
Lecture 9: 
„Dust physics and surface chemistry"



Outline

1. Physics of cosmic dust:

– Basic properties

–  Interaction with light

–  Formation and destruction

2.  Chemical processes on dust surfaces:

– Accretion

– Surface reactions

–  Desorption



I. Cosmic Dust



What is dust?

• Microscopic "dust" particles:    size ~ 0.5 – 3 nm (5 – 30 Å)

–  Polycyclic Aromatic Hydrocarbons (PAHs) made of benzene rings        

• Macroscopic dust particles:      size ~ 3 nm – 1 mm

– e– mean free path << size

–  Mainly silicates, amorphous carbon, ices                                               



PAHs & dust grains images

Schuler et al. (2015), Brownlee (2016)

PAHs Interplanetary Dust Particles (IDPs)



How to see cosmic dust with naked eyes

• Sporadic meteors and meteor showers
ESO/Y. Beletsky



• Extinction = Absorption + Scattering:  

• Cross-section for grain of radius "a":  

• Size parameter for a wavelength "λ":  

• Complex refractive index:   

• Single-scattering albedo: 

• Mie theory for a homogeneous sphere (G. Mie, 1908)

Interaction with light: basics

x =
2⇥a

�

Qext = Qabs + Qsca

Cext = �a2Qext

m = n� ik

� = 1�Qsca/Qext� = 1�Qsca/Qext



Q-factors for a spherical particle

Mie (1908), Tielens (2007)

5.2 Physical processes 121
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Figure 5.1 The extinction and scattering efficiency calculated using Mie theory
for spherical grains plotted as a function of the size parameter, x = 2!a/".
The adopted optical constants are indicated in the panels. Figure adapted from
H.C. van der Hulst, 1981, Light Scattering by Small Particles, (New York:
Dover).

scattering and the absorption efficiency both approach unity and the extinction
efficiency goes to 2. This result in the geometric optics limit may seem, at first
sight, somewhat paradoxical. However, all the light falling within the geometric
cross section of the grain is either absorbed or scattered. Moreover, the beam of
light is also diffracted (scattered at small angles) at the edges of the grain. This
diffraction also removes exactly an amount of light given by the geometric cross
section. Of course, for objects which are near, this diffraction loss is imperceptible
but at “interstellar” distances this light is lost from the beam.

Sometimes, results such as presented in Fig. 5.1 are used to infer the wave-
length dependence of the extinction and scattering efficiency. However, generally,
the optical constants are not constant with wavelength. Only for truly dielectric

• Rayleigh limit: 

–  Scattering: Qsca ∝ λ-4 

– Absorption: Qabs ∝ λ-1

x� 0, |mx|� 0

• Geometric optics: 

– Extinction: Qext = 2 

x⇥⇤, 2x|m� 1|⇥⇤

• Intermediate case: 
–Q-factors as infinite series 

of Bessel & Hankel 

functions



Dust in the Milky Way: extinction

Optical (λ ~ 0.5 μm)

•Noticed by W. Herschel & F. von Struve (~1850)

•Sub-micron-sized dust particles (silicates and carbonaceous) 

•First dust extinction measurements by Trumpler (1930)



Trumpler (1930):

– Open stellar clusters (>100 stars in a tight group)

– Absolute magnitude "M" = apparent magnitude "m" at 10 pc

– M = m - 5(log10(r) - 1) ⇒ distance r [pc] if M and m are known

– Linear diameter D and the measured angular diameter d:  D = d x r 

– Strange result:  D increases with increasing distance r 

Trumpler: 0.70 mag/kpc 

Modern value: 1.8 mag/kpc 

     First dust extinction measurements



Interstellar reddening

Iλ = I0λexp(-Aλ)



ESO/NTT

Dust at different wavelengths: B68

•Absorption is effective for x =
2⇥a

�
≳ 1 ⇒  grain size ≲ 0.1 – 0.5μm



•Thermal emission from dust:  Md, Nd

Dust in the Milky Way: emission
Sub-millimeter (λ = 0.85mm / 353 GHz)

Planck 2013 dust map



•Ground-based telescopes (many):  limited by 

atmosphere => observations at ~1–3 μm

•Space-borne facilities (a few):

ISO:   2 – 200 μm

SOFIA:   60 – 200 μm

Spitzer:   5 – 40 μm

Herschel:   40 – 260 μm

James Webb Space Telescope:  0.6 –28 μm

•Laboratory spectra for identification

Infrared spectroscopy of dust

SOFIA

James Webb Space Telescope 
(NASA)

Herschel (ESO)



IR spectroscopy: solid-state bands

• Water ice (O-H stretching):  3μm

• PAHs (C-H & C-C stretching and bending):  3.3, 6.2, 7.7, 8.6, 11.3μm, …

• Hydrogenated amorphous carbon:  3.4, 6.8, 7.2μm, … 

• Amorphous silicates (Si-O stretching, O-Si-O bending):  9.8, 18μm

• Crystalline silicates (lattice):  10.2, 11.4, 16.5, 19.8, 23.8, 27.9, 33.7, 69μm

Mg2SiO4

MgSiO3

(Mg,Fe)Si2O4 Al2O3(Mg,Fe)Si2O6

Forsterite Enstatite Olivine
Corundum



Boogert et al. (2015)
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Figure 1: Overview of the strongest ice and dust features in the MYSO AFGL 7009S

(Dartois et al., 1998). The calculated spectrum of pure H2O ice spheres at 10 K is

shown (dashed line) to indicate the multiple H2O bands.

2.1 Ice Mapping

Most ice features are detected as pure absorption bands against infrared continuum

point sources. Studies of the spatial variations of the ice properties are therefore

relatively rare, yet very powerful. They often rely on the presence of many point

sources (usually infrared-bright giants) behind clouds (e.g., Taurus; Murakawa et al.

2000). The envelope of a Class 0 YSO was mapped using background Class II LYSOs

(Pontoppidan et al., 2004), and of a dense core using Class I/II LYSOs (Pontoppidan,
2006). Ice mapping is however also possible if the background emission is extended

by scattering from dust in any disk, envelope, or outflow cone (Harker et al., 1997;

Spoon et al., 2003; Schegerer & Wolf, 2010). In addition, scattering by large grains

enhances the short-wavelength wing of the 3.0 µm H2O band (§4.1; Pendleton et al.

1990), which enables mapping of ices in reflection nebulae. This has rarely been

done. Similarly, the lattice modes (∼ 25-300 µm; §4.5) are suited for ice mapping.

They are the only ice bands that may appear in emission, because, in contrast to

the intra-molecular modes, their excitation energy is below the binding energy of the

ices.

Solid-state IR absorption bands: cold dust



Silicate emission at 10μm: warm dust

Bouwman et al. 2001

956 J. Bouwman et al.: Grain processing in Herbig Ae/Be systems

Fig. 4. Fit to the 10 µm silicate feature as observed in our sample of HAEBE stars. Plotted are the continuum subtracted
ISO-SWS spectra and our best fit models. Also plotted for reference are the silicate bands of the ISM towards the galactic
centre, the red supergiant µ Cep, β Pictoris, and the comets C/1995 O1 (Hale-Bopp) and 1P/Halley. The dashed line indicates
the position of the amorphous silicate band as observed for the ISM at 9.8 µm. Indicated in the panels are the group to which
the individual systems can be classified on grounds of their overall SED (see Sect. 3.2).

contrast effects with the amorphous silicate and possible
confusion with PAH emission at 11.3 µm. Nevertheless, a
clear trend can be observed in Fig. 6b. However, we do not
find a significant trend if we consider only the HAEBE
stars, in contrast with the strong correlation with grain
size seen in Fig. 6a. We conclude that for our sample of
HAEBE stars the shift in peak position of the silicate fea-
ture is due to a change in grain size, while the degree of
crystallinity plays only a minor rôle.

Interestingly, this situation seems reversed when we
consider β Pic and the two solar system comets in our
sample. Figure 6a shows that, considering the correlation
with grain size, these objects do not follow the trend set
by the HAEBE stars. On the other hand, Fig. 6b indicates
that the shift in peak position of the silicate band seen in
β Pic and the solar system comets correlates well with the
degree of crystallinity. This suggests that for these objects
the shift in silicate band position is mainly due to a high

fraction of forsterite and is not dominated by grain size
effects.

Finally, we note that no correlation between SiO2

abundance and peak position is evident (Fig. 6c).
Figure 7 shows the same mass ratios plotted against

the 8.6 over 9.8 µm flux ratio. No significant correlation
can be found with the mass ratio of 2.0 over 0.1 µm amor-
phous olivine grains or the mass fraction of forsterite.
However, a correlation can be observed with the SiO2 mass
ratio. The least square fit results in b = 1.15 ± 0.05 and
a = 0.059± 0.003.

The relation between the derived mass fractions is pre-
sented in Fig. 8. A correlation between the typical grain
size of the amorphous olivine and the other dust com-
ponents is not found as can be seen from Figs. 8a and
b. Figure 8c, however, does show a possible correlation
between the amount of silica and forsterite. Except for
the objects HD 100546 and HD 150193, the HAEBE stars

• Composition, plus some info on temperature, size



Life cycle of dust in the Milky Way

•Dust around young stars is old, and dust around old stars is young!

Bocchio (2014)



Dust production in AGB stars

Source
Dust mass loss 
rate, MSun/yr Dust composition

Carbon-rich,      
2 – 4 MSun

~10-9 – 10-7 
Amorphous carbon, 
PAHs, SiC

Oxygen-rich,
4 – 8 MSun 

~10-9 – 10-6 
Amorphous & 
crystalline silicates, 
oxides



The Eskimo Nebula, 
Hubble Space 
Telescope,  WFPC2

Ejecta of AGB stars



Observed dust around AGBs

Gas-to-dust mass ratio of AGB stars 

PACS 160                   SPIRE 250                        SPIRE 350 Ladjal et al. (2010) 

IRC+10216:  
 highly dust obscured carbon-rich AGB stars stars 

 Gas-to-dust ratio: 700 
Oxygen-rich AGB stars 

 Gas-to-dust ratio: 300 (Justtanont & Tielens 1992) 
 

C.f. ISM gas-to-dust ratio: 100-200 

No conclusion can be derived 
about dust grains grows in the ISM  

Herschel images of IRC + 10216 

WR 140 JWST 



SN 1987A:Evidence of dust formation in 
early days 

Mikako Matsuura: Dust evolution in the ISM 

Whitelock et al. (1989) 

Dust extinction 

Theoretical light curve  
(56CO+57CO decay only) 

Observed light curve 

• Large Magellanic Cloud, 

24.02.1987

• Too rapid light curve 

decay  => dust formation 

after explosion

Dust formation in supernovae:
Supernova 1987A

Dust extinction

Whitelock et al. (1989)



Dust production in supernovae

Source Dust mass per 
explosion, MSun

Dust composition

Supernovae <10-4 – 0.1

Amorphous carbon and 
silicates, iron 

Supernovae 
remnants, 
<400 yr old

~10-3 – 0.1 Amorphous carbon and 
silicates



Cosmic dust formation

• Stellar ejecta:

– Winds:          giant and AGB stars (~40%)

– Explosions:    novae and supernovae (~60%)

• Composition determines mineralogy:

– O-rich ejecta:     silicates, oxides

– C-rich ejecta:     graphite and soot

– SN:                    Fe, Ni, Co,…

• Grains gain ~ 50% in mass in the ISM

• Ice forms on grains at <20–100K



Cosmic dust destruction

• Erosion by FUV photons with E > 5-6 eV 

• Grain-grain collisions (>10 m/s) 

• Shocks in turbulent ISM:  

–  V ~ 50 km s-1: grain-grain collisions (1% efficiency) 

–  V > 200 km s-1: gas-grain collisions (50% efficiency)

Survival timescale ~ 5 108 yrs  <  Injection timescale ~ 3 109 yrs!



Cosmic dust: overview

• Dust/gas by mass: ~ 1% 

• Sink of heavy elements (> Na) 

• Typical radius is 0.1μm

• Opaqueness  of matter (opacities)

• Heating & cooling

• Catalytic surfaces for reactions

D. Brownlee (2016)



II. Chemical Processes on Dust Surfaces



Dust grains as catalysts for chemistry

• Carbonaceous/silicates

• Size distribution (usually a single size 

in chemical models)

• Fluffy, porous structure (usually 

assumed spherical and compact)

• Molecules stick to dust surface:

◦ ~106 binding sites on 1000Å grain

◦ a binding site has a size ~1Å

◦ ~100–300 monolayers of ice

dust particle from space

dust particle in the models



UV, CR, X-ray 

Chemistry in space: surface processes

I. Accretion

II. Diffusion via hopping or tunneling

III. Surface recombination: H2, H2O, organics,…

IV. Desorption or destruction (UV, X-ray, CR,… )



Two sorts of binding sites for accretion 
Chemisorption

H

H

•Chemical bonds

•Binding energies: ~ 0.5–5 eV 

or >20,000 K

Physisorption

•Weak electrostatic van der 

Waals force 

•Binding energies: ~10–100 meV 

or ~100–5,000 K



Accretion and freeze-out rates

•Accretion rate:

•Arrival timescale:

nd is dust density, σd is dust cross section,  υ is thermal velocity, 
S is sticking coefficient (~1)

nd ~ 10-12 n,  σd ~ 3x10-10 cm2,  υ(H) ~ 300 m/s

 Radius a = 1000Å, dust/gas = 0.01, T = 10 K, nH = 104 cm-3: 

•Freeze-out timescale:  

–  Accretion rate:                  10-13 s-1 

–  Freeze-out timescale:     3x105 years 

–  Arrival timescale:                 3 days

tfreeze ⇠ 1/kac ⇡ 3⇥ 109/nH years
<latexit sha1_base64="otsUBI2mhdmB/GA6Fsn0/HO8ntw="></latexit><latexit sha1_base64="otsUBI2mhdmB/GA6Fsn0/HO8ntw="></latexit><latexit sha1_base64="otsUBI2mhdmB/GA6Fsn0/HO8ntw="></latexit><latexit sha1_base64="otsUBI2mhdmB/GA6Fsn0/HO8ntw="></latexit>



Major ices in the ISM
'Typical' abundances (H2O ice = 100%)

CO few-50%

CO2 15-35%

CH4 2-4%

CH3OH <8, 30%

HCOOH 3-8%

[NH3] <10, 40% (?)

H2CO <2, 7%

[HCOO-] 0.3%

OCS <0.05, 0.2%

[SO2] <=3%

[NH4
+] 3-12%

[OCN-] <0.2, 7% Oberg et al. (2012)



Mechanisms of surface recombination

• Langmuir-Hinshelwood: recombination after hopping/tunneling

• Eley-Rideal: direct “stick-and-hit”recombination 

•Hot-atom: combination of both

• Excess of energy is absorbed by dust lattice



Surface synthesis of water

O O

H

H 2H

H

Grain surface chemistry

H
O

OH

H2O

O2 O3

H2O2

H2O

OH

H2O
2H

Tielens & Hagen 1982

Postulated 30 years ago, these reactions are now finally being tested 
in the laboratory 

•All reaction steps were studied in laboratory



Surface hydrogenation of CO

•CO is converted to complex organic molecules

Review of Surface Chemistry and Models

Fig. 10 Extended COM
formation network as obtained
from the CO, H2CO, and
CH3OH hydrogenation
experiments by Fedoseev et al.
(2015) and Chuang et al. (2016).
Solid arrows indicate the reaction
less efficient pathways. Figure
reproduced from Chuang et al.
(2016)

no proof for CH3O formation is found by the authors. The barrier-less recombination of
HCO intermediates yielding glyoxal followed by consequent hydrogenation (i.e., the mech-
anism investigated in Fedoseev et al. 2015) yields HC(O)CH2OH and H2C(OH)CH2OH and
is presented in the right panel of the reaction scheme in Fig. 10. Alternatively, the interme-
diate HCO radicals can directly recombine with CH3O or CH2OH to form HC(O)OCH3 and
HC(O)CH2OH, respectively. According to the authors, the recombination of two CH2OH
radicals (dash arrow) seems to contribute less to the formation of H2C(OH)CH2OH.

Chuang et al. (2016) showed that both H-atom addition and abstraction reactions play an
important role in effectively increasing the number of interaction events between reactants
as well as the lifetime of radicals in the ice. This way, more COMs are formed through
recombination of reactive intermediates than previously assumed at 10 K under interstellar
conditions. It is important to note that Fuchs et al. (2009) did not include hydrogen abstrac-
tion reactions when calculating reaction rates. Clearly, the final products they observed in
their experiments were the result of an equilibrium between addition and abstraction reac-
tions. Therefore, the rates inferred by Fuchs et al. (2009) should be regarded as effective
rates. The recent laboratory and modeling advances in our understanding of interstellar sur-
face reactions discussed in this section give a strong indication that the COMs observed in
cold dense molecular clouds have a solid phase non-energetic origin and are most likely
linked to a combination of hydrogenation addition/abstraction reactions and radical-radical
recombination reactions at 10 K. CO-rich ices formed upon the catastrophic freeze-out of
CO molecules onto interstellar grains seem to be the right environment for these surface
reaction to occur efficiently in the ISM.

11 Outlook

In this review, we have summarized the “state-of-the-art” in terms of the methods used
and the data available for treating grain-surface chemistry under astrophysical conditions.
Since the first conceptual models of interstellar grain-surface chemistry, now more than 40
years old (e.g., Watson and Salpeter 1972a; Allen and Robinson 1977; Tielens and Hagen
1982), the general structure of a gas-grain code has not significantly changed. What has
come on leaps and bounds is the advances in experimental techniques that have enabled
the first quantification of many of the parameters required for models including binding

Cuppen et al. (2016)



Surface chemistry: an overview

•Most of reactions were studied in laboratory

•Diffusivity of H:  fast already at 10 K 

•Diffusivity of O, C, N is slow at 10 K =>  hydrogenation prevails

•Polyatomic “CHON” molecules:  synthesis requires energy (UV, CRP, e–) 

Cuppen et al. (2016)



Surface chemistry rates & timescales
 Cold molecular cloud: 

a = 1000Å, dust/gas = 0.01, T = 10 K, nH = 104 cm-3,  Ediff = 0.3Edes

•Hopping timescale (~ 1/kh):

H2 (Edes= 440K):              th ~ 5 x 10-7 s 

C (Edes= 800K):               th ~ 0.03 s 

O (Edes= 1660K):             th ~ 4 x109 s or 135 years 

H2O (Edes= 5600K):         th ~ infinity

•Arrival time:  tar ~ 3 days



Desorption of ices:  summary
• Thermal desorption at specific T ("snowline"): 

 ~16 – 19 K for N2

 ~20 K for CO, CH4 

 ~35 – 40 K for CO2

 ~55 – 60 K for NH3

 ~100 – 150 K for H2O, CH3OH, ...

• Photodesorption:  regions which FUV photons can reach 

• CRP desorption:  occurs in dense regions (low probability)

• Chemical desorption:  can occur after surface reaction 

(variable probability)



From ices to gas: dense cores ⇒ hot cores

Ceccarelli et al. (2010), A&A 521, L22

• Ices are synthesized and sublimated when T increases 

• More complex molecules become detectable 

• High-resolution laboratory spectra
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Merry Christmas and Happy New 
Year!


