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Class 9: What Don’t We Understand About Star Formation?

In this final class we will discuss the things we don’t know. There are of course many
things about star formation that we don’t understand, or understand only partially, but in
this class we will discuss three topics in particular that are active areas of current research,
and where the unanswered questions are particularly fundamental. These topics are the
origin of the stellar mass distribution, the origin of stellar clustering, and the mechanisms
responsible for determining the star formation rate. We will discuss each of these in turn in
a moment. We are covering this material partly because it’s an important part of the story
of star formation. However, there is also a secondary and more philosophical motivation.

When telling a story about science, it is important to emphasize the partial and in-
complete nature of our knowledge, the places where we have to say “We don’t know.” I am
dubious that one can give a rigorous definition of science that distinguishes it from alter-
native ways of knowing about the world, but to the extent that one can identify “family
resemblances” (to borrow Wittgenstein’s phrase), science’s attitude toward the unknown is
one such resemblance. The unknown in science is neither a blank space onto which the
powerful project whatever story supports their current social agenda (an attitude that one
might associate with some modern relativist approaches to science) nor a lacuna from which
one can infer the presence of the divine or the miraculous. At its best, science acknowledges
the holes in knowledge, but sees them as projects to be undertaken, places where there is
currently empty ground, or a crumbling edifice, but where a new and improved structure
might be erected. As an enterprise conducted by human beings, science of course is never
really at its best. Nonetheless, when I think of why I feel pride in being part of that enter-
prise, I would place science’s attitude toward the unknown high on its list of virtues.

I. The origin of stellar masses

The first mystery of which we will speak is one that goes back at least 100 years,
and it is this: why do stars have the mass that they do? We have learned that the
mass of a star is the single most important characteristic in determining its evolutionary
path. A star’s mass determines its luminosity, its lifetime, and what elements it will
contribute back to the interstellar medium when and if it dies. (Remember that, for
the lowest mass stars, their lifetimes are longer than the current age of the Universe,
so none have died yet.) The large-scale evoluiton of the cosmos is therefore very much
dependent on the distribution of stellar masses.

The dsitribution of stellar masses at birth is known as the initial mass function,
and we have been able to measure it empirically for some time. Figure 1 shows a
compilation of recent measurements. As the plot shows, the most common stellar mass
is somewhere in the range 0.1−1 times the mass of the Sun. The regions in which this
measurement has been made include a very wide range of star-forming environments,
and the results always seem to come out at least roughly the same, suggesting that
something fairly universal must be responsible for setting stars’ characteristic mass.
However, we do not understand what that is, what physics is responsible for the IMF.
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This mystery comes in a few parts. The lesser mystery is the origin of the
overall shape. Why does the distribution have the width it does? Why isn’t the range
of stellar masses smaller or broader than it is? The more fundamental mystery (at
least in my opinion) is that the characteristic mass is a very special one. Stars that are
born with much less than 0.1 M� of material become supported by degeneracy pressure
before they ignite nuclear fusion, so they never fuse hydrogen. We call these objects
brown dwarfs. Stars that are born with too much mass end their lives very rapidly,
either as supernovae, or perhaps, at even larger masses, by some other mechanism.
Only in a fairly narrow range of masses, between roughly 0.1 and 100 times the mass
of the Sun, do we get stable, long-lived fusion reactors, and only in an even narrower
range of mases, perhaps 0.1−3 M�, do we get reactors that remain stable long enough
for the evolution of life. Fortunately for us, nature seems to favor masses in the stable
range. Why is that?

The problem can be sharpened even more, as was realized by Eddington and
Jeans (two figures we have encountered before) in the 1920s.1 To somewhat update
their argument to modern language, we can put it as follows. The mass of stars is clearly
pretty special from the standpoint of nuclear physics, and the things responsible for
specifying this mass are constants of nature like the mass of a hydrogen atom, the
cross sections for hydrogen-hydrogen fusion, the strength with which electrons scatter
light (which influences the ability of radaition to escape from stars, and thus stars’
central temperatures). In contrast, stars form out of a cold interstellar fusion where
none of these parameters are obviously relevant. There are no nuclear reactions going
on inside molecular clouds at a density of 100 atoms per cm3, and a temperature of
10 K, yet somehow the collapse of these structures manages to make stable nuclear
reactors. Why is that?

A number of authors, including me, have attempted various solutions to these
problems. Most modern approaches focus on the physics of turbulence in the interstel-
lar medium as a potentially universal mechanism for determining the masses of stars,
and this approach seems to have some promise. Other, including me, have focused on
the role of stellar radiation feedback in determining stars’ characteristic masses. This
approach has the virtue that it provides at least a potential mechanism to explain why
nuclear reactions inside stars are linked to processes taking place in the interstellar

1The correspondence between the two is largely available online, and is actually hilarious to read today,
because they really didn’t like one another, and managed to be obnoxious to one another while maintaining
faux pleasantries in wonderfully Edwardian language. For example, in a letter commenting on a lecture that
Eddington gave, Jeans writes “So much work has been done on isothermal equilibrium that it is difficult
to understand how Prof. Eddington can harbour the illusion that he is doing pioneer work in unexplored
territory, yet his complete absence of reference to other theoretical workers ... suggests that such is actually
the case.” Eddington replies “Dr. Jeans deals rather severely with a portion of my Bakerian lecture. I would
point out that the last half of his letter is occupied with an entire misunderstanding.... I had long admired
[Jean’s] ingenious paper; but having come to the conclusion that the masses of stars are determined by
radiation pressure independently of the primitive density, I ceased to accept it.” Jeans replies further “May
I conclude by assuring Prof. Eddington it would give me great pleasure if he could remove a long-standing
source of friction between us by abtaining in future from making wild attacks on my work which he cannot
substantiate, and by making the usual acknowledgements whenever he finds that my previous work is of use
to him.” It keeps going...
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Fig. 2.— Recent IMF estimates for 8 star forming regions:
NGC1333, Scholz et al. 2012; IC348, Alves de Oliveira
et al. 2013; NGC6611, Oliveira et al. 2009; NGC2264,
Sung and Bessell 2010; Cha I, Luhman 2007; � Ori,
Peña Ramı́rez et al. 2012; � Ori, Bayo et al. 2011 and Up-
per Sco, Lodieu 2013. The error bars represent the Poisson
error for each data point. The solid lines are not a fit to the
data but the log-normal form proposed by Chabrier (2005)
for the IMF, normalized to best follow the data.

biases present in studies of local regions, e.g., crowding,
photometric errors, unresolved binaries, and mass segrega-
tion. Weisz et al. (2013) have supplied an overview of these
plus additional biases and potential pitfalls and have pro-
vided the statistical tools to account for them. These authors
have collated observations of 89 young clusters and star
forming regions from the literature and have re-calculated
the index of the MF (assuming that it is a power-law) given
the statistical and observational uncertainties. They find
that the best-fit ↵ of 2.46 with a 1� dispersion of 0.34,
which is similar to Salpeter. Additionally, the authors warn
that deriving a physical upper stellar limit to the IMF is dif-
ficult and fraught with biases and, consequently, could not
be determined from their collected sample.

HST/WFC3 observations of the young, ⇠ 105 M� clus-
ter Westerlund 1 have measured its MF down to ⇠ 0.1 M�.
While mass segregation is certainly present and the inner
regions are somewhat incomplete, the overall MF is con-
sistent with the expectation of Chabrier (2005), i.e., a peak
around 0.2-0.3 M� and a power-law at higher masses with
a nearly Salpeter slope (Andersen et al. in prep).

Using extremely deep HST images, a few recent studies
have attempted to exceed the 1 M� boundary in extragalac-
tic studies. For example, Kalirai et al. (2013) have studied a
single HST field in the SMC and have been able to constrain
the MF from 0.37 M� to 0.93 M�. They find that the data
are well represented by a power-law with index of 1.9. This
is near the index implied by a Chabrier (2005) IMF for an
upper mass of 0.8 � 0.9 M�. Surprisingly, a single index
for the IMF was able to reproduce their observations over
this mass range, i.e., they did not find evidence for a flat-
tening at lower masses as expected for a Chabrier (2005)
IMF. For example, at 0.5 M�, the expected slope is 1.5
which is within the observational uncertainties. Hence, the
results presented in Kalirai et al. (2013) only differ from the
Chabrier (2005) expectation below ⇠ 0.45 M� and then by
only 1 � 2�. This highlights the difficulty of fitting a sin-
gle power-law index to the data when a smooth distribution
with a continuously changing slope is expected.

We conclude that currently there is no strong evidence
(more than 2�) for IMF variations within local galaxies as
determined from studies of resolved stellar populations.

2.4. Extragalactic Determinations of the IMF

While techniques to infer the IMF in extragalactic envi-
ronments are necessarily more indirect than those used lo-
cally, the ability to sample more extreme environments pro-
vides a promising avenue to discover systematic variations.
We refer the reader to Bastian et al. (2010) for a summary of
extragalactic IMF studies that were published before 2010.
These authors concluded that the majority of observations
were consistent with a normal IMF and that many of the
claims of systematic IMF variations were potentially due
to the assumptions and/or complications, such as extinction
corrections and systematic offsets in star-formation rate in-
dicators, in the methods used.

Since 2010, there has been a flurry of IMF studies fo-
cusing on ancient early type (elliptical) galaxies. These
studies have employed two main techniques. Either they
dynamically determine the mass of galaxies in order to
compare their mass-to-light ratios to the expectations of
stellar population synthesis (SPS) models (e.g., Cappellari
et al. 2012) or they use gravity sensitive integrated spec-
tral features to determine the relative numbers of low-mass
(M < 0.5 M�) stars (e.g., van Dokkum and Conroy 2010).
Contrary to previous studies that found an over-abundance
of high mass stars, i.e., a “top-heavy” IMF, in the high-
redshift progenitors of these systems (e.g., Davé, 2008), the
above studies have suggested an over-abundance of low-
mass stars, i.e., a “bottom-heavy” IMF, which is consistent
with a Salpeter slope (or steeper) down to the hydrogen-
burning limit. However, it is important to note that while
both types of studies find systematic variations, namely that
galaxies with higher velocity dispersion have more bottom-
heavy IMFs, the reported variations are much smaller than
had been previously suggested. The most recent results are
within a factor of ⇠ 2 � 3 in total mass for a given amount
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Figure 1: Measurement of the distribution of stellar masses in a number of star-forming
regions in the Milky Way. The points with error bars are the data, while the curves are
identical for each region. Taken from Offner et al., Protostars and Planets VI, http://

arxiv.org/pdf/1312.5326.pdf.
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Figure 2: An image of the Pleiades star cluster from the Sloan Digital Sky Survey, taken
from http://en.wikipedia.org/wiki/Pleiades. The blue nebulosity visible around the
bright stars is a result of starlight reflecting off dust has been ejected by these stars as they
approach the end of their lives.

medium. Nonetheless, the problem is still far from solved.

II. Stellar clustering

Items number two on our list of unsolved problem is how and why stars cluster
together. Figure 2 shows an example of a well-known star cluster, the Pleiades.2 Most
constellations are simply chance alilgnments of stars that are at very different distances
and are physically unrelated to one another, but happen to be along similar lines of
sight. The Pleiades is an exception, in that the stars that comprise it are a true star
cluster, bound to one another by gravity.

The unexplained mystery is that star clusters like the Pleiades are the exception
not the rule. If one searches for stars that are about the same age as the stars in the
Pleiades, roughly 100 Myr, the vast majority of them are not members of open clusters
like the Pleiades. Instead, they are what is known as “field stars”: stars that are
gravitationally bound to the galaxy, but not gravitationally bound to any smaller sub-

2The Pleiades is so well-known because its brighter members are easy to see with the naked eye, and,
since it is fairly near the equator, is visible over much of the Earth’s surface for at least part of the year. As
a result, there are a huge number of myths and stories about the Pleiades from a varieyt of civilizations; a
sampling can be found at http://en.wikipedia.org/wiki/Pleiades_in_folklore_and_literature.
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The Astrophysical Journal, 739:84 (17pp), 2011 October 1 Gutermuth et al.

Figure 1. Extinction map of the MonR2 cloud overlaid in red with the spatial distribution of Spitzer-identified YSOs. The inverted gray scale is a linear stretch from
AV = !1 to 10 mag. Contour overlays start at AV = 3 mag and their interval is 2 mag. The IRAC coverage is marked by the green boundary. The projected positions
of the YSOs in MonR2 closely trace almost all of the areas of detectably elevated extinction. Denser clusters of YSOs are clearly apparent in the zones of highest
extinction.
(A color version of this figure is available in the online journal.)

Figure 2. Extinction map of the CepOB3 cloud overlaid in red with the spatial distribution of Spitzer-identified YSOs. The gray-scale and contour properties are
identical to those in Figure 1. As in that figure, YSOs are predominantly projected on the elevated extinction zones within the cloud, and clusters are found in the
highest extinction zones. However, unlike MonR2, the large CepOB3b young cluster in the northwest corner of the coverage is largely offset from significant extinction.
Focused examination of this region in particular suggests that the OB stars present have dispersed much of the local natal cloud material (Getman et al. 2009; T. S.
Allen 2011, in preparation).
(A color version of this figure is available in the online journal.)
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Figure 3: The distribution of stars (red dots) and dust (grayscale) in the Monocerus R2
star-forming region. Figure taken from Gutermuth et al., 2011, Astrophysical Journal, 739,
84, http://adsabs.harvard.edu/abs/2011ApJ...739...84G.

collection of stars, with the exception of perhaps a binary companion. At an age of
100 Myr, roughly 90-99% of stars are field stars. So what determines this percentage?
What determines whether a particular star ends up as a cluster star or a field star,
and whether a particular star-forming site gives rise to field stars or clusters?

Part of the mystery is that all stars seem to form in regions of much higher
density than the field. In our neighborhood of the Galaxy, the density of matter in
stars, if we were to smear them out to fill all space, would be about 1 − 10 atoms
per cm3. While this is dense than the mean of the interstellar medium, it is much
less dense than is typical of the molecular clouds where stas form, or the young stars
themselves. Figure 3 shows an example of a star-forming region. The density of stars
in this region is about comparable to that in the Pleiades, both of which are orders of
magnitude denser than the stellar field. Thus stars must be born at high density, but
then spread out. This means that they must not be held together by gravity, so things
that are boudn like the Pleiades are, again, exceptions.

While we do not fully understand the answer, the likely culprit for the spreading
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phenomenon is stellar feedback. The stars are born in gravitationally-bound clouds, but
once stars begin to form, they disrupt those clouds via their winds, ionizing radiation,
and supernovae. These rapidly remove mass from the clouds, unbinding them and
leaving the stars, which compirise only a small part of the mass, free to wander off.
However, this is thus far only a story, not a quantitative model. We have not yet
developed the ability to calculate with any confidence what fraction of stars will wind
up in star cluster, nor whether any particular star-forming site will make bound clusters
or not. For example, we do not know what Monocerious R2 will look like in another
100 Myr years. Will it be a bound collection of stars like the Pleiades? A set of field
stars dispersed over a much broader part of the Galaxy? Some of each?

These questions are ones where simulations are indispensible in seeking answers,
since the interaction of stellar feedback with a star-forming cloud is a highly complex
phenomenon that is difficult to calculate with pencil and paper. Figure 4 shows an
example of a simulation of the interaction between a stellar wind and a molecular
cloud, which illustrates some of the complexity of the problem.

III. The rate of star formation

A final unsolved problem is what determines the rate at which gas in galaxies
turns itself into stars. The problem was first noticed by Ben Zuckerman, Neal Evans,
and Patrick Palmer in a series of papers in 1977, and has remained only partially solved
ever since. The problem is as follows. We observe that stars form in molecular clouds,
and we can count up the mass in molecular clouds in our Galaxy. It’s about 109 M�.
We can also estimate the density of that gas, and from that work out how long it
should take those clouds to collapse under their own gravity, which is known as the
free-fall time. The answer is around 1 − 10 Myr. It therefore follows that the rate at
which stars form in our galaxy should be in the vicinity of 100 M� work of stars per
year. However, when we actually try to measure the rate of star formation, either by
counting up young stars directly or by using indirect indicators, we come up wtih a
number that is only about 1% of that.

This problem turns out to be quite generic, and appears to apply not just
in the Milky Way, but to entire external galaxies, and to single clouds within our
Galaxy. Figure 5 shows a compilation of data from a recent review I wrote. This figure
represents a major problem for any theory of star formation. The gas in all of these
clouds is not collapsing under its own gravity without anything to impede it, or the
star formation rate woudl be much larger. But what is the thing that is impeding
collapse?

For much of the time between 1977 and around 2000-2005, the answer was
thought to be that collapse was offset by magnetic levitation. The effect is much like
the one used to make maglev trains. The basic principle is that magnetic fields resist
compression. Anything that tries to crush together a magnetic field, and compress
it into a smaller volume, will experience a countervailing magnetic force. Magnetic
fields in turn can be controlled by conductors. Magnetic levitation of a train, in its
simplest form, works by using an electromagnet attached to the underside of the train
to generate a strong magnetic field. The track then has a conductive plate that prevents
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6 H. Rogers and J.M. Pittard

Figure 3. Density slices during the MS phase of the simulation (SimA) in the xy-plane. The last panel shows the density of gas in the
cluster environment shortly before the most massive star transitions to a RSG. The channels carved by the cluster wind in the GMC

clump structure slowly evolve over this period. The density scale is shown in the left panel.

Figure 4. Density slices in three planes from SimA at t = 0.79 Myr. [Left]: xy [Middle]: xz and [Right]: yz.

Figure 6. Pressure at the reverse shock as a function of time.

This change results in a slower and denser cluster wind. The
total kinetic power of the cluster wind reduces by about a
half, from 1.14 ⇥ 1036 ergs s�1 to 5.87 ⇥ 1035 ergs s�1, while
the cluster wind becomes dominated by RSG material. This
transition is shown in the top rows of Fig. 7 and Fig. 8. The
reverse shock moves inward to reestablish pressure equilib-
rium with the weaker cluster wind. This depressurises the
previously shocked gas and leads to a rapid fall in tempera-
ture of the hottest gas in the simulaton.

The RSG-enhanced cluster wind is much denser than
the wind blown when all three stars were on the MS. As it
interacts with the surrounding gas it is compressed into a

thin shell which is Rayleigh-Taylor (RT) unstable. RT fin-
gers are visible in the top right panel in Fig. 7 and Fig. 8.
These are short lived, lasting approximately 0.04 Myr. The
most massive star remains in the RSG phase for 0.1 Myr, at
which point the RSG-enhanced cluster wind has expanded
to a typical radius of ⇠ 5 pc.

The most massive star then evolves into a Wolf Rayet
star, with a mass-loss rate of 2 ⇥ 10�5 M� yr�1 and a wind
speed of 2000km s�1. This change results in a much faster
and more powerful cluster wind. The total kinetic power of
the cluster wind increases by nearly two orders of magnitude
to 2.59⇥1037 ergs s�1. This transition occurs at t = 4.1 Myr
and can be seen in the middle row of Fig. 7 and Fig. 8.
The more powerful cluster wind forcefully pushes back the
dense RSG material to beyond the position of the reverse
shock during the previous MS phase. The typical radius of
the reverse shock increases from about 5 pc at t = 4.14 Myr
to ⇡ 8 pc at t = 4.4 Myr (see middle row of Fig. 7). The
shocked cluster wind is ⇡ 103 times hotter than was the
case when the cluster wind was “RSG-enhanced”. Hot gas
pervades almost completely the computational volume by
t = 4.15 Myr (see Fig. 8).

c� 2012 RAS, MNRAS 000, 1–16

Figure 4: Still frame from a simulation of the interaction between a molecular cloud
forming stars and the winds and supernovae produced by those stars. Taken from Rogers
& Pittard, 2013, Monthly Notices of the Royal Astronomical Society, 431, 1337, http:

//adsabs.harvard.edu/abs/2013MNRAS.431.1337R.
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Figure 5: A compilation of measurments of star formation rates. On the x axis is the surface
density (defined as an object’s mass divided by its projected area) divided by its free-fall
time, the time it would take to collapse under its own gravity in the absence of any restraint.
The y axis shows the measured rate of star formation in that object. The black line shows a
star formation rate corresponding to 1% of the mass forming stars per free-fall time. Figure
taken from Krumholz, 2014, Physics Reports, in press, http://adsabs.harvard.edu/abs/
2014arXiv1402.0867K.
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the magnetic field from entering it. For the train to fall onto the track, the magnetic
field generated by the electromagnetic would have to be crushed between the train
and the track, and the magnetic field resists this compression, offsetting gravity and
causing the train to float slightly above the track.

In the interstellar medium, the gas is sufficiently ionized to act like a conductor
and carry currents, and as a result it acts like a natural electromagnet. All interstellar
gas is pervaded by magnetic fields. As gravity tries to pull gas together and make it
collapse to form a star, the magnetic field resists compression and tries to offset gravity.
This was thought to be the main mechanism slowing collapse.

What changed is that our ability to measure interstellar magnetic fields got
significantly better in the late 1990s, thanks to the construction of more sensitive radio
telescopes, and the observations showed that the magnetic fields were not strong enough
to provide enough levitation to offset gravity. As a result, the magnetic regulation
model has fallen out of favor.3

However, we don’t yet have something really strong to repalce it. We know
that molecular clouds are turbulent, and it is possible that the turbulent motions help
offste gravity and prevent collapse. Indeed, a model of exactly this phenomenon was
part of my PhD thesis. This probably isn’t the entire story, as subsequent numerical
simulations have shown that turbulence, while somewhat effective in prevenitng col-
lapse, is probably less effective than I originally thought. It’s part of the answer but
not the entire anwer.

What makes up the rest of the answer? The usual repsonse at this point is to
invoke “feedback” from star formation again, but we still have the problem that this is
an vague idea, not really a fully testable theoretical model yet. Again, numerical sim-
ulations are breaking a path, one that a full theoretical understanding will eventually
be able to follow. There do seem to be some numerical simulations where feedback
appears to produce about the right star formation rate (i.e., one that agrees with ob-
servations), but we are far from a full understanding even of what is going on within
those simulations, let alone in the real universe.

3It’s not as slamdunk a case as it might appear, because the measurements of magnetic field strength
indicate that the fields are not far off from being strong enough to offset gravity, and the measurements
are sufficiently difficult that there are significant uncertainties that might just allow the magnetic levitation
model to squeeze through.
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