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Chapter5
Summary and Outlook∗

”The eternal mystery of the Universe is its comprehensibility.”
— Albert Einstein —

The origin of the initial mass function is an outstanding issue in the theory of
star formation. It is as of yet still unclear whether the IMF is universal or not. In
this thesis I focus on the physical processes which shape the IMF in extreme envi-
ronments. I try to gain insight into star formation and the IMF by investigating the
gravitational collapse of interstellar clouds, with special attention to the role of ra-
diative, mechanical, and chemical influences. I approach these problems using a mix
of numerical and analytical techniques. Here, I give a short description of the results
of each chapter and summarize the main findings of this thesis. I then present an
outlook on how to continue studying the origin of the IMF. I consider and discuss
several paths to this end, but mainly focus on the influence of magnetic fields, as the
impact of magnetic fields on star formation is thought to be strong, but was omitted
in this study.

5.1 Summary & conclusions
5.1.1 Molecular cloud fragmentation (chapter 2)

Molecular clouds are cold, often dark condensations of molecular gas and dust.
They are the birth places of stars and planets. In star formation, the fragmenta-
tion properties of gaseous clouds, from giant molecular clouds (rcloud > 1 pc) to
proto-stellar cores, are hierarchical. Any influences at the early phases of molecular
cloud evolution can have major consequences for the final stages of star formation.
The hypothesis is that giant molecular clouds with different metallicities will evolve
differently to such an extent that the cloud fragmentation is affected (Clark et al.
2008b; Machida 2008; Machida et al. 2009). Any initial rotation is also believed to
have a significant impact later on. We have tested these hypotheses by perform-
ing a numerical study on a gravitationally unstable giant molecular cloud (rcloud =
10 pc) as they pertain in starburst regions and low-metallicity dwarfs. In order to
properly treat the thermodynamics, we have computed the thermal balance using

∗Partly based on “The impact of magnetic fields on the IMF in X-ray dominated environments”, in
preparation (2011) by S. Hocuk & M. Spaans.
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metallicity dependent cooling functions (Meijerink & Spaans 2005). We find that
molecular cloud fragmentation does indeed strongly depend on the metallicity of
the gas, and that an initial rotational moment, even with a fraction (β0 = 10−4) of
the gravitational energy of the cloud, i.e., Erot/Egrav = 10−4, is important as well.

Figure 5.1: The dependence of molecular cloud
fragmentation on metallicity and rotational energy.
A discussion of this image can be found in chap. 2.

The results show that fragmen-
tation increases with metallicity.
Consequently, the high density
cores become more compact due
to the lower attainable tempera-
tures, while this is counteracted
by cosmic ray and gas-grain colli-
sional heating. Furthermore, we
find that modest rotation and tur-
bulence enhances the fragmen-
tation, thereby reducing the av-
erage masses of the fragments
(dense cores). Fig. 5.1 shows
density slices for twenty differ-
ent cloud conditions, at t = 6.3×
106 yr ( ≈ 12 free-fall times),
which highlights the effects of
metallicity and rotation. It fol-
lows that the influence of metal-
licity on the resulting number
of fragments and their masses
eventually affects the initial mass

function as well. Furthermore, low-metallicity dwarfs, as well as pre-stellar clouds
experiencing radiative feedback in starbursts, should enjoy a star formation mode in
which fragmentation is suppressed.

5.1.2 The IMF in active galaxies (chapters 3 & 4)

Dense molecular cores (n ∼ 105 cm−3) collapse to form one or more stars. In active
galaxies, there are strong feedback effects, such as X-rays and UV photons emanating
from the accretion disk and the broad line region of a black hole and nearby massive
stars, cosmic rays from supernova remnants, and gravitational shear (Maloney et al.
1996; Bonnell & Rice 2008; van der Wiel et al. 2009; Schleicher et al. 2010b). These
processes inject significant amounts of energy into contracting molecular cores. We
test these environmental influences on a typical, turbulent (∆v (FWHM) = 5 km s−1)
molecular cloud core of radius r = 0.33 pc at 10 pc distance from a 107 M¯ black
hole, and solve the thermal balance by performing full radiative transfer. An image
of a T − n phase diagram of a cloud under the impact of X-rays is shown in Fig.
5.2. In this figure, we can see that temperatures at low densities are increased to
several thousand K, but decrease with increasing density due to cooling processes,
such as atomic fine-structure and semi-forbidden lines, molecular transitions (CO,
H2, H2O, OH, and CH), as well as due to shielding of radiation by large columns.
As a consequence, the equation of state is softened.
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Figure 5.2: The phase diagram of a cloud irradiated by X-rays near an AGN. More explanation
on this image can be found in chapter 4.

In the absence of extreme environmental conditions, so for nearly isothermal
(10 K) gas clouds, we find that the IMF is very much similar to the one observed in

Figure 5.3: Column densities of a molecular
cloud core under the impact of X-rays. Fur-
ther information can be found in chapter 3.

the Milky Way. When there are lots
of X-rays present (FX = 5.1, 28, 160
erg s−1 cm−2), however, the gas tem-
perature increases and thermal com-
pression occurs from the direction of
the incident radiation, see Fig. 5.3
to this effect. As a result, X-rays re-
duce the star formation efficiency and
flatten the IMF, i.e., the logarithmic
slope of the mass function Γ . −1,
where usually Γ = −1.35. We find
that UV (FUV = 0.5 erg s−1 cm−2)
does not strongly influence such a
cloud, because the gas is shielded
from UV radiation due to the large
opacities at these frequencies. Our re-
sults show that cosmic rays (ζCR =
1, 100, 3000×Galactic) raise the mini-

mum attainable temperature of the gas and strongly inhibit the formation of low
mass stars (. 1 M¯), in agreement with the predictions of Papadopoulos et al. (2011).
This while gravitational shear injects more turbulence into the system, which some-
what decreases the effects of radiative feedback, but also reduces the star formation
efficiencies slightly.
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5.1.3 Conclusions

I studied the fragmentation dependencies of giant molecular clouds, the star for-
mation efficiencies of dense molecular cores, and their stellar mass functions. My
general conclusion is that if the environmental conditions are extreme enough, i.e.,
chemically, mechanically, or radiatively, the fragmentation of a cloud and the even-
tual masses of stars are strongly affected. Therefore, I conclude that the IMF in ex-
treme environments is different than the stellar mass function observed in our solar
neighbourhood. In Fig. 5.4, I show the IMF of an 800 solar mass molecular cloud
in an X-ray dominated environment and compare it against the IMF obtained for
conditions similar in the Milky Way.
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Figure 5.4: Initial mass functions for two different environments. Left panel displays the IMF
obtained from a numerical simulation with conditions similar to the Milky Way. Right panel
shows the resulting IMF in an X-ray dominated environment (FX = 160 erg s−1 cm−2). More
information on this figure can be found in chapter 4.

5.2 Outlook
5.2.1 Future work

There are still a lot of interesting topics that should be covered in order to understand
the origin of the IMF. Turbulence, for example, is an important factor in numerical
studies (Klessen 2011). In this thesis, turbulence is implemented according to typ-
ically observed conditions. The properties of turbulence, like its strength, scaling,
and even the type, e.g., solenoidal of compressible, can matter a great deal to the
final results and should therefore be fully investigated. Distant star forming galaxies
have been observed to be highly turbulent, ∆v > 60 km/s (Swinbank et al. 2011, in
preparation), and the star forming regions pressurized. Yet, they are still able to sus-
tain very high star formation rates & 30 M¯ yr−1 (Swinbank et al. 2010). How does
(extreme) turbulence affect the star formation efficiencies and what becomes of the
IMF? These conditions can be modelled numerically and compared to observations.
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Another path that can be followed is the implementation of the effects of dust
in hydrodynamical simulations. Dust enhances the formation of molecules, which
are especially important in cooling the gas (Cazaux et al. 2010, 2011a,b). Gas and
dust can also be collisionally coupled (nH & 104.5 cm−3 for solar metallicity), such
that gas can either cool down or heat up on the dust grains. These processes play an
important role in the star formation processes. The role of dust has not been fully
investigated in analytical and numerical studies. In most works, the treatment of
dust in star formation is generally an over-simplified, but not yet a standard, ingre-
dient. There are, however, several studies being performed in this field, especially at
high redshifts (Cazaux & Spaans 2004, 2009; Dopcke et al. 2011; Ormel et al. 2011).
The importance of grain size, shape or type (amorphous silica or carbon), and their
impact on molecule formation (or depletion) is worth looking into. To achieve this,
the molecule reaction coefficients and their cross-sections needs to be experimentally
obtained in order to be used in a set of rate equations. Investigating the role of dust
will be the next big step in advancing theories of star formation towards more com-
plete understanding.

Star formation is also observed to take place very close to (< 1 pc), and in the
accretion disk of, a supermassive black hole (Paumard et al. 2006). This rather un-
accommodating environment apparently still allows the formation of stars, with a
top-heavy IMF (Maness et al. 2007). Performing a numerical study on this matter,
to see if massive star formation is the preferred route, is worth performing. Supple-
mentary to this, by including radiative feedback since high energy radiation can be
very intense in the vicinity of an active black hole, one can see if star formation is still
possible. One first needs to look into the stability of the accretion disk and perform
a large scale simulation to understand its behaviour under severe feedback effects.
Then, a follow-up simulation with the conditions of the gravitationally unstable re-
gions, if present, needs to be performed to determine star formation efficiencies and
the IMF. In this way, one is able to test the level of radiation required to disrupt star
formation altogether. A two part study is preferred, since the dynamic range from
galactic scales to proto-stellar cores is computationally too demanding.

With the upcoming Atacama Large Millimeter Array (ALMA), direct imaging of
star forming regions in extreme environments will become possible. Nearest and
brightest active galaxies, such as the Seyfert galaxy NGC 1068 or the starburst sys-
tem NGC 253, can be resolved with ALMA down to (sub-)parsec scales. Therefore,
ALMA will be able to observe molecular clouds, and to constrain their dynamics, us-
ing emission lines such as CO, one of the best tracers of molecular gas. The findings
in this thesis, specifically the results for radiation and turbulence driven fragmenta-
tion, can be tested with ALMA using the methods of Pérez-Beaupuits et al. (2011).

Lastly, further studying the role of magnetic fields in active galactic, radiation
dominated regions is part of the future plan of this work. The influence of magnetic
fields is not considered in this thesis, but is nonetheless important. Initial calcu-
lations already show interesting results, which are explained in more detail in the
following section.
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5.2.2 Magnetic fields

Molecular gas in the Milky Way typically has a temperature of 10 K, with densities
of n ∼ 104 − 105 cm−3, and a magnetic field strength of around B ∼ 10− 200 µG
(Crutcher et al. 1987; Bourke et al. 2001). An observed cloud core, similar to the
conditions in this thesis for example, is RCW 38. This embedded star forming region
has a magnetic field strength of B = 38 µG (Bourke et al. 2001; Wolk et al. 2008). Given
such initial conditions, and by looking at the ratio of pressures, one can see that the
initial magnetic pressure is many times lower than the thermal pressure. This while
in the presence of any radiative heating, the thermal pressure increases even more.
One can think from this point of view that the magnetic pressure on the evolution of
a molecular cloud will not be significant. From recent studies, however, it appears
that the influence of magnetic fields is important during structure and star formation
(Falgarone et al. 2001; Wang et al. 2010; Banerjee et al. 2009; Schleicher et al. 2010a;
Federrath et al. 2011; Mouschovias et al. 2011). It is found that the magnetic field
scales with density ρ as (Crutcher 1999)

B ∝ ρκ , (5.1)

where κ, the logarithmic slope of the relation, is typically on the order of 0.58 (Schle-
icher et al. 2010a; Bürzle et al. 2011) according to most recent numerical studies. This
means that the magnetic field strength increases rapidly as the molecular cloud col-
lapses and grows by several orders of magnitude in one free-fall time. Consequently,
magnetic fields could have a significant impact on star formation, despite their weak
initial strength. Since the relation between magnetic pressure and magnetic field
strength is

Pmag =
B2

8π
, (5.2)

and given that κ ≈ 0.6, the magnetic pressure roughly scales as Pmag ∝ ρ1.2. This
while the thermal pressure relates to the density as P ∝ ργ. One can see that the
magnetic pressure will dominate over the thermal pressure at some point during
contraction, as the density increases by orders of magnitude, if γ . 1.2, and does
so for an isothermal collapse. It is therefore important to incorporate and test the
impact of magnetic fields in numerical studies of star formation.

Preliminary results on magnetic scaling, i.e., κ = dlog(Pmag)/dlog(n), in X-ray
dominated regions (XDRs) show that this does not differ much from the predicted
scaling above. For an 800 solar mass, 105 cm−3 dense cloud, and an initial magnetic
field strength of 135 µG, with and without irradiation by X-rays (FX = 160 or 0 erg s−1

cm−2), the magnetic scaling, at t = 8× 104 yr = 4/5 tff, is shown in the Fig. 5.5. Here,
the ambipolar diffusion time is much larger than the cloud free-fall time tAD À tff,
where tAD ∼ 1.3× 1014 x(e) yr, with x(e) ∼ 10−8 − 10−4. Thus, the magnetic flux
of the cloud is not lost during the dynamical contraction. Even though these results
are only based on the early stages of collapse, it seems that the magnetic scaling of
an X-ray dominated environment, when looking at the most populated (red) region,
is similar to an X-ray free environment κ = 0.58. For XDRs, a value of κ = 0.69 is
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Figure 5.5: Magnetic scaling. The magnetic pressure is plotted against number density at
t = 8× 104 yr = 4/5 tff. On the left, a cloud model similar to the conditions of the Milky Way
is shown. On the right, a cloud irradiated by X-rays (FX = 160 erg s−1 cm−2) is shown. The
colored contours in this plot represent the amount of mass lying in the same region. In this
respect, blue represents masses of 10−3 M¯, while red shows the masses of 50 M¯.

found. The pressure drop at densities of 103 − 104 cm−3, for the irradiated cloud, is
due to the relatively high background magnetic pressure. In these models, a back-
ground field strength of 10 µG was implemented. As the cloud evaporates from
heating by X-rays at the irradiated surface, the densities decrease in the surrounding
gas and on the surface of the cloud. Consequently, the magnetic fields decrease ac-
cording to the same power-law scaling, i.e., with κ = 0.69. This causes the magnetic
field strength to drop steeply with density, and thus becomes lower than the back-
ground field strength. One also notices a steep increase in the magnetic pressure at
high densities. This is possibly due to the dynamo process. However, higher resolu-
tion studies are needed to confirm this. The dynamo effect allows a magnetic field in
interstellar gas clouds to be maintained and generated through rotation, convection,
and turbulent motions. Both model clouds are turbulent, however, the reason why
dynamo action could occur more prominently for the XDR model cloud, is that X-
ray heating and evaporation increase the turbulent motions and also generate strong
shock waves, as opposed to the isothermal (10 K) model. It is expected that the scal-
ing will become steeper than κ ≈ 0.6 in the presence of radiative feedback for t >
tff. It is also possible that the collapse is more spherical for the XDR model cloud,
especially in the high density regions. For spherical symmetry, the magnetic field
increases as ρ2/3. While for non-spherical (flatter) geometries, this scaling is weaker.

From the same figure (Fig. 5.5), one immediately notices that the maximum ob-
tained densities are a few×105 cm−3. This is quite low compared to simulations
without magnetic fields, see Fig. 5.2 for a phase diagram of a model with X-rays but
without magnetic fields. Clearly, higher densities are reached at the same moment
in time. It seems that the magnetic field delays the onset of star formation. Whether
this will lead to a) more fragmentation, i.e., there is more time during collapse for
fragments to develop, or b) less fragmentation, i.e., there is more time for material to
evaporate and/or clumps to merge with one another, a more complete analysis will
need to show.
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One final preliminary result that is worth mentioning is that proto-stars (sink
particles in our simulations) seem to form along the magnetic field lines (Tilley &
Pudritz 2007). Fig. 5.6 shows that a collapsing molecular cloud in a uniform mag-
netic field with a sub-critical field strength of 10 µG, fragments and builds up density
along the field lines, whereafter sink particles start to form. A thorough investiga-
tion of the effects of magnetic fields should establish whether the matter if the stellar
initial mass function is affected, and if so, in what way.

Figure 5.6: Proto-star formation along magnetic field lines. Top panels show an XY view and
bottom panels show an XZ view. Colored spheres represent proto-stars, where the color bar
scale is in units of M¯. The right panes include the magnetic field lines, where length of the
arrow indicates their magnitude, with a range of 0.1− 450 µG.


