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1 Introduction

Stars are the building blocks of the universe. At optical wavelengths most of the light
we observe in the sky originates from stars. During their lifetime stars have pro-

found effects on their surroundings; heating it with radiation, sweeping up gas by
winds and outflows triggering more stars to form, and creating the heavy elements
that are the base for the formation of planets and ultimately life itself. Therefore, un-
derstanding how stars form is one of the most fundamental topics in astronomy. In
order to study star formation, one has to study their birthplace, the cold and dense
parts of the gas that is dispersed throughout galaxies, called the interstellar medium
(ISM).

In this thesis we present a study of the ISM and how it is influenced by the for-
mation of stars, both in the Milky Way and in other galaxies.

1.1 The structure of the ISM
The ISM is not a homogeneous medium; it is comprised of various components, that
each have different scale sizes, temperatures and densities. These different compo-
nents are commonly referred to as the phases of the ISM. The phases are a result of
the complex interaction between the different physical processes that heat and cool
the ISM. The heating processes (like photo-electric emissions, photo-ionization, cos-
mic rays, dissipation of turbulent motions), all act on different size and time scales
and many of the cooling processes (e.g. fine structure and molecular lines) depend
on the temperature and density of the ISM.

Various theoretical recipes have been made to give an explanation for the phases
of the ISM. A classical example is the two-phase model by Field et al. (1969). They
calculated the thermal stability of an ISM that is heated by low-energy cosmic rays
(CRs) and that cools through the excitation of H and He, and to a lesser degree C

�
.

Field et al. (1969) found that this produces two thermally stable components, one at
T=104 K and one at T � 300 K. About 75% of the gas is in the cold phase and forms
dense clumps, and the warm component is diffuse and occupies most of the volume.

McKee & Ostriker (1977) investigated the effect of supernova (SN) feedback and
found that three phases were needed to create a stable solution. They conclude that
most of the space (70-80%) is filled with a hot low-density medium (the hot inter-
cloud medium; HIM), which has typical densities of n=10 � 2 	 5 cm � 3 and temperatures
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of T=105 	 7 K. The HIM is moderately inhomogeneous as blast waves from SN ex-
plosions of various ages pass through it. Embedded in the HIM are cold, neutral,
relatively dense clouds (the cold neutral medium; CNM), which has a filling factor
of 2-4%, temperatures of 101 	 9 K and densities in the order of 101 	 6 cm � 3. Each of the
CNM clouds is surrounded by a warm (T=800 K) photo-ionized corona. This compo-
nent has a much larger filling factor ( 
 20%), but contains far less mass. The coronas
are divided into a mostly ionized layer (warm ionized medium; WIM) and an inner
layer that is mostly neutral (warm neutral medium; WNM).

The problem with both these models is that they assume a limited number of
ISM components, all with their own characteristic densities and scales. However,
observations have shown that the ISM does not exhibit preferred scale sizes, but has
a more self-similar, fractal like structure (e.g., Falgarone & Phillips 1990). Larson
(1981) showed that the size, mass, and velocity dispersion of molecular cloud are
correlated over several orders of magnitude, which is another indication that the
ISM has a fractal structure.

A theoretical background for the scale-free character of the ISM was given in
Norman & Ferrara (1996), who consider the heating of the ISM by turbulent pro-
cesses. Turbulence in the ISM has been found to inject energy on scales ranging from
 100 pc down to 1011 cm. This extension of the models to all scales naturally leads to
a continuum of phases in pressure equilibrium, where both the temperature ans den-
sity of the ISM are continuous functions of scale. In this continuum, cold and dense
gas is found mostly on small scales, while the warmer less dense material is only in
equilibrium on much larger scales. Norman & Ferrara (1996) found that the density
curve as a function of scale size can be approximated by a power law, reflecting the
fractal nature of the ISM.

1.2 Star formation
Stars are mostly formed in the cold and dense phase of the ISM, where internal
pressure and turbulence cannot stabilize the clouds against gravitational collapse.
Despite its importance, much about the formation of stars is still unknown. Star for-
mation can be divided into two modes, based on the types of stars that are formed:
isolated, low-mass stars and massive star clusters.

1.2.1 Low mass star formation
The formation of low mass stars is relatively well understood, from both the obser-
vational (e.g., van Dishoeck et al. 1995; Hogerheijde et al. 1999; Van Kempen et al.
2008; Evans et al. 2009) and theoretical side (e.g., Shu et al. 1987). Figure 1.1 shows
a schematic overview of the formation process, which can be divided into four main
stages. These stages are reflected in the spectral energy distributions of the stars,
which show four distinct classes (Class 0,I,II, and III; see Lada 1987).

Stars start as over-densities in large cold clouds (labeled Dark Cloud in Fig. 1.1).
These over-densities slowly become more and more dense, until rotation and inter-
nal pressure can no longer support the cloud, and it collapses. Objects in this stage
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Figure 1.1: Illustration of the di � erent stages during the formation of an isolated low mass
star. See Section 1.2.1 for more information. Image courtesy Wilfred Frieswijk (Frieswijk 2008).
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are called Class 0 objects. Due to the collapse, the slow rotational motions of the
cloud are enhanced. After about 104 to 105 years, the density of the cloud becomes
so large that radiation from cooling lines can no longer escape and the cloud starts to
heat up and the object moves to Class I. During this stage, the central object reaches
a temperature of several hundred K and becomes a proto-star. Due to the still in-
creasing rotation, a circum-stellar disk is formed. Material is accreted from the disk
onto the proto-star, allowing it to grow. The excess angular momentum is removed
from the system by outflows along the rotation axis. The next stage in the formation
of low mass stars (Class II) occurs when the majority of the material of the star form-
ing cloud has been accreted and only a thin circum-stellar disk is left. At this stage,
which occurs after about 106 years, the proto-star becomes visible at optical wave-
lengths. The proto-stars reach Class III when the accretion stops completely, which
happens after 1 to 100 million years. Only a small amount of matter is left in the
disk, in which planet formation may start. The central proto-star slowly contracts to
it final size. When the density and temperature in the proto-star are high enough,
hydrogen fusion will commence and the star will enter the main sequence (i.e., it
becomes a “regular star”).

1.2.2 High mass star formation
Massive stars are important in determining the structure and evolution of galaxies.
They are the main source of UV radiation and chemical enrichment of the ISM. They
also are an important source of mechanical energy, through a combination of winds,
outflows, expanding H �� regions, and supernova explosions. UV radiation, and tur-
bulent dissipation of mechanical energy are, together with cosmic rays, the main
sources of heating of the ISM. The heavy elements produced in stars, in the form of
molecules and dust grains, in their turn determine the cooling balance of the ISM.

The formation of high mass stars is not as well understood as for low mass stars.
Observations of high mass star forming regions are difficult, because of several rea-
sons. First of all high mass stars are more rare than low mass stars, due to the distri-
bution of stellar masses (see Sect. 1.2.3). On top of that, the formation of high mass
stars happens on much shorter time scales, making high mass star forming regions
even more rare. A further complication of the observations is that high mass star-
formation takes place deep inside high density clouds, obscuring our view of the
process.

Theoretical models of high mass star-formation are not only hindered by limited
observational information. Modeling the formation of massive stars is intrinsically
challenging, since they rarely form isolated. Most massive stars are formed in clus-
ters, where numerous interactions take place between the proto-stars, adding com-
plexity to the modeling. Currently there are three major theoretical descriptions of
high mass star-formation: monolithic collapse, competitive accretion, and stellar col-
lisions and mergers (see e.g., Zinnecker & Yorke 2007). Here a brief overview of the
three descriptions is given.

monolithic collapse
Monolithic collapse and subsequent disk accretion is essentially the same process
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as described above for low mass stars. A massive molecular cloud collapses into a
proto-star, which continues to grow by accreting matter. The difference in final stel-
lar mass is determined by the initial mass of the parental cloud and the accretion
rate. Another difference is that, for massive stars, accretion may continue after the
star has reached the main sequence (e.g., Krumholz et al. 2005; Zinnecker & Yorke
2007).

competitive accretion
Although monolithic collapse can produce massive stars, this theory depends on

the stars being isolated. As mentioned earlier, massive stars are observed mostly in
clusters. In such clusters, the stars will interact during their formation. An important
type of interaction is competitive accretion. In isolated clouds, the star will accrete
most of the mass of the parental cloud, which determines its final mass. In clusters,
however, stars “compete” for cloud gas. The final mass of a star formed in a cluster
depends on its accretion domain, i.e., the region from which gas can be gathered.
Since the size of this domain depends on the mass of the stars, this will lead to run-
away growth. Massive stars will accrete relatively more gas than low mass stars and
become even more massive, which will further increase their accretion domain.

Stars that are formed in the center of a proto-stellar cluster are at an advantage, as
gas falling into the potential well of the cluster increases the gas reservoir available
to an individual star. Such stars will become more massive than stars that form at
the periphery of the cluster. This also explains why most massive stars are heavily
obscured. Stars that are formed early are also likely to become more massive, since
they will have large accretion domains compared to stars that are formed later (e.g.,
Bonnell et al. 1997, 2004).

stellar mergers
In environments where the stellar density is very high, (proto-) stars may interact

dynamically. Close encounters between two or more stars may lead to merging and
the creation of more massive objects. If the interacting pair does not merge, they can
disrupt each other. This will spread their matter over a larger area, increasing the
cross section for a subsequent interaction.

Although stellar mergers are very rare, the ongoing competitive accretion in-
creases the stellar density in cluster centers, potentially to the point where such inter-
actions become unavoidable. Stellar collisions with small impact parameters might
be the process that forms rapidly rotating massive stars (e.g., Bonnell & Bate 2005).

1.2.3 The IMF
Despite all the different (possible) star formation processes, stellar masses follow a
very specific distribution. This stellar mass distribution is called the Initial Mass
Function (IMF), and was first introduced by Salpeter (1955). Salpeter (1955) found
that the distribution of stars, for masses above 1 M � , can be described by a power-
law dN � dm � m ��� , with a slope of � =2.35. Miller & Scalo (1979) found that at masses
lower than 1 M � the distribution becomes more shallow. In recent years this low
mass end of the IMF has been extensively studied and resulted in an IMF that consist
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of three parts (Kroupa 2001):��� 0 � 3 0 � 01 M ��� m � 0 � 08 M ���� 1 � 3 0 � 08 M � � m � 0 � 50 M ���� 2 � 3 0 � 50 M ��� m
(1.1)

Observations have shown that the shape of the IMF appears to be the same ev-
erywhere in the Solar neighborhood. It is, however, not clear yet if the shape of the
IMF is truly universal, or whether it changes when the conditions of star formation
change (for instance near the Galactic Center or in other galaxies).

There are, today, three main theories to explain the shape of the IMF: core accre-
tion, competitive accretion, and thermodynamics (Klessen et al. 2009).

core accretion
The theory of core accretion is based on the striking similarity between the IMF

and the mass distribution of molecular cores (e.g., Stutzki & Guesten 1990; Kramer
et al. 1998; Rathborne et al. 2009). The theory assumes that there is a direct, one-
to-one, relation between the two mass distributions, and that each individual core
will collapse into a star (e.g., Hennebelle & Chabrier 2008). Essentially, this theory
replaces the problem of the origin of the IMF with determining the origin of the
core masses. However, the formation of cores is determined by the properties of
the turbulence, which generates structures with a power-law mass distribution (e.g.,
Klessen 2001).

competitive accretion
In the competitive accretion model the shape of the IMF is not determined by

pre-existing fragmentation in the gas phase, but rather by interactions between the
proto-stars. Initially the gas fragments down to the Jeans mass, resulting in a dis-
tribution of masses that lacks the power-law slope at high masses. The masses then
differentiate through competitive accretion (as described in Sect. 1.2.2). In this model
the apparent similarity between the IMF and core mass function is merely an illusion
(Klessen et al. 2009; Bonnell et al. 2007).

thermodynamics
A third model of the IMF focuses on the thermodynamic properties of the gas.

The amount of fragmentation occurring during gravitational collapse depends on
the compressibility of the gas (e.g., Spaans & Silk 2000; Li et al. 2003). Turbulent
compressions can cause large density enhancements in which the Jeans mass falls
substantially, and many (smaller) fragments can collapse. Only a few massive frag-
ments get compressed strongly enough to collapse. This leads to the shape of the
IMF, with many low mass stars and only few high mass stars. At high densities
(n 
 105 � 106 cm � 3) the compressibility of the gas changes due to the thermal cou-
pling between the gas and dust. The Jeans mass for the densities and temperature
where this change happens, sets the mass for the turnover of the IMF (Larson 2005,
2007; Klessen et al. 2009).
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1.2.4 Feedback of star formation

During their lifetimes, stars have a major impact on the ISM. At all ages, stars radiate
and will therefore heat the gas surrounding them. High mass stars emit UV photons,
which create bubbles of hot ionized gas around the stars, called H �� regions. In this
hot gas stars cannot form, lowering the star formation efficiency for the next gen-
eration of stars in their neighborhood. Many H �� regions together can even create
bubbles large enough to disrupt entire molecular clouds complexes, influencing star
formation on a large scale.

Apart from radiation, stars also generate a lot of mechanical energy. As men-
tioned in Sect. 1.2.1, proto-stars typically have outflows or jets. These outflows then
drive turbulent motions in the parental clouds of the proto-stars. As the turbulent
energy dissipates, the ISM in the parental cloud heats up. In Chapter 5 we present
observations and modeling of young Galactic star forming regions, that show the
evidence of heating by proto-stellar outflows.

Another important source of mechanical feedback occurs at late stages in the evo-
lution of stars. When massive stars ( � 10M � ) reach the end of their lifetime, their
cores no longer provide enough energy to keep themselves from collapsing under
the influence of gravity. A violent rebound from this sudden collapse produces an
explosion that ejects the outer layers of the star at high velocities and the star be-
comes a supernova (e.g., Woosley et al. 2002; Heger et al. 2005). The resulting shock
fronts have a large influence on star formation: they can inhibit it by disrupting
molecular clouds, or enhance star formation by sweeping up and compressing gas.
The energy released in shocks will, like for outflows, drive turbulent motions, that
will heat up the gas (e.g., Wada & Norman 2007).

Although SNe are rare in our galaxy, in galaxies with higher star formation rates,
they are more common. A famous example of increased stellar feedback is the Galac-
tic Superwind in M 82 (McCarthy et al. 1987). In this system, the energy from SNe
and stellar winds is high enough to blow a large part of the ISM out of the galaxy (see
Fig. 7.2 on page 137). In Chapters 3 and 4 we present observations of a large number
of such, more active, star forming galaxies and show that the effects of heating by
SN feedback is present in most of these systems.

A third type of feedback is the chemical enrichment of the ISM. The primordial
ISM (i.e., the ISM as it was just after the Big Bang) only contained hydrogen and
traces of helium. All the heavier elements are created by stars. The nuclear fusion
that is the power source of stars can create elements as heavy as iron. These elements
are returned to the ISM in stellar winds and when stars eject their outer layers at
the end of their life time. Elements heavier than iron are mostly created during SN
explosions. Due to the extremely high pressures, densities and temperatures, the
atoms can capture neutrons, leading to heavier elements. The creation of heavier
elements has a large impact on the ISM, since these elements are important for the
cooling (e.g., molecular cooling lines) and heating (e.g., absorption of UV radiation
by dust grains) balance of the ISM. The thermal balance of the ISM in turn influences
any subsequent star formation.
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1.3 Other galaxies
All the knowledge we have on star formation to-date is based on information we
get from our own galaxy, most of it even from the Solar neighborhood. An impor-
tant question is whether the processes we see in the Milky Way are representative
for other galaxies. Given the wide range of environments found in galaxies, it is ex-
pected that the state of the ISM, and star formation intensity and processes, will vary
as well.

1.3.1 ULIRGs
Of special interest are the so-called (Ultra) Luminous Infra-Red Galaxies ([U]LIRGs),
which were discovered by the Infra-Red Astronomical Satellite (IRAS). ULIRGs are
galaxies that radiate most of their energy in the infrared, and have quasar-like lumi-
nosities of L � 1011 L � (LIRGs) or even L � 1012 L � (ULIRGs) (Genzel & Cesarsky
2000). One of the main questions that still remains to be answered is what the energy
source of the large IR luminosity of ULIRGs is.

Sanders et al. (1988) proposed that most ULIRGs are powered by dust-enshrouded
quasars in the late phases of a merger. The final state of such a merger would be a
large elliptical galaxy with a massive quiescent black hole at its center (Kormendy &
Sanders 1992). A significant fraction of the ULIRG population seems to confirm this
assumption, since they exhibit nuclear optical emission line spectra similar to those
of Seyfert galaxies (Sanders et al. 1988). Some also contain compact central radio
sources and highly absorbed, hard X-ray sources, all indicative of an active galactic
nucleus (AGN).

On the other hand, the (Far)IR, mm, and radio characteristics of ULIRGs are of-
ten similar to those of star forming galaxies. A centrally condensed burst of star
formation activity (or starburst), for instance fueled by gas driven into the center of
the potential well of a pair of interacting galaxies by a bar instability, provides an
equally plausible power source (e.g. Blain et al. 2002). Observational evidence for
the starburst nature of ULIRGs was found with the detection of a large number of
compact radio hypernovae in each of the two nuclei of Arp220 by Smith et al. (1998).
In Chapter 2 we show, by modeling the properties of ULIRGs, that a burst of star
formation can indeed provide enough energy. By modeling the obscuration effects
of dust surrounding the starburst, we also manage to reproduce the IR properties of
ULIRGs.

1.3.2 Connections to the Milky Way
In Chapter 5 we present observations of the ISM in Galactic star forming regions.
These observations were used to determine the similarities and differences between
Galactic and extra-galactic star formation.

In extra-galactic systems, a strong correlation has been found between the far-
infrared luminosity and the luminosity of molecular emissions (Gao & Solomon
2004a; Baan et al. 2008, Chapter 3). This correlation is analogous to the well-known
Kennicutt-Schmidt law (Kennicutt 1998), which relates the star-formation density (or
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in this case the LFIR) and the gas surface density (in this case the line luminosity). It
was found that the Galactic star forming regions follow this trend, extending it over
more than 8 orders of magnitude in luminosity. This indicates that, to first order, the
properties of extra-galactic star formation regions are consistent with a superposition
of star formation regions that are similar to Galactic ones.

The analysis of the physical properties of these regions showed more similari-
ties. The typical gas densities were of the same order in both the Galactic and the
extra-galactic sources (105-105 	 5 cm � 3). Also, in both samples the effects of mechani-
cal heating of the molecular ISM turned out to be important. In the Galactic sample
the large scale ISM showed signs of heating by proto-stellar outflows (Chapter 5),
whereas a large part of the extra-galactic sources exhibit the influence of SN feed-
back (Chapter 4).

Despite these similarities, differences do also exist. Since the Milky Way does
not have an actively accreating central black hole, there is not a strong X-ray back-
ground throughout the Milky Way, as one would find in AGN. Some of the observed
extra-galactic sources indeed show evidence for strong influence of X-rays. Another
difference is that in many starburst galaxies, the star formation is concentrated in
a relatively small area, whereas star formation in the Milky Way is more isolated.
This will lead to more interaction between star forming regions in starburst galaxies,
through radiative or mechanical processes. Such interactions will have their effect
on star formation in such systems, either by quenching or triggering it (Sect. 1.2.4).

These differences in the environment raise the question whether star formation
in starburst galaxies will occur like it does in the Milky Way. Heating of the gas and
external pressure by shocks may trigger stars to form at higher masses, which will
have a profound effect on the shape of the IMF (Klessen et al. 2007).

1.4 Molecular gas
The main part of the research presented in this thesis deals with investigating the
physical properties of the ISM, by studying its molecular component. We choose to
study this component, since it provides the materials from which stars are formed
and possible AGN are fueled. Since molecules radiate at (sub-)mm wavelengths,
the radiation does not suffer significantly from absorption by gas or dust. Therefore
molecular line observations provide an un-obscured view of deeply embedded star
forming regions and AGN.

Besides a clear view, molecules also offer two powerful diagnostics: excitation
and chemistry. The excitation of a single species can be used to reveal the density
and/or kinetic temperature of the molecular gas. The chemistry of the molecular
gas is sensitive to even more physical properties: e.g., the type and strength of the
radiation field, the gas density, the gas and dust temperatures, and CR ionization.

1.4.1 PDRs and XDRs
Classically, a distinction is made between two types of clouds, based on the type
of radiative energy in these sources: Photon Dominated Regions (PDRs; e.g. Hol-
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Figure 1.2: Schematic overviews of a Photon Dominated Region (top; figure from Hollenbach
& Tielens 1999) and an X-ray Dominated Region (bottom; figure adapted from Maloney et al.
1996)
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lenbach & Tielens 1999) created by UV radiation (6-13.6 eV) in star-forming regions,
and X-ray Dominated Regions (XDRs; e.g. Lepp & Dalgarno 1996; Maloney et al.
1996) that are produced by X-rays (1-100 keV) emanating mainly from accreting black
holes. Figure 1.2 shows schematic overviews of a PDR (top) and an XDR (bottom).

PDRs show a clear stratified structure due to the increasing extinction and at-
tenuation of the UV radiation. The resulting strong column density dependence of
(amongst other things) the temperature and ionization balance leads to “layers” in
which the gas changes from ionized, to neutral atomic, and deep into the cloud to
molecular (e.g, the C

�
/C/CO and H/H2 transitions shown in Fig. 1.2). The heavily

embedded molecular layer is the main focus of this thesis. Because X-ray photons
are more difficult to attenuate, XDRs do not exhibit such a layered structure. Instead,
the changes in temperature and ionization balance in XDRs are more gradual and as
a result different states of species can be found at all depths into the cloud. Figure
1.2 shows that deep into the XDR C

�
and C coexist with CO.

These differences in temperature, ionization, and structure lead to different gas
phase chemistry in PDRs and XDRs. By studying the emissions of different species
it is possible to determine whether the object that is studied is dominated by PDR-
or XDR-chemistry (e.g., Meijerink & Spaans 2005; Meijerink et al. 2007). In Chapter 4
we show that the HNC (1 � 0)/HCN (1 � 0) emission line ratio can be used to distin-
guish between X-ray and UV driven chemistry (Loenen et al. 2008). The ability to
determine which kind of chemistry (and therefore radiation field) is dominant, can
tell us which is the power source of ULIRGs: star formation or AGN. In Chapter 4
we find that only a few systems with clear X-ray chemistry, indicating that most of
the galaxies in our sample are driven by star formation.

1.4.2 Influence of mechanical heating
The classical distinction between PDRs and XDRs is solely based on the dominant
radiation field. However, an important result of the research presented here is that
a large part of the molecular gas does not fit in either of the two categories. The
observations of these systems show the characteristics of high column density PDRs
(N � 1021 cm � 2, where most of the UV radiation is attenuated), with high tempera-
tures. The normal temperature in a PDR at such high column density is 
 40 K, but
the emissions from these systems can only be explained with temperatures in excess
of 200 K. Since none of the radiative heating processes (UV, X-rays, CRs) can create
such temperatures at high column densities, the gas in these systems must be heated
by mechanical processes.

In Chapter 4 we find that the majority of the galaxies in our sample falls in this
new category. Based on simple calculations on the energies required to heat the
gas in these systems, we conclude that SN shocks are the most likely source of me-
chanical energy. This assumption is confirmed in Chapter 6, where we find that the
galaxies that show the effect of mechanical feedback are more evolved that those that
show pure PDR signatures.

Galactic star forming regions also show the effects of mechanical heating. In a
survey of Galactic ultra compact H �� regions we find that these sources can be best
modeled by a small, dense PDR embedded in a larger, more diffuse “envelope” that
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is heated by mechanical feedback. Given that these sources are young star forming
regions, and the fact that SNe are rare in the Milky Way, we argue that proto-stellar
outflows are the most likely source of mechanical energy in these sources (Chapter 5).

1.5 The future
The near future will bring great advancements in the study of the molecular ISM
and star formation. Several new telescopes will become available that will provide
unparalleled opportunities to study these phenomena both in the Milky Way and in
other galaxies. A few of these observatories are:

Herschel - The recently launched Herschel space observatory will study star
formation and the ISM at wavelengths ranging from 65 to 672 � m ( 
 400 GHz to
 4 THz). The instruments PACS and SPIRE allow us to image deeply embedded
stars and star formation down to a resolution of 3 arc-seconds at the shortest wave-
lengths. The heterodyne receiver HIFI has the ability to observe thousands of molec-
ular, atomic and ionic emission and absorption lines between 480 and 1910 Ghz at
an unprecedented spectral resolution (R 
 107). These lines will increase our know-
ledge on the chemistry in star forming regions and improve our understanding of
the energy balance in active galaxies.

ALMA - In a few years time the Atacama Large Millimeter Array will become
available: an interferometer comprised of 66 antennas which is planned to observe
at frequencies ranging from 31 to 950 GHz. ALMA’s combination of large surface
area ( 
 6500 m2) and long baselines (up to 16 km) will give it sensitivity and angu-
lar resolution (down to a few milli arc-second) that have not been achieved before
in this wavelength regime. This means that we can study star formation at great
detail in the Milky Way. Some of the possibilities are: imaging the collapse of pre-
stellar cores and measuring the accretion rate of matter onto deeply embedded proto-
stars, unraveling the chemistry and dynamics of high mass star forming clusters and
high spatial resolution studies of proto-planetary disks down to the 1 AU scale (van
Dishoeck & Jørgensen 2008). We will also be able to spatially resolve star forming
regions in other galaxies, which will greatly improve our understanding of star for-
mation outside the Milky Way. The high sensitivity of ALMA will enable studies of
star formation and accreting black holes up to very high redshift (z 
 20; e.g., Spaans
& Meijerink 2008). And, like for Herschel, the large wavelength range observable
with ALMA will provide countless emission and absorption lines, aiding the study
of the chemistry and cooling of the ISM.

JWST - The James Webb Space Telescope is a 6.5 m space telescope, scheduled for
launch in 2014. It will contain four instruments operating between 0.6 to 27 � m: a
near-IR camera (NIRCam), a near-IR multi-object spectrograph (NIRSpec), a mid-IR
instrument (MIRI), and a tunable filter imager (FGS). JWST will address several key
questions regarding star formation: How do proto-stellar clouds collapse? How does
environment affect star formation and vice versa? What is the IMF of stars at sub-
solar masses? How do proto-planetary systems form? How do gas and dust coalesce
to form planetary systems? JWST will observe stars at all phases of their evolution,
from infall onto dust-enshrouded proto-stars, through the formation of planetary
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systems, penetrating the dust to determine the physical processes that produce stars,
planets, and debris disks (Gardner et al. 2006).

ELT - An Extremely Large Telescope (diameter 30-42 m) could penetrate the dust
extinction of ultra compact H �� regions (AV=100-200 mag) in the near-IR and see the
stellar photo-spheres of massive stars, resolving very tight embedded clusters (Zin-
necker & Yorke 2007). Such a telescope will also be able to detect star forming galax-
ies out to redshift 
 10, enabling the study of star formation through out the cosmic
history (Hook et al. 2006).

The last instrument that needs to be discussed is the numerical telescope. The
only way we can truly profit from the new observatories is if the theoretical mod-
eling and interpretation of the observations can keep up pace. Many theoretical
aspects of star formation and the ISM have been modeled independently: thermo-
and hydrodynamics, stellar evolution and feedback, turbulence, gas and grain sur-
face chemistry, radiative processes, etc. The obvious improvements that we will see
in the future are the direct advancements in those models: increasing resolution,
going from one to two or three dimensional models, larger chemical networks, etc.
The largest improvement, however, will be overcoming current computational limi-
tations and being able to start combining methods. This will ultimately lead to fully
self-consistent numerical recipes that can follow the entire star-formation cycle from
the initial collapse of molecular clouds to the death of stars and on to the next gen-
eration.

With all the upcoming advancements in both the observations and the theoretical
interpretation of those, the study of the intimate relation between star formation and
the ISM has a bright future. . .
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