields containing globulettes are marked. The locations of the star
η Carinæ and four stellar clusters are marked. North is up and east to
the left. The image spans 1.◦3 × 1.◦5 (credit: Nathan Smith, Univ. of
Minnesota, NOAO, AURA, NSF).

Fig. 2. Examples of globulettes found in the Carina nebula numbered
according to Table A.1. The most typical cases are the dark globulettes
shown in the upper four rows followed by objects with bright halos. The
last two rows show examples of elongated objects with tails, some with
bright rims. We note the scales are different from panel to panel (the
dimensions in arcsec are given for each object in the tables).

the intensity level has dropped to 95% of the interpolated back-
ground nebular intensity. Outside this contour, the level of noise
starts to affect the definition of the boundary, but as a rule very
little matter resides in the outskirts. Column 9 gives the position

A107, page 3 of 19



A&A 565, A107 (2014)

Table 2. List of globulettes.

CN Field x y RA Dec α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (deg) (kAU) (MJ)

1 F1 360 4020 10:41:13.3 −59:49:00 0.46 0.50 1.39 2.4
2 F1 660 1084 10:41:18.9 −59:46:38 0.30 0.36 0.96 1.1
3 F1 1792 3251 10:41:23.6 −59:48:35 0.38 0.40 1.13 1.3
4 F1 1654 378 10:41:26.2 −59:46:13 0.18 0.19 0.54 0.4
5 F1 1819 395 10:41:27.2 −59:46:15 0.19 0.27 0.67 0.6
6 F1 2029 221 10:41:28.8 −59:46:09 0.26 0.33 23 0.86 1.2 T
7 F2 670 1907 10:41:28.9 −59:45:53 0.23 0.25 −43 0.69 0.6 BR, T
8 F1 2391 1935 10:41:29.1 −59:47:36 0.20 0.22 0.61 0.5
9 F1 2156 597 10:41:29.2 −59:46:29 0.29 0.33 0.90 1.0
10 F1 2752 1904 10:41:31.5 −59:47:38 0.54 1.46 8 2.90 8.8 BR, EL, T
11 F1 2604 373 10:41:32.4 −59:46:22 0.31 0.51 −38 1.19 2.0 EL
continued in Appendix A

Notes. The symbols are defined in Sect. 2.2. The complete list of the 288 globulettes measured is presented in Appendix A.

angle of elongated objects, for which the ratio of semi-major and
semi-minor axes is >1.5.

We derive the physical dimensions of the objects assuming
a distance of 2.9 kpc (see Sect. 1) and define a characteristic
radius, r̄, as the mean of the semi-major and semi-minor axes
expressed in kAU (Col. 10). For the determination of mass we
strictly follow the procedure as described in detail in Paper I
and Grenman (2006). In short, we measure the residual inten-
sity for each pixel within a globulette relative to the interpo-
lated bright background. This value relates to extinction due to
dust at λ 6563 Å (Aα). Two extreme cases are considered: there
is no foreground emission at all, or practically all the residual
intensity in the darkest areas of each object is caused by fore-
ground emission. We assume a standard interstellar reddening
law (Savage & Mathis 1979) to compute the visual extinction,
AV = 1.20 Aα, and the column densities of molecular hydrogen,
N(H2) = 9.4×1020 AV , according to the relations in Bohlin et al.
(1978) for each pixel assuming a standard mass ratio of gas to
dust of 100, and that all hydrogen is in molecular form. The total
column density is derived assuming a cosmic chemical compo-
sition. Finally, we sum over all pixels inside the contour defined
above to obtain the total mass, and we select the mean of the two
extreme cases defined above as a measure of the mass of each
object. Column 11 gives the so derived mean mass of each glob-
ulette. The maximum and minimum masses rarely differ from
the mean by more than a factor of two.

In the last column remarks about individual objects are
found. Elongated globulettes are marked as EL. Some objects
have developed tails or tear-drop forms and are marked T.
Objects with pronounced bright rims are marked BR, and those
with bright halos as BH. The derived masses for the BR and
BH objects are lower limits, and their masses are set in italics
in Col. 11. Symbol C indicates that the object is connected by
a dark, thin filament to a larger structure, like a nearby trunk,
or to another globulette (with number marked). Objects noted in
Smith et al. (2003) are marked S in Col. 12 followed by the sym-
bol they used, and two HH candidates recognized in Smith et al.
(2010a) are also noted.

The derived masses are subject to other uncertainties as well.
For instance, uniform density has been assumed, which is con-
sistent (to a first approximation) with column densities derived
as a function of radial position (see Paper I). However, the ob-
jects may have developed dense cores that escape detection.
Another concern is the use of a normal extinction law since

larger-than-normal ratios of R have been found in certain areas
(e.g. Thé et al. 1980; Smith 2002; Tapia et al. 2003; Hur et al.
2012). Since the globulettes may condense from larger clouds,
they may contain larger dust grains than assumed for a normal
extinction law. Finally, nebular Hα photons entering a globulette
may scatter into the line of sight to the observer (e.g. Mattila
et al. 2007). This effect would lead to an underestimation of
mass. The effect is expected to be small, but cannot be evalu-
ated further until more precise information exists on locations
within the nebula and local radiation fields.

3. Results

We have found a total of 288 globulettes in the HST-images of
the Carina complex. Most of the objects are dark without any
bright rims or halos, just like those found in surveys of other
H  regions. The globulettes are spread over the entire region,
but are more abundant along the western part of the V-shaped
dark cloud and in areas surrounding Tr 14 and 16. Examples
of quite isolated globulettes can be found in Fields 10 and 25
in Fig. B.1. Clusters of globulettes are found in, for example,
Fields 12 and 41 in Fig. B.1. The total number of globulettes
found exceeds the number found in any other H  region. This
large complex is comparatively well covered by HST observa-
tions and the number per unit area is comparable to the areas
studied by De Marco et al. (2006).

3.1. Distributions of radii and masses

The left panel in Fig. 3 shows the distribution of average radii
of the Carina globulettes expressed in arcsec, and in kAU in
the middle panel. The bulk of the Carina globulettes have radii
<1000 AU, and the distribution increases steeply towards the
detection limit. Hence, the Carina globulettes are, on the whole,
significantly smaller than the accumulated distribution for the
seven H  regions investigated by De Marco et al. (2006), which
peaks at 2.5 kAU, and with detection limits similar to ours. We
note that if we instead assume a distance of 2.3 kpc to the Carina
complex, as advocated by Smith (2008), then the Carina glob-
ulettes would be even smaller by ∼20%.

The masses derived for the tiny globulettes in the Carina
complex are consequently also, on the whole, considerably
smaller than for other regions. Most of the globulettes have
masses well within the domain of planetary masses. The right
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Fig. 3. Left: distribution of average radii as measured for all globulettes found in the Carina nebula expressed in arcsec. Middle: the corresponding
distribution of average radii expressed in kAU and adopting a distance to the complex of 2.9 kpc. The vertical arrow marks the peak in the
corresponding accumulated size distribution for objects in seven H  regions (De Marco et al. 2006). Right: distribution of masses for Carina
globulettes less massive than 10 MJ, expressed in Jupiter masses.

Fig. 4. In these charts the directions of the major axes of elongated objects are depicted in three areas, labelled I to III. In addition, the directions of
objects with tails or bright rims present in round or elongated objects are indicated. The locations of these areas are shown in the lower-left panel
on a map composed from Spitzer observations at 4.5 µm, This background is used in all areas, and in area III (lower-right) the optical image is
superimposed as well. The symbols used are explained in the bottom-left corner. North is up and east to the left in these images, and CN numbers
are marked according to Table A.1.

panel in Fig. 3 shows that the number of such objects increases
rapidly below 3 MJ towards the detection limit. Only 4% of the
Carina globulettes are more massive than 10 MJ, the most mas-
sive being CN 78 and 80 with ∼130 MJ. This is in sharp contrast
to the corresponding distribution in the Rosette nebula that hosts
a large number of more massive clumps, some with masses of
several hundred MJ (Paper I). However, even though this com-
plex is at half the distance to the Carina complex, tiny objects
with masses <2 MJ escape detection in this ground-based sur-
vey. The largest objects with masses >20 MJ are located close to
and along the V-shaped dust feature (Fields 9, 11, and 12) and to
the south in Field 3, Position 30 (see Fig. 1). They may represent
relatively recent detachments from the nearby shell structures.

The Carina globulettes not only differ in size from those in
other regions, but also in density. Their average density amounts
to ρ = 2.8 × 10−19 g cm−3 compared to ρ = 6.2 × 10−20 g cm−3

for those in the Rosette nebula. In terms of number densities

of molecular hydrogen they exceed 105 cm−3 in several Carina
globulettes.

3.2. Orientations

Elongated globulettes, with or without tails, line up in the same
direction in certain areas, but are more randomly oriented in oth-
ers. The lower left panel in Fig. 4 shows the location of three se-
lected areas, I to III, projected on a strip composed from images
obtained from Spitzer/IRAC 4.5 µm images (key No. 23695360).
The two upper panels show areas I and II on the 4.5 µm back-
ground, while for area III (bottom-right panel) the optical and
Spitzer images are superimposed to better illustrate the loca-
tions of stars and bright and dark nebulosity. Included are also
objects with pronounced bright rims and tails and a few round
objects surrounded by bright halos that are distinctly brighter at
one side. Obviously, some objects classified as round may in fact
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be elongated if they are oriented closer to the line of sight, and
objects surrounded by bright halos flag the presence of bright
rims on the remote side.

All of the objects depicted in areas I and II are oriented in
about the same direction and point at the cluster Tr 14, located
in area III, and it is clear that the objects have been sculpted by
the interaction with photons coming from the bright stars in this
cluster. It should be noted that there are also a large number of
round, dark objects in these areas. In area III, elongated objects
are more randomly oriented, particularly in the central part of the
image. An example is CN 93 with 60 MJ in Field 18, an isolated
globulette seen in projection against the cluster Tr 14. However,
both the direction of the tail and the bright rim indicates that the
globulette is influenced by some object east of the cluster core.
Globulettes just above and along the western extension of the
V-shaped dust lane (in the right part of this panel), as well as
a group to the left in the panel point in the general direction of
the bright nebulosity surrounding η Carina and Tr 16. Several
O stars are spread over this nebulosity, and it is likely that their
combined radiation caused the shaping and orientation of these
elongated globulettes. In addition, we found the same predomi-
nant direction of objects in regions south of area III (not shown
here).

3.3. Peculiar objects

The Carina nebula hosts a large number of clouds of very irreg-
ular shape like dark worm-like filaments and larger fragments,
such as the “Defiant Fingers” described by Smith et al. (2004).
Some of these fragments are accompanied by smaller cloudlets
with irregular shapes that most likely have eroded from the larger
ones. We did not include these objects in the list of globulettes.
In Fig. B.1 we have marked some larger fragments, since they
might be important birth-places of globulettes (see Sect. 4).

The border-line between what we define as a globulette or
not is a bit arbitrary, but this is less important in our statisti-
cal analysis. Figure 5 shows some examples of cloudlets with
peculiar shapes, and their locations can be found in Fig. B.1, ex-
cept for j which is in an HST field void of globulettes. This ob-
ject, like object c, was noted and labelled in Smith et al. (2003).
Objects B and D could be similar to standard globulettes, but
since B appears to be surrounded by strong Hα emission, and D
is in the background behind strong foreground emission, these
objects could not be measured for extinction. The other objects
have peculiar dusty tails, and object A even shows three such
outgrowths. These tails can be the result of erosion of elongated
objects with peculiar density structure, or they may be examples
of dust-enshrouded jets from embedded sources. Objects CN 219
and 241 were recognized as HH-objetcs in Smith et al. (2003),
but their nature remains unclear. The objects CN 219 has a bright
rim with a detached bright spot just to the north and the thin,
twisted dust-tail in CN 241 is remarkable as is the surrounding,
faint, and very elongated bright halo. Some of the peculiar ob-
jects in Fig. 5 deserve a closer inspection.

4. Discussion

None of the 288 globulettes coincides in position with any of the
YSO candidates listed in Povich et al. (2011) and Gaczkowski
et al. (2013). There are stars seen inside the boundaries of
two globulettes in optical images, namely CN 138 (Fig. 2) and
the object designated j in Fig. 5 in Smith et al. (2003). These
stars are likely to be foreground stars, since they show no sign
of IR excess judging from the Two Micron All Sky Survey

Fig. 5. Examples of objects with peculiar shapes. The objects are
marked in Fig. B.1, except for object c which falls outside areas con-
taining globulettes. This object and j are denoted in Smith et al. (2003).
The images span: A 5′′ × 5′′, B 4′′ × 4′′, C 20′′ × 30′′, D 3′′ × 3′′, c 8′′
× 8′′, E 7′′ × 10′′, F 20′′ × 10′′, CN241 7′′ × 5′′, G 35′′ × 18′′, CN219
7′′ × 7′′, j 15′′ × 15′′.
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Fig. 6. Average density versus radius for all dark globulettes in the
Carina complex.

(Skrutskie et al. 2006) or existing Spitzer images. There are no
obvious proplyd candidates in our sample, except possibly for
CN 219 with a jet-like extension (see Fig. 5) and listed as a
Herbig-Haro object (HH 1011) in Smith et al. (2010a).

The fraction of objects with bright rims and halos is 39%,
which is large compared to findings from other H  regions
(De Marco et al. 2006; Paper I). In the central parts of the Carina
nebula objects with bright rims even dominate over those with-
out indicating that the interaction with the radiation field is more
intense closer to the centre.

An important finding is the statistical relation between aver-
age density and radius shown in Fig. 6, where we have selected
only distinctly dark objects without bright rims and halos. The
smallest objects with radii <1 kAU are on average four times
denser than those with radii >2 kAU. The corresponding distri-
bution including all objects in Table A.1 shows the same general
trend but with a larger scatter, and where the densities of BRs and
BHs are systematically lower than the distribution in Fig. 6. This
is expected since the masses for these objects are lower limits as
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Fig. 7. Three detached fragments in the Carina nebula. From left to right: Fragments 1, 2, and 4 in Fields 7, 9, and 24 in Fig. B.1. These larger
blocks contain denser cores, some of which appear to be detaching (see Frag. 1). Fragment 4 is surrounded by smaller cloudlets of different shapes.

pointed out in Sect. 2.2. It is likely that the distribution in Fig. 6
reflects how globulettes evolve with time.

4.1. Origin and fate

Most dark formations seen in the optical images are located in
front of the central regions of bright nebulosity. For the mass
estimates we have considered two extreme cases: all residual
emission in the darkest parts is due to foreground emission, or
there is (practically) no foreground emission. The Carina region
is very complex, and it is difficult to judge how deeply embedded
a given globulette is in the warm nebulosity. For the same reason
it is hard to determine the geometrical distance between a given
globulette and other dust formations or clusters in the area. Some
globulettes are quite isolated with projected distances to the clos-
est dust complexes of more than 1.5 pc, for example the group
of globulettes in Field 14 containing Tr 14. A possible scenario
is that this group is the remnant of a larger cloud that gradually
eroded in the intense radiation field from Tr 14.

It was inferred in Paper I that globulettes in the Rosette neb-
ula originate from condensations in elephant trunks and shell
features. In the Carina complex there are a number of isolated,
larger fragments that must have detached from shell structures
long ago. Such fragments are marked in Fields 7, 9, 12, 24,
and 29. Figure 7 shows examples of such fragments and all con-
tain condensations with masses similar to those found in glob-
ulettes. Fragment 4 is surrounded by a cluster of smaller irreg-
ular fragments that appear to be leftovers from a presumably
larger block that once eroded. We note that Fragment 2, which
hosts several condensations, looks like a detached elephant trunk
composed by a network of thin twisted filaments similar to the
threaded elephant trunks discussed in Carlqvist et al. (2003).

As discussed in Paper II, the lack of distinct bright rims in
Hα may be traced to a combination of several circumstances.
One is that the density distributions are rather flat and that the
density is high even close to the surface where the gas is in
molecular form as flagged by fluorescent H2 emission. In ad-
dition, thin Pβ emitting rims were discovered to be present in
several objects, rims that in some cases appear to extend over the
remote side of the objects. Such thin bright rims, not detected in
Hα, were also found in several much smaller globulettes in the
Rosette nebula (Mäkelä et al. 2014). Moreover, the Carina ob-
jects could be located at considerable distances from the bright
UV-radiating stars, in which case the flux of exciting Lyman con-
tinuum photons is moderate producing only weak photodissoci-
ation in the outer layer at the dense surface.

The large number of quite isolated globulettes indicates that
the objects have survived for a long time in the nebula. Most

of these objects are tiny and dense, and unlike the larger ob-
jects they lack thin envelopes. It appears that the population of
tiny globulettes in the Carina complex are in a more evolved
state than those encountered in other H  regions, either because
they have eroded faster in the intense radiation field, or because
they are, on the whole, older. A likely scenario is that glob-
ulettes detach from larger molecular blocks, like shell structures,
pillars, and fragments. Thin envelopes would gradually be lost
with time, and the remnant cores may become denser with time.
This scenario is further supported by the findings presented in
Fig. 6 showing that the average density is inversely proportional
to radius.

In Paper I we applied simple virial arguments to conclude
that most globulettes in the Rosette nebula could be gravita-
tionally unstable, especially after considering the influence of
an outer pressure from the surrounding warm plasma. When ap-
plying the same analysis to the Carina globulettes we found that
the globulettes are close to virial equilibrium but none is bound,
even when assuming an outer pressure (thermal plus turbulence)
of the same magnitude as in the Rosette complex. On the other
hand, the radiation pressure exerted by light from the numerous
O stars in Carina should be much higher. This pressure acts on
one side of the globulettes. The derived masses are subject to un-
certainties (see Sect. 2), and we note that very little extra mass
is needed to confine the objects, as would be the case if they
contain denser yet unresolved cores, or more speculatively, even
Jupiter-sized planets. This would clarify why the globulettes ap-
pear to have survived for such a long time, as can be seen by
their distribution over the nebula, where many objects are quite
isolated and reside far away from larger molecular structures.

The total number of unbound planets in the Milky Way could
amount to several hundred billion (Sumi et al. 2011). Globulettes
in H  regions may be an additional source of such free-floating
planetary-mass objects besides an origin in circumstellar pro-
toplanetary disks from where they are ejected (e.g. Veras et al.
2009).

5. Conclusions

We have made an inventory of globulettes in the Carina nebula
complex based on existing HST narrow-band Hα images. A to-
tal of 288 globulettes were listed and measured for size, mass,
and density. Most objects are either round or slightly elongated,
and many of the latter are oriented in the direction of massive
young clusters in the area. We discuss why only a minority have
developed bright Hα emitting rims and/or tails, and we note that
there is no evidence so far of any embedded young stars.
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The Carina globulettes are, on the whole, much smaller and
less massive than those recognized from HST surveys of a num-
ber of other H  regions. Practically all are of planetary mass,
and most have masses less than one Jupiter mass. The corre-
sponding mean densities are much higher than in other regions,
exceeding number densities of 105 cm−3 in several objects. We
found a statistical relation between average density and size
in the sense that the smallest globulettes are also the densest.
Globulettes may detach from larger blocks of molecular gas, like
isolated fragments, elephant trunks, and shell structures, after
which their thinner envelopes evaporate and leave denser cores,
which may become even more compressed with time.

From virial arguments we conclude that the objects are not
bound unless they contain a bit more mass than inferred from the
derived mean mass. Most of the tiny objects are quite isolated
and located at projected distances of >1.5 pc from the closest
larger molecular structures, which indicates that the objects can
survive for long times in the nebula. We speculate that the ob-
jects might contain denser cores or even planetary-mass objects
that already have formed in their interior.

We suggest that the Carina globulettes are a more evolved
state than the larger and less dense objects that are abundant in
other H  regions. Globulettes in H  regions may be one source
of the large number of free-floating planetary-mass objects that
has been estimated to exist in the Galaxy.
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Appendix A: Properties of the globulettes in the Carina complex

Table A.1. List of globulettes in the Carina nebula complex.

CN Field x y RA Dec α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (degr.) (kAU) (MJ)

1 F1 360 4020 10:41:13.3 −59:49:00 0.46 0.50 1.39 2.4
2 F1 660 1084 10:41:18.9 −59:46:38 0.30 0.36 0.96 1.1
3 F1 1792 3251 10:41:23.6 −59:48:35 0.38 0.40 1.13 1.3
4 F1 1654 378 10:41:26.2 −59:46:13 0.18 0.19 0.54 0.4
5 F1 1819 395 10:41:27.2 −59:46:15 0.19 0.27 0.67 0.6
6 F1 2029 221 10:41:28.8 −59:46:09 0.26 0.33 23 0.86 1.2 T
7 F2 670 1907 10:41:28.9 −59:45:53 0.23 0.25 −43 0.69 0.6 BR, T
8 F1 2391 1935 10:41:29.1 −59:47:36 0.20 0.22 0.61 0.5
9 F1 2156 597 10:41:29.2 −59:46:29 0.29 0.33 0.90 1.0
10 F1 2752 1904 10:41:31.5 −59:47:38 0.54 1.46 8 2.90 8.8 BR, EL, T
11 F1 2604 373 10:41:32.4 −59:46:22 0.31 0.51 −38 1.19 2.0 EL
12 F2 1207 1745 10:41:32.6 −59:45:50 0.31 0.35 −15 0.96 1.5 T
13 F1 2808 667 10:41:33.4 −59:46:38 0.36 0.70 13 1.54 2.7 EL
14 F2 1694 1606 10:41:35.9 −59:45:48 0.39 0.46 1.23 1.8
15 F3 2659 851 10:41:44.9 −59:43:44 1.47 1.67 4.55 40
16 F3 2806 1494 10:41:45.2 −59:44:17 0.52 0.71 1.78 4.5
17 F3 2706 964 10:41:45.2 −59:43:50 0.20 0.21 0.59 0.5
18 F3 2972 933 10:41:46.9 −59:43:51 0.69 1.82 12 3.64 22 EL, T
19 F3 3527 1546 10:41:49.8 −59:44:26 0.31 0.44 1.09 1.3
20 F3 3656 1501 10:41:50.7 −59:44:25 0.36 0.67 6 1.49 2.5 BR, EL
21 F2 3781 272 10:41:51.2 −59:45:02 0.64 1.00 10 2.38 5.6 BR, EL
22 F4 2772 3493 10:42:20.7 −59:19:45 0.35 0.40 1.09 1.6 BR
23 F5 2719 1339 10:42:43.7 −59:20:16 0.18 0.20 0.55 0.4
24 F5 1880 938 10:42:48.7 −59:20:42 0.35 0.72 −5 1.55 2.8 BR, EL
25 F5 1242 524 10:42:52.4 −59:21:08 0.25 0.47 −3 1.04 1.5 BR, EL
26 F8 1029 1467 10:43:15.9 −59:28:07 0.13 0.14 0.39 0.2
27 F6 3938 1861 10:43:16.1 −59:28:31 0.52 1.22 33 2.52 8.5 EL, T, C
28 F8 973 1754 10:43:16.8 −59:28:19 0.21 0.27 0.70 0.8
29 F6 2697 3970 10:43:17.6 −59:30:33 0.26 0.28 0.78 0.9
30 F7 1960 1480 10:43:19.9 −59:31:45 0.24 0.38 20 0.90 1.5 EL
31 F7 3105 479 10:43:22.1 −59:30:31 0.36 0.61 23 1.41 4.3 EL
32 F7 2177 3163 10:43:27.5 −59:32:47 0.35 0.41 1.10 2.4
33 F13 3571 682 10:43:31.4 −59:55:20 0.49 0.75 −13 1.80 4.0 BH, EL
34 F7 2583 3776 10:43:32.0 −59:33:00 0.23 0.26 36 0.71 0.7 T
35 F7 2883 4143 10:43:35.1 −59:33:06 0.19 0.25 0.64 0.5
36 F7 3181 3863 10:43:35.6 −59:32:46 0.23 0.24 0.68 0.7
37 F7 3360 4002 10:43:37.1 −59:32:46 0.11 0.13 0.35 0.2
38 F9 3329 499 10:43:39.1 −59:32:57 0.95 1.33 3.31 34 Se
39 F9 3552 393 10:43:39.8 −59:32:46 0.39 0.51 1.31 4.0 Se
40 F10 1537 3364 10:43:43.8 −59:31:24 0.19 0.21 0.58 0.6
41 F11 1933 2248 10:43:46.4 −59:36:05 0.18 0.25 0.62 0.5
42 F11 1935 2353 10:43:46.8 −59:36:09 0.35 0.46 1.17 2.6
43 F11 2066 2364 10:43:47.6 −59:36:06 0.26 0.34 −10 0.87 1.3 T
44 F9 2972 3165 10:43:47.6 −59:34:56 0.33 0.40 1.06 2.1
45 F9 3255 2797 10:43:47.7 −59:34:33 0.13 0.13 0.38 0.2
46 F9 3325 2858 10:43:48.3 −59:34:33 0.11 0.13 0.35 0.2
47 F9 2914 3633 10:43:49.1 −59:35:16 0.13 0.14 0.39 0.2
48 F9 2893 3668 10:43:49.1 −59:35:18 0.11 0.12 0.33 0.1
49 F10 2378 3919 10:43:50.4 −59:31:18 0.36 0.44 1.16 3.2
50 F9 3229 3794 10:43:51.4 −59:35:14 0.30 0.41 1.03 2.0
51 F12 506 3746 10:43:52.5 −59:39:03 0.56 0.78 1.94 5.0
52 F16 3116 1570 10:43:52.9 −59:58:49 0.27 0.34 0.88 1.0
53 F11 2489 3191 10:43:53.0 −59:36:27 0.21 0.30 0.74 0.8
54 F11 2530 3187 10:43:53.2 −59:36:25 0.33 0.48 1.17 2.7 C to 56
55 F11 2573 3152 10:43:53.3 −59:36:23 0.12 0.16 39 0.41 0.3 T
56 F11 2554 3196 10:43:53.3 −59:36:25 0.26 0.35 0.88 1.4 C to 54
57 F11 2589 3155 10:43:53.4 −59:36:22 0.12 0.13 0.36 0.2
58 F11 2873 2777 10:43:53.5 −59:35:59 0.25 0.29 0.78 1.0
59 F11 2611 3162 10:43:53.6 −59:36:22 0.13 0.15 0.41 0.2

Notes. The symbols are described in Sect. 2.2.
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Table A.1. continued.

CN Field x y RA Dec α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (degr.) (kAU) (MJ)

60 F11 2952 2770 10:43:53.9 −59:35:56 0.15 0.17 0.46 0.3
61 F11 2569 3315 10:43:53.9 −59:36:29 0.27 0.70 −6 1.38 2.7 EL
62 F11 2874 2959 10:43:54.2 −59:36:06 0.16 0.24 0.58 0.4
63 F11 2722 3170 10:43:54.2 −59:36:19 0.13 0.14 0.39 0.2
64 F12 830 3731 10:43:54.2 −59:38:53 0.44 0.47 1.32 2.1
65 F11 2595 3360 10:43:54.2 −59:36:31 0.15 0.16 0.45 0.2
66 F16 2341 102 10:43:54.5 −60:00:11 0.33 0.41 1.07 2.2
67 F12 891 3782 10:43:54.7 −59:38:54 0.17 0.18 0.51 0.3
68 F12 827 3883 10:43:54.8 −59:38:59 0.75 1.12 −10 2.71 14 EL
69 F12 1124 3501 10:43:54.9 −59:38:35 0.36 0.42 1.13 1.5
70 F16 2304 190 10:43:54.9 −60:00:08 0.42 0.57 1.44 4.2
71 F11 2766 3381 10:43:55.2 −59:36:26 0.13 0.16 0.42 0.2
72 F12 1251 3451 10:43:55.4 −59:38:30 0.39 0.50 1.29 2.5
73 F11 2833 3366 10:43:55.5 −59:36:24 0.12 0.16 0.41 0.2
74 F11 2790 3454 10:43:55.6 −59:36:29 0.20 0.23 0.62 0.5
75 F11 2796 3536 10:43:55.9 −59:36:32 0.18 0.33 −9 0.74 0.7 EL
76 F11 2805 3527 10:43:56.0 −59:36:31 0.18 0.26 0.64 0.5
77 F12 1049 3910 10:43:56.1 −59:38:54 0.73 1.34 −16 3.00 17 EL
78 F11 2606 3914 10:43:56.4 −59:36:53 2.06 2.80 7.05 128 C
79 F17 1970 196 10:43:56.4 −59:39:03 1.16 1.22 3.45 29
80 F11 2844 3613 10:43:56.6 −59:36:33 2.30 2.93 7.58 132
81 F17 2057 149 10:43:56.7 −59:38:58 0.63 0.65 1.86 4.7
82 F14 2761 894 10:43:56.7 −59:31:32 0.22 0.28 0.73 1.1
83 F12 1222 3852 10:43:56.8 −59:38:47 0.34 0.44 1.13 1.3
84 F14 2839 813 10:43:56.8 −59:31:26 0.13 0.15 0.41 0.2
85 F12 1406 3654 10:43:56.9 −59:38:33 0.70 0.82 2.20 10
86 F17 2182 172 10:43:57.5 −59:38:56 0.44 0.50 1.36 3.0
87 F12 1314 3927 10:43:57.5 −59:38:47 0.71 0.84 2.25 12
88 F14 3211 691 10:43:58.1 −59:31:10 0.13 0.21 0.49 0.3
89 F11 3786 2786 10:43:58.4 −59:35:32 0.13 0.15 0.41 0.2
90 F17 2303 274 10:43:58.5 −59:38:56 0.58 0.81 2.02 5.8
91 F14 3214 863 10:43:58.9 −59:31:16 0.12 0.12 0.35 0.2
92 F14 2726 1454 10:43:58.9 −59:31:54 0.22 0.27 0.71 0.8
93 F18 2146 258 10:43:59.6 −59:32:38 1.31 1.69 5 4.35 63 T, Si
94 F18 384 3025 10:44:01.1 −59:35:22 0.14 0.16 0.44 0.2
95 F14 2903 1866 10:44:01.6 −59:32:04 0.09 0.11 0.29 0.1
96 F18 575 2990 10:44:01.9 −59:35:15 0.18 0.26 −40 0.64 0.8 T
97 F14 2890 2055 10:44:02.4 −59:32:12 0.12 0.13 0.36 0.2
98 F14 2865 2085 10:44:02.4 −59:32:14 0.37 0.46 1.20 3.2 BR, S f
99 F18 559 3151 10:44:02.5 −59:35:22 0.20 0.22 0.61 0.5
100 F14 2994 2059 10:44:02.8 −59:32:08 0.36 0.54 1.31 4.0 S f
101 F18 660 3153 10:44:03.0 −59:35:19 0.17 0.30 −13 0.68 0.6 EL, T
102 F12 3489 2374 10:44:03.1 −59:36:40 0.12 0.23 3 0.51 0.3 EL
103 F18 722 3146 10:44:03.3 −59:35:17 0.15 0.23 11 0.55 0.5 EL, T
104 F18 708 3183 10:44:03.4 −59:35:19 0.17 0.21 0.55 0.5
105 F12 3420 2634 10:44:03.8 −59:36:53 0.10 0.10 0.29 0.1
106 F12 3392 2729 10:44:03.9 −59:36:57 0.10 0.23 27 0.48 0.2 BH, EL
107 F12 3409 2742 10:44:04.1 −59:36:57 0.10 0.16 7 0.38 0.2 BH, EL
108 F12 3447 2703 10:44:04.2 −59:36:55 0.10 0.17 21 0.38 0.2 BH, EL
109 F12 3450 2789 10:44:04.5 −59:36:58 0.12 0.19 22 0.45 0.2 BH, EL
110 F17 2657 1400 10:44:04.7 −59:39:32 0.33 0.45 1.13 2.3
111 F17 2603 1490 10:44:04.8 −59:39:37 0.49 0.62 1.61 5.2
112 F17 2587 1545 10:44:04.9 −59:39:40 0.43 0.50 1.35 3.2
113 F14 2686 2944 10:44:05.2 −59:32:52 0.26 0.69 43 1.38 3.2 EL
114 F17 2737 1427 10:44:05.3 −59:39:30 0.11 0.10 0.30 0.1
115 F14 3623 2009 10:44:05.8 −59:31:46 0.14 0.24 44 0.55 0.5 EL
116 F15 2760 2864 10:44:06.4 −59:28:13 0.17 0.35 −31 0.75 0.8 BH, EL
117 F14 2847 3192 10:44:07.0 −59:32:56 0.26 0.38 0.93 1.8
118 F14 3190 2832 10:44:07.2 −59:32:31 0.08 0.09 0.25 0.1
119 F17 2961 1710 10:44:07.6 −59:39:35 1.22 1.68 4.20 33
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Table A.1. continued.

CN Field x y RA Dec α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (degr.) (kAU) (MJ)

120 F14 3189 2936 10:44:07.6 −59:32:35 0.11 0.12 0.33 0.2
121 F14 3203 3000 10:44:07.9 −59:32:37 0.13 0.14 0.39 0.2
122 F14 2861 3513 10:44:08.5 −59:33:08 0.19 0.23 0.61 0.6
123 F14 3194 3190 10:44:08.7 −59:32:45 0.23 0.29 0.75 1.1
124 F14 3272 3217 10:44:09.3 −59:32:43 0.18 0.23 0.59 0.5
125 F14 2906 3805 10:44:09.9 −59:33:17 0.12 0.14 0.38 0.2
126 F14 3011 3781 10:44:10.4 −59:33:13 0.20 0.39 16 0.86 0.9 EL
127 F14 2991 3827 10:44:10.5 −59:33:16 0.28 0.49 −5 1.12 2.3 BH, EL
128 F14 2909 3956 10:44:10.6 −59:33:23 0.11 0.12 0.33 0.2
129 F14 2977 3907 10:44:10.7 −59:33:19 0.15 0.39 43 0.78 0.8 EL
130 F20 1107 2190 10:44:12.6 −59:31:03 0.19 0.29 20 0.70 0.7 BH, EL
131 F21 1458 1517 10:44:12.8 −59:25:53 0.17 0.21 0.55 0.4 BR
132 F21 1441 1599 10:44:13.0 −59:25:57 0.16 0.20 0.52 0.4
133 F21 1347 1758 10:44:13.2 −59:26:06 0.38 0.89 −11 1.84 3.8 BH, EL
134 F19 1781 2650 10:44:15.0 −59:35:41 0.21 0.23 0.64 0.6
135 F20 1747 2070 10:44:15.3 −59:30:38 0.13 0.23 3 0.52 0.3 BH, EL
136 F22 1814 1588 10:44:16.8 −59:42:36 0.10 0.14 0.35 0.2 BH
137 F22 2295 1451 10:44:18.8 −59:42:16 0.41 0.52 −26 1.35 2.5 BH, T
138 F20 3991 352 10:44:19.1 −59:28:20 0.32 0.67 −24 1.44 2.7 BH, EL, T
139 F22 2338 1531 10:44:19.4 −59:42:18 0.11 0.15 0.38 0.2 BH
140 F28 287 834 10:44:19.9 −59:33:12 0.09 0.10 0.28 0.1
141 F28 245 1067 10:44:20.6 −59:33:23 0.13 0.16 0.42 0.2
142 F28 439 1398 10:44:22.9 −59:33:30 0.41 0.90 −17 1.90 10 BH, EL
143 F26 3864 1397 10:44:28.1 −60:00:08 0.18 0.26 0.64 0.5
144 F26 3874 1486 10:44:28.1 −60:00:03 0.26 0.34 0.87 1.2
145 F26 3875 1543 10:44:28.2 −60:00:00 0.51 0.71 1.77 4.0
146 F26 3811 1412 10:44:28.5 −60:00:07 0.27 0.32 0.86 1.1
147 F26 3810 1434 10:44:28.5 −60:00:06 0.24 0.27 0.74 0.8
148 F26 3759 1382 10:44:28.8 −60:00:09 0.23 0.28 0.74 0.8
149 F26 3623 506 10:44:28.9 −60:00:53 0.25 0.32 0.83 0.9
150 F23 2896 2906 10:44:29.1 −59:38:40 0.11 0.12 0.33 0.2 BH
151 F23 3070 2960 10:44:30.2 −59:38:37 0.13 0.16 0.42 0.3 BH
152 F28 552 3222 10:44:30.6 −59:34:41 0.17 0.25 0.61 0.5
153 F23 2756 3560 10:44:31.1 −59:39:10 0.18 0.33 0.74 0.6 BH
154 F28 503 3487 10:44:31.3 −59:34:53 0.12 0.13 0.36 0.2
155 F26 3610 3069 10:44:31.4 −59:58:47 0.23 0.23 0.67 0.5 C
156 F28 657 3347 10:44:31.6 −59:34:43 0.12 0.16 0.41 0.2 BH
157 F23 2990 3452 10:44:31.9 −59:39:01 0.11 0.11 0.32 0.1 BH
158 F23 3159 3340 10:44:32.2 −59:38:49 0.12 0.22 24 0.49 0.3 BH, EL
159 F28 650 3554 10:44:32.4 −59:34:51 0.18 0.30 −11 0.69 0.6 EL
160 F27 3512 750 10:44:32.5 −59:57:30 0.42 1.19 6 2.33 9.1 EL, T
161 F28 1561 2363 10:44:32.6 −59:33:36 0.10 0.12 0.32 0.1 BH
162 F28 671 3584 10:44:32.6 −59:34:52 0.11 0.21 44 0.46 0.3 EL
163 F29 156 490 10:44:32.6 −59:37:36 0.15 0.20 0.51 0.5 BH
164 F26 3436 3148 10:44:32.6 −59:58:44 0.24 0.23 0.68 0.7 C
165 F28 731 3521 10:44:32.7 −59:34:47 0.25 0.50 −5 1.09 1.6 BH, EL
166 F28 1180 2970 10:44:32.9 −59:34:12 0.11 0.15 0.38 0.2 BR
167 F28 960 3282 10:44:32.9 −59:34:31 0.26 0.47 −37 1.06 1.3 BH, EL
168 F27 3434 856 10:44:33.1 −59:57:25 0.14 0.16 0.44 0.2
169 F26 2931 196 10:44:33.1 −60:01:14 0.34 0.43 1.12 1.8
170 F26 3400 863 10:44:33.3 −59:57:25 0.11 0.12 0.33 0.1
171 F27 989 3389 10:44:33.5 −59:34:34 0.11 0.22 −13 0.48 0.2 BH, EL
172 F26 2859 463 10:44:33.9 −60:01:01 0.50 0.55 1.52 3.6
173 F28 1165 3251 10:44:33.9 −59:34:24 0.18 0.27 0.65 0.6 BH
174 F28 1147 3298 10:44:34.0 −59:34:26 0.14 0.32 −4 0.67 0.4 BH, EL
175 F26 2899 971 10:44:34.1 −60:00:36 0.46 0.73 2 1.73 4.8 EL, T
176 F28 1231 3217 10:44:34.1 −59:34:20 0.12 0.24 21 0.52 0.3 BH, EL
177 F28 1250 3203 10:44:34.2 −59:34:19 0.31 0.78 −29 1.58 3.3 EL
178 F26 2733 168 10:44:34.4 −60:01:17 0.15 0.16 0.45 0.3
179 F29 455 586 10:44:34.5 −59:37:30 0.13 0.15 0.41 0.4
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Table A.1. continued.

CN Field x y RA Dec α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (degr.) (kAU) (MJ)

180 F28 1585 2904 10:44:34.8 −59:33:57 0.11 0.13 0.35 0.2 BH
181 F28 1330 3301 10:44:35.0 −59:34:21 0.10 0.24 −9 0.49 0.2 BH, EL
182 F26 2599 499 10:44:35.6 −60:01:01 0.18 0.19 0.54 0.4
183 F28 1340 3499 10:44:35.8 −59:34:29 0.12 0.15 0.39 0.3 BR
184 F28 1707 3005 10:44:35.9 −59:33:58 0.19 0.26 0.65 0.6 BH
185 F29 306 1298 10:44:36.8 −59:38:03 0.15 0.34 9 0.71 0.8 BH, EL
186 F29 385 1214 10:44:36.8 −59:37:57 0.12 0.19 −42 0.45 0.3 BH, EL
187 F29 325 1329 10:44:37.0 −59:38:03 0.13 0.22 −13 0.51 0.5 BH, EL
188 F29 967 666 10:44:37.5 −59:37:17 0.10 0.12 0.32 0.1
189 F26 2389 1025 10:44:37.5 −60:00:37 0.60 0.67 1.84 3.5
190 F29 389 1433 10:44:37.8 −59:38:05 0.18 0.34 21 0.75 1.0 BH, EL, T
191 F29 416 1430 10:44:37.9 −59:38:04 0.09 0.10 0.28 0.1 BH
192 F29 601 1217 10:44:37.9 −59:37:50 0.13 0.17 9 0.44 0.3 BR.EL
193 F29 466 1381 10:44:37.9 −59:38:01 0.14 0.23 7 0.54 0.3 BH, EL
194 F29 1203 581 10:44:38.3 −59:37:06 0.12 0.14 0.38 0.2
195 F28 2194 3098 10:44:38.8 −59:33:47 0.09 0.10 0.29 0.1 BH
196 F29 763 1319 10:44:39.2 −59:37:49 0.26 0.45 6 1.03 2.0 BH, EL
197 F29 877 1190 10:44:39.2 −59:37:40 0.10 0.12 0.32 0.1 BH
198 F29 1014 1365 10:44:40.6 −59:37:43 0.15 0.20 0.51 0.3
199 F25/28 1945 3616 10:44:41.3 −59:46:26 1.22 1.46 3.89 33
200 F25 3596 1558 10:44:42.1 −59:44:14 0.35 0.59 2 1.36 2.3 EL
201 F33 380 1177 10:44:45.2 −59:39:07 0.15 0.25 −26 0.58 0.4 BH, EL
202 F32 1780 3807 10:44:46.8 −59:26:25 0.18 0.30 −1 0.70 0.7 BR, EL
203 F32 1884 3764 10:44:47.0 −59:26:30 0.25 0.33 0.84 1.1 BR
204 F33 1657 317 10:44:48.1 −59:37:53 0.27 0.34 0.88 1.1 BR
205 F28 3952 3839 10:44:51.0 −59:33:25 0.11 0.10 0.30 0.1 BH
206 F31 1558 3034 10:44:55.0 −59:32:03 0.23 0.37 31 0.87 1.0 BH, EL, C to 207
207 F31 1578 3041 10:44:55.2 −59:32:03 0.18 0.41 −7 0.81 0.8 BH, EL, C to 206
208 F28 2749 4107 10:44:55.5 −59:47:38 0.22 0.29 0.74 0.6
209 F31 1729 2933 10:44:55.5 −59:31:54 0.12 0.17 0.42 0.2 BH
210 F31 1744 2954 10:44:55.7 −59:31:54 0.18 0.24 0.61 0.5 BH
211 F31 1776 2936 10:44:55.8 −59:31:53 0.15 0.28 −8 0.62 0.5 BH, EL
212 F31 1822 2927 10:44:56.0 −59:31:51 0.11 0.13 0.35 0.2 BH
213 F31 1839 2938 10:44:56.1 −59:31:51 0.24 0.50 −10 1.07 1.3 BH, EL
214 F33 2034 1833 10:44:56.4 −59:38:40 0.23 0.29 0.75 1.0
215 F30 2894 2278 10:44:57.1 −59:47:36 0.37 0.42 1.15 1.6
216 F34 634 493 10:44:58.1 −59:45:30 0.24 0.31 0.80 0.8 BH
217 F33 2984 1488 10:44:59.7 −59:37:56 0.21 0.26 0.68 0.6 BR
218 F33 3039 2209 10:45:03.0 −59:38:22 0.17 0.20 0.54 0.4
219 F32 2175 991 10:45:05.0 −59:26:57 0.34 1.23 44 2.28 4.0 BH, EL, HH 1011
220 F34 1926 694 10:45:05.8 −59:45:00 0.27 0.33 0.87 1.0
221 F32 1901 849 10:45:06.0 −59:26:44 0.17 0.39 36 0.81 0.6 BH, EL, T
222 F32 1800 790 10:45:06.5 −59:26:39 0.22 0.63 35 1.22 1.4 BH, EL
223 F35 1157 892 10:45:07.0 −59:36:22 0.19 0.32 −4 0.74 0.8 BH, EL
224 F33 3463 2708 10:45:07.3 −59:38:28 0.09 0.12 9 0.30 0.1 BR, EL
225 F33 3876 2237 10:45:07.4 −59:37:56 0.13 0.17 0.43 0.2
226 F33 2807 3660 10:45:08.0 −59:39:25 0.11 0.21 23 0.46 0.2 BR, EL
227 F34 1339 2233 10:45:08.7 −59:46:19 0.83 0.93 2.55 11
228 F36 3883 3930 10:45:10.2 −59:28:18 0.12 0.31 41 0.62 0.4 BH, EL
229 F36 2492 3336 10:45:14.8 −59:27:11 0.26 0.45 41 1.03 1.5 BR, EL
230 F36 3665 3179 10:45:15.2 −59:28:10 0.23 0.94 31 1.70 1.0 BH, EL, T
231 F36 3991 3108 10:45:15.5 −59:28:26 0.17 0.30 −8 0.68 0.4 BH, EL, T
232 F34 2953 1788 10:45:15.5 −59:45:14 0.45 0.65 1.60 2.5
233 F36 3003 3106 10:45:16.0 −59:27:37 0.10 0.19 35 0.42 0.2 BR, EL
234 F34 3018 1878 10:45:16.2 −59:45:15 0.53 0.98 −14 2.19 5.6 EL
235 F36 2999 3076 10:45:16.2 −59:27:37 0.11 0.23 35 0.49 0.3 BR, EL
236 F36 2080 3045 10:45:16.9 −59:26:52 0.12 0.21 −4 0.49 0.3 BR, EL
237 F36 2850 2967 10:45:17.0 −59:27:03 0.09 0.18 36 0.39 0.2 BR, EL
238 F36 2053 2993 10:45:17.3 −59:26:50 0.11 0.18 37 0.42 0.2 BR, EL
239 F36 2086 2949 10:45:17.6 −59:26:52 0.19 0.34 38 0.77 1.0 BR, EL
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Table A.1. continued.

CN Field x y RA Dec. α β PA r̄ Mass Remarks
(J2000.0) (J2000.0) (arcsec) (arcsec) (degr.) (kAU) (MJ)

240 F36 3557 2638 10:45:18.8 −59:28:07 0.43 0.49 1.33 2.3 BR
241 F34 4031 1315 10:45:19.4 −59:44:23 0.86 1.29 −15 3.12 14 EL, T, HH 900
242 F36 3013 2526 10:45:19.8 −59:27:40 0.11 0.20 −5 0.45 0.5 EL
243 F36 2815 2471 10:45:20.3 −59:27:31 0.22 0.33 −8 0.80 1.3 EL
244 F35 3833 803 10:45:20.3 −59:34:54 0.19 0.56 −6 1.09 1.9 BH, EL
245 F36 2956 2448 10:45:20.4 −59:27:38 0.12 0.20 −4 0.46 0.3 EL
246 F35 3925 862 10:45:21.0 −59:34:53 0.11 0.22 −21 0.48 0.4 BH, EL
247 F36 2947 2037 10:45:23.1 −59:27:39 0.17 0.35 41 0.75 0.5 BR, EL
248 F36 2438 2035 10:45:23.4 −59:27:14 0.15 0.26 34 0.59 0.5 BR, EL
249 F36 2642 2011 10:45:23.4 −59:27:24 0.14 0.25 −6 0.56 0.4 BR, EL
250 F36 2426 1969 10:45:23.8 −59:27:13 0.10 0.20 41 0.44 0.2 BR, EL,
251 F36 3344 1606 10:45:25.7 −59:28:01 0.11 0.19 44 0.43 0.2 BH, EL, T
252 F36 3446 1332 10:45:27.4 −59:28:07 0.12 0.41 36 0.77 0.4 BR, EL
253 F36 3855 1259 10:45:27.6 −59:28:28 0.20 0.57 −7 1.12 0.9 BR, EL
254 F36 3465 722 10:45:31.4 −59:28:10 0.10 0.25 28 0.51 0.2 BR, EL
255 F37 1063 1293 10:45:43.3 −59:41:48 0.17 0.32 −8 0.71 0.5 BH, EL
256 F37 1218 1373 10:45:49.3 −59:41:20 0.19 0.22 0.59 0.5
257 F37 2123 1452 10:45:49.6 −59:41:23 0.24 0.32 0.81 0.9 T
258 F38 1950 772 10:45:52.4 −60:09:22 0.94 1.20 3.10 29
259 F39 2083 1920 10:45:56.4 −60:06:50 0.25 0.37 0.90 1.0
260 F39 1727 1822 10:45:58.5 −60:07:00 0.39 0.54 1.35 2.2 C
261 F40 3160 2494 10:46:25.4 −60:04:46 0.23 0.34 24 0.83 0.8 BH, T
262 F40 1860 859 10:46:32.5 −60:06:16 0.17 0.52 11 1.00 0.8 BH, EL
263 F40 1829 2265 10:46:34.0 −60:05:07 0.22 0.74 13 1.39 1.4 BH, EL
264 F40 1684 2025 10:46:34.8 −60:05:20 0.18 0.39 13 0.83 0.9 BH, EL
265 F40 1595 3374 10:46:36.6 −60:04:13 0.29 0.35 0.93 0.9 BH, C
266 F40 1099 2480 10:46:39.1 −60:05:01 0.18 0.36 6 0.78 0.6 BH, EL
267 F40 1183 3446 10:46:39.4 −60:04:13 0.18 0.28 0.67 0.4 BH
268 F40 548 2567 10:46:42.8 −60:05:01 0.12 0.21 10 0.48 0.3 BH, EL
269 F40 572 3295 10:46:43.3 −60:04:24 0.22 0.35 27 0.83 0.7 BH, EL
270 F40 536 3228 10:46:43.5 −60:04:28 0.15 0.31 24 0.67 0.5 BH, EL
271 F41 2754 3454 10:46:44.0 −60:08:16 0.35 0.64 −38 1.44 2.0 BH, EL
272 F42 4047 547 10:46:44.2 −60:07:29 0.23 0.41 −43 0.93 0.6 BH, EL
273 F41 2206 3203 10:46:47.4 −60:08:33 0.25 0.29 0.78 0.6
274 F41 1750 609 10:46:48.0 −60:10:44 0.18 0.28 40 0.67 0.5 EL
275 F41 2193 3922 10:46:48.2 −60:07:57 0.40 0.68 −25 1.7 3.3 BH, EL
276 F41 2118 3648 10:46:48.4 −60:08:11 0.25 0.32 0.83 0.7 BR
277 F41 1974 3499 10:46:49.2 −60:08:20 0.32 0.34 0.96 1.0
278 F41 1870 3499 10:46:49.9 −60:08:20 0.60 0.91 32 2.19 5.3 BH, EL
279 F41 1788 3611 10:46:50.6 −60:08:15 0.37 0.39 1.10 1.4 BH
280 F41 1664 2864 10:46:50.7 −60:08:53 0.25 0.29 0.78 0.7
281 F43 3479 1455 10:46:51.4 −60:03:35 0.34 0.47 7 1.17 2.9 BR, EL, T
282 F41 1472 3476 10:46:52.5 −60:08:24 0.20 0.26 0.67 0.5
283 F43 2949 1487 10:46:54.9 −60:03:37 0.31 0.50 26 1.17 2.2 EL, C to 268
284 F43 2933 1486 10:46:55.0 −60:03:38 0.26 0.42 15 0.99 1.5 EL, C to 267
285 F43 2818 1519 10:46:55.8 −60:03:37 0.13 0.14 0.39 0.2
286 F42 2371 3032 10:46:57.7 −60:05:38 0.82 1.47 35 3.32 25 EL
287 F43 2498 3796 10:47:00.0 −60:01:46 0.25 0.45 −23 1.02 1.3 BH, EL
288 F43 2411 4092 10:47:00.9 −60:01:32 0.32 0.37 1.00 1.4
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Appendix B: Atlas of fields with globulettes

Fig. B.1. Fields 1 to 8 with object designation and inserted enlargements of globulettes.
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Fig. B.1. continued. Fields 9 to 16.
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Fig. B.1. continued. Fields 17 to 24.
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Fig. B.1. continued. Fields 25 to 32.
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Fig. B.1. continued. Fields 33 to 40.
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Fig. B.1. continued. Fields 41 to 43.
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ABSTRACT

Context. Dust grains are widespread in the Crab Nebula. A number of small, dusty globules, are visible as dark spots against the
background of continuous synchrotron emission in optical images.
Aims. Our aim is to catalogue such dusty globules and investigate their properties.
Methods. From existing broad-band images obtained with the Hubble Space Telescope, we located 92 globules, for which we derived
positions, dimensions, orientations, extinctions, masses, proper motions, and their distributions.
Results. The globules have mean radii ranging from 400 to 2000 AU and are not resolved in current infrared images of the nebula. The
extinction law for dust grains in these globules matches a normal interstellar extinction law. Derived masses of dust range from 1 to
60×10−6 M�, and the total mass contained in globules constitute a fraction of approximately 2% or less of the total dust content of the
nebula. The globules are spread over the outer part of the nebula, and a fraction of them coincide in position with emission filaments,
where we find elongated globules that are aligned with these filaments. Only 10% of the globules are coincident in position with the
numerous H2-emitting knots found in previous studies. All globules move outwards from the centre with transversal velocities of 60
to 1600 km s−1, along with the general expansion of the remnant. We discuss various hypotheses for the formation of globules in the
Crab Nebula.

Key words. ISM: supernova remnants – dust, extinction – supernovae: individual: Crab Nebula

1. Introduction

Dust ejected from supernovae has been considered to play an im-
portant part in supplying the interstellar medium with dust grains
(e.g., Kozasa et al. 2009). Substantial amounts of dust have in-
deed been found in young supernova remnants based on observa-
tions of infrared emission from dust grains. For Cas A (e.g., Roh
et al. 2008) and SN 2003gd (e.g., Sugerman et al. 2006) the total
amount of dust was estimated to be up to a few times 10−2 M�.
For SNR 1987A, Ercolano et al. (2007) obtained an upper limit
for dust mass of 7.5×10−4 M�, assuming a clumpy distribution of
dust, at a phase two years after the explosion. Indebetouw et al.
(2014) and Matsuura et al. (2015), however, found much larger
amounts of dust, of the order of 0.5 M�, from observations ob-
tained at later phases. It was proposed that the dust is formed in
the inner ejecta, the cold remnants of the exploded stellar core,
and that grain growth occur in the remnant at later phases.

Here, we will focus on another young and well-known dust-
containing supernova remnant named the Crab Nebula, formed
after the supernova in 1054 AD. Based on arguments concerning
the low expansion velocities of the ejecta and the lack of signa-
tures of remote, fast-moving gas (Lundqvist et al. 1986, 2012;
Wang et al. 2013) in addition to the energy budget of the complex
(e.g., Yang & Chevalier 2015), it is has been proposed that the
progenitor was a star in the more massive part of the asymptotic
giant branch (Moriya et al. 2014). At the centre of the nebula lies
one of the first known pulsars, PSR B0531+21, surrounded by an
expanding synchrotron radiating nebula and a network of fila-
ments radiating in emission lines from various ions. The general
? Based on observations collected with the NASA/ESA Hubble Space

Telescope, obtained at the Space Telescope Science Institute.

properties of the Crab Nebula have been reviewed by Davidson
& Fesen (1985) and Hester (2008).

The velocity field over the expanding remnant has been
mapped from proper motions of the optical filaments (Trimble
1968; Nugent 1998) and related radial velocities (Wykoff et al.
1977). Bietenholz & Nugent (2015) also included radio mea-
surements to conclude that the synchrotron nebula, fed by en-
ergy from a pulsar-wind nebula (see Bühler & Blandford 2014),
has been strongly accelerated compared to the filaments.

The presence of dust in the Crab Nebula was first inferred
from the infrared (IR) excess emission over the synchrotron
spectrum noted in Trimble (1977). With the launches of the
Spitzer Space Telescope and the Herschel Space Observatory,
the distribution of IR-emitting dust could be mapped in great
detail (e.g., Temim et al. 2006, 2012; Temim & Dwek 2013;
Gomez et al. 2012; Owen & Barlow 2015). Dust is spread over
the entire nebula, and strongly concentrated to the optical fila-
ments. The total dust content was estimated by these authors to
be in the order of a tenth of a solar mass. Sankrit et al. (1998)
proposed that dust is freshly formed in filaments resulting from
Rayleigh-Taylor instabilities acting on the ejecta.

Dust was also recognized in optical images as dark fea-
tures silhouetted against the bright background in Woltjer &
Véron-Cetty (1987). From an examination of photographic
plates, Fesen & Blair (1990) catalogued 24 “dark spots” and
measured the amount of extinction in them, and Hester et al.
(1990) draw attention to several optically visible dusty blobs and
filaments. One such blob attached to a dusty filament, coinci-
dent with an optically bright filament, was investigated in Sankrit
et al. (1998) from images taken with the Hubble Space Telescope
(HST). Several extended irregular dusty filaments can be seen in
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Table 1. Archival HST/HLA data used.

Program ID Filter Exposure time (s) Year Archive data set

5206 F547M 1000 1994 u24r0404t
5354 F547M 800–1000 1995 u2bx0501t–u2bx0504t
6129 F547M 1000 1995–1996 u2u60101t–u2u60702t

F814W 700, 1200 1995–1996 u2u60106t, u2u60504t
7407 F547M 1200 2000–2001 u50v0302r, u50v1201r, u50v2101r, u50v5902m
8222 F547M 900 2000 u5d10201r–u5d10601r
13510 F550M 2000 2014 jcgt03010
13772 F550M 2000 2014 jcp301010

Fig. 1. HST color image composed from images in the F502N, F631N,
and F673N filters (courtesy: NASA, ESA, and J. Hester, Arizona State
University). The area investigated here is marked, and the arrow points
to the location of the pulsar (north is up and east left).

optical continuum HST images and also in narrow band images
covering certain emission lines (Blair et al. 1997). In addition
to these dusty structures, Loh et al. (2011) found a number of
knots emitting in the line of molecular hydrogen at 2.12 µm, fur-
ther investigated in Richardson et al. (2013). Barlow et al. (2013)
also mapped emission from the molecule ArH+ from several po-
sitions in the nebula.

In the present study we focus on the roundish, dusty cloudlets
seen in optical images of the Crab Nebula. These are reminis-
cent of the so-called globulettes present in H ii regions surround-
ing young stellar clusters as studied in Gahm et al. (2007) and
Grenman & Gahm (2014), for example, who concluded that the
globulettes are remnants of eroding molecular shells and pillars
surrounding the clusters. The Crab Nebula objects have a dif-
ferent origin, and may differ in chemical composition, and in the
following we refer to them as globules. We have located 92 glob-
ules in the nebula from continuum images taken with HST. Our
aim has been to define central positions, average radii, and the
extinction due to dust, providing a measure of the associated ex-
tinction law. From these data we have estimated the mass of dust
contained in the globules. In addition, we have measured the
proper motion of the globules and determined their transversal
velocities from images taken between 1994 and 2014.

Table 2. Central positions and sizes of the fields containing globules.

Field Central position Size
RA (2000) Dec (2000) (arcsec)

1 5:34:26.72 +22:00:58.6 22 × 30
2 5:34:26.89 +22:01:47.1 28 × 34
3 5:34:30.42 +22:00:29.4 52 × 27
4 5:34:31.05 +22:02:08.0 28 × 28
5 5:34:31.24 +21:59:55.4 34 × 55
6 5:34:31.95 +22:01:41.8 21 × 40
7 5:34:34.63 +22:00:46.4 27 × 54
8 5:34:35.21 +22:00:18.6 28 × 54
9 5:34:35.24 +22:01:14.1 28 × 37
10 5:34:35.98 +21:59:50.8 25 × 57
11 5:34:39.04 +21:59:57.9 37 × 25

The paper is organized as follows. We present the fields con-
taining globules and their measured properties in Sect. 2. In
Sect. 3 we derive extinction and masses, and discuss the distribu-
tion and motion of the globules, as discussed further in Sect. 4.
We end with a summary in Sect. 5.

2. Archival HST images and measurements

Optical images of the Crab Nebula were downloaded from the
HST archive and from the Hubble Legacy Archive (HLA). Ob-
servations from programs GO-5206, 5354, 6129, 7407, and 8222
were obtained with the WFPC2 camera and from GO-13510 and
13772 with the ACS/WFC camera. The pixel sizes correspond to
approximately 0.05 arcsec pixel−1 and 0.1 arcsec pixel−1 for the
ACS/WFI and WFPC2 camera, respectively. For further details
about the image reductions made at the HST centre, see the HST
Data Handbooks1.

Areas containing dusty globules were selected for further
analysis. In particular, we inspected images in filters not con-
taminated by strong emission lines, namely the F547M, F550M,
and F814W filters. Comparisons were also made with images
covering various emission lines. Table 1 summarizes the obser-
vational material used, including dates, exposures, and image
designations according to the HST/HLA archive. The exposures
date from 1994 to 2014, hence covering a timespan of 20 yr.
The fields in which we found globules are marked in Fig. 2, and
these are listed with central positions and sizes in Table 2. Each
globule is designated as CrN plus a number. Close-ups of all
fields are shown in Appendix B, where globules are numbered
and marked with circles, and two examples, fields 8 and 10, are
shown in Fig. 3. Figure 4 shows examples of individual globules.

1 https://archive.stsci.edu/hst/
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Fig. 2. Rectangles on this continuum image mark the fields in which
globules were found. The positions and dimensions of each box are
listed in Table 2.

Fig. 3. Close-ups of fields 8 and 10 (marked in Fig. 2). Globules are
marked with circles and CrN number. The brackets enclose some irreg-
ular, filamentary features.

As a rule, they appear as distinct dark patches against the bright
synchrotron continuum. Most of the globules are roundish and
slightly elliptical, but some objects have more irregular shapes.
We also draw attention to a smaller number of tiny, dark, thin fil-
aments, and a few diffuse, patchy structures marked with clam-
mers in the figures, but not included in the subsequent analysis.

Proper motions of globules were derived from images col-
lected over the entire period, spanning a total of 20 yr. The ac-
curacy of these measures was estimated to ∼0.045′′ yr−1 from
the x and y pixel offsets of reference stars in both the first
and last epoch images. The transversal velocity (in km s−1) is
Vt = 4.74·µ·D, where µ is the proper motion (in arcseconds/year)

Fig. 4. Examples of globules. The image size differs from panel to panel
but spans 1′′–4′′.

Fig. 5. Examples of globules, where the white contour defines the shape
of each object.

and D is the distance (in parsecs), which has been been estimated
to ∼2 kpc (e.g., Trimble 1968; Davidson & Fesen 1985).

World system coordinates (WSCs) were obtained for the
WPFC2 and ASC images by using the Sloan Digital Sky Survey
and 2MASS catalogs. The accuracy of the positions is ∼0.15′′,
and the typical absolute astrometric accuracy from the HLA im-
ages is ∼0.3′′ in each coordinate. In order to improve the ac-
curacy of the coordinates of a given object in an ASC image,
we convert the (x, y) positions in pixel space to equatorial co-
ordinates by using an astrometric position calculator (Jordan D.
Marche2). In this program we entered positions of ten reference
stars and the resulting rms residual is 0.09′′.

Central positions of globules were derived from images
taken in 1994, 1995, 2000, and 2014. In one 2014 ACS image
(GO-13772) there are several small objects, with radii less than
0.15′′, which were not detected in the WFPC2 images. Some of
these may be artifacts, and we decided to measure only objects
with average diameters of ≥3 pixels. We define a shape from
an outer contour set at a level where the intensity has dropped
to 95% of the interpolated nebular background (see examples in
Fig. 5). Outside this contour the level of noise starts to affect
the definition of the boundary, but, as a rule, very little matter
resides in these outskirts. Ellipses were fitted to these contours
from which we derive radii of the semi-major and semi-minor
axes as a measure of the shape and size of a globule by using the
method described in Grenman (2006), and the positions are de-
fined as the centres of these ellipses. From the mean of these radii
we assign a mean radius r̄ based on measurements from two dif-
ferent years. For irregular objects we measured radii from long
and short axes. Position angles (PA) were measured in degrees,
from north to east, but only for objects with ratios of major and
minor axes ≥1.5.

Table 3 shows the first ten entries of the complete table,
Table A.1. The field where the globules reside is shown in the
second column. The following four columns give measured po-
sitions as obtained for the year 2014 followed by mean radii,
r̄, expressed in arcseconds and R̄ in AU (adopting a distance of
2 kpc). Column 7 gives position angle (PA) for elongated objects.
Columns 8–10 give proper motions, µα and µδ, and the associ-
ated transversal velocity Vt. Our estimates of the mass of dust in
the globules are described in Sect. 3.2 and are given in Col. 11.

2 http://www.phys.vt.edu/~jhs/SIP/astrometrycalc.html
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Table 3. Properties of the globules in the Crab Nebula.

CrN Field RA Dec r̄ R̄ PA µα µδ Vt Md Remarks
J(2000.0) J(2000.0) (′′) (AU) (deg) (′′/yr) (′′/yr) (km s−1) (M� × 10−6)

1 2 5:34:25.77 +22:01:40.1 0.5 1000 41 –0.163 +0.064 1660 10 C
2 1 5:34:25.86 +22:01:03.6 0.3 600 –16 –0.133 +0.016 1270 3 C
3 2 5:34:26.25 +22:01:56.1 0.3 600 –0.145 +0.077 1522 3
4 2 5:34:26.31 +22:01:54.9 0.2 400 –0.134 +0.093 1546 1
5 2 5:34:26.34 +22:01:54.3 0.2 400 –33 –0.143 +0.078 1544 2
6 1 5:34:26.84 +22:00:58.3 0.2 400 –0.113 +0.009 1075 2 C
7 1 5:34:26.89 +22:01:00.4 0.3 600 –42 –0.114 +0.016 1091 3
8 2 5:34:27.06 +22:01:52.5 0.5 1000 –0.114 +0.071 1273 12 Knot 521, 4E2

9 1 5:34:27.20 +22:00:58.5 0.2 400 –0.113 +0.009 1075 1 C to 10
10 1 5:34:27.21 +22:00:57.7 0.4 800 –0.118 +0.004 1119 6 C to 9, Irr

Notes. Continued in Appendix A, (1) from Loh et al. (2011), (2) from Fesen & Blair (1990).

Table 4. Extinction measures at 8140 Å and 5470 Å and ratios.

CrN A8140 A5470 A5470/A8140

8 0.144 0.233 1.62
43 0.106 0.204 1.92
47 0.148 0.277 1.87
53 0.131 0.256 1.95
63 0.156 0.285 1.83
71 0.173 0.321 1.86
72 0.173 0.340 1.97

The last column contains remarks, where C indicates that the
object is connected to another globule (numbered) by thin dusty
threads, and Irr marks an object of pronounced irregular shape.
Objects that have been studied earlier by Fesen & Blair (1990)
are introduced by the number assigned by them. Loh et al. (2011)
list a number of H2-emitting knots, assigned Knot plus a number,
and five of these coincide in position with globules CrN 8, 12,
16, 30, and 31 as noted in the remarks. Globule CrN 8, identical
with Knot 52 and 4E, forms the head of a dusty filament studied
by Sankrit et al. (1998). Also CrN 12, identical with Knot 51 and
4D, is part of a filamentary structure, which was studied in depth
by Richardson et al. (2013).

3. Results

3.1. Extinction

Images obtained with the F547M and F814W filters offer an op-
portunity to estimate the extinction law in the globules. First we
measure the residual intensity for each pixel within a globule, I,
relative to the interpolated bright background I0 in the images.
This value relates to the extinction due to dust at wavelength, λ,
through Aλ = −2.5 × log(I/I0), provided that the globule lies in
the foreground of the emission nebula. From the average value
of I we derive an average value of the extinction for individual
globules at the central wavelengths of the filters, 5470 Å and
8140 Å.

Seven rather dark and distinct globules were selected for
extinction measures, since these are likely to be located es-
sentially in the foreground of the emission nebulosity. The re-
sulting values are given in Table 4 for the two wavelengths
(Cols. 2 and 3), and their ratios are listed in the fourth column.
The mean value of these ratios is 1.86, which is close to 1.89,
the ratio expected from a standard interstellar reddening law

(Savage & Mathis 1979). The spread around the mean is ex-
pected from uncertainties in measurements of average extinc-
tions. Values >1.9 do not fit any extinction law. Values <1.8
could indicate that the grains are larger than normal interstel-
lar grains, but it could also mean that the globule is embedded at
some depth inside the emitting bubble. In this case, the extinc-
tion values must be calculated for a reduced continuum, since
the globule is filled with foreground emission.

With the exception of CrN 8, the extinction is in close agree-
ment with that of a normal extinction law, which confirms our
suspicion that the selected objects are not deeply embedded in
nebulosity. Finally, we verified some of the darkest filaments us-
ing the same method applied to smaller areas within the fila-
ments and found extinction ratios similar to those of the glob-
ules. We conclude that the extinction of dust grains in the glob-
ules is similar to that of normal interstellar grains.

3.2. Dust masses

In order to estimate the mass of dust in the globules we consider
two extreme cases. In the first case we assume that the resid-
ual intensity in the darkest parts of a globule is due entirely to
foreground emission. In the second case the object is in the fore-
ground and residual intensities in the darkest areas trace only
background emission. In both cases, we set the level of residual
nebular emission to 95% of the darkest area in the object in or-
der to avoid infinite extinction in individual pixels due to noise.
We then derive the extinction A5470 for the two cases, and since
the difference between the extinction in V and that derived from
F547M images is negligible, A5470 is a measure of AV .

The column density of dust in any sightline through a glob-
ule can be calculated once the properties of the grains are known.
However, since the extinction through the globules appears to
match a standard interstellar reddening law (Sect. 3.1) we will
first follow an alternative method for deriving column densities
of dust that was used for similar studies of globulettes in H ii re-
gions in Gahm et al. (2007) and Grenman & Gahm (2014). This
method is based on the relationship between column density of
molecular hydrogen and AV , namely N(H2) = 9.40 × 1020AV ,
found by Bohlin et al. (1978) for normal interstellar condi-
tions, and in our case we apply a normal mass ratio of dust to
gas of 1/100 to obtain the dust masses. Assuming solar chem-
ical composition, the total column density of dust expressed in
g cm−2 mag−1 amounts to Nd = 4.3 × 10−7AV .
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Fig. 6. Left: individual globules are marked with circles on this HST optical emission line image (blue-white) combined with a Herschel Space
Observatory 70 µm image (red) – credit: HST and Herschel Space Observatory, ESA, NASA. Right: orientations of elongated objects on the
background of the HST image shown in Fig. 1.

Table 5. Globule masses based on two different methods.

CrN Md
′ Md (Table A)

(M� × 10−6) (M� × 10−6)
8 6 12
12 9 16
47 2 4
63 2 3

We calculate the total column mass densities of dust for each
pixel in individual globules and sum over all pixels inside the
contours, as defined in Sect. 2, to obtain the total mass of dust
in each globule. Since we do not know how deeply the glob-
ules are embedded in the nebula we present the mean mass, Md,
of the two extremes described above in Col. 11 in Table 3, and
continued in Table A.1. The difference in mass compared to the
extremes is relatively small; a factor 2.5 on average. The dust
masses range from one to several tens of earth masses. Summing
over all objects we obtain a total dust mass contained in the Crab
Nebula globules of 4.5 × 10−4 M�. The total mass of individual
globules depends on the unknown gas-to-dust ratio in these ob-
jects. Owen & Barlow (2015) estimated a gas-to-dust ratio of ap-
proximately 30 from their studies of widespread dust. With this
ratio the total mass of all globules in our study is 1.4× 10−2 M�.

From the mass (Md) and volume of individual globules, we
derive the mean densities of dust, ρ̄, for all objects in Table 3. The
result is that the densities range 8×10−22 < ρ̄ < 7×10−21 g cm−3.

Next, we compare these results with calculations based on
assumptions of grain properties. These relate to the extinction in
magnitudes and grain properties through AV = 1.086 Nd · Qeσ,
where Nd is the column number density of grains, Qe is the ex-
tinction efficiency factor (Spitzer 1978), and σ is the cross sec-
tion of a grain. We select four spherical objects with smooth den-
sity distributions and apply a grain radius of 2 × 10−5 cm. The
corresponding cross section of a grain is thenσ = 1.3×10−9 cm2.
For the grain density we adopt a value of 3 g cm−3 approximately
corresponding to a mixture of the graphite and silicate materi-
als used in Owen & Barlow (2015) resulting in a grain mass of

md = 1.0 × 10−13 g. The extinction efficiency factor is set to
Qe = 2 and the column density of dust is mc = Nd ·md (g cm−2).

We find a mean value of AV from the intensity profiles across
each globule in the F547 filter images, with the same assump-
tions on the amount of foreground emission as used above in
the Bohlin relation. The corresponding value of Nd represents a
mean value. From the column density mc, integrated over the sur-
face area of the globule, we estimate the total mass of dust, M′d,
as listed in the second column of Table 5, which can be com-
pared with the values taken from Table 3 (third column). The
masses based on grain properties are approximately a factor two
smaller than those derived from the Bohlin relation. Given the
uncertainties in these assumptions, we find that the agreement is
fair.

The masses are very sensitive to the choice of grain radius
and, to some extent, to the grain density. Similar calculations
were performed by Fesen & Blair (1990), Sankrit et al. (1998),
and Loll et al. (2010) based on a smaller grain radius and a
slightly lower grain density than that used here. Fesen & Blair
(1990) noted that the resulting masses become smaller than those
inferred from infrared measurements, and also proposed that the
grains are larger than their initial assumptions. The radii adopted
here are somewhat larger than those assumed by Temim et al.
(2006) to match the IR emission at 3.6 and 4.5 µm but in the
lower range of radii assumed for dust produced in AGB winds
(e.g., Höffner et al. 2016).

3.3. Distributions of globules

We have catalogued a total of 92 globules. The majority of the
objects have radii <1400 AU and the size distribution peaks at
500 AU. The dust masses range from 1 to 60 × 10−6 M�, but
very few objects have dust masses >10−5 M�. Their distribution
across the Crab Nebula is shown in the left panel of Fig. 6 on the
combined HST and Herschel Space Observatory image, featur-
ing the location of knots and filaments visible both in the optical
emission lines and in the far infrared emission from dust.

The globules are spread over the nebula, but the area sur-
rounding the pulsar is void of globules, and the northern part
of the nebula contains less objects than the southern part. Many
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Fig. 7. Transversal velocities are depicted with arrows, and grouped
in three velocity intervals <400 (blue), 400–1000 (yellow), and ≥1000
(red) km s−1 on the background of the HST image shown in Fig. 1. En-
circled arrows mark irregular objects not included in Table A.

globules fall along the nebular filaments, but a substantial frac-
tion reside in areas outside the filaments. We note that among the
55 knots emitting H2 found in Loh et al. (2011), only five coin-
cide with globules, and Richardson et al. (2013) considered cases
where dust-free knots could be sources of strong H2 emission.

Position angles were measured for elongated objects (40%
of the total sample), and the corresponding distribution over the
nebula is shown in the right panel of Fig. 6. The orientations are
randomly distributed relative to the centre of the nebula. How-
ever, there are several examples of globules that appear to be
aligned with certain emission filaments to the north and to the
extended feature crossing the image just south of the centre.

3.4. Velocity patterns

From the proper motion measurements reported in Sect. 2 we
obtain the position angle for the transversal velocity vector.
The globules range in velocity from a minimum of 60 km s−1

to a maximum of 1600 km s−1, significantly lower than the
2310 km s−1 measured for the outer edge of the nebula by
Bietenholz & Nugent (2015). Figure 7 shows directions of
motion for all globules measured, where the velocities have
been sorted into three velocity intervals: <400, 400–1000, and
≥1000 km s−1. In this figure we have also included transversal
velocities measured for some rather irregular dust features in the
peripheries of the remnant, which are not listed in Table A.1, but
are encircled in Fig. 7.

Obviously, the globules take part in the general expansion of
the supernova remnant, and comparing with the transversal ve-
locity vectors derived for emission filaments in Trimble (1968),
for example, we conclude that the globules follow the same flow
pattern as the emitting gas. The smallest velocities cluster close
to the centre of the nebula, while globules with the largest veloci-
ties are located in the periphery. This is expected from a more or
less spherically expanding constellation of globules. An asym-
metry in the flow is also apparent, oriented along the major axis
of the remnant. The proper motion of the pulsar is small com-
pared to the transversal expansion velocities (Kaplan et al. 2008;
Wykoff & Murray 1977). By tracing the velocity vectors back-
wards in time, we find an origin for the expanding system of

globules within a radius of a few arcseconds from the divergent
point of the remnant, according to Kaplan et al. (2008) to be at
5h34m 33s+22◦00′48′′ (J2000.0).

Five globules, CrN 8, 12, 16, 30, and 31, are coincident in
position with H2 knots measured for radial velocity in Loh et al.
(2011) for which we can derive the corresponding space veloci-
ties. Two objects, CrN 8 and 12, are in the outskirts of the rem-
nant (Field 2 in Fig. 2). For these objects, the transversal veloci-
ties are large, but the radial velocities are small (+121 km s−1 and
+146 km s−1), similar to the +140 km s−1 measured for the ArH+

emission in this region by Barlow et al. (2013). The space veloc-
ities for the two objects are large; approximately 1300 km s−1.
For globules CrN 16 and 31 in Fields 3 and 4, with radial veloc-
ities of +696 and –525 km s−1, the resulting space velocities are
smaller.

4. Discussion

The mass of dust contained in the Crab Nebula globules and the
distribution of sizes are in the same range as for the smallest
globulettes residing in H ii regions surrounding young clusters
(e.g., Grenman & Gahm 2014), but larger than dusty knots found
in certain planetary nebulae (O’Dell & Handron 1996). In con-
trast to these knots, and some of the globulettes, the Crab Neb-
ula globules lack any signs of extended tails, simply because the
globules do not interact with any central source of UV radiation.
For the globules listed in Appendix A, we find a mean density
of dust of 2.5 × 10−21 g cm−3, which is comparable to the cor-
responding values derived for globulettes in, for instance, the
Rosette Nebula (Gahm et al. 2007). We note that typical masses
of dust in the Crab Nebula globules are two orders of magnitude
larger than the dusty clumps assumed by Ercolano et al. (2007)
to match the energy distribution of SNR 1987A.

The total mass of dust, 4.5 × 10−4 M�, as derived for all 92
globules, can be compared to estimates of the total mass of dust
based on images of the infrared emission obtained by Spitzer and
Herschel. This dust is spread over the entire nebula, but strongly
concentrated to the filaments extending across the nebula (see
Fig. 6, left panel). Such estimates range from 0.02–0.13 M�
(Temim & Dwek 2013) to 0.18–0.27 M� (Owen & Barlow 2015;
Gomez et al. 2012). Compared to these estimates, the globules
contribute between 0.2 and 2% of the total mass. The globules
are not resolved in the infrared images and might not have been
properly sampled in the studies of the total dust content. Nev-
ertheless, the dust in globules comprise only a small fraction of
the total dust mass. The amount of dust contained in the fila-
ments marked in the figures in Appendix B is comparable to the
total dust mass of the globules.

From our measurement of extinction in the V band and at
8140 Å, we conclude that the extinction matches standard inter-
stellar law. Since the globules are shooting out from the centre at
high speed, one expects that they supply the interstellar medium
with small grains with extinction properties similar to that of
normal interstellar grains.

The origin of the dust grains present in supernova remnants
has been subject to several studies. It has been proposed that
dust is formed from material inside the stellar core shortly after
explosion (e.g., Matsuura et al. 2015, and references therein).
Model calculations of such grain production have been pre-
sented in Kozasa et al. (2009), for example. At a later phase,
the dust spreads into the expanding ejecta, where it can be
further processed. In the Crab Nebula, the widespread dust is
concentrated to the emission filaments as evidenced from Her-
schel observations. These filaments may be a consequence of
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Rayleigh-Taylor instabilities between the synchrotron nebula
and the denser ejecta (Hester 1996) indicating that the dust be-
comes concentrated along the filaments through the same pro-
cess (Sankrit et al. 1998). Carlqvist (2015) proposed that elec-
tromagnetic forces play a major role in the formation of certain
finger-like filaments in the Crab Nebula, and one may consider
it possible that plasma instabilities contribute to the formation of
globules inside the warm filaments. Grain destruction in reverse
shocks in supernovae ejecta can delete the population of small
grains as modeled in Silvia et al. (2012), for example. Temim
et al. (2012) pointed out that the clumping of gas and dust in the
filaments may provide shielding against destruction.

However, the majority of the globules are not located in any
bright filaments, and we have no clear idea of how they have
formed and survived. Model calculations of the convective lay-
ers in red supergiants have been presented by Chiavassa et al.
(2009), for example, and Freytag (priv. comm.) predicts that a
number of small convective surface elements (granules) cover
the surface above the deeper part of the convection zone. We
note that not only is the expected number of such granules of
the order of one hundred, similar to the total number of globules
we have listed, but also that their typical mass is comparable to
the masses of globules corrected for a gas-to-dust ratio of 100.
The agreement between these quantities may be a pure coinci-
dence but might be worth considering in more detail. Could the
globules in the Crab Nebula be remnants of gas cells in the outer
layers of the progenitor, cells that are confined, compressed and
ejected during the passage of the blast wave through the stellar
surface and containing the seeds of grains that are further pro-
cessed during the expansion?

5. Conclusions

We have located 92 cold cloudlets seen in obscuration against the
background of continuous synchrotron radiation in optical im-
ages of the Crab Nebula. These globules appear as dark, roundish
spots in broad and medium band HST images. We present a
list of positions, average radii, and orientations of elongated ob-
jects. From images taken between 1994 and 2014 we derived the
proper motion and related transversal velocity of each globule.
We estimate the amount of extinction in the V band for each
object and with different assumptions on the amount of fore-
ground emission. From these measures we obtained the indi-
vidual masses of dust using two different methods. In addition,
we estimated the mass of extended, obscuring filaments also
present in the nebula. From extinction measurements at wave-
lengths 5470 Å and 8140 Å we acquire information on the shape
of the extinction law for the globules.

– Mean radii range from 400 to 2000 AU, and 40% of the
globules are slightly elongated with a ratio between major
and minor axes >1.5. The objects are too small to be distin-
guished in current infrared images obtained with Spitzer and
Herschel.

– The globules are distributed over the entire nebula but less
abundant in the region surrounding the central pulsar. Several
globules are located at emission filaments where elongated
objects are aligned with the filaments.

– The extinction law for the globules and filaments matches a
normal interstellar extinction law. Hence, the globules will
eventually feed the interstellar medium with grains of inter-
stellar type.

– Derived masses of dust range from 1 to 60 × 10−6 M�, with
mean densities of ∼2.5 × 10−21 g cm−3.

– The total mass contained in globules amounts to 4.5 × 10−4,
a fraction of 2% at most of the total dust content of the neb-
ula. Assuming a gas-to-dust content of 30, the corresponding
total mass amounts to 1.4 × 10−2 M�.

– All globules move outwards from the centre with transversal
velocities of 60 to 1600 km s−1 along with the general expan-
sion of the remnant. For some objects we could also derive
space velocities.

The question about the origin of dust in supernova remnants re-
mains open. Dust grains may form at an early stage of the ex-
plosion and be further processed and grow during the expansion
of the ejecta. Rayleigh-Taylor instabilities acting on the ejecta
may form filaments in which dust production and growth are
stimulated, and we point out that electro-magnetic forces may
play a role in confining globules inside filaments. However, most
globules are not residing in filaments, and we speculate that they
could be products of cell-like blobs in the atmosphere of the pro-
genitor, cells that are collapsing to form globules during the pas-
sage of the blast wave during the explosion, possibilities which
can be tested further with hydrodynamic calculations. The Crab
Nebula globules can be resolved from infrared imaging with
the coming James Webb Space Telescope, which would provide
clues to whether the dust is warm or cold.
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Appendix A: Properties of the globules in the Crab Nebula

Table A.1. Properties of the globules in the Crab Nebula.

CrN Field RA Dec r̄ R̄ PA µα µδ Vt Md Remarks
J(2000.0) J(2000.0) (′′) (AU) (deg) (′′/yr) (′′/yr) (km s−1) (M� × 10−6)

1 2 5:34:25.77 +22:01:40.1 0.5 1000 41 –0.163 +0.064 1660 10
2 1 5:34:25.86 +22:01:03.6 0.3 600 –16 –0.133 +0.016 1270 3
3 2 5:34:26.25 +22:01:56.1 0.3 600 –0.145 +0.077 1522 3
4 2 5:34:26.31 +22:01:54.9 0.2 400 –0.134 +0.093 1546 1
5 2 5:34:26.34 +22:01:54.3 0.2 400 –33 –0.143 +0.078 1544 2
6 1 5:34:26.84 +22:00:58.3 0.2 400 –0.113 +0.009 1075 2
7 1 5:34:26.89 +22:01:00.4 0.3 600 –42 –0.114 +0.016 1091 3
8 2 5:34:27.06 +22:01:52.5 0.5 1000 –0.114 +0.071 1273 12 Knot 521, 4E2

9 1 5:34:27.20 +22:00:58.5 0.2 400 –0.113 +0.009 1075 1 C to 10
10 1 5:34:27.21 +22:00:57.7 0.4 800 –0.118 +0.004 1119 6 C to 9, Irr
11 1 5:34:27.25 +22:00:49.7 0.6 1200 –0.108 +0.022 1045 20 1E2, Irr
12 2 5:34:27.58 +22:01:52.0 0.6 1200 –0.121 +0.073 1340 16 Knot 511, 4D2

13 1 5:34:27.67 +22:00:52.2 0.2 400 –0.099 +0.008 942 2
14 3 5:34:28.63 +22:00:19.9 0.3 600 –34 –0.081 –0.024 801 4
15 3 5:34:29.01 +22:00:42.1 0.2 400 –0.076 –0.001 721 2
16 3 5:34:29.32 +22:00:30.1 1.0 2000 –0.068 –0.011 653 58 Irr, Knot 531, 1A2

17 3 5:34:29.37 +22:00:27.9 0.3 600 –0.068 –0.016 662 3
18 3 5:34:29.49 +22:00:30.3 0.6 1200 –44 –0.077 –0.012 739 15
19 5 5:34:29.53 +22:00:00.5 0.2 400 22 –0.048 –0.051 664 2
20 3 5:34:29.59 +22:00:28.7 0.2 400 –0.061 –0.012 589 2
21 3 5:34:29.59 +22:00:40.5 0.2 400 –4 –0.061 –0.004 580 3
22 3 5:34:29.66 +22:00:29.2 0.3 600 31 –0.060 –0.015 586 4
23 3 5:34:30.24 +22:00:24.9 0.2 400 3 –0.052 –0.010 502 2
24 3 5:34:30.44 +22:00:25.0 0.2 400 –0.045 –0.023 479 2
25 4 5:34:30.71 +22:01:57.9 0.3 600 40 –0.041 +0.081 861 4
26 4 5:34:30.75 +22:01:56.0 0.2 400 –0.041 +0.092 955 3
27 6 5:34:30.79 +22:01:40.3 0.4 800 15 –0.039 +0.050 601 6 4B2

28 5 5:34:31.06 +21:59:53.9 0.2 400 –0.023 –0.057 583 2
29 6 5:34:31.08 +22:01:37.4 0.3 600 –0.042 +0.063 718 2
30 6 5:34:31.15 +22:01:47.2 0.7 1400 –0.046 +0.073 818 16 Knot 451, 4C2

31 4 5:34:31.19 +22:02:01.0 0.6 1200 –21 –0.035 +0.086 880 17 Knot 461, 4A2

32 5 5:34:31.20 +22:00:11.7 0.2 400 21 –0.025 –0.032 385 2
33 5 5:34:31.44 +21:59:56.0 0.4 800 44 –0.016 –0.054 534 6
34 3 5:34:31.63 +22:00:26.6 0.3 600 –0.018 –0.015 222 4
35 4 5:34:31.64 +22:02:07.0 0.3 600 –7 –0.042 +0.089 933 4
36 4 5:34:31.67 +22:02:14.3 0.3 400 –16 –0.027 +0.104 1019 3
37 4 5:34:31.72 +22:02:13.6 0.2 400 40 –0.025 +0.104 1014 2
38 3 5:34:31.76 +22:00:28.3 0.4 600 –0.012 –0.015 182 5
39 3 5:34:32.20 +22:00:18.0 0.2 400 –0.006 –0.021 207 1
40 5 5:34:32.20 +21:59:59.4 0.2 400 –41 +0.009 –0.050 482 1
41 5 5:34:32.36 +22:00:06.2 0.3 600 –0.004 –0.032 306 3
42 5 5:34:32.62 +22:00:06.6 0.2 400 –1 +0.005 –0.034 326 2 2C2

43 5 5:34:32.62 +22:00:05.5 0.3 600 +0.005 –0.036 345 4 2C2

44 6 5:34:32.85 +22:01:35.6 0.2 400 +0.002 +0.053 503 2
45 5 5:34:32.90 +21:59:45.0 0.2 400 34 +0.013 –0.059 573 1
46 5 5:34:33.04 +22:00:02.4 0.6 1200 +0.021 –0.029 339 11 2D2, Irr
47 5 5:34:33.15 +22:00:05.9 0.3 600 39 +0.013 –0.035 354 4
48 6 5:34:33.19 +22:01:33.1 0.4 800 +0.005 +0.060 571 6 Irr
49 7 5:34:33.18 +22:00:54.4 0.3 600 –35 +0.018 +0.003 173 4
50 7 5:34:33.18 +22:00:49.5 0.2 400 +0.007 +0.002 69 2
51 6 5:34:33.25 +22:01:42.6 0.2 400 +0.012 +0.069 664 1
52 8 5:34:33.32 +22:00:20.5 0.4 800 3 +0.016 –0.021 250 6 C to 53, 2E2

53 8 5:34:33.38 +22:00:18.3 0.4 800 27 +0.017 –0.032 344 7 C to 52, 2E2

54 8 5:34:33.44 +22:00:20.2 0.3 600 –36 +0.019 –0.016 236 4
55 7 5:34:33.47 +22:00:53.0 0.2 400 +0.008 +0.007 101 1
56 8 5:34:33.50 +22:00:19.4 0.3 600 +0.026 –0.018 300 3
57 8 5:34:33.52 +22:00:16.5 0.3 600 +0.024 –0.022 309 4
58 8 5:34:33.66 +22:00:15.3 0.2 400 +0.029 –0.023 351 2
59 7 5:34:33.96 +22:00:54.2 0.2 400 +0.021 +0.002 200 2
60 7 5:34:34.12 +22:00:54.3 0.2 400 +0.034 +0.005 326 2

Notes. Symbols are described in Sect. 2. (1) From Loh et al. (2011), (2) from Fesen & Blair (1990).
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Table A.1. continued.

CrN Field RA Dec r̄ R̄ PA µα µδ Vt Md Remarks
J(2000.0) J(2000.0) (′′) (AU) (deg) (′′/yr) (′′/yr) (km s−1) (M� × 10−6)

61 9 5:34:34.17 +22:01:12.9 0.2 400 +0.024 +0.024 322 1
62 10 5:34:34.29 +21:59:55.6 0.2 400 +0.039 –0.044 557 1
63 8 5:34:34.31 +22:00:11.0 0.3 600 +0.034 –0.027 412 3
64 7 5:34:34.66 +22:00:35.3 0.4 800 +0.043 –0.002 408 6
65 9 5:34:34.69 +22:01:02.6 0.4 800 –3 +0.039 +0.015 396 8 3E2

66 7 5:34:34.69 +22:00:56.3 0.3 600 –31 +0.024 +0.005 232 5
67 8 5:34:34.76 +22:00:19.8 0.2 400 +0.044 –0.018 451 2 C to 69
68 9 5:34:34.83 +22:01:26.0 0.2 400 24 +0.030 +0.038 459 1
69 8 5:34:34.84 +22:00:19.1 0.5 1000 33 +0.043 –0.016 435 11 C to 67, 2F2

70 7 5:34:34.85 +22:00:54.2 0.3 600 +0.032 +0.008 313 3
71 10 5:34:35.18 +21:59:53.3 0.3 600 +0.055 –0.046 680 4
72 7 5:34:35.40 +22:00:58.9 0.4 800 30 +0.037 +0.017 386 8 3G2

73 10 5:34:35.41 +21:59:42.6 0.2 400 +0.059 –0.057 778 2
74 8 5:34:35.58 +22:00:23.8 0.2 400 –7 +0.059 –0.007 563 3 C to 75
75 8 5:34:35.60 +22:00:23.1 0.3 600 –19 +0.076 –0.005 722 4 C to 74
76 10 5:34:35.65 +21:59:49.4 0.2 400 +0.068 –0.049 795 2
77 8 5:34:35.76 +22:00:26.6 0.2 400 +0.067 –0.016 653 2
78 9 5:34:35.87 +22:01:12.8 0.3 600 43 +0.047 +0.031 534 4
79 10 5:34:35.92 +21:59:47.4 0.2 400 +0.064 –0.054 794 2
80 7 5:34:36.02 +22:00:50.5 0.3 600 +0.063 +0.004 598 5 C to 81
81 7 5:34:36.09 +22:00:52.1 0.4 800 +0.058 +0.007 554 7 C to 80
82 8 5:34:36.12 +22:00:11.4 0.2 400 +0.077 –0.022 759 2
83 7 5:34:36.15 +22:00:46.8 0.3 600 +0.072 +0.004 684 4
84 9 5:34:36.44 +22:01:01.9 0.2 400 +0.058 +0.020 582 2 C to 85
85 9 5:34:36.45 +22:01:02.5 0.2 400 –5 +0.060 +0.019 597 2 C to 84
86 8 5:34:36.52 +22:00:12.8 0.2 400 +0.084 –0.019 816 2
87 8 5:34:36.95 +22:00:07.8 0.3 600 +0.097 –0.020 939 4
88 10 5:34:37.57 +21:59:49.3 0.5 1000 –38 +0.086 –0.060 994 9
89 11 5:34:38.73 +22:00:08.0 0.2 400 +0.117 –0.041 1175 1
90 11 5:34:38.82 +22:00:05.4 0.2 400 +0.120 –0.034 1182 2
91 11 5:34:39.06 +22:00:03.1 0.2 400 –5 +0.091 –0.044 958 2
92 11 5:34:39.38 +22:00:02.1 0.2 400 +0.100 –0.049 1056 1
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Appendix B: Images of all fields listed in Table 2
T. Grenman et al.: The dusty globules in the Crab Nebula

Fig. B.2. Optical images of the fields marked in Fig. 2 and de-
scribed in Sect. 2. Globules are marked with circles and CrN
number.

Fig. B.3.

12

Fig. B.1. Optical images of the fields marked in Fig. 2 and described in Sect. 2. Globules are marked with circles and CrN number.
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Abstract Globulettes are small (radii <10 kAU) dark dust
clouds, seen against the background of bright nebulae. A
majority of the objects have planetary mass. These objects
may be a source of brown dwarfs and free floating plane-
tary mass objects in the galaxy. In this paper we investigate
how many globulettes could have formed in the Milky Way
and how they could contribute to the total population of free
floating planets. In order to do that we examine H-alpha im-
ages of 27 H II regions. In these images, we find 778 glob-
ulettes.

We find that a conservative value of the number of glob-
ulettes formed is 5.7 × 1010. If 10% of the globulettes
form free floating planets then they have contributed with
5.7 × 109 free floating planets in the Milky Way. A less
conservative number of globulettes would mean that the
globulettes could contribute 2.0 × 1010 free floating planets.
Thus the globulettes could represent a non-negligible source
of free floating planets in the Milky Way.

Keywords Free Floating Planets · Globulettes · H II
regions · ISM · Milky Way

1 Introduction

H II regions, surrounding young stellar clusters are driven
by massive O and early B stars. These regions are associ-
ated with dusty gas formations, such as pillars, ‘elephant-
trunks’ and isolated dark clouds seen in different sizes and
shapes, from large irregular blocks and fragments to smaller
more roundish objects. These small-sized globules within

B T. Grenman
Tiia.Grenman@ltu.se

1 Luleå University of Technology, Luleå, SE-971 87 Luleå, Sweden

H II regions were first observed by Bok and Reilly (1947),
followed by Thackeray (1950) and Herbig (1974). They are
dense, cold and neutral clouds with dark appearance in opti-
cal images. The pillars of gas and dust are pointing towards
the ionizing sources and are usually connected to the molec-
ular shell.

In such H II regions, a new distinct class of objects,
globulettes, was noted by Gahm et al. (2007) and Grenman
(2006). The globulettes are seen as silhouettes against the
background of bright nebulae in optical images. Typically,
they are roundish objects that are much smaller (<10 kAU)
than normal globules with a mass of �0.1 M� (Gahm et al.
2007). The globulettes can also have tails, bright rims and
halos. Many globulettes are quite isolated, located far from
the molecular shells and dust pillars associated with the re-
gions. However, some of the objects are connected by thin
filaments to large molecular blocks or even each other. This
suggests that they can either form separately, or via fragmen-
tation of large structures. The calculated lifetime of glob-
ulettes suggests that they may survive in this harsh environ-
ment for a long time, >106 yrs (Gahm et al. 2007; Haworth
et al. 2015).

In the Carina Nebula (NGC 3372), a giant H II region, the
globulettes are smaller, more dense and less massive (Gren-
man and Gahm 2014) than those recognized in Gahm et al.
(2007) and De Marco et al. (2006). This group of glob-
ulettes may represent a more advanced evolutionary state
in globulette evolution. Schneider et al. (2016) suggested
that the pillars may evolve first into a globule and then
into a globulette when the lower density gas has photoe-
vaporated and left behind a dense and cold core. However,
it is also speculated that globulettes might collapse in situ
to form free floating planets (FFPs with <13 MJ , where
MJ = Jupiter mass) or brown dwarfs (13–75 MJ ), triggered
by external forces from gas and turbulent pressure in the sur-
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rounding warm plasma and radiation pressure from stellar
photons. In fact, the result by Gahm et al. (2013) from near-
infrared imaging of the Rosette Nebula, revealed very dense
cores in some of the largest globulettes that might collapse
to form FFPs. They also pointed out that these objects ac-
celerate outwards from the nebula and eventually ends up in
the interstellar environment.

A more recent example, where globulettes may have
formed planetary mass objects was found in the Orion Neb-
ula (M42/43, Fang et al. 2016). This nebula stands out by
having both dark silhouette disks and bright compact knots.
They are known as proplyds (O’Dell et al. 1993; O’Dell and
Wong 1996; Bally et al. 2000).

The first reports of populations of substellar objects in
interstellar space came in 1995 (Rebolo et al. 1995; Naka-
jima et al. 1995). Since then, a number of Jupiter-mass FFPs
and FFP candidates have been found in young clusters and
star formation regions (see Lucas and Roche 2000; Bihain
et al. 2009; Luhman 2012; Liu et al. 2013; Peña Ramírez
et al. 2016, 2012; Clanton and Gaudi 2017, and references
therein). Planetary mass objects have also been found in the
galactic field (Cushing et al. 2014). Since these substellar
objects are both brighter and warmer at young ages (less
than 10 Myr, Chabrier et al. 2000), these objects with masses
of a few Jupiter masses can be seen e.g. in deep optical and
near-infrared photometric surveys (Zapatero Osorio et al.
2000, 2017; Quanz et al. 2010).

Another method to find objects below the deuterium-
burning-mass-limit (Jupiter-sized) that are not bound to a
host star is through gravitational microlensing. This type of
study has been done by the Microlensing Observation in As-
trophysics group (MOA-2; Sumi et al. 2003, 2011; Freeman
et al. 2015) and the Optical Gravitational Lensing Experi-
ment (OGLE-III; Wyrzykowski et al. 2015).

The origin of these unbound objects is unclear. They may
have formed in situ from a direct collapse of a molecu-
lar cloud by fragmentation, similar to star formation (e.g.
Silk 1977; Bowler et al. 2011). In fact, Fang et al. (2016),
Luhman et al. (2005), Boucher et al. (2016), Joergens et al.
(2015), Bayo et al. (2017) have found four FFPs with ac-
cretion disk. Furthermore, planetary-mass binaries, which
would be almost impossible to from through planetary for-
mation mechanisms, have also be found by e.g. Jayaward-
hana and Ivanov (2006), Best et al. (2017).

FFPs may also have been formed from stellar embryos
that are fragmented and photoevaporated from nearby stars
(see e.g. Kroupa and Bouvier 2003; Padoan and Nordlund
2004; Whitworth and Zinnecker 2004). They may also have
been ejected after they were formed in circumstellar proto-
planetary disks through gravitational instabilities (e.g. Boss
2009; Stamatellos and Whitworth 2009; Li et al. 2015). Such
instabilities can be caused by a triplet star system (Reipurth
and Mikkola 2015) or by passage through the center of a
dense star cluster (Wang et al. 2015).

In this work, we present results based on available images
of H II-regions from the Hubble Space Telescope (HST)
archive and taken with the Nordic Optic Telescope (NOT).
We create a model of how many globulettes may have
formed in the Milky Way over time and how many of these
that contribute to the total FFPs population. We have orga-
nized the paper as follows. In Sect. 2, we present the result
of both old and new H II regions investigated in the context
of globulettes. We also present mean radii of histograms of
globulettes for those H II regions, which contain many glob-
ulettes. In Sect. 3, the parameters that are used in our model
are presented. The results and discussion regarding FFPs can
be found in Sect. 4 and we conclude the paper in Sect. 5.

2 Archival data and measurements

In this work, we used archival H-alpha images of 16 H II
regions included in earlier studies by De Marco et al. (2006),
Gahm et al. (2007) and Grenman and Gahm (2014). The
observations in these studies are from the HST archive and
the NOT. Most images were taken with the HST instruments
such as ACS/WFC, WFPC2, WFPC3/UVIS, while the NOT
images were taken with the ALFOSC instrument. A brief
description of these instruments is given below.

1. The Wide Field and Planetary Camera 2 (WFPC2) field
of view is covered by four cameras, each of which span
800×800 pixels in size. Three of them are arranged in an
L-shaped field and operated at a pixel scale of 0.1′′. The
fourth one is referred to as the Planetary Camera (PC)
and operates at a pixel scale of 0.046′′.

2. The Wide Field Camera 3 (WFC3) replaced the WPFC2
camera in 2009. The Ultraviolet-Visible channel (UVIS)
use a mosaics of two CCDs, with 0.04 arcsec/pixel, cov-
ering a 162′′ ×162′′ field of view. The 2 CCDs are butted
together but have a ∼1.4′′ gap between the two chips.

3. The Advanced Camera for Surveys (ACS/WFC) camera
contains two CCDs of 2048 × 4096 pixels glued together
with a small gap of approximately 50 pixels in between.
The pixel size corresponds to 0.05′′ per pixel and the field
of view is 202′′ × 202′′.

4. The Andalucia Faint Object Spectrograph and Camera
(ALFOSC) has a field of view of 6.5′, and the effective
scale of the CCD detector is 0.188′′ per pixel.

The respective areas for the instruments WFPC2, WFC3,
ACS and ALFOSC are estimated to 5, 7, 11 and 33 arcmin2.
More information about each of these instruments can be
found in the manuals on the HST Web site1 and in the NOT
manual.2 All images in the current study are analyzed using

1http://www.stsci.edu/hst/HST_overview/instruments.
2http://www.not.iac.es/instruments/alfosc.
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Table 1 Archival HST/HLA/NOT data used

H II region Instrument ID

Gum 29 ACS/WFC 13038

Gum 31 WFPC2, ACS/WFC 10475, 9857

Gum 38b WFC3/UVIS 11360

IC 434 WFPC2, ACS/WFC 8874, 9741, 12812

IC 2177 ALFOSC N/A, see Gahm et al. (2007)

IC 2944 WFPC2 7381

M 8 WFPC2, ACS/WFC 6227, 11981, 9857

M 16 WFPC2, ACS/WFC 10393, 13926, 9091, 5773

M 17 WFPC2, ACS/WFC 6574, 8992

M 20 WFPC2 9104, 11121

M 42/43 WFPC2, ACS/WFC 5469, 9825, 10246

NGC 281 WFPC2, ACS/WFC 8713, 10713, 9857

NGC 1977 ACS/WFC 12250

NGC 2174 WFPC2, ACS/WFC 9091, 13623, 9091

NGC 2467 WFPC2, ACS/WFC 9857

NGC 3372 WFPC2, ACS/WFC 6042, 11501, 13390, 13391, 13791, 10241, 10475

NGC 6357 WFPC2, ACS/WFC 9091, 9857

NGC 6820 ALFOSC N/A, see Gahm et al. (2007)

NGC 7635 WFPC2, ACS/WFC, WFC3/UVIS 7515, 14471

NGC 7822 ALFOSC N/A, see Gahm et al. (2007)

S106 WFPC2, WFC3/UVIS 5963, 12326

S155 WFPC2 5983

S190 ALFOSC N/A, see Gahm et al. (2007)

S199 ALFOSC N/A, see Gahm et al. (2007)

S273 WFPC2, ACS/WFC, ALFOSC 8992, 5983

S277 WFPC2, ACS/WFC 5983, 8992, 9424

Rosette Nebula ALFOSC N/A, see Gahm et al. (2007)

30 Doradus ACS/WFC, WFC3/UVIS 11360, 12939

the F656N and F658N filters, which allow for mapping cir-
cumstellar matter and detecting the dark silhouette objects,
even though the F658N filter includes more nebular emis-
sion from [N II]. The HST and NOT observations from these
regions are presented in Table 1.

We characterize the angular size of the globulettes by us-
ing the SAOImage DS9 program, where we fit an ellipse to
each object. Then we estimate the radius r̄ , the mean of the
semi-major and semi-minor axes, expressed in kAU. In or-
der to get a representative size distribution, a certain number
of globulettes are needed. We have set the cutoff at 17 glob-
ulettes per region, and made histograms. Figure 1 shows the
distributions of average radii in kAU for these H II regions.
The average radii distribution of the all globulettes seems to
fall off approximately exponentially.

Using catalogues, such as Sharpless (1959, hereafter
Sharpless = S) and Gum (1955), we have investigated 319
optically visible nebulae and found 28 H II regions that have
been imaged using an H-alpha filter. These regions are listed
in Table 2, Column 1, in alphabetical order with the coor-
dinates (Columns 2 and 3) from the Simbad database.3 The
main cluster designation is given in Column 4, and the dis-
tances from the Sun is given in Column 5, and the refer-
ences in Column 6. The calculation of the H II nebula areas
in Column 7 is described in Sect. 3.2 and the calculation of
the observed areas in Column 8 is described in Sect. 3.3.
The next to last Column in Table 2, lists the number of glob-
ulettes found in the observed area. In the last Column the

3The SIMBAD database, operated at CDS, Strasbourg, France
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Fig. 1 The mean radii distribution for those H II regions con-
taining most globulettes. The histograms peak at about 0.3 kAU
in M 8, 2.5 kAU in the Rosette Nebula, 0.4 kAU in M 16 and

M 17, 2.5 kAU in IC 1805, 0.9 kAU in IC 2944, 1.9 kAU in
NGC 281, 0.6 kAU in NGC 3372 and 1.5 kAU in NGC 2467.

minimum detection size of an object (in AU) is given. Ob-

jects with dimensions <3 pixels across are too small to be of

interest (De Marco et al. 2006). For the NOT observations,

there are no objects with a diameter of less than 9 pixels,

which means that they are also clearly resolved. The Carina

Nebula, Rosette Nebula and 30 Doradus contain the most

globulettes. 30 Doradus is an example of a low metallicity

region in the Large Magellanic Cloud (LMC) and we do not

consider it in our calculation of globulettes within the Milky

Way.

Some of the nebulae are giant H II regions, like Carina

Nebula and 30 Doradus. In these regions, the Lyman con-

tinuum flux is >1050 photons per second (Moisés et al.

2011). There is also a young ultracompact H II region, S106

(Crowther and Conti 2003) in our list, where the ionized star

is a pre-main sequence star embedded in its molecular cloud

(Noel et al. 2005). Most of the regions are relatively nearby

(d < 4 kpc) and they are relatively young (�5 Myr). The

distances are based on the references cited below in Table 2.

3 Model parameters

In this section we define the different parameters needed to
model the number of globulettes as shown in Table 3. To il-
lustrate the methodology of this work we chose the Rosette
Nebula as a representative example, because it contains only
one main cluster, is symmetric and hold a large amount glob-
ulettes. An overview of the Rosette Complex can be found
in Román-Zúñiga and Lada (2008).

3.1 Young Universe and H II formation rate

From model calculations we know that within the first relic
H II regions, the massive metal free Population III (Pop III)
stars evacuated the primordial gas from their minihalos (Ki-
tayama et al. 2004; Alvarez et al. 2006; Abel et al. 2007).
As the Pop III stars ended in supernova explosions, the
Universe’s intergalactic medium got progressively enriched
with heavy metals (i.g. Greif et al. 2007; Wise and Abel
2008) and dust.

Cosmological simulations suggest that once the gas
reaches the minimum or ‘critical’ metallicity in the range
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Table 2 List of H II regions investigated

H II region RA
(J2000.0)

Dec.
(J2000.0)

Main cluster Distance
(kpc)

Ref. Nebula area
arcmin2

Obs. area
arcmin2

Number of
globulettes

Detection
limitb (AU)

Gum 29 10 24 −57 46 Westerlund 2 4.2 1 707 11 10 630

Gum 31 10 37 −58 39 NGC 3324 2.3 2 177 43 7 345

Gum 38b 11 15 −61 15 NGC 3603 6.0 3 94 7 5 720

IC 434 05 41 −02 30 Sigma Orionis 0.4 4 471 86 – 60

IC 2177a 07 04 −10 27 N/A 1.3 5 314 33 – 733

IC 2944 11 38 −63 22 Collinder 249 2.3 6 1866 5 34 690

M 8 18 03 −24 23 NCC 6530, 6523 1.3 7 1374 43 18 195

M 16 18 18 −13 48 NGC 6611 1.8 7 825 53 46 270

M 17 18 20 −16 10 NGC 6618 2.0 7 806 16 23 300

M 20 18 02 −22 58 NGC 6514 2.7 7 361 21 – 810

M 42/43 05 35 −05 23 NGC 1976, 1982 0.41 7 1689 639 9 61

NGC 281 00 52 +56 34 IC 1590 2.8 8 589 32 18 420

NGC 1977 05 35 −04 49 NGC 1973, 75 0.41 9 314 44 – 61

NGC 2174 06 09 +20 30 NGC 2175, 75s 2.2 12 589 35 15 330

NGC 2467 07 52 −26 25 Haffner18ab, 19 5.0 10 467 16 59 750

NGC 3372 10 44 −59 53 Tr14/15/16, Bo10/11,
Cr232, Cr234/228

2.9 11 10 179 953 343 435

NGC 6357 17 26 −34 12 Pis 24, ESO 392-11,
ESO 393-13

1.7 7 911 17 11 255

NGC 6820a 19 42 +23 05 NGC 6823 1.9 13 707 53 1 1072

NGC 7635 23 20 +61 12 [BDS2003]44 2.4 14 94 37 4 288

NGC 7822a 00 01 +67 25 Berkeley 59 0.91 12 1884 72 9 513

S106 20 27 +37 22 S106 IR 1.7 15 3 13 – 204

S155 22 58 +62 31 CepIII 0.84 12 1178 10 – 252

S190a 02 32 +61 27 IC 1805 2.0 12 5281 189 18 1128

S199a 02 51 +60 24 IC 1848, Cl34 1.8 12 5089 66 – 1015

S273a 06 41 +09 53 NGC 2264 0.91 7 2672 126 – 136

S277 05 42 −01 55 NGC 2024 0.41 7 491 107 3 61

Rosette
Nebulaa

06 31 +04 57 NGC 2244 1.4 16 5281 570 145 790

LMC:
30 Doradus

06 31 +04 57 NGC 2070 50 17 176 132 176 2000

References—(1) Vargas Álvarez et al. 2013; (2) Ohlendorf et al. 2013; (3) Brandner et al. 2000; (4) Mookerjea et al. 2009; (5) Bica et al. 2003;
(6) Sana et al. 2011; (7) Feigelson et al. 2013, and reference therein; (8) Sato et al. 2008; (9) Menten et al. 2007; (10) Yadav et al. 2015; (11) Hur
et al. 2012; (12) Foster and Brunt 2015; (13) Kharchenko et al. 2005; (14) Moore et al. 2002; (15) Schneider et al. 2007; (16) Hensberge et al.
2000; (17) Pietrzyński et al. 2013
aH II regions from Gahm et al. (2007)
bThe minimum detection size (diameter in AU) of an object, defined as 3 pixels in this article

10−6–10−3.5 Z� which allows for more efficient cooling.
An example of a low metallicity Pop II environment is the
Large Magellanic Cloud (LMC), where the metallicity is
∼0.5 Z� (Rolleston et al. 2002).

In Som et al. (2015, Fig. 11) these different metallicity
values correspond to T0 ∼ 12 Gyr, which we set as our start-
ing point for the calculations of the number of globulettes in
the Milky Way.

In the early Universe, the formation rate of the H II re-
gions was higher than it is now. We assume that it is propor-
tional to the Star Formation Rate (SFR), which combined
with the present day gives us the formation rate of H II re-
gions in the early Universe. Marasco et al. (2015, Fig. 1),
show an overview of the SFR evolution as a function of time,
where the current SFR is about ∼5 M�/yr. We estimate the
total area under the curve, which gives us the average SFR
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Table 3 Numerical values used in the calculations

Parameters/symbols Numerical
values

Description Section

NH II 27 Number of analyzed Galactic H II regions Table 2

T0 12 Starting point in time for the model (Gyrs) 3.1

fH II 2 Correction for more H II regions in the early Milky Way 3.1

Atot 44 413 Total area of 27 H II regions (arcmin2) 3.2

Aobs 3297 Total observed area of 27 H II regions (arcmin2) 3.3

fB 2 Correction factor for globuletter on the backside of the nebula 3.4

TH II 5 Lifetime of H II regions (Myrs) 3.5

Tglob 4 Lifetime of a globulette (Myrs) 3.5

fS 2 Correction factor between HST and NOT instruments 3.6

GNOT 346 Corrected number of globulettes observed with NOT 3.6

GHST 605 Total number of HST globulettes Table 2

nH II 10 000 Number of H II regions (present time) 3.7

GTot 951 Total corrected number of globulettes 4

between now and 10 Gyrs ago, which is twice as big as the
H II production is today. We call this correction factor fH II,
see Table 3.

3.2 Shapes and areas of H II regions

H II regions vary in their morphology and the nebulae exam-
ined here are either roughly circular, elliptical or irregular.
The angular sizes for each H II region were measured from
large scale DDS images (POSS II/UKSTU) taken through
the red filter, with a plate scale of ∼1′′ per pixel, avail-
able in Aladin, an interactive software Sky Atlas.4 There-
after, the area, in arcmin2, for each H II region was esti-
mated, see Table 2 (Column 7), where the radii were de-
fined as the geometric mean,

√
ab, where a and b are half

the apparent major and minor axes. Here, the shape of the
Rosette Nebula is assumed to be circular with an area of
5281 arcmin2. The total area of the 27 H II regions was es-
timated to Atot = 44 413 arcmin2.

3.3 Observed areas of the H II regions

The DDS images of the 28 H II regions from the HST
archive AstroView were overlaid with the HST apertures
while the survey done with the NOT is described in Gahm
et al. (2007). The observed area (Column 8 in Table 2)
was calculated in arcmin2 for each nebula. For the Rosette
Nebula the area was estimated to be 570 arcmin2 and the
total observation area of the 27 regions, Aobs is about
3297 arcmin2.

4http://aladin.u-strasbg.fr/aladin.gml.

3.4 Objects behind the H II regions

We can only detect globulettes in front of the H II regions,
while objects on the remote side are covered by nebular
emission or hidden behind the foreground obscuring shell.
Therefore, we assume that the backside of the nebula con-
tains as many globulettes as we observe in front of the neb-
ula. This gives a correction factor of fB = 2.

3.5 Age estimate of the H II regions and globulettes

An H II region lasts only as long as the main sequence life-
times of its ionizing star(s), i.e. 2–4 million years, before
the radiation pressure from the hot young stars eventually
drives most of the gas away and the nebula disperses. How-
ever, H II regions can live longer either in large star form-
ing regions, involving multiple clusters, progressive star for-
mation (e.g. the Carina Nebula, Smith et al. 2010) or when
there is a spread in stellar ages, with co-existing younger
(∼1 Myr) and older (∼10 Myr) stars. Two examples are
Gum 38b (Beccari et al. 2010) and M 16, which have clus-
ter mean ages of about 2 Myrs but where one of the massive
members is about 6 Myrs old (Hillenbrand et al. 1993). Thus
by taking these conditions into account, the mean life time,
TH II, for H II regions is assumed to be 5 Myrs.

The lifetimes of globulettes can be estimated to 4 Myrs,
see Sect. 1.

3.6 Spatial resolution and distance correction

The spatial resolution of the ground based instrument NOT
is lower than that of the HST. The practical globulette ob-
servation limit for the NOT telescope is about 0.8′′, whereas
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Fig. 2 Distribution of average
measured radii for all
globulettes found in the H II
regions, expressed in kAU. The
detection limit of 0.4 kAU is
also marked in the figure

the observation limit for the HST is about 0.15′′. Thus we
need to compensate for the objects that are below the res-
olution threshold for the NOT telescope. A histogram of
the distributions of radii observed with the different instru-
ments is shown in Fig. 2. The most significant NOT re-
gion is the Rosette nebula, which has an observation limit
of r = 0.8′′ × 1.4 kpc = 1.12 kAU. The are about as many
objects above this limit in the figure as there are objects be-
low. Therefore, the correction factor for the Rosette nebula
is fS ≈ 2. For the other NOT regions, the correction factor
would be only slightly different. An approximate value for
the total number of globulettes within the NOT regions is
GNOT = fS × 173 = 346. Furthermore, some H II regions
lie closer to us than others which means that we need to
compensate for the missing objects at large distances. From
Fig. 2, we see that the detection limit radii is ∼200 AU
for the more nearby regions. The only regions that are fur-
ther away are NGC 2467 and Gum 38b. If we assume that
doubling the distance, doubles the detection limit, the limit
would be at 400 AU. In Fig. 2, we see that this correction
between 200 to 400 AU would correspond to 12% if we as-
sume that the distribution is similar. This factor also only
applies to the two regions further away. Thus, this correc-
tion factor is negligible for the current data set.

3.7 Number of H II regions in the Milky Way

H II regions evolve with time; from hypercompact (linear
size <0.01 pc; e.g. Kurtz and Franco 2002) to ultracompact
(<0.1 pc; e.g. Kim and Koo 2003) to compact (0.1–1 pc
Wood and Churchwell 1989) and then finally to extended
H II regions (>1 pc; Mellema et al. 2006). The evolution-
ary stage of a region is inferred from observations in several
spectral windows. The most complete catalog today is com-
piled by Anderson et al. (2014, 2015), where about 8000
H II regions and H II region candidates in the Milky Way
are registered. A round figure on the total number of H II
regions can be 10 000 (L.D. Andersson, personal communi-
cation, 2016).

4 Results and discussion

In this section, we establish a model equation for the num-
ber of globulettes that have been formed in the history of
the Milky Way. We also discuss how many FFPs may form
from globulettes by taking account different parameters. In
addition, we also discuss briefly the role played by giant
H II regions, like the Carina nebula and 30 Doradus, for pro-
ducing globulettes in the early Milky Way. In our scenario,
the first globulettes were formed roughly 12 Gyr ago, when
there was enough metallicity to create dust, (cf. Sect. 3.1).
We estimate that H II regions were 2 times more abundant
in the early Milky Way than they are now (cf. Sect. 3.1) and
that the number of H II regions, nH II, today is about 10 000
(cf. Sect. 3.7). Globulette production can take place when
the H II region is still young, �5 Myrs (cf. Sect. 3.5) and
we assume that we can find a similar amount of objects also
on the backside of the nebulae (cf. Sect. 3.4). The lifetime
of globulettes was estimated to 4 Myrs. The spatial resolu-
tion was lower in seven of the H II regions and according
Sect. 3.6, the actual number of globulettes, present in these
regions, was estimated to 346 objects.

We list 27 H II regions, where the total area was estimated
to 44 413 arcmin2 and an observed area of 3297 arcmin2.
The total number of gloublettes was calculated as GTot =
GNOT + GHST = 951 and the average number of globulettes
per H II region was estimated to be about 35. According to
our model, the number of globulettes that have formed in the
history of the Milky Way (MW) is

GMW = TII

Tglob
· T0

TH II
· nH II · fB · fH II · Atot

Aobs
· Gtot

NH II
. (1)

Using the numerical values from Table 3 we get a total num-
ber of globulettes 5.7 × 1010 formed in the Milky Way over
time, which can be considered a conservative value. It is cur-
rently not known what fraction of the globulettes that form
FFPs. Their mass and density are likely to affect this fraction
but to what extent is currently unknown. Nevertheless, if we
assume that 1% or 10% of the globulettes form FFPs, then
the number of FFPs originating from globulettes is 5.7×108

and 5.7 × 109, respectively.
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Fig. 3 Size distribution of the
176 globulettes in 30 Doradus in
terms of the mean radii. The
distribution peaks at ∼5.7 kAU.
A few larger objects (>10 kAU)
where not included in this study

The MOA-2 Galactic bulge microlensing survey (Sumi
et al. 2011) found that the Jupiter-sized FFPs are about
1.8 times as common as main-sequence stars. These plan-
ets are unbound or bound but very distant >100 AU from
any star. It is unclear if some of these objects are low-
mass brown dwarfs or super-Jupiters. The difference be-
tween these classes of objects is not well defined (Luhman
2012; Giannini and Lunine 2013). However the population
of these objects is expected to arise from a variety of pro-
cesses, such as in situ formation or from the core accre-
tion theory, see Veras and Raymond (2012) and Sect. 1.
However, the number of Jupiter-sized FFPs by Sumi et al.
(2011) may be overestimated, due to blending or red noise
in the data (Bachelet et al. 2015) or the distribution of the
timescale of microlensing events (Di Stefano 2012). Further-
more, Clanton and Gaudi (2017) also found a slightly lower
value (1.2–1.4) of FFPs per main sequence star. Recently,
Mróz et al. (2017) found, using microlensing, 0.25 per star
as an upper limit on the number of Jupiter sized planets.

A more conservative estimate of the number of Jupiter-
sized planets has been calculated by Tutukov and Fedorova
(2012) and more recently by Ma et al. (2016), where the FFP
population is found to be ∼1.8 · 10−3 of the stellar popula-
tion, which corresponds to ∼108 a total number of FFPs.
However, these FFPs candidates originate in protoplanetary
disks, while the FFPs considered here are formed in situ.
Their value is less than the observed value of Sumi et al.
(2011) but it is comparable to our result if 1% of the glob-
ulettes form FFPs.

If we increase the factors fH II = 2 → 3, fs = 2 → 5 and
fB = 2 → 3, (1) would yield about 2.0 × 1011 globulettes.
Then by assuming that 10% of the globulettes form FFPs,
the globulettes would then contribute to about 11% of all
FFPs, as estimated by Sumi et al. (2011).

A number of candidates of brown dwarfs and Jupiter
mass objects have been found in several nearby, young star
clusters and star-forming regions. Drass et al. (2016) have
found 160 isolated planetary mass object candidates in the

Orion Nebula. However, we only observe 9 dark objects in
this H II region. This can be compared to the Rosette Neb-
ula, where we have 16 times more objects in a smaller area.

We note that the total observed area of the H II regions is
only 7% of the total nebula area, and in the 27 H II regions
there are 18 nebulae with <18 observed globulettes and 8
nebulae with no observed globulettes. In these nebulae, the
surveys could simply have missed them or the environment
might not be favorable for globulette formation.

In 30 Doradus, which is the closest extragalactic source,
many filaments and dust clumps in different sizes have been
observed (Indebetouw et al. 2013; Chevance et al. 2016). In
this nebula, we discovered 176 globulettes with mean radii
less than 10 kAU. Their size distribution is shown in Fig. 3
with a peak at about ∼5.7 kAU. Compared to the globulettes
in H II regions within the Milky Way, these globulettes are
rather large. Due to its far distance, the detection limit of the
objects in the 30 Doradus is about 4 kAU, which means that
all smaller globulettes have escaped detection.

5 Conclusions

In this paper we have examined 319 H II regions, whereof
28 were observed with a narrowband H-alpha filter. In these
H II regions, we have identified small roundish objects,
globulettes, which appear dark in the H-alpha images. We
summarize the present work as follows;

1. The total area and observed area of the 27 H II regions
was estimated to 44 413 arcmin2 and to 3297 arcmin2,
respectively.

2. We estimated the mean radii for each globulette found
in the H II regions. The majority of objects have radii
<10 kAU but most seem concentrated around ∼0.5 kAU.

3. Amongst the 27 H II regions, there are 18 nebulae with
<18 observed globulettes and 8 nebula with no observed
globulettes.
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4. In the 30 Doradus, the mean radii had a peak at ∼5.7 kAU,
which was higher than the regions within the Milky Way.

5. The total amount of globulettes was estimated to 778 and
by correcting for the factor fs (resolution difference be-
tween HST and NOT), the number of globulettes was es-
timated to 951, which gives an average of 35 globulettes
per H II region.

6. Our model gives a conservative estimate on the number
of globulettes formed in the history of the Milky Way
to about 5.7 × 1010. A less conservative estimate gives
2.0 × 1011 globulettes.

7. The globulettes could therefore represent a non-negligible
source of the FFPs in the Milky Way. For example, if
10% of the globulettes of our less conservative estimate
form FFPs, then the globulettes would contribute to about
11% of all FFPs, as estimated by Sumi et al. (2011).
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