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Outline
• Observational constraints & dust properties  

• Dust evolution 

• Modelling dust extinction and emission 

• Cosmic dust models
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The dust cycle

• The life cycle of the ISM, of stars and 
dust are intimately related


• Dust is everywhere


• Dust is a probe of the physical and 
chemical conditions of astronomical 
environments


• Dust is one of the drivers of ISM 
evolution and hence of galactic evolution


• Dust is key to promote chemical 
complexity
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K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014
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Extinction

• 1930: Trumpler proposes that matter attenuates the 
visible light from stars depending on their distance 

• 1934 : Stebbins makes the first measures of 
extinction in the UBV bands 

• 1940-50: Stellar reddening by comparison of  stars  
of the same spectral type

Aλ = − 2.5log10( Iλ

Iλ0 ) = 1.086τλ

Iλ = Iλ0e−τλ
Iλ : Specific intensity 
(W.m-2.sr-1) 
kext : Extinction 
coefficient (m-1)
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τ(λ) = ∫ kext(λ)dl

Io Iλ
Observer

𝓁
θ
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The extinction curve

E(B − V) = AB − AV

RV =
AV

E(B − V)

The extinction curve gives information on the size and 
composition of grains:  

• UV rise ⇒ grains with radius a ≪𝜆 ie. a < 10 nm 

•  2175 Å bump ⇒ carbonaceous grains (electronic transition) 

• U, B, V bands ⇒ extinction in 𝜆-1 ⇒ grains with radius a ~ 𝜆 ie. 

a ~ 0.1 µm 
• MIR domain : vibrational transitions ⇒ silicates, carbonaceous 

dust, ices

6

Rv characterise the extinction curve 

Color excess: 

Total-to-selective visual extinction ratio:

[Li +2007]
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λ (nm)
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Scattering
Pléiades (Rogelio Bernal Andreo)

• Scattering depends on the size, shape and composition of the grains 
• Grains of radius a ~ 0.1 µm scatter light in the visible 
• Larger grains scatter light at longer wavelengths, in the NIR 

• Scattering depends on the albedo 𝜔 and the phase function g

ω = Qsca/Qext

g = < cos(θ) > =
∫ π

0
I(θ)cos(θ)dΩ

I(θ)dΩ

7Crédit : Sharayanan CC-BY-SA 

Rayleigh and Mie scattering phase function
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Emission
Diffuse ISM emission: [Compiègne+2011]

PAHs

Dartois et al. 2005

VSG 5-10 nm

SILICATES 
 10-300 nmOn a given line of sight, dust emission depends 

on:  
• Column density of gas: NH (cm-2) 
• Dust abundance: Xd 
• Intensity of the ISRF 
• Emissivity of dust: 𝜖 (erg.s-1.sr-1.cm-1.g-1)

Iν ∝ ∫LOS
ϵ × NH × Xd × ISRF

Different emission mechanisms depending 
on the grain size and nature 

Amorphous 
carbon

K. A. K. Gadallah et al.: Analogs of solid nanoparticles as precursors of aromatic hydrocarbons

Fig. 1. HRTEM images for non-processed HACs (a) and for heated HACs (b).

Experimentally, vibrational modes of HAC materials (or carbon
soot) have been tabulated by several authors (e.g., Dischler et al.
1983; Jäger et al. 2008). In the current study, the IR transmission
measurements were taken in situ (ex situ for #4) by using the
FTIR spectrometer Bruker 113v. They were corrected directly
during the measurements by using a blank substrate as reference
for the transmission spectrum for each sample. A baseline cor-
rection of all spectra was performed to subtract the continuum
absorption.

3. Results and discussions

3.1. Aromatization of HACs

According to the structure of HACs, aromatization can be
explained through the variation in the average length of the
graphene layers (La) with heating. Thus the amorphous struc-
ture of the carbonaceous materials can be thermally modified,
resulting in more aromatic structures. The linear dimensions of
the disordered graphene layers can be measured analytically by
high-resolution transmission electron microscopy (TEM) of an
HAC material. This material produced by laser ablation is char-
acterized by its bent graphene layers. It is clearly visible in TEM
images, as shown in Fig. 1, that most of these layers are strongly
deformed with heating. In these TEM images, an increase in La
of these layers was observed with heating as evidence of form-
ing more aromatic units in the internal structure of HACs. La in-
creases from 7.2 Å for non-processed HACs to 20 Å with heating
to 703 K, as shown in Fig. 1.

The aromatic structure (sp2 clustering) is generally given in
forms of carbon chains and deformed (five- / six-fold rings)
and ordered (six-fold rings) aromatic layers. Both pentagons
and hexagons could be particularly important to form small
fullerene-like carbon structures. For simplicity, we illustrate the
aromatization in amorphous hydrocarbons with aromatic units
consisting of six-fold rings. For a single graphene sheet with di-
mensions of La, the number of six-fold rings, NR, can be esti-
mated by the product of the integer values mzig and narm, which
are the number of carbon rings in zigzag and armchair directions,
respectively, as shown in Fig. 2a. These numbers can be derived

from La by using the geometric characterizations of the hexagon
form of a carbon ring (with a C-C bond = 1.42 Å);

mzig =
La − 1.23

2.46
, (1)

narm =
La − 0.71

2.13
· (2)

Figure 2b represents the aromatic domain with La = 7.2 Å in the
structure of non-processed HACs while Fig. 2c represents that
with La = 20 Å in the structure of heated HACs. As a result of
this concept, we have found that NR is directly proportional to
the temperature of the heating process. It increases from six car-
bon rings for the non-processed sample to 63 carbon rings for the
sample heated up to 703 K. Consequently, this increase is gen-
erated by the reduction of the hydrogen fraction, XH, which is a
function of the H/C ratio (XH = H/C/(1 + H/C)). This fraction
can be estimated from infrared spectroscopy, as will be described
in Sect. 3.2. As will be shown there, XH decreases from 0.44 to
about 0.1 in the atomic structure of HACs with heating. In Jones
(2012a), the general trends of the fractional abundances of aro-
matic sp2 C=C, aromatic and olefinic sp2 =CH and aliphatic sp3

CH groups have been shown in dependence on XH for the ex-
tended random covalent network model. Our experimental re-
sults of the variation of La and NR with hydrogen loss, due to
the thermal processing of HACs, agree with the calculations of
those reported in Jones (2012a), in which La and NR for this
model vary inversely with XH.

For our original HAC samples with an average La of 7.2 Å,
less than 50% of the graphene layers may have dimensions like
those of compact (circular) PAHs, which need at least dimen-
sions of 8.61× 7.1 Å for zigzag and armchair directions, respec-
tively. Others (more than 50%) may have dimensions like those
of catacondensed PAHs, having more open-PAH structures. For
the larger dimensions of graphene sheets after heating, similar
PAH structures can be mostly compact. In aromatic units with
dimensions La = 20 Å, approximately 63 carbon rings can be
arranged to form larger PAHs.

A12, page 3 of 9

Gadallah et al. 2013
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Polarization

• Due to the presence of non-spherical and partially aligned grains 

9

pλ = pmaxe−kp(ln(λmax/λ))2
[Serkowski 1975]

• In absorption starlight is polarised // to B field lines 

• 𝜆max ~ 0.55 µm ⇒ grain radius ~ 0.1 µm 

• The peak position is sensitive to grain size 
• pmax ~ a few % 
• The 10 µm feature is polarised
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Polarization
• Due to the presence of non-spherical and partially aligned grains 

• Polarized emission is ⟂ to B field lines  
• P/I = polarisation fraction in the FIR/submm 
• Observed by ARCHEOPS, WMAP, Planck

10

[Planck Collab. 2015]

Polarised emission (Planck) Polarisation fraction (Planck)
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Depletion

[ Xgas

H ] = log( N(X)
N(H) )

obs
−log( X

H )
ref

≈ log( X
H )

0
+AX × F*

• Electronic absorption lines of atoms or ions 
• In the UV spectra of O and B stars  
• Copernicus (1972), HST (90’s), FUSE (1999)

(Xdust /H) = (X/H)ref − (1 − 10[Xgas/H])

• Depletion factor: 

• Elements in dust: 

[Jenkins 2009, 2013]
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• Low density clouds and high velocity gas have less depletion than 
dense clouds

10 %

1 %

[Jones+2000]

• Depletion varies from one 
element to the other 

• Depletion increases with 
condensation temperature of 
the elements

K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021



Silicates grains
• Composition and structure constrained by MIR spectroscopic observations 
• Silicate grains are submicronic: radius a ~ 0.1 µm 
• Silicate dust in the ISM is amorphous, at most 1-2 % of crystalline silicates [Kemper+04] 
• Mostly Mg-rich silicate such as amorphous enstatite (MgSiO3) and forsterite (Mg2SiO4)

12

TOTAL 
Forsterite Mg2SiO4 
Enstatite MgSiO3 

Diopside CaMgSi2O6

CPD56 (PPN, ISO)

}Cristalline silicates

[Kemper+04]

LOS toward the Galactic center (ISO) dense ISM

Amorphous

silicates

K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021



Silicates

amorphe
cristalline

MIR spectrum of MgSiO3 grains

Amorphous 
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9.7 µm: Si-O 
stretching mode

18 µm: Si-O 
bending mode

~400 nm

Olivine

1 cm
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[Tielens+2008]

Aromatic carbon-rich dust: the Aromatic Infrared Bands

• Observed in photo-dominated regions, 
circumstellar shells and disks around evolved 
and young stars  

• ~10-20 % of cosmic carbon 
• ~ 5 % of the dust mass 

• Band strengths and band ratios vary with the 
environments \
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Aromatic carbon-rich dust: PAHs
• Aromatic molecules such as PAHs 

• no single identification  
• distribution of size : ~ several tens of C atoms 
• probably explain some DIBs (ionised PAH)

[See review from Tielens 2008]

7.6 Polycyclic Aromatic Hydrocarbons in Emission

(from Smith et al. 2007)

• IR emission features at 3.3, 6.2, 7.6, 8.6, 11.3, 12.7 cor-
respond to vibrational modes of polycyclic aromatic hy-
drocarbons (PAHs).

• For normal star-forming galaxies, integrated emission in
PAH features can be up to 20% of total IR emission.

• This requires that PAHs be abundant enough to account
for up to 20% of the starlight absorption.

• Required PAH abundance: at least ⌃5% of the total
grain mass contributed by PAHs in the MW.

23 B.T. Draine Observed Properties of Interstellar Dust IPMU 2010.04.2015

Interstellar PAHs 41

Figure 13: The absorption spectrum of a mixture of neutral PAHs (top) compared

to the spectrum of the same species in their cationic states. The strength of the

CC modes has increased considerably in strength relative to the CH modes in

the 3 and 11-15 µm region. Figure taken from Allamandola et al. (1999).

4.2 Intrinsic spectral characteristics of PAHs

The various techniques outlined in the previous subsection have been used to

study systematically the IR emission characteristics of a large variety of species.

Here, we will review the effects of a number of key factors driving spectral vari-

ation.

4.2.1 Ionization The charge state has a remarkable effect on the intrinsic

IR spectra of PAHs. While peak positions can shift somewhat, the intrinsic

strength of modes involving CC stretching vibrations can increase manifold upon

ionization while the CH stretching and to a lesser extent the out-of-plane bending

vibrations decrease in strength. This is illustrated in Figure 13 which compares

the calculated/measured IR absorption cross sections for a family of PAHs in

neutral and cationic states. This figure is based upon spectra of small (< 50
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Aliphatic carbon-rich dust: hydrogenated amorphous carbon
• Hydrogenated amorphous carbon (HAC or a-C:H) :  

• In absorption in sightlines with sufficient NH 
• 3.38, 3.42, 6.85 et 7.25 μm features : stretching and bending of C-H 
bonds in CH2 and CH3 groups 

• ratio aliphatic/ aromatic variable: 
• < 15 % aromatic in Dartois+04 
• ~ 85 % aromatic in Pendelton+02

[Dartois+05]

[Pendleton+02]

16

Dartois et al. 2004

[Dartois+05]
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Volatile dust: ices

[See review from Boogert+2015]

[Dartois +1998 in Boogert 2015]

• Ices mantles form at Av ⪞ 2-3 
• Dense clouds 
• Protostars of all masses 
• Circumstellar shells of OH/IR stars and some AGB 
• Elemental budget => grain mantle of 5-10 nm 

• Main species: H2O, CO, CO2, CH3OH, NH3, CH4 
• Others likely species: H2CO, OCN-, OCS, 

HCOOH, CH3CH2OH, HCOO-, CH3CHO, 
NH4+,SO2, PAH   

H2O 100
CO 7-25
CO2 15-28

CH3OH 6-9
NH3 3-10
CH4 1-11
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Dust properties: size distribution
• Constrained by the extinction curve and depletion measurements 

• The most used is the MRN size distribution (for spherical grains silicate and 
graphite grains): [Mathis, Rumpl, Nordsieck, 1977] 

 

• Many updated versions of the MRN size distribution exist, in particular to 
include the PAH grain population [see dust models from Compiègne +11, 
Weingartner & Draine 2001].  

• Log-normal grain size distributions are also proposed for large grains 
[see the THEMIS dust model Jones et al. 2013]

⇒ the dust mass is in big grains
⇒ the dust surface is provided by small grains

N(a) ∝ a−βs amin = 5 nm, amax ~ 250 nm 
βs ~ 3.3 -3.6with

18

[Compiègne+2011]
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Observational constraints & dust properties: summary
• Observational constraints : depletion, extinction, emission, scattered light, polarisation from 
X-ray to mm 

• Spectroscopic observations provide information on the dust composition and structure 
• Additional considerations/constraints should/could guide us:   

• the analysis of presolar grains 
• the dust formation processes 

• Several components of dust exist: silicates, carbonaceous grains, ices, PAHs 
• Other minor dust components: oxydes (eg. Al2O3, TiO2), SiC, TiC?, MgS?, carbonates? 

• Distribution of size: from ~ 0.5 nm to up to ~0.5 µm in the ISM 
• Grains are not spherical and are partially aligned  
• Silicates represent ~75% in mass, carbonaceous dust ~ 25% 
• Grains evolve in the ISM

19 K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021



Dust evolution 
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Dust evolution

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014

• Grain-grain collisions:  
• At low velocity (1-2 km.s-1) ⇾ coagulation 
• At intermediate velocity (~20 km.s-1) ⇾ fragmentation  
• At high velocity (> 20 km.s-1) ⇾ sputtering & vaporisation 

• Gas-grain reactions:  
• Grain growth: condensation of molecules on the dust surface 
• Erosion by the hot gas 

• Interaction with photons (UV, X…)  
• Chemistry on grain surface and within icy mantles 
• Influence the ionisation and stability of PAHs and nano a-C(:H) grains 

• Interaction with cosmic rays (CRs) 
• Chemistry within icy mantles 
• Changes of the grain structure (amorphization)

21 K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021



Dust evolution along the ISM life cycle

22

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014
Dust 

formation Collection  of 
presolar grains 

shocks
grain destruction 
UV, CRs irradiation

coagulation
CRs irradiation
icy mantle condensation 

~1.5 109 years 
in the ISM
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Dust evolution in shocks

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014

• Gas phase enrichment with the elements and molecules constituting the grains, both volatile and 
refractory: 
• vaporisation (complete grain destruction) 
• sputtering (partial destruction)

V. Guillet et al.: dust destruction and SiO formation in J shocks. II. 149

during their gyration phase, to be significant for shocks with ve-
locities less than 50 km s−1, either by sputtering (Jones et al.
1996, Fig. 11 therein) or shattering and vaporisation (Borkowski
& Dwek 1995; Jones et al. 1996). Secondly, we ignore the de-
struction of the mantles by shattering and vaporisation in grain-
grain collisions. Our numerical model is currently unable to han-
dle this because it would require us to track the history of each
colliding grain. Thus, we consider that all grains of a given size
carry a mantle of the same thickness, whatever their history,
and that this mantle is only removed by sputtering. Fragments
smaller than 100 Å, which are absent from the initial distribution
and are only created by the shattering of grains, are assumed to
carry no mantles. Finally, we are forced to ignore the processing
of the reflected grains during their first gyration, i.e. before they
enter the shock for the second time. This is a numerical limi-
tation due to the fact that we need to assign a unique average
gyration velocity to each grain size at any position in the shock
(see Appendix A for more details).

4. Results

The quantity of silicon and carbon released into the gas phase,
as a result of dust destruction in J shocks with velocities
≤50 km s−1, is shown in Fig. 5. The degree of destruction is
about a few percent and increases with the shock velocity but
decreases with increasing preshock density. Vaporisation is the
dominant destruction process, not sputtering, and is effective at
destroying grains at velocities <30 km s−1 where sputtering is
insignificant.

Dust vaporisation increases approximately linearly with
shock velocity (Fig. 5) because the gyration damping timescale,
i.e. the time during which grain-grain processing occurs, is
roughly proportional to the shock velocity. The decrease in
dust vaporisation with increasing preshock density is due to the
fact that high-velocity (head-on) collisions between large grains,
which mostly contribute to the vaporisation, tend to disappear
at high densities where the large grains hardly gyrate at all (see
Fig. 3).

When no magnetic field is present (B = 0) the grains do
not gyrate and the impact of collisions is therefore minimised.
Such a model give results that are found to be independent of
the preshock density. We can therefore consider the results for
B = 0 as the minimal dust destruction in J shocks for a given
shock velocity, whatever the preshock conditions.

The sputtering of grain cores with the May et al. (2000)
yields turns out to be negligible (# 0.001%) at all shock ve-
locities and preshock densities considered here (Fig. 5). With
the Tielens et al. (1994) yields sputtering is only efficient for
shocks faster than 35 km s−1 (the threshold velocity for iner-
tial sputtering is approximately 30 km s−1, see Fig. 4). In this
case the dust destruction by sputtering is higher at lower densi-
ties (nH = 104 cm−3) because in shocks faster than 35 km s−1

some grains are reflected, highly accelerated at the shock front
and therefore subject to more erosion (Fig. 2). When no reflected
grains are present (Fig. 3), the level of sputtering is roughly inde-
pendent of the preshock density and the magnetic field intensity
(e.g. B = 0). From now, and unless otherwise stated, the May
et al. (2000) are used so that dust destruction in the forecoming
results is only caused by vaporisation in grain-grain collisions.

Figure 6 shows the percentage of silicon released into the
gas phase as a function of the transverse magnetic field inten-
sity (through the parameter b of Eq. (2)). The factor b can not be
much higher than 1 for the propagation of J shocks (Vs > Vcrit)
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Fig. 5. (top) The percentage of silicon released into the gas phase
from dust (in the form of atomic Si by sputtering and SiO by vapor-
isation) as a function of the shock velocity for 3 preshock densities
(104, 105, 106 cm−3) and for the particular case of a pure hydrodynami-
cal shock (B = 0) where the amount of vaporisation is independent of
the preshock density. For sputtering, two models are presented: the May
et al. (2000) sputtering yields (black solid), which result in negligible
erosion, and the Tielens et al. (1994) yields (red dashed). (bottom) Same
results for vaporisation and sputtering of carbon (graphite) grains.
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pre-shock density

See Guillet et al. « Shocks in dense clouds I, II, II (2007, 2009, 2011) 
V. Guillet et al.: dust destruction and SiO formation in J shocks. II. 149

during their gyration phase, to be significant for shocks with ve-
locities less than 50 km s−1, either by sputtering (Jones et al.
1996, Fig. 11 therein) or shattering and vaporisation (Borkowski
& Dwek 1995; Jones et al. 1996). Secondly, we ignore the de-
struction of the mantles by shattering and vaporisation in grain-
grain collisions. Our numerical model is currently unable to han-
dle this because it would require us to track the history of each
colliding grain. Thus, we consider that all grains of a given size
carry a mantle of the same thickness, whatever their history,
and that this mantle is only removed by sputtering. Fragments
smaller than 100 Å, which are absent from the initial distribution
and are only created by the shattering of grains, are assumed to
carry no mantles. Finally, we are forced to ignore the processing
of the reflected grains during their first gyration, i.e. before they
enter the shock for the second time. This is a numerical limi-
tation due to the fact that we need to assign a unique average
gyration velocity to each grain size at any position in the shock
(see Appendix A for more details).

4. Results

The quantity of silicon and carbon released into the gas phase,
as a result of dust destruction in J shocks with velocities
≤50 km s−1, is shown in Fig. 5. The degree of destruction is
about a few percent and increases with the shock velocity but
decreases with increasing preshock density. Vaporisation is the
dominant destruction process, not sputtering, and is effective at
destroying grains at velocities <30 km s−1 where sputtering is
insignificant.

Dust vaporisation increases approximately linearly with
shock velocity (Fig. 5) because the gyration damping timescale,
i.e. the time during which grain-grain processing occurs, is
roughly proportional to the shock velocity. The decrease in
dust vaporisation with increasing preshock density is due to the
fact that high-velocity (head-on) collisions between large grains,
which mostly contribute to the vaporisation, tend to disappear
at high densities where the large grains hardly gyrate at all (see
Fig. 3).

When no magnetic field is present (B = 0) the grains do
not gyrate and the impact of collisions is therefore minimised.
Such a model give results that are found to be independent of
the preshock density. We can therefore consider the results for
B = 0 as the minimal dust destruction in J shocks for a given
shock velocity, whatever the preshock conditions.

The sputtering of grain cores with the May et al. (2000)
yields turns out to be negligible (# 0.001%) at all shock ve-
locities and preshock densities considered here (Fig. 5). With
the Tielens et al. (1994) yields sputtering is only efficient for
shocks faster than 35 km s−1 (the threshold velocity for iner-
tial sputtering is approximately 30 km s−1, see Fig. 4). In this
case the dust destruction by sputtering is higher at lower densi-
ties (nH = 104 cm−3) because in shocks faster than 35 km s−1

some grains are reflected, highly accelerated at the shock front
and therefore subject to more erosion (Fig. 2). When no reflected
grains are present (Fig. 3), the level of sputtering is roughly inde-
pendent of the preshock density and the magnetic field intensity
(e.g. B = 0). From now, and unless otherwise stated, the May
et al. (2000) are used so that dust destruction in the forecoming
results is only caused by vaporisation in grain-grain collisions.

Figure 6 shows the percentage of silicon released into the
gas phase as a function of the transverse magnetic field inten-
sity (through the parameter b of Eq. (2)). The factor b can not be
much higher than 1 for the propagation of J shocks (Vs > Vcrit)
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Fig. 5. (top) The percentage of silicon released into the gas phase
from dust (in the form of atomic Si by sputtering and SiO by vapor-
isation) as a function of the shock velocity for 3 preshock densities
(104, 105, 106 cm−3) and for the particular case of a pure hydrodynami-
cal shock (B = 0) where the amount of vaporisation is independent of
the preshock density. For sputtering, two models are presented: the May
et al. (2000) sputtering yields (black solid), which result in negligible
erosion, and the Tielens et al. (1994) yields (red dashed). (bottom) Same
results for vaporisation and sputtering of carbon (graphite) grains.
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hydrodynamical shocks (b = 0, i.e. B = 0 µG) are shown on the left
axis. The May et al. (2000) sputtering yields (i.e. negligible erosion)
have been used.
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Dust evolution in shocks

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014

• Fragmentation:  
• diminution of the number of big grains increase of smalls 

grains, Mdust is constant 
• more important at high density 

• Sputtering:  
• decrease of grain size and Mdust

24
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• Grain size distribution changes:

[Jones, 2004]

[Bocchio+14]

Carbonaceous grains
Silicate grains

vaporisation
sputtering

• Grain destruction :
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Dust lifetime 

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014

25

[see eg. Jones & Nuth 2011, Bocchio+14, Slavin+15, Zukhoska+2016,2018, Dwek+15,…]

• Grain residence time in the ISM before incorporation in new stars: ~ 1.5 Gyr  
• Grain life time against destruction by high velocity (SN) shocks:  ~ 0.5 Gyr 
• Hydrodynamical models of Giant Molecular Clouds + elemental depletion constraints 

• Most cosmic dust grains are destroyed in the ISM before being incorporated into new stars

• Grains must be formed in situ in the ISM  
• The proportion of the dust that is formed in the ISM depends on many parameters which are 
not well constrained 
• Need more observational constraints, more modelling 
• Need experiments on dust growth on the cold surface of grains [Rouillé+2020]
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4 Köhler et al.: The nature of coagulated interstellar grains

Fig. 2. Aggregate with 4 BGs and 4000 VSGs in total (20% of the vol-
ume of the BGs). Shown is the shape of one aggregate considered for
the model calculations. Each cube represents one dipole. Red cubes
indicate VSGs and green cubes BG dipoles.

VSGs are connected to the faces of the dipoles of the BGs or
to other VSGs, so that the distance between the dipoles is con-
stant. An example of an aggregate with 4 BGs and in total 4000
VSGs (20% of the volume of the BGs) is shown in Fig. 2. The
shape is an intermediate shape (between a row and a square of
4 BGs) and will be used for the following calculations when
aggregates with 4 BGs are assumed.

With these calculations we investigate the case that BGs
coagulate into aggregates and VSGs coagulate (as a kind of a
mantle) on the surface of the aggregates. The other possibility
would be to coagulate VSGs first and then connect the mixed
BG/VSG particles into aggregates. In the latter case the contact
between the BGs might change in size and in material composi-
tion compared to the first case. We examine the second scenario
in the discussion.

We consider di�erent grain structures: single grains, aggre-
gates of 4 and 16 bare BGs, a single grain with a ranging num-
ber of VSGs coagulated on the BG’s surface and aggregates
of 4 and 16 BGs with a total of 4000 and 16000 VSGs, re-
spectively, on their surfaces. The shape of the aggregates with
4 BGs is shown in Fig. 2 and for the aggregates with 16 BGs
we choose an aggregate with a fractal dimension of 2.0 (for de-
tails see Köhler et al. 2011). Please note, that actually a fractal
dimension is not applicable for aggregates with a small num-
ber of monomers (e.g. Jones 2011) but we have constructed
the aggregate using the method in Köhler et al. (2011) where a
fractal dimension has to be given. It was shown by Mackowski
& Mishchenko (1996) that the absorptions coe⇥cient saturates
for aggregates with more than 4 grains and Köhler et al. (2011)
showed that the increase in the absorption coe⇥cient is large up
to aggregates of 4 BGs and then saturates for larger aggregates.

2.3. Materials

It is assumed that dust particles in the ISM consist of sili-
cate and carbonaceous material (e.g. Mathis et al. 1977; Draine
& Lee 1984; Kim et al. 1994; Kim & Martin 1995; Li &
Greenberg 1997). Observations, coupled to modeling, show

that the silicates occur in amorphous form (e.g. Li & Draine
2001b; Kemper et al. 2005; Li et al. 2007).

More complicated is the choice of the carbonaceous-dust
material. It was assumed that graphite is a good candidate for
dust in the ISM since astrophysical dust models using it have
been shown to reproduce the 217 nm bump observed in the
extinction curve. However, there are two points which make
graphite an unlikely candidate. First, due to sputtering pro-
cesses by ion irradiation (e.g. Mennella et al. 2003; Mennella
2006), shocks and cosmic rays, the crystalline structure of
graphite should be destroyed in the ISM. Second, it was ob-
served that in shocked regions of the ISM carbon exists mainly
in the gas (e.g. Frisch et al. 1999; Welty et al. 2002; Podio
et al. 2006; Slavin 2009). Models show that only 15% of
graphite-like amorphous carbon would be destroyed by shocks
(Tielens et al. 1994; Jones et al. 1994, 1996), so that this type
of material would be rather resilient. Therefore it seems rea-
sonable to assume hydrogenated amorphous carbon as a more
likely material for interstellar carbon grains (Serra Dı́az-Cano
& Jones 2008). A detailed discussion of carbonaceous-dust ma-
terial can be found in the papers by Compiègne et al. (2011),
Serra Dı́az-Cano & Jones (2008) and Jones (2009, 2011a,b).
For the DustEM SED calculations we consider regular dust
particles and PAHs. For the regular dust particles we assume
amorphous carbon (AC1). The optical constants of this mate-
rial are measured up to a wavelength of 300 µm and extrap-
olated with a power-law for longer wavelengths by Rouleau
& Martin (1991). The optical constants allow us to calculate
the optical properties with DDA while the optical constants of
other amorphous carbon, e.g. amorphous carbon (BE) (Zubko
et al. 1996), are too large at long wavelengths to be valid for
use with DDA (|m� 1| ⇧ 3). Assuming the optical constants
of other amorphous carbon, e.g. amorphous carbon (BE), other
light-scattering theories, e.g. the T-matrix method (Mackowski
& Mishchenko 1996), can be used but in this case only a point-
contact between the monomers can be considered and the in-
fluence of the contact area between the monomers cannot be
considered.

3. Model results

In this section we present and analyse the results of the model
calculations of the absorption coe⇥cient Qabs and the temper-
ature of the aggregates. We present results for a single BG, for
coagulated BGs, for a single BG with coagulated VSGs and for
coagulated BGs with VSGs.

For normalisation we calculate the absorption cross section
Cabs = Qabs⌅a2

V and divide by the total volume, V , of the ag-
gregate. The radius of the volume-equivalent spheres aV of the
aggregate is given by:

aV = (NBGa3
BG+NVSGa3

VSG)1/3, (3)

where NBG and NVSG are the number of BGs and VSGs, re-
spectively, and aBG = 60 nm and aVSG = 3.5 nm are their radii.
We then normalise Cabs/V to Csph

abs/V
sph, where Csph

abs is the ab-
sorption cross section and Vsph is the volume of one BG form-
ing the aggregate as per Köhler et al. (2011). This normalisa-

Dust coagulation in dense clouds
• In dense environments: cold clouds, pre-stellar cores, protoplanetary disks

• Coagulation time for a mixture of grains : [Draine+85, Stepnik+03]

n1 : number density of grain 1 
𝜐1/2 : relative velocity between the two grains 

σ1/2: coagulation cross section: σ1/2 = π × (a1 + a2)2

• The time for coagulation is rapid 
⇒ grain have time to coagulate 
before cloud collapse and star 
formation (in ~ 106-107 years)

tcoa =
1

σ1/2n1υ1/2

26

[Köhler+12]

Molecular cloud with nH = 4x103 cm-3 and a relative velocity of 0.1 km/s
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Dust coagulation in dense clouds

K. Demyk, Les poussières, de la troposphère au milieu interstellaire, Les Houches, 24-28 mars 2014
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N. Ysard et al.: Evolution in dust properties in a dense filament of the Taurus molecular complex (L1506)

Fig. 3. Left: Brightness map of the filament at 250 µm. The rectangles show the positions of the four cuts of Table 2 (green is the
first one, blue the second, magenta the third, and yellow the fourth). Right: Extinction map AV at 0.55 µm calculated from 2MASS
data for RV = 3.1.

were obtained for the same outer radius, irrespective of which
kind of grains were considered. Consequently, we only show the
results for those Rout values, which are 0.3 pc for the first cut,
0.4 pc for the second cut, 0.32 pc for the third cut, and 0.2 pc for
the fourth cut.

6.1. DHGL

First, we assume that the grain size distribution and optical prop-
erties in the dense filament are the same as the diffuse ISM. To
mimic that, we attempt to fit the brightness profiles with cylin-
ders filled with DHGL populations (see Sect. 4.2). The best-
fitting models are shown in Fig. 5, where it can be seen that
the brightness profiles cannot be reproduced with DHGL popu-
lations for cut 1, 2, and 3. The emission profiles corresponding
to the best-fitting models are within the error bars of the five
Herschel emission profiles for only cut 4 (Fig. 5s-w), which,
as can be seen in Fig. 3, has the lowest density of any of the
cuts. However, the extinction profile corresponding to this best
fit model is a factor of 6.1 higher than the 2MASS extinction
profile calculated for RV = 3.1, the typical value for dust in
the diffuse medium (Fig. 5f, l, r, x). Factors of 4.4, 5.5, and 3.8
are found for cuts 1, 2, and 3. Indeed, the fitting of the bright-
ness profiles requires high gas densities for the grains to be cold
enough not to emit too much in the PACS 70 µm spectral band,
leading to extinction values always higher than the 2MASS ex-
tinction. That means that the grain optical properties are not the
same as the diffuse ISM. The grains have to evolve from the dif-
fuse to the dense medium; this also applies to the relative abun-
dance of the small grains (both large (LamC, aSil) and small
grains (SamC) contribute to the emission at 70 µm).

To ascertain that this result does not depend on the choice of
dust model, we repeated the fitting using the dust properties de-
fined by Draine & Li (2007) for the diffuse ISM. This model is
made of a mixture of amorphous silicates, graphite, and interstel-
lar PAHs. Using this second dust model, we find similar results;
that is, it is not possible to fit all the emission and extinction pro-
files simultaneously. We also considered the case of modelled
cylinders with inclination angles of 10, 20, 30, and 40◦, which
did not permit to fit the data either. Consequently, we definitely
exclude the possibility that the dust in L1506 is similar to that
found in the diffuse ISM.

6.2. Aggregates

As it appears that the grain properties have to vary from the dif-
fuse surroundings of the filament to its centre, we model cylin-
ders filled only with aggregates, which range from compact to
porous grains containing 10, 25, or 40% of voids. These aggre-
gates are a mixture of all the dust populations of the DHGL
model (Compiègne et al. 2011). In this case, we assume that
all the grains are already evolved inside the filament, which no
longer contains small grains, since they have already been in-
corporated into the aggregates. The best-fitting models are dis-
played in Fig. 6. The five brightness profiles of cut 1, 2, and 4 can
be well reproduced with those aggregates. For cut 3, the SPIRE
500 µm brightness profile cannot be fitted by any of the aggre-
gates tested here. Our best-fitting model for this cut leads to an
overestimate of the emission at 500 µm by a factor of 1.3-1.4
depending on the aggregate type. In Fig. 6f, l, r, x, the extinction
profiles corresponding to these best-fitting models are compared
to the 2MASS extinction profiles calculated with RV = 3.1 and
5.5. Only the extinction profile of the second cut is well fitted
by a cylinder filled with compact aggregates. For the other cuts,
as the aggregates cool efficiently, the fits of the submillimetre
emission require densities that are too low to explain the 2MASS
visual extinction by factors of 1.5 to 2.5, 1.3 to 2.0, and 1.5 to
2.6 for cut 1, 3, and 4, respectively, and for compact to porous
aggregates with 40% of voids, respectively. Thus, considering a
filament with an inclination angle of 10, 20, 30, or 40◦ does not
permit to fit the data either. This means that for at least three of
the four cuts the grain properties have to vary inside the dense
molecular part of the filament.

6.3. Evolution across the filament

The results of the previous sections indicate that the grain prop-
erties need to vary as a function of position within the filament,
especially in its dense centre. In this case, we assume that DHGL
populations are present in the outer layers and that the grain
properties no longer correspond to DHGL but instead to aggre-
gates above a given threshold density. We choose to represent
this threshold by a step function to keep a reasonable number
of free parameters. Thus, the value of the threshold density sim-
ply tells above which density the aggregates dominate the dust
mass. This threshold density, nT , is a new parameter and we test

5

Extinction map (2MASS)Brightness map at 250 µm (Herschel)

• Herschel map of the filament L1506 in the Taurus 
• Modelling of the emission along several cuts across the filament 
• Aggregates are needed to reproduced simultaneously the extinction 
and emission data  

• Dust opacity at 250 µm is raised by 1.8-2.2 
• Grain size increases by a factor 5

DISM dust Aggregates
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Evolution of carbon dust: the AIB
AIBs/ band classification 

Peeters et al. 2002, A&A 390, 1089; van Diedenhoven et al., 2004, ApJ 611, 928 
 

* 6-9 µm range 
Æ A: HII regions, Herbig Ae/Be 
stars, reflection nebulae 
Æ B: Planetary nebulae, 
Isolated Herbig Ae/Be stars, 
Post AGB 
ÆC: Evolved stars, Post AGB 

 
* 3.3 and 11.2 µm bands 
ÆA: in general correlate with 
other A bands 
Æ B (C) more complex 

 
 
 
 
 

[van Diedenhoven +2004]

• A (the most common) : HII regions, Herbig 
AeBe stars, reflexion nebula, post-AGB 
stars, PPNs, extragalactic sources 

• B: Some isolated Herbig AeBe stars, AGB 
stars, and PPNs 

• C: Some post AGB stars and young PPNs

• The AIBs are sensitive to the radiation field 
⇾ change of the ionisation state & size of 
the carriers 
• ⇒ band ratios are diagnostics of the 
physical conditions of environments and 
of its chemical evolution, see [Galliano+18]  
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Evolution of PAHs
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[Berné +2007, 2010]

• High radiation field: photo-destruction of VSGs & production of PAHs, ionisation of PAHs 
• Possible release of small hydrocarbons from PAHs destruction [Pety +2005]

29

NGC 7023

reflexion nebulae


(Spitzer)
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Evolution of the AIBs

30

Orion Bar

Adapted from the JWST ERS project « Radiative feedback from massive stars as traced by multi band 
imaging and spectroscopic mosaics » PI O. Berné, E. Habart, E. Peters
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Predicted spectra Predicted spectra



Evolution of hydrocarbon dust

31

The Astrophysical Journal, 770:78 (13pp), 2013 June 10 Chiar et al.

Diffuse ISM

H-interaction

UV

small 
hydrocarbons

(CCH, 
c-C3H2,C4H)

Aromatic Soot

Dense Cloud
Soot with ice layer

C60

free-flying PAHs

a-C:H
surface layerBasic Building Blocks

Stellar Ejecta

Figure 4. Soot injected by C-rich asymptotic giant branch stars has a highly aromatic character with large graphene sheets stacked into nano grains. Processing by
H atoms and UV photons in the ISM quickly produces a thin (∼10 Å) surface layer of a-C:H material in diffuse interstellar clouds. In dense clouds, this a-C:H layer
is lost by photolysis. Shattering by grain–grain collisions in strong shocks in the warm intercloud medium produces free-flying PAH molecules. This shattering is
counteracted by clustering in dense cloud environments. Shocks and UV photolysis in the ISM will fragment these PAHs into small hydrocarbons and/or isomerize
them into very stable fullerene molecules. Figure adapted from Jones (2009).
(A color version of this figure is available in the online journal.)

(Draine 2003). Assuming that all sp3 carbon is in aliphatic CH2
or CH3 groups, the derived sp3/sp2 fraction is 0.05. These num-
bers are in reasonable agreement with the values derived here
for the Galactic center sources (Tables 1 and 2). Dartois et al.
(2007), in their pioneering study of interstellar carbon grains,
focused on observations of the ULIRG IRAS 08752+3915 and
had only upper limits for the aromatic CH and the sp2 com-
ponent. Hence, they were forced to use indirect constraints to
locate interstellar grains in this source on the ternary plot. These
constraints were based upon an evaluation of the structure of
a-C:H in terms of random covalent networks. Essentially, this
boils down to assuming that the structure of interstellar carbon
dust resembles that of hydrogenated amorphous carbon and con-
sists of small aromatic domains connected by aliphatic (and/or
olefinic) chains (Jones 1990, 2012a). As our analysis shows, the
aromatic H/C ratio and the aliphatic/aromatic-C ratio are very
small and, consequently, the aromatic domains are actually very
large. Indeed, it has been well recognized that the observed low
H/C fraction forces us to conclude that the structure of inter-
stellar carbon dust consists of large aromatic moieties connected
by small aliphatic chains (Pendleton & Allamandola 2002) and
our analysis presents further observational underpinning of this
notion.

The analysis of the IR absorption bands due to interstellar
carbon dust represent an average of the dust along the sightline.
We recognize, however, that the observed profile of the inter-
stellar 3.4 µm band with its detailed substructure dominated by
CH2 and CH3 groups in a ratio of "2 (Sandford et al. 1991;
Pendleton et al. 1994) is indicative of hydrogenated amorphous
carbon, a-C:H, characterized by a relatively high H/C ratio
("0.5). As this inferred microscopic H/C ratio of the material
carrying the interstellar 3.4 µm band is much higher than the
average H/C ratio derived from our analysis, this is indicative
of a two (or even multi) component mixture in a ratio of about
1:3. In principle, these components could be fully independent.

However, we envision the a-C:H as a mantle on top of pure
aromatic carbon grains. This core–mantle structure is a natu-
ral consequence of the processing of carbon stardust grains by
thermal H atoms, UV photons and/or interstellar shocks in the
ISM. We discuss this in some detail in Section 5.

5. EVOLUTION OF CARBON DUST IN THE ISM

Figure 4 (adapted from Jones 2009) summarizes the evolu-
tion of interstellar carbon dust and the processes that play a role
therein. Carbon-rich asymptotic giant branch (AGB) stars inject
highly aromatic carbon stardust into the ISM. In the ISM, this
carbon stardust is processed by UV photons and thermal H atoms
in diffuse clouds and by implanted protons/H atoms in shock
waves, creating a thin surface layer of hydrogenated amorphous
carbon material. In shock waves, besides H-implantation, dust
will also be sputtered, losing some surface atoms, and shattered
through grain–grain collisions, forming PAH molecules. The
latter process can be counteracted by coagulation of PAHs in
dense clouds. PAH molecules are also lost through UV pro-
cessing leading to cages, rings, and small (hydro)carbon chains
as well as possibly to C60. Depending on the kinetics involved,
PAHs may grow through reactions with carbon species. In dense
clouds, carbon dust will acquire ice mantles which are quickly
removed through photodesorption in the diffuse ISM or through
sputtering in frequent, weak shocks. We will discuss each of
these aspects in more detail below.

As discussed below, this model for the origin and evolution
of interstellar carbon dust will lead to a core–mantle structure
where the core consists of aromatic carbon and the surface
is hydrogenated. Alternatively, one could consider a model
where the two interstellar carbon dust components derive from
distinct stellar sources—the main one, C-rich giants producing
fully aromatic carbon dust in the low-temperature window (see
Section 5.1), with a minor contribution to the interstellar carbon

6

Chiar et al. 2013

See also Goto+2003, Carpentier+2012

Hydrocarbon evolution through the ISM

evolved star / ISM accretion

 a-C:H formation

diffuse ISM 

aromatisation 
PDRs / HII regions 

photon-induced fragmentation, …

H-rich, aliphatic-rich
aromatisation - aliphatic to aromatic conversion

by photon-induced and thermal annealing

ANNEALINGANNEALING

‘‘DISOLUTIONDISOLUTION’’

PHOTO-DISSOCIATIONPHOTO-DISSOCIATION

           CCH

      c-C3H2

         C4H

(Pety et al. 2005) 

re-accretion / re-formation
low-density aromatic-rich hydrocarbons 

dis-aggregate into free-flying aromatic radicals 

and the ‘bridging’ hydrocarbons

Ant Jones, IAS, Orsay, 2008
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Dust evolution: summary

32

• Dust properties change along the life cycle of the ISM 

• Grains are destroyed in shocks 
• the size distribution changes 
• the ISM is enriched in molecules and heavy elements 
• this suggests that dust grains must be formed also in situ the ISM  

• In dense clouds, protostars and protoplanetary disks grains coagulate 
• the size distribution changes 
• a complex chemistry occurs on grain surfaces and in ice mantles 

• This complexity is partly inherited by the new stellar systems 

• Carbonaceous dust composition, structure and ionisation state changes with the interaction 
with UV photons as well as with the interaction with gas

K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021



Modelling dust 
extinction and 

emission
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Modelling the extinction
I(λ) = I0(λ) × e−τ(λ)

Io Iλ
Observer

𝓁
τ(λ) = ∫ kext(λ)dl

kext = Cext × n = (Cabs + Csca) × n Qext =
Cext

σgr
=

(Cabs + Csca)
σgr

n : number density of dust (cm-3) 
N : column density of dust (cm-2) 
𝜎gr : geometrical cross section of 
the grains (cm2)

τ(λ) = lkext = NCext = σgrNQext

34

kext, Cext, Qext, 𝜅ext contains the information on the dust properties

κext =
Cext

Vgrρgr

Extinction 
coefficient (cm-1)

Extinction cross section (cm2) Opacity or mass extinction 
coefficient (cm2. g-1)

Extinction efficiency
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Modelling the extinction

35

• To calculate the absorption, scattering, emission and polarisation cross sections of the 
grains for each grain population, one needs to understand the interaction of small particles 
with the electromagnetic radiation 

• This interaction is specified by the dielectric function 𝜀 or optical constants m of the  grain 
material:  

• Need to solve Maxwell’s equations with appropriate boundary at the grain surface 

• Solution first formulated by Mie in 1908 for spherical grains [See books from Bohren & Huffman (1988) 
or Van de Hulst (1958)] 

ε = ε1 + iε2
m = n + ik = ε

extinction

coefficient 

refraction

index
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Grains smaller than the wavelength 
• Electric dipole limit (Rayleigh limit) : when the particle size a is ⪡ λ, it experiences an EM field 

nearly uniform. Then : 
Cabs =

4πω
c

Im(α) Csca =
8πω4

3c4
|α |2

αj =
V
4π [ ε − 1

(ε − 1)Lj
+ 1] where Lj is the shape factor,  L1 + L2 + L3  = 1 

• The polarisability has a simple analytical expression for spheres, spheroids and ellipsoids:

where 𝛼 is the electric polarisability of 
the grains, the electric dipole moment 
P = 𝛼E 

• For a spherical grain (Li =1/3) small 
compared to the wavelength : 

36

Cabs =
18πV

λ
ε2

(ε1 + 2)2 + ε2
2

Csca =
24π3V2

λ4

ε − 1
ε + 2

2

• Reasonably simple expression also exists for spheroids  
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Extinction as a function of size: spherical grains
• When the particle size a ≈ λ, we have to use different methods to calculate Cabs and Csca 
• If the particles are spherical we can use Mie Theory (many public codes exist) 

37

• for a ⪡ 𝜆,  the absorption and scattering properties do not depend on the dust size  
• for a ≈  𝜆 the absorption and scattering properties depend on the grain size

Grain size: 10 nm 500 nm
Qsca

Qext

Grain size (µm): 

0.05 

0.1

0.2

0.5

Qsca/a

Qext/a

1

2

3
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silicates

Extinction cross section of aggregates    
• If the particles are not spherical or if grains are aggregated, calculation are more complicated. Different 

methods are used such as DDA [Draine & Flatau 2010], T-Matrix [Mischenko+1996]. Some codes are public.

38

[Stognienko+95]

• Each theory has its own limitations 

• Complex dust grains in term of composition and 
structure can be treated with effective medium 
theories (EMTs):  
• core-mantle grains  
• composite grains with inclusions 
• aggregates of grains of different compositions 

(approached method) 
• [see eg. Min+2008]
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Dust properties: heating & cooling

• Grains are heated by:  
• absorption of a photon from the radiation field  
• collision with atoms, electrons, cosmic rays, grains 
• energy delivered by chemical reactions at grains surface 

• Radiative heating is the most important in the ISM because of the large energy density of starlight 
(~ 0.5 eV/cm3) and the high opacity of grains to starlight 

• Grains cool down via: 
• emission of a photon 
• collision with cold atoms and molecules 
• ejection of electrons, atoms or molecules from the surface 

• Radiative cooling is dominant
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32 Draine

Figure 13: A day in the life of 4 carbonaceous grains, heated by the local interstellar radiation
field. τabs is the mean time between photon absorptions (Draine & Li 2001).

Dettmar 1994). The rotational emission from this grain population has been es-
timated by Draine & Lazarian (1998a,b), who showed that it could account for
dust-correlated microwave emission that was discovered by Kogut et al. (1996a,b)
in studies of the angular structure of the cosmic microwave background.

The theoretical estimate for the rotational emission, plus the low-frequency
tail of the vibrational emission, is shown in Figure 16. Figure 16 also shows
results from a number of observational studies – some over large areas of the
sky, others over smaller regions. Finkbeiner et al. (2002) detect dust-correlated
microwave emission in pointed observations of a dark cloud (L1622) and toward
LPH 201.663+1.643, a diffuse HII region behind heavy obscuration. Most re-
cently, Finkbeiner et al. (2003a) use 8 and 14 GHz surveys to map the anomalous
microwave emission from the Galactic plane.

With the exception of the observations toward LPH 201.663+1.643, the ob-
served microwave emission appears to be generally consistent with the theoretical
prediction for emission from spinning dust grains.

The observed microwave emission from LPH 201.663+1.643 is, however, an
order of magnitude stronger than would be expected from the observed column
of dust. While the rotational emission from spinning dust grains does depend
on environment Draine & Lazarian (1998b), it does not appear possible to ex-
plain the strong emission observed in this direction using reasonable variations
in environmental conditions.

10.2 Magnetic Grains?

Although rotational emission from spinning grains is a natural prediction for a
dust model with large numbers of small grains, other emission mechanisms are

Dust temperature
•  Stochastic heating induced by the absorption of photons of the ISRF

• Small grains absorb fewer photons than large 
particles 

• Small grains reach higher temperature than large 
grains 

• Small grains exhibit higher temperature 
fluctuations than larger ones 

• Big grains have a constant temperature 
• Big grains in the ISM are cold : 10-100K
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Planck collaboration: All-sky model of thermal dust emission
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Fig. 9. All-sky maps of the parameters of the MBB fit of Planck 353, 545, and 857 GHz and IRAS 100 µm data. Upper: optical depth
at 353 GHz, ⌧353, at 50 resolution, displayed logarithmically (the range shown corresponds to �6.5 < log10(⌧353) < �3). Middle:
observed dust temperature, Tobs, at 50 resolution, in kelvin. Lower: observed dust spectral index, �obs, at 300 resolution.
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 All sky Planck observations [Planck Collaboration 2013]
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Modelling grains emission: the big grains

Bν(T) =
2hν3

c2

1
e(hν/kT) − 1

Iν ∝ Bν(T) × κν

• Assuming:  
• the medium is optically thin 
• grains in thermal equilibrium 
• no temperature gradient on the line of sight  

• the emission may be modelled with the Modified Black Body model: 

with :

• Kirchoff law ⇒ at thermal equilibrium, emitted power = absorbed power  ⟺  𝜖 ∝ 𝜅abs

41

• ISM big grains have T ≾ 100 K ⇒ emit in the FIR/mm domain 
• In the FIR/mm, semi-classical physical models assume an asymptotic behaviours  :   
with:  
• 𝛽 = 2 from Lorentz model 
• 𝛽 = 1-2 for phonons model

K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021

κλ = κλ0( λ
λ0 )

−β



Variation of grain emissivity in the ISM
Planck Collaboration: PGCC catalogue

Fig. 1. All-sky distribution of the PGCC sources: 13188 Galactic clumps (black dots), plus 54 Large Magellanic Cloud
(LMC) and Small Magellanic Cloud (SMC) clumps (grey dots) . The source distribution is overlaid on the 857GHz Planck
map, shown in logarithmic scale between 10−2 to 102 MJysr−1.

Galactic emission components. With its high sensitivity
and wide wavelength coverage, Planck is providing all-
sky maps of the thermal dust emission and, in particular,
of the emission arising from cold dust. Because cold dust
is mainly associated with dense regions within molecular
clouds, these observations are relevant for studies of the
early phases of star formation, in particular to explore how
star formation depends on the physical conditions provided
by the parent cloud. To this end, it is necessary to investi-
gate the spatial distribution and physical properties of dense
clumps in different Galactic environments, and this objec-
tive can be attained only by extended surveys, which can
cover the full range of scales encompassed by the star for-
mation process, i.e., from subparsec to several kpc.

During the past decade, new insights on the study of
cold sources have been provided by sophisticated numerical
modeling and by the development of sensitive millimetre
and submillimetre detectors, operating both from space and
from the ground, and with both imaging or spectroscopic
capabilities (e.g., Sect. 1 in Planck Collaboration XXIII,
2011). By combining the highest frequency channels of the
Planck survey (353–857GHz, 350–850µm) with the far-
infrared IRAS (Neugebauer et al., 1984) data, and by ap-
plying a dedicated source detection method, which lever-
ages on the cold sources spectral signature, we can obtain
an all-sky census of the Galactic coldest objects. In partic-
ular, the method of Montier et al. (2010) makes it possi-
ble to separate cold and warm dust emission components,
and to derive the physical properties (flux density, size of
the emitting region, temperature) of the cold component.
Furthermore, Planck has provided the first uniform submil-
limetre surveys that cover both the Galactic plane and re-
gions at intermediate and high latitudes, which allows us

scientific consortia funded by ESA member states and led by
Principal Investigators from France and Italy, telescope reflectors
provided through a collaboration between ESA and a scientific
consortium led and funded by Denmark, and additional contribu-
tions from NASA (USA).

to expand the physical parameter space probed by the pre-
viously known cold sources. The Planck detected sources
span a broad range of temperature, mean density, mass, and
size. The most compact and nearby sources have a linear di-
ameter of ∼ 0.1 pc. At large distances, though, and because
of the limited instrument resolution, many sources have an
intrinsic size of tens of parsec. More importantly, the av-
erage Planck cold clump, with a linear diameter of 1 pc,
is typically characterized by the presence of sub-structures,
each corresponding to individual cores, as revealed by the
Herschel follow-up (Juvela et al., 2010, 2011, 2012; Planck
Collaboration XXII, 2011; Montillaud et al., 2014 submit-
ted). The Herschel observations also highlighted that the
Planck sources likely correspond to different evolution-
ary stages, with half of the targeted fields showing signs
of active star formation, as indicated by the presence of
mid-infrared point sources. In addition, the Herschel high-
angular resolution has allowed us to shed light on the fila-
mentary nature of a substantial fraction of Planck clumps
and has evidenced that, in one case out of ten, the clumps
have a cometary shape or a sharp boundary indicative of
compression by an external force (Juvela et al., 2012).

As part of the first Planck data release, the sample of
the most robust Planck detections has been already de-
livered to the astronomical community. This Early Cold
Clump sample (ECC) included 915 Planck cold clumps (at
T < 14K) that are distributed over the whole sky (Planck
Collaboration VII, 2011; Planck Collaboration, 2011). We
are now providing the entire catalogue of cold sources, i.e.,
the Planck Catalogue of Galactic Cold Clumps (PGCC),
based on the full Planck 2014 data release over the all-sky
and shown in Fig. 1.

In this paper, we describe the generation and content of
the PGCC catalogue. A detailed analysis of the cold source
population contained in the catalogue will be presented in
forthcoming papers. In Sect. 2 we describe the data as well
as the source detection and extraction method. In Sect. 3
we discuss the generation of the catalogue, including the

2

[Planck 2015 XXVII]

• Planck: 13188 Galactic Cold Cores: 
• Herschel-PACS/SPIRE: 136 cores mapped [Juvela+12]

A&A 584, A94 (2015)

Fig. 16. Modified blackbody fits in field G300.86-9.00 using the combination of Herschel and Planck data. The uppermost frames show the fitted
intensity at 250 µm, and the colour temperature and spectral index maps. The relative residuals (observation minus model, divided by model
prediction) are shown in frames d) and f) for the Planck bands of 353 GHz and 217 GHz. Frame f) shows the median residuals for the three
Herschel bands (red symbols) and the four Planck bands (blue symbols). The lower dotted line corresponds to twice the default CO correction.
The error bars correspond to the median error estimate of the surface brightness over the map.

are at a level of one per cent and do not show a strong pattern
that would be directly related to the column density structure.
However, in the 353 GHz band (850 µm) and especially in the
217 GHz band (1380 µm) the residuals are clearly positive (see
frames d and e). In this case, a single modified blackbody that
fits 250 µm–550 µm data is not a good description of millimetre
emission. The lower curve corresponds to the larger CO correc-
tion that is twice the default correction (i.e., assumes line ratios
(2–1)/(1–0) = 1.0 and (3–2)/(1–0) = 0.6, in units of K km s�1). In
the field G300.86-9.00, this would be su�cient to make residuals
consistent with zero. However, over the area covered by SPIRE
maps, Planck Type 2 CO maps indicate a line ratio of ⇠0.4 (a
least squares fit gives a slope of 0.39 and the direct ratio of the
two maps gives 0.44 for the average of all pixels and 0.41 for
the brightest pixels in the fourth quartile of W(1�0)). The ratio
is thus lower than the assumed default ratio of 0.5. This sug-
gests that the true residuals might be even slightly larger than
indicated by the upper curve of Fig. 16f.

4. Discussion

4.1. The main results and their robustness

Table 2 summarises some of the main conclusions of our anal-
ysis: (i) � values within the fields are larger than the average
value at larger scales (see Fig. 3); (ii) the � values are smaller
when the fits are extended to 217 GHz; and (iii) the inclusion of
PACS 160 µm data results in higher � values than an analysis
using the SPIRE bands only. The first two facts are likely to re-
flect real physical changes, such that high density regions exhibit
with steeper emission spectra. On the other hand, the di↵erence
between the SPIRE and SPIRE+160 µm results may indicate the
presence of small systematic errors.

Table 2. Median values and 1� scatter of T and � calculated for all
fields.

Data T (K) �
IRIS + Planck, FWHM = 300 16.92(1.36) 1.71(0.10)
IRIS + Planck, no. 217 GHz 16.03(1.31) 1.84(0.11)
IRIS + Planck, with 217 GHz 16.43(1.59) 1.75(0.13)
SPIRE 14.89(1.25) 2.04(0.16)
SPIRE + 160 µm 17.46(2.09) 1.68(0.15)
SPIRE + Planck, with 217 GHz 14.93(1.16) 2.03(0.12)

Notes. In each field, the estimates correspond to spatial averages over a
FWHM = 100 beam or, in the case of first row, FWHM = 300. The values
in parentheses indicate the 1� scatter between the fields.

Figure 3 showed that there is a clear di↵erence between the
100 and 300 scales. Because the larger beam also covers di↵use
regions around our target clouds, this already suggests that � is
correlated with column density. More direct evidence of depen-
dence between dust temperature, column density, and spectral
index is provided by the maps presented in Appendices B–D. In
Fig. 3, � values were ⇠0.1 units lower when the 217 GHz band
was included in the fits, the exact value depending on the relative
weight given to the di↵erent bands. In Sect. 3.5 and Appendix D,
the 217 GHz residuals are seen to be clearly positive with only
a few exceptions. The wavelength dependence of � is examined
further in Sect. 4.4.

The T and � maps were estimated with Planck data
(Appendix B), with Herschel data (Appendix C) data, and with
joint fits of both Planck and Herschel data (Appendix D). The
anti-correlation between T and � cannot be the result of pure sta-
tistical noise because that would not result in spatially correlated
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Fig. 25. Spectral energy distributions based on surface brightness averaged over fields and over 100 beams towards the centre of each field. Frame a)
corresponds to the average over all fields, frame b) to averages over fields below (blue) and above (red) the median column density, and frame c)
to averages over fields below and above the median temperature. The dotted lines are long-wavelength extrapolations using �FIR. At 217 GHz the
lower points (without error bars) correspond to data that have been corrected assuming a line ratio of (2–1)/(1–0) = 1.0 and thus with twice the
default CO correction.

a single dust temperature but two spectral index values. The de-
rived parameter values are given in the figure. For signal aver-
aged over all fields, the spectral index values are �FIR = 1.91 and
�mm = 1.66. Compared to a fit with a single � value (17.0 K and
� = 1.72), the reduced �2 value is smaller by a factor of three.
When fields are divided according to column density, higher col-
umn density fields are associated with slightly lower dust tem-
perature, �T = 0.4 K. The values of �FIR are practically identical
for the two column density intervals but �mm is 0.07 units lower
for the lower column density sample.

When the fields are divided based on their colour tempera-
ture, di↵erences in the spectral index are more noticeable. The
average signal of cold fields has �FIR that is higher by ⇠0.1. The
data are averaged over 100 beams and, for both samples, over
almost 60 fields. Thus the noise should be very small although
the results can be a↵ected by systematic errors if these cause
scatter between the T and � estimates of individual fields. The
zero point errors are one such possible error source although, by
concentrating on high column density central areas, their e↵ect
should be limited. Compared to �FIR, the parameter �mm should
be more insensitive to T errors but it also shows a clear di↵er-
ence, �mm being 0.12 unit higher for the cold field sample. This
is not necessarily very significant, considering the limited wave-
length range. On the other hand, the 217 GHz point is in every
case several � above the spectrum extrapolated with �FIR.

The CO correction is one of the main uncertainties regarding
the magnitude of the 217 GHz excess. Our default correction
assumed a line ratio (2–1)/(1–0) = 0.5, which is consistent with
the average line ratio obtained from Planck Type 1 CO maps (see
Fig. 2). In reality the line ratio is not spatially constant and could
be higher in individual clumps. To examine the possible conse-
quences, we repeated part of the analysis using CO corrections
that were twice as large as the default one. This corresponds to
line ratios TA(2–1)/TA(1–0) = 1.0 and TA(3–2)/TA(1–0) = 0.6.
According to Fig. 2, this is a very conservative estimate of the
average (2–1)/(1–0) ratio and also exceeds the largest observed
values of the (3–2)/(2–1) ratio.

If the CO correction is doubled, the 217 GHz residuals of
Fig. 25 remain positive relative to the extrapolated FIR com-
ponent with �FIR. The excess is ⇠1 sigma for the whole sample,
more for the low column density sample and close to zero for the
high column density sample. In Fig. 25 the comparison also is

a↵ected by spatial averaging that (via temperature mixing) tends
to decrease the value of �FIR. We therefore also repeated the anal-
ysis of Sect. 3.5 (spatial resolution ⇠50 at 217 GHz) using the
larger CO correction. Figure 26 shows the resulting T and � es-
timates and the 217 GHz excess (observed surface brightness in
relation to the fitted modified blackbody with a single-� value).
The values of � again are higher in regions of higher column
density. The di↵erence is larger in case of the larger CO correc-
tion. There also is a clear e↵ect on T and � values. The larger
correction leads to almost 0.1 units higher median value of �.
The CO correction directly reduces the 217 GHz surface bright-
ness attributed to dust emission and thus leads to smaller relative
217 GHz excess. The excess is smaller within the high column
sample, in spite of the higher � values in these regions. The ob-
served surface brightness exceeds the fitted modified blackbody
curve in ⇠75% of the fields. Taking into account that the larger
CO correction very likely overestimates the average CO contam-
ination, Fig. 26 strongly suggests that the 217 GHz excess is real
and �FIR > �mm.

Although the apparent values of �FIR are higher, they are
expected to be decreased by line-of-sight variations, which are
significant in such high column density regions (see Sect. 4.5).
This suggests that the intrinsic dust properties may have an even
stronger wavelength dependence. Also, in the two component
fit the exact values of � depend on the pivot wavelength. If this
is decreased, the results remain qualitatively similar but values
of �FIR decrease and values of �mm increase. For the �0 = 700
! 490 µm the di↵erence between �FIR and �mm decreases by
more than half. Detailed characterisation of the wavelength de-
pendence, including the behaviour at smaller spatial scales, is
left for future papers.

4.5. Effects of temperature variations

The observed � depends on the range of dust temperatures within
the beam. The observed value will be below the intrinsic opacity
spectral index of the dust grains, the di↵erence increasing with
increasing temperature dispersion (Malinen et al. 2011; Ysard
et al. 2012). In our sample, we have objects with two types
of temperature gradients: externally heated clumps and cores
heated internally by young stellar objects (YSOs). We examined
the e↵ect of YSOs using the catalogue of submillimetre clumps
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Fig. 22. As previous figures but with colours indicating the Galactic
latitude. The blue, green, and red symbols correspond to |b| < 5�,
5�  |b| < 20�, and |b| � 20�, respectively. The crosses indicate the
corresponding median values.

Fig. 23. Spectral index values as function of Galactic longitude and lat-
itude. Values are calculated using Planck and IRIS data. The blue sym-
bols correspond to the average surface brightness in the entire fields.
Red symbols correspond to the subset of pixels with ⌧(250 µm) =
(2.0 ± 0.5) ⇥ 10�3.

field, T and � are indicated for pixels ⌧(250 µm) = (2.0 ± 0.5) ⇥
10�3. Above the lowest latitudes, these are above the average
column density and have higher values of �. The median values
are 1.81 and 1.88 for all the pixels and for the ⌧(250 µ) ⇠ 2 ⇥
10�3 pixels, respectively. The di↵erence disappears below |b| ⇠
4�, because the average optical depth rises to and above 2 ⇥ 10�3.
The latitude dependence can indicate a change in dust properties.
However, at low latitudes local star-formation and the long lines-
of-sight may increase temperature variations within the beam,
thus decreasing the apparent values of �.

There is no clear dependence on Galactic longitude, although
the values for l = 0�10� are marginally above the average. We
do not see the strong systematic increase of � towards the in-
ner Galaxy that was found in Planck Collaboration XI (2014).
Partly this is because that e↵ect is strongest in the Galactic plane,
whereas all our fields are at latitudes |b| > 1� and, furthermore,
within |l| < 30� all are above |b| ⇠ 3�. Secondly, most of our
fields are dominated by emission from within one kiloparsec,
too near to probe physical variations related to, e.g., the Galactic
molecular ring.

4.4. Wavelength dependence of �

In the fits performed with the combination of Herschel and
Planck data, the 353 GHz and 217 GHz data consistently show
an excess relative to the modified blackbody that describes the
emission at wavelengths below ⇠500 µm. In Fig. 5 the relative
excess was larger in di↵use than in the dense medium. This re-
mains true for the joint fit shown in Fig. 16. As mentioned in
Sect. 3.1, this could be related to line-of-sight temperature vari-
ations that decrease the apparent FIR spectral index of dense

Fig. 24. Colour temperature and spectral index fits for surface bright-
ness data averaged over FWHM = 100 beams centred on each of the
116 fields. The data points correspond to values obtained from an anal-
ysis of the IRIS and Planck data (frame a)), and of the SPIRE and
Planck data (frame b)). The cyan symbols represent single component
fits that are restricted to frequencies ⌫ � 353 GHz. The other plot sym-
bols indicate two component fits that employ di↵erent spectral indices
below 700 µm (red symbols) and above 700 µm (blue symbols). The
Planck 217 GHz band is included in these two component fits. The plus
signs indicate median values.

regions. However, the quantification of these e↵ects would re-
quire detailed modelling of the individual sources.

We examined the wavelength dependence of � using aver-
age surface brightness values towards the centre of each field.
As in Fig. 3, the mean surface brightness is calculated with a
Gaussian beam with FWHM equal to 100. Figure 24 shows the
single component fits for two data combinations. These consist
of Planck data with ⌫ � 353 GHz and with either IRIS 100 µm
band or the three SPIRE bands. For the latter combination, the
scatter is larger but the median value of � is in both cases 1.8–
1.9. Alternative fits were performed using two � values, one be-
low and one above �0 = 700 µm. This model thus consists of one
intensity parameter, one colour temperature value, and two spec-
tral index values that are here named �FIR and �mm. The model is
required to be continuous at 700 µm. The Planck 217 GHz band
is included in these fits. In Fig. 24, the two component fits show a
clear di↵erence between the FIR part (�  700 µm) and the mil-
limetre part (217–353 GHz, ⇠850–1400 µm). In the millimetre
part the values are �mm = 1.6–1.7 for both data combinations. At
shorter wavelengths, the median values are significantly higher,
�FIR = 1.96 for IRIS+Planck and �FIR = 2.11 for SPIRE+Planck.

Figure 25 shows the SEDs that are estimated from surface
brightness values averaged over a 100 beam towards each of
the fields. The values are further averaged either over all fields,
over fields with column density below or above the median col-
umn density, or over fields with colour temperature below or
above the median colour temperature. The selection of the fields
is based on values (⌧(250 µm) and T ) derived from the analy-
sis of IRIS and Planck data (⌫ � 353 GHz) but all bands are
included in the fits shown in Fig. 25. As above, the fits employ
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Fig. 22. As previous figures but with colours indicating the Galactic
latitude. The blue, green, and red symbols correspond to |b| < 5�,
5�  |b| < 20�, and |b| � 20�, respectively. The crosses indicate the
corresponding median values.

Fig. 23. Spectral index values as function of Galactic longitude and lat-
itude. Values are calculated using Planck and IRIS data. The blue sym-
bols correspond to the average surface brightness in the entire fields.
Red symbols correspond to the subset of pixels with ⌧(250 µm) =
(2.0 ± 0.5) ⇥ 10�3.

field, T and � are indicated for pixels ⌧(250 µm) = (2.0 ± 0.5) ⇥
10�3. Above the lowest latitudes, these are above the average
column density and have higher values of �. The median values
are 1.81 and 1.88 for all the pixels and for the ⌧(250 µ) ⇠ 2 ⇥
10�3 pixels, respectively. The di↵erence disappears below |b| ⇠
4�, because the average optical depth rises to and above 2 ⇥ 10�3.
The latitude dependence can indicate a change in dust properties.
However, at low latitudes local star-formation and the long lines-
of-sight may increase temperature variations within the beam,
thus decreasing the apparent values of �.

There is no clear dependence on Galactic longitude, although
the values for l = 0�10� are marginally above the average. We
do not see the strong systematic increase of � towards the in-
ner Galaxy that was found in Planck Collaboration XI (2014).
Partly this is because that e↵ect is strongest in the Galactic plane,
whereas all our fields are at latitudes |b| > 1� and, furthermore,
within |l| < 30� all are above |b| ⇠ 3�. Secondly, most of our
fields are dominated by emission from within one kiloparsec,
too near to probe physical variations related to, e.g., the Galactic
molecular ring.

4.4. Wavelength dependence of �

In the fits performed with the combination of Herschel and
Planck data, the 353 GHz and 217 GHz data consistently show
an excess relative to the modified blackbody that describes the
emission at wavelengths below ⇠500 µm. In Fig. 5 the relative
excess was larger in di↵use than in the dense medium. This re-
mains true for the joint fit shown in Fig. 16. As mentioned in
Sect. 3.1, this could be related to line-of-sight temperature vari-
ations that decrease the apparent FIR spectral index of dense

Fig. 24. Colour temperature and spectral index fits for surface bright-
ness data averaged over FWHM = 100 beams centred on each of the
116 fields. The data points correspond to values obtained from an anal-
ysis of the IRIS and Planck data (frame a)), and of the SPIRE and
Planck data (frame b)). The cyan symbols represent single component
fits that are restricted to frequencies ⌫ � 353 GHz. The other plot sym-
bols indicate two component fits that employ di↵erent spectral indices
below 700 µm (red symbols) and above 700 µm (blue symbols). The
Planck 217 GHz band is included in these two component fits. The plus
signs indicate median values.

regions. However, the quantification of these e↵ects would re-
quire detailed modelling of the individual sources.

We examined the wavelength dependence of � using aver-
age surface brightness values towards the centre of each field.
As in Fig. 3, the mean surface brightness is calculated with a
Gaussian beam with FWHM equal to 100. Figure 24 shows the
single component fits for two data combinations. These consist
of Planck data with ⌫ � 353 GHz and with either IRIS 100 µm
band or the three SPIRE bands. For the latter combination, the
scatter is larger but the median value of � is in both cases 1.8–
1.9. Alternative fits were performed using two � values, one be-
low and one above �0 = 700 µm. This model thus consists of one
intensity parameter, one colour temperature value, and two spec-
tral index values that are here named �FIR and �mm. The model is
required to be continuous at 700 µm. The Planck 217 GHz band
is included in these fits. In Fig. 24, the two component fits show a
clear di↵erence between the FIR part (�  700 µm) and the mil-
limetre part (217–353 GHz, ⇠850–1400 µm). In the millimetre
part the values are �mm = 1.6–1.7 for both data combinations. At
shorter wavelengths, the median values are significantly higher,
�FIR = 1.96 for IRIS+Planck and �FIR = 2.11 for SPIRE+Planck.

Figure 25 shows the SEDs that are estimated from surface
brightness values averaged over a 100 beam towards each of
the fields. The values are further averaged either over all fields,
over fields with column density below or above the median col-
umn density, or over fields with colour temperature below or
above the median colour temperature. The selection of the fields
is based on values (⌧(250 µm) and T ) derived from the analy-
sis of IRIS and Planck data (⌫ � 353 GHz) but all bands are
included in the fits shown in Fig. 25. As above, the fits employ
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Modelling big grains emission: cloud mass

Iλ = τBλ(T) =
MdustκλBλ(T)

d−2Ω−1

43

κλ = κλ0( λ
λ0 )

−β
Mdust =

Iλd2Ω
Bλ(T)κλ0

( λ
λ0 )

β

Mdust =
Iλd2Ω

Bλ(T)κλ

• In optically thin medium: 

•The determination of the mass depends on the dust temperature and on the dust opacity

• Assuming: 

•If 𝛽 varies with the temperature and wavelength 
• and if the emissivity (𝜅0) varies in the ISM The mass determination is wrong
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Modelling grains emission: the TLS model
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• Proposed by solid state physicists to describe the low 
temperature behaviour of disorder material  

• Adapted for astrophysical studies by Meny et al. 2007 
• Sum of two different models: DCD and TLS: 

• temperature dependent absorption mechanisms 
• 𝛽 values greater than 2 and  𝛽 variation with λ

κdust = κIR + κDCD + κTLS

100 1000
λ (µm)

UCHII region

[Paradis+14]

1000

• The TLS model is able to reproduce the 
SED of warm and cold regions 
[Paradis+12,14]
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Modelling the AIBs:
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A unified vision of PAH photophysics 

Radiation field 
absorption 

Discrete absorption features in the visible 
Broad absorption in the UV 

emission 

Fluorescence 
Phosphorescence Vibrational emission 

10-12 s - 10-8 s IVR 
10-12 s - 10-10 s 

IR slow 
UV radiation field 

• Modelling of AIB emission requires to 
simulate the spectrum of a family of PAH 
in a given radiation field knowing :  

• the excitation conditions (physical 
conditions, UV) 
• molecular complexity 
• photo-absorption cross-sections 
• vibrational modes  
• IR band positions and widths as a 
function of T

• Detailed physical model very 
time consuming [see eg. Joblin+02, 
Mulas+06] 
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Modelling the AIBs:
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• Other approaches: [eg. Désert+90, Draine & Li 2001]  
• Cabs taken from laboratory measurements (but very few data [eg. 

Joblin+95]) and/or quantum chemical theoretical calculations [eg. 
Bauschlicher 2009] 

• Cabs calculated from the Drude model (classical Lorentz oscillators 
model modified for conducting material to take into account free 
electrons) 

• Cabs calculated from optical constants simulated with the new 
optEC model developed from solid state physical models for 
amorphous hydrocarbon materials [Jones 2012a,b,c] 

• Need to calculate the temperature probability distribution of the 
different species -> need to know the heat capacity of the species 

• Empirical approach:  
• from a combination of templates spectra derived from observations 

[eg PAHTAT toolbox, Pilleri+2010] 

[Draine & Li 2007]
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Modelling dust extinction and emission: summary
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• Modelling dust extinction and emission relies on the 
description of the interaction of matter with light 

• It is necessary to know the physical characteristics 
of the dust : 
• dielectric constants  
• size distribution, shape distribution 
• heat capacity for emission modelling  
• photo absorption cross-section 
  

• These data comes from laboratory astrophysics 
studies of dust analogues

318 T. Henning

4 Measurement of Optical Properties

The description of the interaction of radiation with small particles requires the
knowledge of the frequency-dependent extinction, absorption, and scattering cross
sections Cext, Cabs, and Csca. These quantities depend on the material properties and
the size, shape and agglomeration state of the particles. The fundamental material
properties can be described either by the optical constants m = n + ik or the dielec-
tric function ε = ε1 + i ε2, where ε1 = n2 − k2 and ε2 = 2nk are the relations
for non-magnetic materials. The optical constants are directly related to the phase
velocity and attenuation of plane waves in the material. There are two different
approaches for the determination of the optical properties of particles (see Fig. 3):

1. Calculation of cross sections from optical constants. The optical constants are
usually determined from transmission measurements on thin films or reflection
measurements on bulk materials (strong bands) or transmission measurements

Fig. 3 Different approaches for determining the optical properties of cosmic dust. After [10]

[Henning & Mutschke 2011]
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Cosmic dust models
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From observations to cosmic dust models
• Cosmic dust models are built to interpret observations of various astrophysical environments 

• Many dust models exist, they differ because they consider different:  
• sets of observations used to constrain the dust populations 
• reference abundances 
• grain components: nature, number, size distribution… 

• For each dust components :  
• They provide the optical constants 
• They calculates the extinction cross sections for a given grain shape and size distribution  

   
•These cross sections may be used in astronomical modelling
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Optical constants used in cosmic dust models: 
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• Amorphous carbon 
• Lab data from Zubko et al. 1996 in the MIR-FIR domain for more or 
less hydrogenated material (BE & ACH) 

• a-C(:H) : theoretical calculations (eRCN and DG models) [Jones 2012]

• PAHs : lab data & theoretical calculations for neutral and ionised PAHs

• Optical constants are derived by inversion of : 
• laboratory measurements of spectra of dust analogues  
• theoretical calculations from physical description of dust analogues  
• observational constraints 
• extrapolations

[Guillet+2017]

[Jones 2013] [Jones 2013]
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Optical constants used in cosmic dust models: 
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• astrosilicates :  
• MIR : optical constants constructed from the astronomical observations 
• NIR - UV: experimental data on crystalline silicates  
• FIR: extrapolation 

• Lab data for MgSiO3 and MgSiO4 

• MIR from Scott & Duley (1996) and Day (1981)  

• See the DOCCD and STOPCODA databases on 
the SHAADE portal [Schmitt+2018] for more optical 
constants on silicates : 

• https://www.sshade.eu/db/doccd 
• https://www.sshade.eu/db/stopcoda 
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Cosmic dust models for the DISM
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• DISM environments towards the Sco OB1 association 
• Constraints on extinction and spectra-polarimetry (not 

on emission) 

• Big spheroidal grains of  
• astrosilicates 
• amorphous carbon (Zubko+96 and Jones+12) 
• up to 350 nm, power law 

• VSG (spherical) with Drude profile for the UV bump 
• 0.5 - 6 nm 
•graphite and silicates  

• PAHs with 60 and 150 atoms 

Model from Siebenmorgen et al. 2017: 
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Cosmic dust models for the DISM :
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Extinction cross section per H atom
Dust emission SED

• Constraint on translucent lines of sight (0.5 < Av < 2.5)  
• Adaptation of Compiègne et al. 2011 model : 
• Consider astrosilicates prolate grains with porosity (20%), amorphous carbon inclusions, different size 
distribution

Model from Guillet et al. 2018 (1/2): 
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Cosmic dust models for the DISM
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Polarisation fraction in emission Dust polarized SED
Polarisation cross section per H atom

• Prolate grains are more emissive than oblate grains ⇒ better fit 
of the emission to extinction polarisation data fromPlanck data 

• The addition of a-C in the silicate grains is equivalent to porosity

Model from Guillet et al. 2018 (2/2): 
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Cosmic dust models for the DISM
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• Many sets of extinction and emission observations 
through different DISM sightlines from X-rays to mm 

• Polarisation is calculated in the submm but not used 
to constrain the model 

• Observational constraints and adopted cosmic 
abundances: Hensley & Draine 2020 

Model from Draine & Hensley (2021) (1/2): 
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Cosmic dust models for the DISM
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• Two dust components:  
• astrodust: porous mixture of silicates & carbonaceous 

matter on grain surface 
• PAHs 

• Optical constants build from:  
• observations in the X-ray - VIS domain 
• 300 oscillators in the IR (Lorentz model) 

• Constrained from the silicates and aliphatic bands in 
extinction and polarisation 

Model from Draine & Hensley (2021) (1/2): 
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Cosmic dust models for the DISM
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• Spheroidal grains to reproduce polarisation observations 
• Explore various shape, size distribution and porosity ⇾ more data is needed to lift degeneracy

Model from Draine & Hensley (2021) (1/2): 

Average polarisation through the DISM
Polarisation cross section for various grain shape and size distribution
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Cosmic dust models for the DISM
https://www.ias.u-psud.fr/themis/


[Jones +2013, Köhler +2014, 2015]
THEMIS: The Heterogeneous Evolution Model of ISM Solids 

• Reproduces grain evolution in the ISM: mantle accretion and dust coagulation  
• Core/mantle grain model  
• Mixed solid phases of aromatic carbon (a-C), hydrogenated hydrocarbons (a-C:H) and 

silicates

• Two silicates dust component: amorphous 
enstatite (MgSiO3) and forsterite (Mg2SiO4) with 
Fe and FeS inclusions 

• a-C(:H) : hydrogenated amorphous carbon 
grains with varying optical properties with size 
and surface, calculated from physical models 
[see Jones 2012]
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power law for 
small a-C 

grains

log-normal for big silicate 
and carbon grains
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Cosmic dust models for the DISM

https://www.ias.u-psud.fr/themis/

[Jones +2013, Köhler +2014, 2015]
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Cosmic dust models for the dense ISM

https://www.ias.u-psud.fr/themis/

[Jones +2013, Köhler +2014, 2015]

THEMIS adaptation for the dense ISM: 

60

Q
ab

s,
 Q

sc
a

K. Demyk, ISM of Galaxies from the Epoch of Reionization to the Milky Way, 12-23, July, 2021

https://www.ias.u-psud.fr/themis/


Cosmic dust models for the dense ISM

https://www.ias.u-psud.fr/themis/

[Jones +2013, Köhler +2014, 2015]

THEMIS adaptation for the dense ISM: 
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Coreshine effect [Ysard+2016]
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Some dust models for the DISM
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Constraints from extinction & emission: 
• Draine & Lee (1984) and later versions [eg. Weingartner & Draine 2001,Draine & Fraisse 2009…]: astrosilicates 

& graphite & PAHs 
• Compiègne et al. 2011: astrosilicates & amorphous carbon & PAHs & PAHs+ 
• Zubko et al. 2004: astrosilicates & graphite or amorphous carbon & PAHs & H2O ice and organic 

refractory 
•The THEMIS model [Jones et al. 2013, 2017, Koehler et al. 2015]: lab silicates & a-C(:H) 

Constraints from extinction, emission & polarisation:   
• Siebenmorgen et al. 2014, 2017: astrosilicates & amorphous carbon & PAHs— polarised 

extinction 
• Guillet et al. 2018: astrosilicates & amorphous carbon & PAHs — polarised extinction and 

emission 
• Draine & Hensley (2021): Astrodust + PAHs  — polarised extinction 
•The THEMIS II model [Ysard et al. 2022]: lab silicates at low T & a-C(:H) — polarised extinction 

and emission
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Some dust models for the dense ISM
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Constraints from extinction & emission:   

•Pollack (1994) model: lab silicates, Fe, organic C —molecular clouds and transition disks — 
extinction & emission 

•Ossenkopf et al (1994): lab silicate and amorphous carbon grains, ices - dense protostellar 
cores — extinction & emission 

• Zubko et al. 2004: astrosilicates & graphite or amorphous carbon & PAHs & H2O ice and 
organic refractory 

•The THEMIS model [Jones et al. 2013, 2017, Koehler et al. 2015]: lab silicates & a-C(:H) — 
extinction & emission 
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Cosmic dust models : summary
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• There are many cosmic dust models 

• Their differences are sometimes subtle because many models use the same or partly the same 
observational constraints and dust components.  

• Some criteria to classify dust models:   
• The environment they are supposed to represent: diffuse vs dense medium 
• The observational constraints they consider 
• The adopted description of the dust: empirical (observational) vs physical (measurements on 
cosmic dust analogues or theory) 

• Their capacity to follow grain evolution and to adapt to other astrophysical environments  

• No dust model is unique or perfect 
• But they improve little by little as new observational constraints are available and as new results 
are obtained on dust analogues 
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