Dust in Star Forming Regions — A Review
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Space dust is a major astronomical factor, which affects most observations in UV, optical, infrared,
submillimeter, etc. Most often it is an obstacle, preventing us from getting undistorted information
on various astronomical objects. Dust in star-forming regions is different. It is not only an obstacle
but also an important tracer of physical conditions in these regions, a catalyst for interstellar
chemistry, and a progenitor for planetary systems. In order to clarify all these various roles, we
need to know properties of space dust and how they may change on different stages of the star
formation process.
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1. Multitude of Dust Models

and size limits from 0.005 µm to 1 µm for graphite grains and about 0.025 − 0.25 µm for silicate
materials.
The MRN model has become (and still is) extremely popular due to its simplicity, but somewhat later it has been shown that while it is successful in explaining dust absorption, it fails when
it comes to dust emission. After IRAS it became obvious that the MRN model is not able to reproduce strong dust emission in the mid-IR range, that is, at wavelengths of about 10 − 30 µm [7].
This excess emission stressed the necessity to consider an additional dust population coined very
small grains (VSG). They are different from larger grains in their heating regime. The temperature
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Historically, the easiest way to notice the presence of dust in the interstellar medium was related to its property of absorbing starlight. While the possible existence of interstellar absorbing
substance has been mentioned back in 1847 by F. G. W. Struve in his “Studies in Stellar Astronomy”, the ultimate discovery of interstellar dust is often attributed to the paper of Trumpler, published in 1930 [1]. He has noticed that remote open star clusters appear to be dimmer and redder
than similar clusters located closer to the Sun. He has related this effect to the presence of tiny dust
particles mostly concentrated to the plane of the Milky Way.
A more sophisticated procedure to infer interstellar dust properties has been introduced in 1936
by Rudnick [2]. This procedure is sometimes called a pair-matching and consists of comparing
spectra of two stars of the same spectral type. One of these stars should be relatively nearby,
thus, experiencing less reddening. The second star should be more reddened, being located further
away or, probably, residing behind a dense cloud of obscuring material. As the spectral types are
the same, we expect that the real spectra are identical, and all the observed differences between
them are caused by the interstellar extinction. The difference between the “true” spectrum and
the observed spectrum is known as the interstellar extinction curve. The first task that needs to
be solved by a good dust model is the explanation for this curve, that is, for the dependence of
absorption on the wavelength of radiation.
As it turned out, two key features of the interstellar extinction curve are located outside of the
visible band, so they have only been discovered after it had become possible to perform observations in ultraviolet (UV) and infrared (IR) bands.
The first of these features is the so-called UV bump at the wavelength of about 2200Å. Its
existence has been clearly demonstrated by Stecher [3], using rocket-based UV observations, and
attributed to graphite by Stecher and Donn [4]. The second feature, or rather a pair of features,
is observed in the infrared and is assumed to be related to silicate dust. Specifically, a feature
at ∼ 10 µm is believed to be related to stretching of Si-O bonds, while a feature at ∼ 18 µm is
attributed to O-Si-O bending. Unlike the UV bump, the silicate features can be observed both in
absorption and in emission. Actually, the 10 µm feature has first been observed as an emission
peak in spectra of some cool stars [5].
The overall shape of the interstellar extinction curve has become a basis for the famous MRN
model [6], according to which the space dust is a mix of graphite and silicate grains with a power
law size distribution
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of large interstellar grains (with the total thermal energy much greater than the energy of a single
absorbed photon) is defined by the equilibrium between absorption of diffuse stellar radiation and
dust own thermal emission. For the “MRN” grains this equilibrium temperature is quite low, only
of the order of 15 K. Thus, they cannot make any significant contribution in mid-IR emission. On
the other hand, smaller grains (with the total thermal energy lower than the energy of a single absorbed photon) experience transient heating up to a temperature, which can be much higher than
the equilibrium temperature, upon the single photon absorption. These stochastic heating events in
the grain ensemble produce observed excess mid-IR emission (see e.g. [8, 9]).

All these new developments have been incorporated in another popular dust model, published
by Weingartner and Draine [15]. According to this model, the space dust consists of a silicate
component and a carbonaceous component. The former is basically similar in its properties to the
analogous component of the MRN model. The latter along with a “conventional” MRN-like dust
includes also VSGs with a typical size of about 50 Å and PAHs with a typical size of a few Å.
It has been shown many times that the model developed Weingartner and Draine is quite
successful in describing dust observations both in our Galaxy and in other galaxies. However,
this does not imply that the story of dust models is told to the very end. The combination of
silicate grains, carbonaceous grains, and PAHs, proposed in [15], is by no means unique. A good
illustration of this statement has been provided by Zubko et al. [16]. These authors have tried to
fit absorption constraints, emission constraints, and abundance constraints simultaneously, using
various combinations of several dust materials, including silicates, graphite, amorphous carbon,
PAHs, and composite particles. It has been shown that while no unique interstellar dust model
is able to fit simultaneously all the available constraints, there are several classes of acceptable
interstellar dust models, including those, for example, which do not require the presence of graphite
particles at all.
More information on our current understanding of space dust and its history can be found in
reviews and books [17, 18, 19, 20].
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Yet another grain component reveals itself through emission bands in the near infrared. The
first so called unidentified infrared band (UIB) at 11.2 µm has first been observed by Gillett et al.
[10] in some planetary nebulae. Later it turned out that there are other UIBs at many wavelengths
between 3 and 20 µm, and these emission bands are truly ubiquitous and present in many different
objects, including star-forming regions. Bands instead of a pure continuum apparently hint at some
particles that are even smaller than very small grains. After Leger and Puget [11] and Allamandola et al. [12], the origin of the UIBs is generally assumed to be related to polycyclic aromatic
hydrocarbons (PAH), which are planar macromolecules, consisting of some number of benzene
rings. It must be noted that despite this generally adopted attribution the infrared bands still stay
unidentified as all the attempts to assign the observed bands to a certain PAH variety has so far been
unsuccessful. Even more so, it has been demonstrated by Rosenberg et al. [13] that one needs at
least 30 different PAH molecules to reproduce the observed properties of the UIBs, but it does not
really matter, which specific PAH molecules are included in this mix. Also, it is possible that the
aromatic compounds do not present in the ISM as “pure” PAH particles but rather are incorporated
in more complicated structures (see e.g. [14]).
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2. Dust as a Tracer of Physical Conditions in Star-Forming Regions

2.1 Density and Temperature
Star formation occurs in molecular clouds. The irony of the Universe is that the major component of molecular matter, H2 molecule, cannot be observed directly due to the lack of transitions,
which would be effectively excited in cold molecular clouds. Thus, in our studies of the star formation process we have to rely on observations of admixture components, namely, dust and molecules.
At the first sight, molecules seem to be more useful as they are a source of spectral lines, which
means we can harness the full power of spectral analysis for star formation studies. Molecules
can be used to infer gas density and temperature, velocity field, magnetic field, and radiation field.
Two difficulties are that 1) the modeling of radiation transfer in molecular lines is far from being
straightforward and 2) molecules are not well mixed with the bulk of the gas. Some molecules are
more abundant in dense clumps and cores, while others are present mainly at the cloud periphery.
One has to understand all these details in order to interpret line observations properly.
Dust in this respect appears to be simpler. Emission of at least larger grains can be treated as
black body emission at equilibrium dust temperature, which greatly simplifies the solution of the
radiation transfer problem, especially, in the optically thin case. Also, it is generally assumed that
dust is well mixed with gas (but see [22] for a different view). So, it may seem that observing dust
does allow inferring more global properties of interstellar matter.
A well-known example of using dust as a proxy for the overall gas distribution has been published by Alves et al. [23]. These authors have used observations in visible and near-IR ranges to
study extinction along numerous lines of sight through the dark globule B68. This object is a very
popular target for various observations as it is relatively nearby (so that there are no foreground
stars) and well isolated from other dark clouds. Measuring extinction for background star and using these data to estimate total column density, Alves et al. have found that matter distribution in
B68 closely resembles that of a so-called Bonnor-Ebert sphere, which is a gas sphere in hydrostatic
equilibrium, stabilized by external pressure. This resemblance has been considered as an evidence
in favor of the “standard” model of star formation, in which molecular clouds are long-living entities, supported against collapse by magnetic field. However, this conclusion has later been shaken
3
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Dust is the most important astrophysical topic ever. Suffice it to say that in the ADS citation
count the most cited astrophysical paper is the paper by Schlegel et al. [21], which describes
maps of Galactic dust infrared emission. The reason is simple. Dust is an obstacle for almost any
observations performed in UV, visible, infrared, submillimeter, and millimeter bands, including
cosmologically important observations of the cosmic microwave background. Obviously, in order
to clean these observations from dust contribution one has to know both dust properties and its
spatial distribution.
But in observations of star-forming regions dust is no more just an obstacle, but an important
tracer of physical conditions and factors, which accompany or even provoke and control the star
formation process. Also, dust is not a mere witness of this process, but an important factor itself.
It is a major energy sink during the protostellar collapse, a curtain that protects molecules in dense
clouds from being dissociated by UV radiation, a catalyst for many important chemical reactions,
including formation of molecular hydrogen. Finally, dust is a raw material for planetary systems.
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2.2 Magnetic Field
Magnetic field is definitely an important player in the star formation process but its specific
role is still a matter of a debate. Dust observations have long been seen as a tool for determining
the magnetic field structure in molecular clouds through polarimetric observations.
Polarization of starlight has been discovered in 1949 [30, 31] and was almost immediately
recognized as arising from absorption and scattering of starlight by elongated dust grains that are
partially aligned by the magnetic field [32]. Thus, dust observations have become a tool to determine the structure of the galactic magnetic field at various scales. The most probable orientation of
dust grains is such that their longer axes are perpendicular to the magnetic field direction. Starlight
traversing the dusty medium attains polarization parallel to the magnetic field projection onto the
4
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by results of numerical modeling. Ballesteros-Paredes et al. [24] have modeled the formation of
dense core in a turbulent molecular clouds and found that more than a half of these cores have
density profiles which would be observationally similar to those of Bonnor-Ebert spheres, while in
fact the cores are neither stable, nor static.
Another case against straightforward interpretation of dust observations in terms of the core
stability has been presented by Kirk et al. [25]. Unlike Alves et al. [23], they have used emission
data to restore density profiles. It was found that observed profiles can only be fitted by the BonnorEbert profile under the assumption of unrealistically high dust temperature.
This does not necessarily mean that the Bonnor-Ebert stability criterion is useless. For example, Kandori et al. [26] have used dust extinction measurements in 10 Bok globules to find their
Bonnor-Ebert dimensionless radii ξmax and to relate them to the critical value ξcrit = 6.5, separating
stable and unstable configuration. It was found that starless cores may have both subcritical and supercritical ξmax values, but all the star-forming globules are unstable in terms of the Bonnor-Ebert
analysis. So, there is some meaning in this kind of analysis, but nevertheless one has to be very
careful, interpreting dust observations in terms of density and core stability.
The situation becomes more certain when data for many wavelengths across the spectrum
from infrared band to millimeter band are available. E.g., Launhardt et al. [27] have utilized
multi-wavelength Herschel observations to derive surface density and temperature in a number of
molecular cloud cores. It was shown that the thermal structure of the cores is dominated by external
heating, while internal sources (protostars), if there are any, only affect the innermost regions of
the cores.
The most recent development in studying interstellar matter distribution in star-forming regions using dust observations is related not to individual cores but to a large-scale structure of
molecular clouds. Survey observations performed with Herschel show that molecular clouds have
filamentary structure, with the star formation proceeding along these filaments. While filaments in
molecular clouds have been known long before Herschel, it is now clear that they are ubiquitous,
and this is sometimes called no less than the new paradigm of star formation. In this paradigm,
first filaments form in molecular clouds, and later their fragmentation gives rise to newly-born stars
and star clusters. A signature of a filament growth can presumably be seen in thinner perpendicular “striations” attached to the main filament [28]. Unfortunately, numerical models do not allow
isolating the major factor (turbulence, magnetic field) responsible for the formation of filaments
[29].
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plane of the sky (POS). Proper dust thermal emission is partially polarized in the direction perpendicular to the POS magnetic field. (It must be kept in mind that dust polarization is only sensitive
to the component of the magnetic field, perpendicular to the line of sight.)
Obviously, polarization of starlight and polarization of dust thermal emission are observed
in very different circumstances, with the former corresponding to lines of sight with low column
density and the latter corresponding to lines of sight with high column density. However, when
it is possible to compare inferences from these two kinds of observations, they seem to draw a
consistent picture [33]. In this picture, the large-scale magnetic field in star-forming regions is
either parallel or perpendicular to filaments, proving a certain connection between the magnetic
field structure and the overall matter distribution [34]. There are indications that in the diffuse
medium the magnetic field is mostly parallel to elongated cloud structures (filaments),while in the
denser medium the magnetic field can be both parallel and perpendicular to these structures [35].
This can trace a phase of a filament growth, when matter flows into the filament along the magnetic
field lines.
When we consider smaller scales, dust polarimetry may become less useful. One of the evidences in favor of dust-related polarization of starlight is that polarization degree p grows with
extinction. That is, we should have more polarization when we have more dust on the line of sight.
However, in 1990s it was found that this trend only appears when we observe stars located behind
the general interstellar medium, that is, when large amount of intervening dust is caused by large
distance to the star. If the star is located behind a dense cloud, that is, the large amount of dust is
caused by high density on the line of sight, the polarization does not grow with extinction up to
rather high extinction values (AV ∼ 10m ) [36, 37, 38].
The similar effect is also observed in polarization of dust thermal emission. In the case of
starlight polarization we expect p to grow with dust column density, but in dense clouds p actually
stays nearly constant. In the case of polarized dust thermal emission we expect p to be independent
on dust column density but it actually decreases. This effect is called a “polarization hole’ (see e.g.
[35, 39]), as it is mostly observed in centrally peaked sources and appears to be quite wide-spread
(albeit not universal).
Various explanations have been proposed for the “polarization hole” effect, including dust
grain spherization, less efficient alignment mechanisms at higher density, optical depth effects (see
discussion in Wiebe & Watson [40]). One of the plausible explanations relates less polarization at
higher density to more irregular structure of the magnetic field in dense clouds [41]. Indeed, the
polarization hole is present in the Kleinmann-Low Nebula in OMC-1, when it is observed with low
angular resolution at 100 µm [42], and disappears, when observed at higher resolution and larger
wavelength [43].
Another example of the apparently twisted magnetic field structure has been presented recently
by Tang et al. [44]. They have observed the massive star-forming region W51 North at various angular resolutions and found more and more complicated magnetic field morphology as they moved
from the scale of the whole cloud to the scale of individual objects, with an hour-glass structure,
expected for protostars with disks, at the smallest considered scale. Surprisingly, the polarization
hole effect is seen at all the scales, with almost the same maximum polarization degree from the
entire cloud to individual cores. This apparently indicates that more than one factor probably leads
to less polarization at higher intensity.
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3. Dust Evolution in Star-Forming Regions
Yet another complication in using dust as a tracer of the star formation process is related to the
fact that during this process dust probably does not stay the same.
3.1 Dust Formation

3.2 Dust Destruction
Speaking of dust destruction in star-forming regions, I will only consider the specific problem
of dust evolution in HII regions and complexes. One of the dust-related discoveries made with
Spitzer telescope was the discovery of so-called infrared bubbles. More accurately, infrared ring
nebulae have been known for a long time, however, only after Spitzer it has become clear that they
are, first, very numerous [53, 54], second, mostly connected to HII regions around young massive
stars [55].
6
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It was long thought that space dust is mostly produced in extended envelopes of evolved stars
[45]. However, there is a long way from these stars to molecular clouds, and there are many processes on this way, which effectively destroy dust grains. The major destruction factor, supernova
explosions, is so effective that it may completely destroy all the dust synthesized in evolved stars
in our Galaxy [46]. While efficiency of dust destruction in supernova remnants may be overestimated, and supernovae may not only destroy, but also produce dust, one still needs to consider
other dust sources in our Galaxy and in extragalactic sources. One possible answer to the question
on alternative dust sources is that dust may grow or even form in the ISM and molecular clouds
themselves [47].
Evidences for bigger dust grains in dense molecular medium than in the general ISM are
actually quite numerous. The simplest way to check if this is indeed the case is to look at the
parameter RV = AV /E(B −V ). Its standard value for the Milky Way galaxy is 3.1, but RV variations
in different environments can be quite significant. Large RV values correspond to greater average
grain size, and they are typically found in star-forming regions. For example, Kandori et al. [48]
have found that in the non-star-forming part of the cloud L1251 RV has a typical interstellar value,
while in the denser part of the cloud, already enveloped in star formation, RV = 6.5. A similar
relation between RV and extinction (the larger AV , that is, density, the larger RV ) has been found
by Allen et al. [49]. Growth of RV toward the center of the globule CB107 has been noticed by
Campeggio et al. [50].
Another evidence in favor of grain growth in molecular clouds is the so-called “coreshine”,
faint glow at near-IR Spitzer bands observed in some dark clouds (see [51] and references therein).
This glow is believed to be the starlight scattered by dust grains, which in some clouds should have
an upper size limit greater than 1.5 µm.
An open question is whether this growth proceeds through coagulation (constant dust mass) or
accretion from the gas (growing dust mass). Evidence in favor of the second option has been presented by Voshchinnikov and Henning [52]. They have related density (parameterized as reddening
per unit length) to the heavy element depletion and found that the depletion grows with density,
which is indicative of grain growth due to accretion of iron, magnesium, and silicon atoms from
gas to dust.
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4. Conclusions
We know for sure that space dust mainly consists of silicate and carbonaceous components.
The relative contribution of various dust constituents is still unclear, but it almost definitely varies
spatially and changes with time. Processing in star-forming regions can be an important factor in
dust destruction, formation, and transformation. In order to interpret observations of star-forming
regions properly, we need to pay a due attention to all these factors.
This study has been supported by the NSh-9951.2016.2 grant and the RFBR grant 14-0200604.
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