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Dust is everywhere

• Gas and dust represent less than 10% of the 
Milky Way mass


• Dust represents ~ 1% of this mass


BUT dust


•  is everywhere

•  is well coupled to the gas

•  is a good tracer of matter


•  has a fundamental role in the evolution of 
astrophysical environments and of galaxies
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Dust and the ISM cycle

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


• 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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How can we determine and study dust properties ?

5
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Observational constraints : 
  

 Extinction 
 Emission 

 Polarization 
Depletion 

Presolar grains 

 Modelling : 

 Cosmic dust models 
 Radiative transfer codes 

 Chemical models 
MHD simulations 

 Experimental data : 

 Synthesis of dust analogues  
 Spectroscopic characterisation  

Simulation of chemical and physical processes 
Astrophysical conditions 
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Observational 
constraints on dust
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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)
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τ(λ) = ∫ kext(λ)dl

Io Iλ
Observer

𝓁θ
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kext : Extinction coefficient (m-1)

Aλ : extinction

τ : optical depth



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
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Rv characterise the extinction curve 

Color excess: 

Total-to-selective visual extinction ratio:

[Li +2007]

500 250 167 125 100
λ (nm)
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Extinction in the mid infrared
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• MIR domain : vibrational transitions ⇒ grain composition

ISO/SWS-LWS - YSO

Dartois+98[Dartois +1998]

Silicates IcesHydrogenated amorphous carbon

Dense ISM - galactic center and 
Seyfert 2 nuclei

Spitzer - diffuse and dense ISM

[Dartois+2004]

[Gordon+2021]



Scattering
• 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
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Crédit : Sharayanan CC-BY-SA 

Rayleigh and Mie scattering phase function

2πa
λ

≈ 1
2πa

λ
≪ 1

2πa
λ

≫ 1



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:  

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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• Kirchoff law ⇒ at thermal equilibrium, emitted 

power = absorbed power  ⟺   𝜅abs ∝ 𝜖

 NH (cm-2) : gas column density 
 Xd : dust abundance 
 Intensity of the ISRF 
 𝜖 (erg.s-1.sr-1.cm-1.g-1) : dust emissivity 



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

grains containing paramagnetic inclusions 

12

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

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

• 𝜆max ~ 0.55 µm ⇒ grain radius ~ 0.1 µm 
• The peak position is sensitive to grain size 
• pmax ~ a few % 
• Correlated to extinction 
• 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

13

[Planck Collab. 2015]

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

[Jenkins 2009, 2013]
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10 %

1 %

[Jones+2000]

D(X) = [Xgas

H ] = log( N(X)
N(H) )obs−log( X

H )ref• Depletion factor: 

[Hensley&Draine+2021]

• Depletion varies from one element to the other 
• Depletion increases with condensation temperature of the elements



X-ray observations
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• Photo-electric absorption edges 
• Gas and dust simultaneously 
• Mg, Fe, Si, Ca, Ti … 
• Chandra, XMM-Newton 
• More data to come with Athena and XRISM 

[Costantini +2019]

[Psaradaki +2023]

[Zeeger PhD 2018]



Pre-solar grains
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• Sample return missions : STARDUST, HAYABUSA, OSIRIS-Rex 
• Interplanetary grains (MIR stations, stratospheric flights) 
• Inclusions in meteorites 
• Micro-meteorites

SNe

Red giants, AGB 
stars, ~1-2 Msol

low mass and 
metallicity AGB 

stars, SN

[Hoppe+2015]

meteorite ACFER 094



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+2011, Weingartner 
& Draine 2001].  

• Log-normal grain size distributions are also proposed for large grains [see the 
THEMIS 1 & 2 dust models from Jones+2013, Ysard+2024]

⇒ 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

17

[Compiègne+2011]
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• grain destruction ⇒ power-law size distribution 
• grain coagulation ⇒ log-normal size distribution



Grain charge
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• Grains charge distribution impacts:  
• properties and propagation of shocks 
• gas-grain coupling 
• surface chemistry 
• grain growth and destruction

• Neutral or positively charged in CNM, WNM 
• Negatively charged in CMM for small grains 

• The charge depends on : 
• grain size  
• grain composition 
• ISM phase (density, temperature) 
• Radiation field 
• cosmic ray ionisation rate

Balance between :  
• ion recombination  
• photo-ionisation 
• electron recombination 

[Ibáñez-Mejía+2019]

silicate grains
carbonaceous grains

T=7000K 
nH = 0.9 cm3 
Gtot = 1.52 
𝜒e = 0.012 
xH2 = 4.6x10-5 

T=70K 
nH = 36 cm3 
Gtot = 0.60 

𝜒e = 1.8x10-4 
xH2 = 0.15 

T=14.4K 
nH = 3.104 cm3 
Gtot = 7.9x10-4 

𝜒e = 9x10-8 

xH2 = 0.99



Modelling the 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 grains (cm-3) 
N : column density of dust grains (cm-2) 
𝜎gr : grain geometrical cross section (cm2) 
Vgr : grain volume (cm3) τ(λ) = lkext = NCext = σgrNQext = Nmgrκext

20

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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¡¡ Cext, Qext, κext refer to an 
individual grain !! 



Modelling the dust extinction
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• To calculate the absorption, scattering, emission and polarisation cross section of the grains, 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:  

• 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
absorption 

index
refraction


index
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• For a spherical grain small compared 
to the wavelength : 

Cabs =
18πV

λ
ε2

(ε1 + 2)2 + ε2
2

Csca =
24π3V2

λ4

ε − 1
ε + 2

2

• Reasonably simple expression also exists for spheroids  

(sometimes called 
extinction coefficient!)



Extinction as a function of size: spherical grains
• When the particle size a ≈ λ, one has to use different methods to calculate Cabs and Csca 
• If the particles are spherical one can use Mie Theory (many public codes exist) 

22

• 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 complex grains    

• If the particles are not spherical or spheroidal 
• If grains are aggregated  
• If grains are complex in term of composition and 

structure : 
• core-mantle grains  
• composite grains with inclusions 
• aggregates of grains of different compositions 

➡ Different methods are used (some codes are 
public):  

• DDA [Draine & Flatau 2010] 
• T-Matrix [Mischenko+1996] 

➡Effective medium theories (EMTs) [see eg. Min+2008]

23

[Stognienko+95]

• Each theory has its own limitations 
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Dust temperature (1/2)
• 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
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Eabs = ∫
∞

0
SgrQabs(ν)π

cuν

4π
dν Eem = ∫

∞

0
SgrQabs(ν)πBν(T)dν

energy absorbed by 
surface unit

power emitted per 
frequency unit

flux per 
steradiangrain surface

grain surface

Eem = Eabs gives Teq

Planck collaboration: All-sky model of thermal dust emission
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15
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2.2
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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]

• 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



Dust temperature (2/2)
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• Big grains have a constant temperature

T ≈
hν

C(T )
≈

hν
3NatkB

• Small grains :  
• absorb fewer photons than larger particles 
• reach higher temperature than larger ones (small 
heat capacity :                    )  

• exhibit higher temperature fluctuations than larger 
ones

C(T ) ≈ 3NatkB

• 30 atoms (~0.5 nm) + <h𝜈> = 8 eV ⇒ T ~ 1000 K 
(eg PAHs)

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

20 nm

10 nm

5 nm

2.5 nm



Modelling grains emission: the big grains

with :

26

• ISM big grains have T ≾ 20-30 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

κλ = κλ0( λ
λ0 )−β
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Iν = Bν(Td)(1 − e−τν) ≈ Bν(Td) × τν

• Medium is optically thin 
• Grains in thermal equilibrium 
• No temperature gradient on the line of sight 

Modified Black Body model: }

Iν ≈ τBν(T) =
MdustBν(T)

d2Ω
κ0( ν

ν0
)β

Iν ≈
Mdust2kTdust

d2Ωc2 ( κ0

νβ
0

)ν2+βIn the Rayleigh-Jeans limit : 

τ(λ) = Nmgrκext



Modelling dust emission : small grains
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hνm > ∫
Teq

0
C(T )dT

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

• Strong temperature fluctuation if 

dT
dt

=
1

C(T ) ∫
∞

0
SgrQabs(ν)πB(T )dν

Eem(ν) = ∫
∞

0
SgrQabs(ν)πB(T )

dP
dT

dT

starting from cooling ashν = ∫
T

0
C(T )dT

[Draine & Li 2007]

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



Modelling dust polarisation
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Polarisation requires alignment of dust grains with the magnetic field 
• Magnetic dissipation 
• Radiative torque alignment (RAT)

Fraction of align dust (in mass) : 

Polarisation cross section : C1,abs, C1,sca, C1,ext: E // Bpos   
C2,abs, C2,sca, C2,ext: E ⊥ to Bpos

Total polarised intensity : 

Polarised intensity depends on  
• Grain alignement  
• Polarisation properties of the grains (composition, shape)

From Guillet+2017, used in DustEm : 

See also 

Hoang & Lazarian 2016

Siebenmorgen+2014

Voshchinnikov+2016



Summary

• Observational constraints : depletion, extinction, emission, scattered light, polarisation 
from X-ray to mm 

• Spectroscopic observations provide information on the dust composition and structure 
• Analysis of presolar grains provide information on dust composition and formation 
site  

• Several components of dust exist: silicates, carbonaceous grains, ices, PAHs 
• 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 ~70% in mass
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Main dust constituents 
and cosmic dust models 
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Silicates : the 9.7 & 18 µm features
• Main dust component : ~ 70 % in mass 
• Mainly amorphous 
• Crystalline and amorphous in circumstellar environments 
• Mostly Mg-rich silicates such as amorphous enstatite (MgSiO3) and forsterite (Mg2SiO4)

31

TOTAL 
Forsterite Mg2SiO4 
Enstatite MgSiO3 

Diopside CaMgSi2O6

CPD56 (PPN, ISO)

}Crystalline silicates

[Kemper+04]

LOS toward the Galactic center (ISO) dense ISM

Amorphous

silicates
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Silicates : composition and structure

amorphe
cristalline

MIR spectrum of MgSiO3 grains

Amorphous 
Cristalline

λ(µm)

Ex
tin
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n 
(a
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itr

ar
y 

un
its

)

pyroxene

olivine
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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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Other large grains
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•SiC

•Oxides : Al2O3, TiO2, MgxFe1-xO

•MgS ?

•TiC?

•The most refractory could be nucleation seeds

•  Difficult to observe because of spectral blending

SiC

L32 C. Ceccarelli et al.: Calcite in IRAS 4

Fig. 2. The 90–100 µm excess, after subtraction of the other known
dust features and continuum, of the planetary nebula NGC 6302 (top)
and the protostar IRAS 4 (middle), compared with the laboratory spec-
tra of calcite and montmorillonite (bottom).

Alternatively, montmorillonite may be responsible for this fur-
ther excess, but given the presence of so many lines in that
range it is impossible to assess the reliability of this suggestion.
We wish to emphasize, however, that montmorillonite alone
would give a much worse fit than that obtained with calcite,
mainly because the montmorillonite feature is too broad with
respect to the observed IRAS 4 excess. Although we cannot ex-
clude that the observed feature is indeed due to a di↵erent car-
rier, calcite with perhaps some montmorillonite (in a quantity
which could be up about 5 times the calcite) seems at present
the best explanation we have for it.

In order to reproduce the observed feature about 8.4 ⇥
10�5

M� (i.e. 27 M�) of calcite, emitting at 23 K, are needed.
This is about 1% of the warm dust mass and 0.01% of the total
dust (cold+warm) of IRAS 4 (with a factor two of uncertainty).
Assuming solar abundances (Ca/H = 2⇥10�6; Snow 1984) and
a dust to gas ratio equal to 1:100, about 40% of Ca is locked
up in the calcite emitting at 23 K. For comparison, KJW2002
found that about 30% of Ca is locked in the calcium-bearing
minerals of NGC 6302 (calcite, dolomite and diopside) and that
calcite represents about 0.3% of the dust mass (see also Kemper
et al. 2002b). The similarity of these values, within a fac-
tor 3, is remarkable and puzzling at the same time, as IRAS 4
and NGC 6302 are such di↵erent sources, with very di↵erent
physical conditions and histories. In carbonaceous meteorites,
calcite represents about 1% (Treiman 1995), which is also the
same order of magnitude that we observe in IRAS 4. Finally,
it is worth to note that on the Earth, where carbonates form ef-
ficiently, the ratio between carbonates and silicates is around
1–2%. Whether this similarity is just a coincidence, or hints to
a common formation mechanism, is impossible to say at this
stage.

5. Discussion and conclusions

As discussed in the Introduction, carbonates in meteorites have
been attributed to aqueous alteration of rocky material. On the
other hand, liquid water being absent in planetary nebulae, it is
very unlikely that the carbonates detected by KJW2002 formed
via the same route. KJW2002 suggested three alternatives, of

which they considered the most likely to be that the plane-
tary nebulae carbonates formed at the time of the silicate con-
densation, resulting from the co-condensation of gaseous CO2

and CaO reacting at high temperatures, ⇠1000–1200 K (Pope
et al. 1996), and subsequently cooled down. Neither of the two
other explanations (aqueous alteration and direct condensation)
would work in the IRAS 4 case, as no liquid water is expected
to be present nor such high abundances of hot gaseous CO2

and CaO either. Here we suggest that calcite forms through
processing of CO2 and H2O containing ices. Possibly, calcite
forms through catalytic reactions on hydrated silicate surfaces
(Lancet & Andersen 1970). Alternatively, calcite may form
on the grain surfaces (following another route considered and
discarded by KJW2002), where the layers of the ice mantles
directly adjacent to the grain surface could act as liquid wa-
ter. Water ices enriched in CO2 would react with the Ca2+

contained in the silicate lattice to form calcite. Both explana-
tions are a priori plausible in the IRAS 4 case, as abundant
(from 10 to 40% of water ice) solid CO2 is usually observed to-
wards young protostars (e.g. de Graauw et al. 1996; Gerakines
et al. 1999; Nummelin et al. 2001). Note that, given the rel-
atively weak strengths of the CO2 bands at 68 and 114 cm�1

(1.2 ⇥ 10�19 and 3 ⇥ 10�19 cm per molecule respectively, i.e.
about 250 times weaker than the 4.6 band strength; Ron &
Schnepp 1967) the lack of CO2 features in the IRAS 4 spectrum
puts a relatively poor constraint on the CO2 ice column density:
2 ⇥ 1019 cm�2, which translates2 into CO2-ice/H2O � ice 
0.15. This value has to be taken with caution though, as the
line strengths are uncertain by a factor three and it represents
an average along the line of sight.

Although most of the IRAS 4 dust is far colder than 190 K
(below that where the water ice mobility is expected to be virtu-
ally zero; Rietmeijer 1985), hard X-rays from the center (pro-
tostars are notorious powerful X-rays sources; e.g. Feigelson
& Montmerle 1999) may provide a local heating at the sur-
face of the grain, making the ice layers mobile. Once a hard
X-ray hits a grain it can warm up the grain locally (Léger et al.
1986; Najita et al. 2001). For example, Najita et al. (2001) esti-
mated that grains 50 Å in sizes, are heated to more than 120 K
by absorption of photons with energies �300 eV. If the grains
are larger, only small regions of the grain will be spot heated.
Again Najita et al. estimated that sub-units of the grains 50Å
in size would be spot heated to more than 150 K with a de-
posit of 300 eV of energy. Smaller sub-units may reach even
larger temperature, depending on the grain structure. However,
all those numbers depend on a large number of poorly known
parameters (e.g. as the structure of the grains) and it is di�-
cult and beyond the scope of this Letter to quantify this e↵ect
better, but we think that grain surface formation is a possible
explanation for the calcite around IRAS 4. The same explana-
tion would apply to the formation of the hydrous silicates that
we may have detected as well. And finally, this opens up the
possibility that pre-biotic or even biotic molecules, which also

2 Taking the IRAS 4 H2 column density quoted by Jøgersen et al.
(2002), 2.5 ⇥ 1024 cm�2 and assuming a typical H2O ice abundance
containing 10% of the elemental oxygen, gives an upper limit CO2-
ice/H2O-ice  0.15.
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drastically di↵erent from both Solar System objects and the two
planetary nebulae. IRAS 4 is in fact a very embedded protostar,
surrounded by a massive envelope in the NGC 1333 cloud, be-
longing to the Perseus complex (Jennings et al. 1987). IRAS 4
is among the coldest and probably youngest protostars so far
known. It is a binary system (IRAS 4 A and B; Sandell et al.
1991) with a total bolometric luminosity of 11 L� (distance
of 220 pc; Cernis 1990), widely studied in the millimeter wave-
lengths (e.g. Blake et al. 1995; Lefloch et al. 1998). Its envelope
and surrounding is relatively rich in water vapor (Ceccarelli
et al. 1999; Maret et al. 2002; Bergin et al. 2002).

2. Observations and data reduction

The observations were performed using the Long Wavelength
Spectrometer instrument (hereafter LWS: Clegg et al. 1996)
on the ISO satellite. These observations, obtained during rev-
olution 847 in the grating mode (LW01), were performed for
three positions. One centered on the coordinates: ↵2000 =
03h29m11.9s, �2000 = 31�13020.300, in between IRAS 4A and
IRAS 4B, and hence the LWS beam (8000) includes both
sources. The other two positions targeted the red-shifted and
blue-shifted lobe peaks of the outflow powered by IRAS 4:
NE-red (↵2000 = 03h 29m 15.6s, �2000 = 31� 140 40.100) and
SW-blue (↵2000 = 03h 29m 06.6s, �2000 = 31� 120 08.700). At
all three positions, the full LWS wavelength coverage was used
(43–196 µm), with a resolving power of about 200. The cen-
tral position observation is made up of 30 scans while both
“o↵” position observations consist of 10 scans, all of them
sampled at 1/4 of the grating resolution (0.075 µm in the 43–
92 µm range and 0.15 µm in the 92–196 µm range; Gry et al.
2001), yielding integration times per spectral element of 48 s
for the central position and 16 s for the two o↵ source posi-
tions. The data processing was carried out using a new rou-
tine of the LWS Interactive Analysis (LIA) software, allowing
the correction of the detector’s transient e↵ects (Caux 2001).
However, we emphasize that the derived continuum spectrum is
substantially identical to that obtained when the standard ISO-
LWS O↵-Line Processing software (OLP v10) is used. The
final analysis was made using the ISAP package, to remove
bad data points at the edges of each detector, and to perform a
“stitching” of the individual detector spectra. ISO LW01 spec-
tra are flux calibrated using Uranus, and the final accuracy on
the absolute flux is estimated to be better than 30% (Swinyard
et al. 1998).

As will be discussed in the next section, we have detected a
dust feature between 90 and 100 µm. We are confident that the
observed feature is real, and is not the result of instrumental ef-
fects, for the following reasons. First, it is present whatever the
version of the OLP used. Second, spurious features have been
observed in some LWS grating spectra, but only on sources
much brighter than NGC 1333 IRAS 4. Finally, to remove sus-
picion that the feature is an artificial result of our stitching
method, note that the 90–100 µm range is entirely observed by
one LWS detector, i.e. the detector LW5 which covers the range
83–110 µm. The two adjacent detectors cover, however, most of
the LW5 wavelength range: SW1 covers the 78–93 µm range,
and LW4 the 103–130 µm range respectively, and themselves

Fig. 1. The ISO-LWS observed spectrum of IRAS 4 (solid line). The
dashed line shows the best fit obtained with a two (three) grey bod-
ies procedure (see text). The thin solid line shows the best fit ob-
tained adding the calcite (see text). Several lines are visible and
are marked according to the chemical species (O, C+, H2O, CO
and OH respectively).

are largely overlapped by adjacent detectors too. It is therefore
virtually impossible that the feature is artificial, caused by our
stitching method.

3. Data analysis

The resulting spectrum of IRAS 4 is shown in Fig. 1.
Superimposed with the dust continuum many lines are visible,
namely H2O, CO, OH, O and C+ lines. Here we focus on the
continuum and refer the interested reader to Maret et al. (2002)
for a detailed discussion of the line spectrum.

Young protostars of the type of IRAS 4 are heavily em-
bedded in their placental envelopes, which completely obscure,
optically, the new born interior object (they are usually re-
ferred as Class 0 sources; e.g. André et al. 2000). Their FIR
(� � 60 µm) to millimeter continuum spectrum is often well
described by a single blackbody multiplied by the dust opac-
ity k�, which in these wavelength range is typically approx-
imated by a power law k� = k0(�0/�)� (e.g. Henning et al.
1995). The value of � depends on the dust composition, shape
and size (coagulation and mantle formation), and varies be-
tween 1 to 2 in Class 0 sources (e.g. Chandler & Richer 2000;
see also the theoretical study by Ossenkopf & Henning 1994).
In the following we will refer to this as a “greybody”, for
brevity, although strictly speaking a greybody has a constant
wavelength-independent opacity, whereas we use a power law
dust opacity here. Rarely is more than one greybody neces-
sary to reproduce the FIR spectrum of Class 0 sources (e.g.
André et al. 2000). In the specific case of IRAS 4 the con-
tinuum emission is probably contaminated by the cold emis-
sion of its parental cloud at wavelengths longer than 140 µm.
We therefore modeled the IRAS 4 continuum emission as due
to two greybodies where we minimized the �2, as usually de-
fined as the sum of the squares of the di↵erence of the theoret-
ical and observed values, normalized to the number of points.

•Broad band at 90-100 µm : 

•Hydrated silicates? 

•Carbonates?

Tcas ISO-SWS



[Tielens+2008]

Aromatic 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 

• Heated stochastically 
• Band strengths and band ratios vary with the 

environments  
• I7.7µm/I11.3µm ↗︎ with charge 
• I3.3µm stronger for small particles and.or 

strong radiation field
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Aromatic dust: Polycyclic Aromatic Hydrocarbons
• Aromatic molecule such as PAHs 

• distribution of size : ~ several tens of C atoms 
• no single identification 
• could 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 2010.04.2035

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

K. Demyk, The physics of star formation, 12-23, February, 2024



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+2004 
• ~ 85 % aromatic in Pendelton+2002

[Dartois+05]

[Pendleton+02]
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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

37 K. Demyk, The physics of star formation, 12-23, February, 2024



Cosmic dust models
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• Based on the physical characteristics of the dust : 
• dielectric constants  
• heat capacity for emission modelling  
• photo absorption cross-section 

• These data come from laboratory astrophysics 
studies of dust analogues 

• Consider various dust populations, shape and size 
distributions  

• Constrained on a set of observations and cosmic 
abundances

K. Demyk, The physics of star formation, 12-23, February, 2024

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]



Some dust models for the DISM
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Constraints from extinction & emission (old models): 
• 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 
• Jones et al. 2013, 2017, Koehler et al. 2015: THEMIS model : lab silicates (MIR) & a-C(:H) 

Constraints from extinction, emission & polarisation (new models):   
• 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 
•  Ysard et al. 2024 : The THEMIS II model: lab silicates (MIR/FIR) at low T & a-C(:H) — polarised 

extinction and emission 

K. Demyk, The physics of star formation, 12-23, February, 2024



Astrodust & THEMIS models for the DISM
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Astrodust

Hensley & Draine 2020, 2023 Draine & Hensley 2021

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

• Reproduces grain evolution in the DISM: 
destruction and re-condensation  

• Two dust components:  
• astrodust: porous mixture of silicates & 

carbonaceous matter on grain surface 
• PAHs 

• Spheroidal grains  

THEMIS

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

[Jones +2013, Köhler +2014, 2015] [Ysard+2024]

• Reproduces grain evolution in the DISM: mantle accretion 
and processing 

• Core/mantle grain model  
• Aromatic carbon (a-C), hydrogenated hydrocarbons (a-C:H) 

and silicates (low temperature experimental data) with Fe 
inclusions

https://dataverse.harvard.edu/dataverse/
astrodust;jsessionid=6ad4b0855ffdf13379ecb46eb838 

https://www.ias.u-psud.fr/themis/
https://dataverse.harvard.edu/dataverse/astrodust;jsessionid=6ad4b0855ffdf13379ecb46eb838
https://dataverse.harvard.edu/dataverse/astrodust;jsessionid=6ad4b0855ffdf13379ecb46eb838


Some dust models for dense environments
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• Pollack (1994) model: lab silicates, Fe, organic C —molecular clouds and transition disks 
• Ossenkopf et al (1994): lab silicate and amorphous carbon grains, ices - dense protostellar 

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

organic refractory 
• Jones et al. 2013, 2017, Koehler et al. 2015: THEMIS model : core-mantle aggregates with 

lab silicates (MIR), a-C(:H) & H2O ice 
• Under progress: THEMIS 2 model : core-mantle aggregates with lab silicates (MIR), a-C(:H) & 

H2O ice 

K. Demyk, The physics of star formation, 12-23, February, 2024



Some dust models used in disk models
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[Woitke+2015]

K. Demyk, The physics of star formation, 12-23, February, 2024

• Graphite is a wrong assumption use 
amorphous carbon instead 

• AS  (astrosilicates) are obsolete => 
consider rather  THEMIS 2 silicates, 
astrodust, labdata 

• Add ice mantles

• Check how the extinction efficiencies 
are calculated for grains > 1 µm : Mie 
theory, aggregates? 



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 experimental (measurement 
on cosmic dust analogues) 

• 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 

K. Demyk, The physics of star formation, 12-23, February, 2024


