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Abstract

Dust has a crucial role in the physics of interstellar medium (ISM) and it
is one of the main tracers used in studies of dense clouds. Its importance has
been accentuated by the large amounts of data available from the recent fleet
of infrared and submillimetre satellites. These observations are providing
further insights into the properties of interstellar dust grains and the changes
they undergo during the star formation process.

We examine some of the evidence for dust evolution coming from sub-
millimetre dust emission and from light scattering at near-infrared and mid-
infrared wavelengths. Planck and Herschel satellite observations have covered
the peak of large grain emission, enabling studies of large cloud areas with
unprecedented sensitivity and detail. The data are confirming results from
earlier studies where changes of submillimetre dust opacity and spectral in-
dex were first reported. The changes are connected to dust evolution and
growth as dust moves from diffuse ISM to molecular clouds and into pre-
stellar clumps. Corroborating evidence on dust growth has been obtained
recently from mid-infrared where enhanced scattering, the ‘coreshine’ phe-
nomenon, is attributed to the growth of up to micron-sized dust particles.

We will summarise results of previous infrared and submillimetre studies.
We will describe ongoing work on Herschel data, done partly in the context
of the programme Galactic Cold Cores (GCC). We will also discuss recent
results from the Spitzer project Hunting coreshine, where the mid-infrared
scattering is investigated in a partly related sample. We will also touch on
some of the problems and modelling challenges encountered in these studies.
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1. Introduction

With dense interstellar clouds we refer to molecular clouds and especially
their high density regions that are directly involved in star formation. Molec-
ular clouds have a wide range of sizes, from giant molecular clouds down to
∼ 1 pc sized globules. For molecular gas to survive, it needs to be shielded
from interstellar radiation field by at least AV ∼ 1 mag of dust extinction.
Molecular gas is associated with gas densities above nH > 102 cm−3 and gas
temperatures ∼10-20 K (Bergin and Tafalla, 2007). However, even gravi-
tationally unbound clouds have significant structure down to the smallest
observable scales. This applies not only to density but also to temperature,
velocity, and chemical composition. Clouds contain denser clumps with sizes
of the order of 1 pc, and cores, with sizes a fraction of one parsec. These have
densities orders of magnitude higher than the average cloud density and tem-
peratures close to or even below 10 K. The conditions are thus very different
from those in diffuse clouds, and are suitable for grain growth resulting from
freeze-out of gas molecules and aggregation of dust particles. The cores are
further divided to starless and prestellar cores, depending on whether they
are gravitationally bound and thus likely to collapse and form stars (Andre
et al., 2000; McKee and Ostriker, 2007). Star formation itself has a drastic
effect on dust via heating and shocks. However, we will concentrate on the
evolution before the onset of star formation.

Through extinction, thermal emission, and scattering, dust is an impor-
tant tracer of the structure and physical state of dense clouds. This role has
become even more important thanks to many infrared satellites (e.g., ISO,
Spitzer, AKARI) and especially by the submillimetre observations made by
the Planck (Tauber et al., 2010) and Herschel (Pilbratt et al., 2010) satel-
lites. Dust plays furthermore an important role in the physics of clouds. On
the surface of molecular clouds, photoelectric heating, extraction of electrons
from small grains by UV photons, is the main source of gas heating (e.g.
Bakes and Tielens, 1994; Wolfire et al., 2003). Deeper in the clouds, UV
and optical photons become absorbed by dust and gas temperatures are re-
duced to ∼10-20 K (Crapsi et al., 2007; Juvela and Ysard, 2011). The dust
temperature drops even faster and, once the density exceeds n ∼ 105 cm−3,
gas and dust become thermally coupled. As a result, the lowest gas temper-
atures measured in prestellar cores are ∼6–7 K (Pagani et al., 2007; Harju
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et al., 2008). Dust affects gas temperature also indirectly, through gas phase
abundances. Many molecules, most notably H2, are formed on dust grains
while, conversely, in cold cloud cores most molecular species freeze onto dust
grains, thus reducing the efficiency of line cooling. Although dust is small
component by mass, detailed knowledge of its properties is important for our
understanding of the ISM and the star formation process.

The wide range of densities and temperatures and the interactions with
gas imply changes in dust characteristics. The effects should be most pro-
nounced in the densest cores. Many of the methods traditionally used to infer
dust properties, such as extinction, polarisation, and scattering at UV and
optical wavelengths (see Draine, 2003), are made difficult by the high optical
depths. Some information on the smallest grains can be obtained via their
mid-infrared emission bands (e.g. Desert et al., 1990; Draine and Li, 2007;
Compiègne et al., 2011) and, similarly, infrared absorption features provide
quantitative data on ice mantle (e.g. Whittet et al., 1996; van Dishoeck,
2004; Öberg et al., 2011; Whittet et al., 2013; van Dishoeck et al., 2013).
However, we concentrate on evidence provided by dust emission at submil-
limetre and millimetre wavelengths and, on the other hand, light scattering
at near-infrared (NIR) and mid-infrared (MIR) wavelengths.

In the following, we will refer especially to results of the Galactic Cold
Cores project that has carried out Herschel observations of 116 fields where
the Planck satellite survey had already located compact sources characterised
by cold (T <14 K) dust emission (Planck Collaboration et al., 2011c,b; Juvela
et al., 2012). In studies of MIR scattering, most data come from Spitzer
satellite, especially the project Hunting Coreshine (PI R. Paladini; see, e.g.,
Lefèvre et al., 2014).

2. Long wavelength dust emission

At far-infrared and longer wavelengths, dust emission spectrum is often
described with a modified black body law,

Iν = Bν(T )(1− e−κν×Σ) ≈ Bν(T )× κν × Σ ∝ Bν(T )νβ. (1)

Here κν is dust absorption coefficient at frequency ν and, depending on the
units of κν , Σ can be column density or surface density of dust or the sum of
gas and dust. Under the assumption that dust opacity follows a powerlaw,
parameter β is a constant spectral index, κν ∝ νβ. With observations at
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three or more wavelengths, this simple model can be used to determine both
T and β.

The equation contains a number assumptions. It assumes a single tem-
perature for all dust particles within the beam. Temperature T can be called
colour temperature, to separate it from the physical dust temperature, mak-
ing it an empirical parameter that merely describes the shape of the observed
spectrum. However, if the source is not isothermal, the emission does not
precisely follow any single modified blackbody. This means that only wave-
lengths beyond ∼100µm should be used, to avoid significant contribution
from stochastically heated small grains with a wide temperature distribu-
tion. Nevertheless, some temperature variations do always exist. These cause
uncertainty in the physical interpretation of the fitted parameters and also
mean that the values of T and β will depend on the actual frequencies used
(e.g. Shetty et al., 2009b; Malinen et al., 2011; Juvela and Ysard, 2012b).

The equation also assumes that the spectral index β is constant within
the beam and over the observed wavelengths. Variations of β have been ob-
served as function of Galactic location and between diffuse medium, molec-
ular clouds, and dense clumps (e.g. Dupac et al., 2003; Désert et al., 2008;
Planck Collaboration Int. XIV, 2014; Planck Collaboration XI, 2014). There
is growing evidence of differences between FIR and millimetre wavelengths.
This has been observed in laboratory (Agladze et al., 1996; Mennella et al.,
1998; Boudet et al., 2005; Coupeaud et al., 2011) and recently also in astro-
nomical studies (Gordon et al., 2010; Paradis et al., 2011; Planck Collabora-
tion Int. XVII, 2014; Paradis et al., 2014; Juvela et al., 2015a).

Finally, the explicit approximation written out in Eq. 1 indicates that
the emission is assumed to be optically thin, making the determination of
temperature and spectral index independent of column density. This is gen-
erally true although the optically thick limit can certainly be reached at small
scales towards protostellar cores. At 100µm the emission becomes optically
thick already for column densities a few times N(H2) = 1023 cm−2, a value
that is approached, for example, in some infrared dark clouds (Kainulainen
and Tan, 2013). If the optical depth is not insignificant, it is not enough
to avoid the approximation in Eq. 1 because emission observed at different
wavelengths is now originating in completely different regions. However, this
is already partly true because of temperature variations.

In the case of clouds that are optically thick for the radiation heating
the grains (UV, optical, and NIR wavelengths), the modified blackbody law
should be considered only as a first step in the analysis. If there is enough
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Figure 1: Cold cloud filament G82.65-2.00. Herschel observations 250–500µm have been
colour coded to show a cold star forming filament (blue) seen against warmer background.
The width of the figure is 1.2 degrees which, at the estimated distance of 1 kpc, corresponds
to a projected size of 21 pc. The main filament has a mass of some 800 solar masses. The
data are used in investigations of dust opacity and spectral index between the diffuse
medium and the dense prestellar and protostellar cores (Juvela et al., 2015b,a).

good quality data, the line-of-sight temperature variations can be taken
partly into account by fitting multiple temperature components, possibly
even with different values of the spectral index as done in Planck Collabora-
tion Int. XVII (2014); Planck Collaboration Int. XIV (2014) (see also Draine
and Li, 2007; Compiègne et al., 2011). However, at high optical depths, one
needs to resort to radiative transfer methods (e.g. Steinacker et al., 2013) to
estimate physically motivated temperature variations. Unfortunately even
detailed modelling does not guarantee accurate results, because the line-of-
sight structure of the clouds and details of the local heating remain poorly
constrained (Juvela et al., 2013).

2.1. Dust opacity

Dust opacity relative to the total amount of dust or gas has been in-
vestigated with observations in far-infrared, sub-millimetre, and millimetre
regimes, with ground based telescopes, satellites (IRAS, COBE, ISO, etc.),
and balloon-borne telescopes. In diffuse clouds, the dust opacity can be
compared directly with hydrogen column density. In molecular clouds, ab-
solute measurements of column density are more difficult and emission must
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be examined, for example, relative to NIR extinction or the total gas mass
traced by γ rays (Planck and Fermi Collaborations, 2014). Because of the
complex effects of line-of-sight temperature variations, modelling is needed
when the relative opacity of different FIR and submm bands is examined.
Modelling can also provide an indirect handle on grain properties. The low
dust temperatures of molecular clouds are difficult to explain based on the
attenuation of the interstellar radiation field (ISRF) alone (Laureijs et al.,
1991; Abergel et al., 1994, 1996). In many cases the data imply a significant
increase of the long wavelength (FIR, submillimetre) emissivity with values
2–4 times higher than in diffuse medium (Stepnik et al., 2003; Kramer et al.,
2003; Bianchi et al., 2003; del Burgo et al., 2003; Kiss et al., 2006; Ridderstad
et al., 2006; Lehtinen et al., 2007). Theoretical calculations of dust aggre-
gates have predicted clear changes of long wavelength emissivity (e.g. Wright,
1987; Mathis and Whiffen, 1989; Bazell and Dwek, 1990; Ossenkopf, 1993;
Ossenkopf and Henning, 1994; Stognienko et al., 1995; Ormel et al., 2011;
Köhler et al., 2011, 2012). For example, in their analysis of Herschel data
on the L1506 filament in Taurus, Ysard et al. (2013) characterised the dust
evolution as a function of density. In the outer filament layers the emission
was found to be consistent with grain properties of diffuse clouds, but the
emissivity was found to increase by a factor of ∼2 above gas densities of a
few times 103 cm−3. The change was attributed to the formation of fluffy
aggregates. The grain coagulation process itself has been addressed by sev-
eral observational and theoretical studies (e.g. Dominik and Tielens, 1997;
Bernard et al., 1999; Cambrésy et al., 2001; Stepnik et al., 2003; Ormel et al.,
2009; Hirashita and Li, 2013).

Planck Collaboration et al. (2011a) found a factor of two increase in
250µm opacity σ(250µm) already between atomic and molecular clouds. In
Vela molecular clouds, Martin et al. (2012) used BLAST observations to
derive at 250µm values (2–4)×10−25 cm2 H−1, 2–4 times the numbers found
in diffuse, high latitude regions. From Herschel observations of the Orion A
molecular cloud Roy et al. (2013) estimated the opacity to follow a relation
σ(250µm) ∝ N0.28

H . When column densityNH reaches∼ 1022 cm−2, the values
are close to 6×10−25 cm2 H−1. In all these studies, the primary comparison is
between submillimetre optical depth and NIR extinction. At smaller scales,
Ysard et al. (2013) carried out detailed modelling of Herschel observations
of the L1506 filament in Taurus, characterising dust evolution toward the
dense parts of the filament. The dust emissivity of outer cloud layers was
found to correspond to normal diffuse dust but at gas densities of a few

6



times 103 cm−3 the opacity increase was estimated to be a factor of ∼2. Such
changes can be attributed to the formation of fluffy aggregates, resulting
from grain coagulation (Bernard et al., 1999; Cambrésy et al., 2001; Stepnik
et al., 2003). In Ysard et al. (2013), the average grain size required for
simultaneous fit of FIR, submillimetre and extinction profiles of L1506 was
∼0.4µm. This can be compared to the classical MRN distribution which has
been successfull in describing grains in diffuse medium (Mathis et al., 1977).
In this distribution, grains are smaller than 0.25µm, with a volume-weighted
average size below 0.02µm.

The GCC project has observed 116 fields. The sample covers different
environments e.g., inner and outer Galaxy and high latitudes, and differ-
ent morphologies from isolated clouds to star forming filaments (see Fig. 1).
What the fields have in common is that Planck has detected in these regions
compact sources of cold dust emission (Planck Collaboration et al., 2011c).
Based on the low dust temperature alone, T ∼ 14 K or less, they contain
high density regions that are not significantly heated by star formation but
may themselves be prestellar. Using this sample of fields, we have examined
the correlations between the dust optical depth at submillimetre and NIR
wavelengths (Juvela et al., 2015b). Special attention was paid to systematic
errors that affect both optical depth estimates. The bias is larger for NIR ex-
tinction, which is derived from the reddening of background stars (Lombardi
and Alves, 2001). The extinction estimates are unreliable at large distances
because of the increasing number of foreground stars. However, there are
additional systematic effects that are related to column density gradients.
For each resolution element, one is preferentially observing stars that have
suffered less than the average amount of extinction. This biases the extinc-
tion estimates downwards. The estimates of submillimetre opacity are also
biased, the reason being the line-of-sight temperature variations. Because
warm regions are stronger emitters, the colour temperature overestimates
the mass-averaged dust temperature, resulting in lower optical depth val-
ues. We attempted to correct the bias in both variables, using simulated
observations to quantify these errors. In the case of NIR extinction, we
used Herschel column density maps as templates of column density structure
and examined the errors of extinction maps calculated for random realisa-
tions of background stars. In the case of dust emission, we constructed
radiative transfer models that approximately reproduced the observed sur-
face brightness data. The bias was then estimated by comparing the real
column densities of these models to the values that would be deduced based
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on dust emission. After the bias corrections, the resulting ratio of submil-
limetre and NIR optical depths, τ(250µm)/τ(J), becomes lower, sometimes
by several tens of percent. For a sample of 21 nearby fields (d <500 pc,
selected based on their well-defined relations between NIR and FIR optical
depths), we derived a median ratio of τ(250µm)/τ(J) = (1.6 ± 0.2) × 10−3.
In diffuse medium, the Planck result τ(250µm)/NH ∼ 0.55 × 10−25 cm2

(Planck Collaboration XI, 2014; Planck Collaboration Int. XVII, 2014) cor-
responds to τ(250µm)/τ(J) = 0.41×10−3, the conversion assuming a relation
N(H2)/AV = 9.4 × 1020 cm−2 mag−1 (Bohlin et al., 1978) and an extinction
curve with RV=3.1. The average value in our Herschel fields is thus higher by
more than a factor of three, as could be expected for fields located in dense
molecular clouds. In individual clumps the highest values were ∼ 4 × 10−3,
another factor of two above the average value of the Herschel fields. How-
ever, the higher the column density, the higher also are the uncertainties of
τ(250µm) and τ(J) estimates.

Models of dust aggregates are able to produce this level of increase in the
long wavelength emissivity. This is shown to result mainly from the increase
of the porosity with aggregate growth, although the shape, structure, compo-
sition, and accretion of mantles can all contribute (e.g. Wright, 1987; Bazell
and Dwek, 1990; Ossenkopf, 1993; Ossenkopf and Henning, 1994; Stognienko
et al., 1995; Köhler et al., 2011, 2012).

2.2. Dust opacity spectral index

Compared to absolute value of dust opacity (which requires an indepen-
dent measurement of column density), opacity spectral index β is in principle
more straightforward to determine. It is obtained directly from observed in-
tensities, without the need for any ancillary data. However, the estimation
of β is affected by two significant problems. First, spectral index β is de-
rived from modified black body fits where β and T parameters are strongly
anticorrelated. A small amount of noise in observed intensities can result in
much larger value of T and a smaller value of β, or vice versa (Schwartz,
1982; Shetty et al., 2009a; Juvela and Ysard, 2012a). Secondly, temperature
variations within the beam will decrease the β values obtained from the fit of
a single modified blackbody (e.g. Shetty et al., 2009b; Malinen et al., 2011;
Juvela and Ysard, 2012b). This means that the observed β is in practice
always below the intrinsic β value of the dust grains.

The COBE measurements of diffuse clouds could be fitted with β ∼ 2.0
(Boulanger et al., 1996) but recent Planck data have lead to much lower
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values. Planck Collaboration XI (2014) found β = 1.62 ± 0.1 as an average
over the whole sky and β = 1.59± 0.12 for high latitudes (|b| > 15 degrees,
NHI < 5.5× 1020 cm−2). Both numbers are based on IRAS 100µm maps and
Planck data down to 353 GHz (850µm). Planck Collaboration Int. XVII
(2014) examined dust emission over a large area around the southern Galactic
pole, extending the analysis to 100 GHz. In a fit employing two spectral
indices, they found a value β = 1.65±0.10 at frequencies ν ≥ 353 GHz and a
flatter spectrum at longer wavelengths, β = 1.53± 0.03. The spectral index
was found to depend on Galactic location. In molecular clouds, the values are
typically β ∼ 1.8 (Planck Collaboration XXV, 2011; Planck Collaboration
XI, 2014) but they remarkably increase to ∼ 2 in the inner Galaxy (ν ≤
353 GHz) (Planck Collaboration XI, 2014). This is contrary to the effect of
temperature mixing, which should be strong in the plane and would therefore
be expected decrease the apparent values of β. Observations thus show strong
variations that reflect significant changes in the intrinsic grain properties.

The dependence between T and β has been a point of special interest.
As seen in laboratory measurements of amorphous dust materials (see, e.g.,
Mennella et al., 1998; Boudet et al., 2005; Meny et al., 2007; Coupeaud et al.,
2011) and suggested by balloon-borne measurements of PRONAOS (Dupac
et al., 2003), Archeops (Désert et al., 2008), and BOOMERANG (Veneziani
et al., 2010), β appears to increase at low temperatures. In inhomogeneous
source samples, it is difficult to estimate the exact contribution of noise to the
observed anticorrelation. However, observations of Planck (Planck Collabo-
ration XXV, 2011; Planck Collaboration XI, 2014; Planck Collaboration Int.
XVII, 2014) and Herschel (Paradis et al., 2010; Juvela et al., 2011; Paradis
et al., 2012a; Veneziani et al., 2013; Juvela et al., 2015a) have enabled direct
mapping of β over continuous regions. This should, at least in principle,
result in a better control of systematic errors. Herschel studies have indeed
provided further evidence of the temperature and wavelength dependence of
β (e.g. Rodón et al., 2010; Gordon et al., 2010; Paradis et al., 2010; Etxaluze
et al., 2011; Paradis et al., 2012b; Juvela et al., 2015a). However, see also
Veneziani et al. (2013).

We have examined spatial variations of β in the GCC fields, using the
Herschel observations and combinations of Herschel and Planck data (Juvela
et al., 2015a). Direct interpretation of the correlations seen in (T, β) plots
requires careful estimation of noise effects, including potential non-gaussian
noise components like mapping artefacts. Figure 2 shows some (T , β) es-
timates for the fields considered in Juvela et al. (2015a). Calculations are
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based on surface brightness that is averaged over the pixels where the esti-
mated column density is above the median value of a field. The restriction
to high column densities reduces the probed temperature range but also re-
moves most of the dependence on potential errors in the surface brightness
zero points. The averaging of data over large areas of different temperature
decreases the dynamical range. As a result, only a weak anticorrelation is
observed (Fig. 2a). If maps are divided to smaller regions (e.g., based on
preliminary temperature estimates) the relation becomes clearer. The nega-
tive correlation could still result from noise if that is stronger than originally
estimated (see Fig. 2b). However, in that case pixels of high β values would
not be spatially correlated in the maps.

Some anticorrelation between T and β is observed within most individual
fields, typically in association with the densest clumps and cores. Compared
to T − β correlation plots (e.g, samples of isolated sources), maps provide
a more convincing proof that the β variations are not noise artefacts (see
Fig. 3). In cold clumps, the line-of-sight temperature variations should de-
crease the observed values of β. The fact that β is actually increasing towards
the clumps is difficult to explain without strong variations of the intrinsic dust
properties. At the lowest temperatures, ∼ 13 K, the observed spectral index
values are typically ∼ 2.0 or higher. Compared to the fits at λ ≤ 500µm,
the Planck 217 GHz data point is systematically high, even when the data
are corrected for the contamination by 12CO(2–1) and 13CO(2–1) spectral
lines. The result is in agreement with the flattening of the dust emission
spectrum at long wavelengths, as reported in earlier Planck and Herschel
studies (Paradis et al., 2012a; Planck Collaboration Int. XVII, 2014). In
fact, while the submillimetre spectral index of GCC fields is often ∼2, the
millimetre spectral index is much lower, βmm ∼ 1.6. This is quite close to
the βmm values Planck studies have found at much lower column densities.

The temperature and wavelength dependences of β has been seen in lab-
oratory data and now also in astronomical observations. A theory is needed
to explain and to make predictions of these phenomena. One potential can-
didate are models combining the effects of disordered charge distribution
(DCD) and two-level systems (TLS) in amorphous materials (Bösch, 1978;
Meny et al., 2007; Paradis et al., 2011).
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Figure 2: Global correlations between spectral index and temperature in Herschel Cold
Cores fields. Left: Results based on surface brightness values that are averaged in each
field over all pixels above the median optical depth. Right: results when pixels are divided
to 1 K wide temperature bins (based on preliminary calculations with β = 1.8) before
averaging. Calculations employ Herschel 160µm, 250µm, 350µm, and 500µm data with
10%, 2%, 2%, and 2% uncertainties, respectively. Based on simulations, the solid lines
show the expected observed relation if the true spectral index were constant, β = 1.9. The
dashed lines show the corresponding relations for higher noise levels of 15%, 7%, 7%, and
7% for the four bands, respectively.
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temperature, and opacity spectral index. Herschel data 250–500µm have been fitted
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wavelength span, reasonable results can be expected only with high quality data. The
spatial coherence indicates that the T − β anticorrelation visible in the maps is not the
product of noise. To a small extent, the relation could still be affected by systematic errors
in calibration or in surface brightness zero points (see Juvela et al., 2015a).
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3. Light scattering of dust grains

3.1. Scattering at near-infrared wavelengths

In studies of dense clouds, near-infrared (NIR) observations are used
mainly to estimate the extinction towards background stars. The data can
be converted to column density maps either using star counts (e.g. Cambrésy
et al., 2002) or the reddening of the background star colours (e.g. Lada et al.,
1994; Lombardi and Alves, 2001; Lombardi, 2009; Alves et al., 2014). Both
are statistical methods requiring data on a number of background stars per
resolution element. The all-sky 2MASS survey (Skrutskie et al., 2006) has
enabled studies of nearby clouds at the resolution of 1–4 arcmin, depend-
ing on the stellar density and thus especially on the Galactic latitude (e.g.
Cambrésy et al., 2001; Padoan et al., 2002; Lombardi et al., 2006, 2008, 2010,
2011; Alves et al., 2014). Using all-sky surveys, such as 2MASS, analysis can
be extended to very large areas (Juvela and Montillaud, 2015). Conversely,
dedicated NIR observations of selected targets enable studies up to somewhat
higher extinction (AV ∼ 30−40 mag) and resolution (up to ∼ 10−20 arc sec-
onds) (e.g. Juvela et al., 2008; Román-Zúñiga et al., 2009, 2010; Suutarinen
et al., 2013).

In principle, the same observations also measure the faint surface bright-
ness caused by light scattering (Lehtinen and Higdon, 2003; Nakajima et al.,
2003). In practice, unlike in the case of stars, one needs separate observa-
tions of the target field and of an empty reference field so that all extended
emission can be preserved. This results in significant overheads compared
to mere extinction mapping. Nevertheless, with the current large NIR de-
tectors, the faint NIR signal can be mapped over large areas. Foster and
Goodman (2006) named the extended emission cloudshine and later studies
have found it to be consistent with scattering from dust grains illuminated
by the general interstellar radiation field (ISRF) (Padoan et al., 2006; Juvela
et al., 2006, 2008; Nakajima et al., 2008). Compared to scattering at visual
wavelengths, the NIR optical depths are lower and the surface brightness
remains longer a linear function of dust column density. With K band alone,
one can map cloud structures up to AV ∼ 10 mag before the surface bright-
ness becomes strongly saturated. One can partly correct for the saturation
using the information contained in the ratios of NIR bands. This makes it
possible to extend studies up to AV ∼ 20 mag (Juvela et al., 2006). The anal-
ysis must also consider the diffuse signal originating behind the cloud (and
thus attenuated on its way through the cloud) and from between the cloud
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Figure 4: Spitzer fields with with coreshine detections (red symbols) and non-detections
(cyan symbols), shown on the galactic all-sky image composed of Planck 353 GHz–857 GHz
observations of dust emission (Lefèvre et al., 2014).

and the observer. This affects the measured contrast between low and high
column density regions. NIR observations could in principle provide quanti-
tative column density maps at arc second resolution. In reality the resolution
is limited by observing time constraints and receiver imperfections. Surface
brightness variations are thus typically observed reliably only at scales of
∼ 10 arcsec or larger.

Apart from cloud structure, NIR scattering carries important informa-
tion on grain properties, the dust albedo and scattering function (e.g. Lehti-
nen and Mattila, 1996). However, the surface brightness depends on several
partly degenerate parameters: dust column density, albedo, scattering func-
tion, the intensity of the radiation field illuminating the cloud, and the inten-
sity of the background sky. Especially the uncertainty of the radiation field
renders the interpretation in terms of grain properties less straightforward
(Malinen et al., 2013).

3.2. Scattering at mid-infrared wavelengths

Recently the interest has turned from NIR scattering more to the scat-
tering observed at MIR wavelengths. This follows the detections of 3.6µm
surface brightness in Spitzer satellite (Werner et al., 2004) data of dense
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cores (Steinacker et al., 2010; Pagani et al., 2010). The observed signal,
so-called coreshine, closely follows the column density distribution (Fig. 5).
This suggests that it is likely to be caused by scattering because any line or
dust emission would form a halo around the core, in the outer layers where
incoming UV and optical radiation is absorbed. Cosmic rays can produce
UV photons even at very high column densities (Gredel et al., 1989; Caselli
et al., 2012) but the field is very weak and the abundance of very small grains,
those that could be heated stochastically to produce MIR emission, is be-
lieved to decrease inside the cores (e.g. Laureijs et al., 1991; Bernard et al.,
1993; Stepnik et al., 2003). Another strong argument in favour of the scatter-
ing hypothesis results from the shape of the spectrum. Compared to 4.5µm
band, the signal is stronger at 3.6µm and still stronger in K band. This pro-
vides strong constraints on the possible contribution of dust emission. The
detection of scattered light in the 3.6µm band was nevertheless surprising
because the normal ISM grains are at most ∼ 0.1µm in size, too small for
efficient scattering at these wavelengths. Thus, coreshine is considered a fur-
ther evidence of grain growth in dense and cold cloud cores. Compared to
dust emission, it is also mainly free from the uncertainties related to dust
temperature and opacity spectral index.

Studies of Spitzer archival data have shown that the probability of a core-
shine detection varies from region to region (see Fig. 4) (Pagani et al., 2010,
2012; Lefèvre et al., 2014). This is in part a consequence of the changes in the
brightness of the background sky and in the scattering geometry (Steinacker
et al., 2014a; Lefèvre et al., 2014). Coreshine detections are based on the dif-
ferential measure of surface brightness towards a core and its surroundings.
The total signal consists of background signal attenuated by the core, scat-
tered light from the core itself, and possible foreground contributions. If the
background is strong, the amount of absorbed background radiation can can-
cel the positive contribution of scattering, resulting in no detectable excess or
even a dip coinciding with the location of the column density peak. In these
cases, scattered light cannot be measured without very precise estimates of
the core opacity and the absolute surface brightness of the background sky.
This favours detections outside the Galactic plane and, because of forward
scattering, towards the inner Galaxy. However, there are also other varia-
tions that point to differences in the grain properties. For example, the lack
of coreshine detections towards the Gum-Vela region was interpreted as the
result of supernova activity that has reduced the number of large grains (Pa-
gani et al., 2012). Although some coreshine detections have been made with
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WISE (Juvela et al., 2012), the smaller PSF of Spitzer is a distinct advantage
when surface brightness needs to be separated from the contribution of point
sources.

Modelling of Spitzer MIR observations has shown that coreshine can be
explained by assuming a significant number of grains with sizes up to ∼ 1µm
(Steinacker et al., 2010; Andersen et al., 2013). The estimates of the number
of large grains depend on the assumed shape of the grain size distribution.
For example, Andersen et al. (2013) fitted observations of cloud L260 with a
power-law distribution extending up to 1.0µm. In this case some 25% of the
total grain mass was in grains larger than 0.5µm. Steinacker et al. (2014b)
examined coreshine in cloud L1506C, the same Taurus filament where studies
had indicated an increase of submillimetre dust emissivity by at least a factor
of ∼ 2 (Stepnik et al., 2003; Ysard et al., 2013). The MIR observations could
be explained by extending size distribution to 0.65µm. In the case of this a
low-density core, it is challenging to grow such grains within the lifetime of
the cloud. It was therefore conjectured that in L1506C the two parameters
contributing to dust growth, the density and the level of turbulence, may
have been higher in the past.

The grain growth is likely to proceed via the formation of ice mantles
that also enable more efficient formation of dust aggregates. The first direct
connection between ices and MIR scattering was demonstrated by Andersen
et al. (2014), who found in Lupus IV molecular cloud a good correlation
between the 3.0µm water ice feature and the intensity of coreshine emission.

The project Hunting Coreshines with Spitzer (PI R. Paladini) has carried
out 3.6µm and 4.5µm observations of 90 targets selected from Planck Early
Cold Clump Catalogue (Planck Collaboration VII, 2011). These dedicated
observations have a sensitivity that exceeds WISE all-sky survey by a factor
of ten and even the previous Spitzer surveys by a factor of three. Spitzer
enables the study of coreshine emission at a high resolution, down to ∼ 2
arcseconds. The first results from the project were presented in Lefèvre et al.
(2014), including a summary of all coreshine detection to date. The analysis
concentrated on four regions with high proportion of coreshine detections:
Taurus-Perseus, Cepheus, Chamaeleon, and L183. The paper investigated a
number of dust models and their predictions for coreshine intensity, and the
MIR and MIR-to-NIR ratios. For example, several dust models can produce
the MIR colour of L183 but the high K band to 3.6µm ratio is consistent with
only a few (e.g., simply large silicate grains). NIR data could be potentially
important in constraining the dust models because, in addition to grain size,
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τ(250µm)

Figure 5: Cloud L183 (Lynds 183) where strong mid-infrared scattering (coreshine effect)
was first detected. The first three frames show Spitzer surface brightness at 3.6µm, 4.5µm,
and 8.0µm. The contours correspond to visual extinction values of AV = 5 mag and
AV = 8 mag (Steinacker et al., 2010) but in the central core extinction may reach even
AV = 150 mag (Pagani et al., 2004). The last frame shows a map of dust optical depth
derived from dust emission at submillimetre wavelengths, with a resolution of 40 arcsec,
with contours at τ(250µm)=2×10−3 and 5×10−3, and with a peak value of ∼0.02. (Juvela
et al., 2015b). The data show good spatial correlation between the coreshine in the first
bands, the mid-infrared absorption at 8.0µm, and the column density estimated from dust
emission. The image size is ∼20 arcmin.

the coreshine phenomenon depends on parameters like dust albedo and the
scattering function. Therefore, more NIR surface brightness observations of
dense cores are needed.

4. Summary

We have presented some evidence for dust evolution in dense clouds.
This is seen in absolute value of submillimetre dust opacity and in changes
of dust opacity spectral index. The dust opacity increases by a factor of
2–4 from diffuse medium to molecular clouds (e.g., in recent BLAST and
Planck observations) and further a factor of two towards at least some of
the densest clumps (earlier PRONAOS studies and recent Herschel data, e.g.
Juvela et al., 2015b). Planck and Herschel data indicate clear spatial varia-
tions of dust opacity spectral index, including a global increase towards the
inner Galaxy (β ∼2) and a flattening of the dust spectrum at millimetre
wavelengths (e.g. Planck Collaboration XI, 2014; Juvela et al., 2015a). Com-
plementary information of dust properties is provided by scattering, espe-
cially by the strong mid-infrared signal, coreshine, that is difficult to explain
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without assuming some degree of grain growth. Both enhanced submillime-
tre emission and MIR scattering are observed in clouds with optical depths
AV ∼ 5 mag or higher. Because scattering and emission react differently
to changes in grain size and other dust properties, more studies are needed
where the two phenomena are correlated with each other in detail.

Dust models are already able to explain the main features of dust emis-
sion. The next steps should include more detailed modelling that would
simultaneously explain the changes in dust emission and scattering, taking
into account the radiative transfer effects and the constraints set by the grain
growth time scales. The work requires improved dust models, capable of
self-consistent description of dust properties from near-infrared to millimetre
wavelengths.
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Bösch, M., 1978. Phys. Rev. 40, 879.

Boudet, N., Mutschke, H., Nayral, C., Jäger, C., Bernard, J., Henning, T.,
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Oct. 2011. The Galactic Center in the Far-infrared. AJ142, 134.

Foster, J. B., Goodman, A. A., Jan. 2006. Cloudshine: New Light on Dark
Clouds. ApJ636, L105–L108.

Gordon, K. D., Galliano, F., Hony, S., Bernard, J.-P., Bolatto, A., Bot,
C., Engelbracht, C., Hughes, A., Israel, F. P., Kemper, F., Kim, S., Li,
A., Madden, S. C., Matsuura, M., Meixner, M., Misselt, K., Okumura,
K., Panuzzo, P., Rubio, M., Reach, W. T., Roman-Duval, J., Sauvage, M.,
Skibba, R., Tielens, A. G. G. M., Jul. 2010. Determining dust temperatures
and masses in the Herschel era: The importance of observations longward
of 200 micron. A&A518, L89.

Gredel, R., Lepp, S., Dalgarno, A., Herbst, E., Dec. 1989. Cosmic-
ray-induced photodissociation and photoionization rates of interstellar
molecules. ApJ347, 289–293.

Harju, J., Juvela, M., Schlemmer, S., Haikala, L. K., Lehtinen, K., Mattila,
K., May 2008. Detection of 6 K gas in Ophiuchus D. A&A482, 535–539.

Hirashita, H., Li, Z.-Y., Jul. 2013. Condition for the formation of micron-
sized dust grains in dense molecular cloud cores. MNRAS434, L70–L74.

Juvela, M., Demyk, K., Doi, Y. e. a., 2015a. Galactic cold cores VII. Dust
opacity spectral index. A&A, submitted.

Juvela, M., Malinen, J., Lunttila, T., May 2013. Estimation of high-resolution
dust column density maps. Comparison of modified black-body fits and
radiative transfer modelling. A&A553, A113.

20



Juvela, M., Montillaud, J., 2015. Allsky NICER and NICEST extinction
maps based on the 2MASS near-infrared survey. A&A, submitted.

Juvela, M., Pelkonen, V.-M., Padoan, P., Mattila, K., Oct. 2006. High-
resolution mapping of interstellar clouds with near-infrared scattered light.
A&A457, 877–889.

Juvela, M., Pelkonen, V.-M., Padoan, P., Mattila, K., Mar. 2008. A Corona
Australis cloud filament seen in NIR scattered light. I. Comparison with
extinction of background stars. A&A480, 445–458.

Juvela, M., Ristorcelli, I., Marshall, D., et al., 2015b. Galactic Cold Cores
V. Dust opacity. A&A, in press, arXiv-1501.07092.

Juvela, M., Ristorcelli, I., Pagani, L., Doi, Y., Pelkonen, V.-M., Marshall,
D. J., Bernard, J.-P., Falgarone, E., Malinen, J., Marton, G., McGehee,
P., Montier, L. A., Motte, F., Paladini, R., Tóth, L. V., Ysard, N., Za-
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Deschênes, M.-A., Molinari, S., Moseley, H., Naylor, D., Okumura, K.,
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Román-Zúñiga, C. G., Lada, C. J., Alves, J. F., Oct. 2009. High Resolution
Near-Infrared Survey of the Pipe Nebula. I. A Deep Infrared Extinction
Map of Barnard 59. ApJ704, 183–195.

Roy, A., Martin, P. G., Polychroni, D., Bontemps, S., Abergel, A., André, P.,
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