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The Evolution of Dust: Physical Processes
Formation:
Buildup:

Chemical kinetics
Stellar winds and SN ejecta

Asteroids, planetesimals
Debris disks

Sputtering, g-g collisions
Diffuse ISM

Evaporation:
Star formation
Dense ISM

Destruction:

Processing:
Accretion, coagulation
Dense ISM

Dust Formation in CCSN Ejecta
3346
Classical Nucleation Theory (CNT)

Molecular Kinetics

T. P. M. Goumans and S. T. Bromley

Oxydation

Addition of metals

ΔG

Figure 1. Cluster growth towards magnesium silicates with Gibbs free energies of formation at T = 1000 K and p = 0.1 Pa from Mg, H2 O and SiO in
mol−1 , colour coded from red (endergonic) to blue (exergonic). Species are oxidized from top to bottom and incorporate more metal atoms from left to righ

56Ni
✦ Presence of radioactive
all initial addition processes are endergonic owing to the huge loss

of translational entropy. SiO dimerization, which increases both the
number of oxygen atoms and metal atoms simultaneously, is relatively the most favourable initial condensation process. At 1000 K
and 0.1 Pa the equilibrium constant K eq (2SiO ! Si2 O2 ) = 5.5 ×
10−4 , giving rise to a low equilibrium concentration of Si2 O2 (see
below). This low concentration does not impede the ensuing silicate
nucleation process because the oxidation reaction Si2 O2 + H2 O !
Si2 O3 + H2 is thermodynamically favourable, as are the following
pathways to further oxidize the cluster and incorporate gas phase
Mg atoms (Fig. 1). In contrast, pure SiO nucleation via the trimerization Si2 O2 + SiO ! Si3 O3 is thermodynamically unfavourable
at these high temperatures, with Keq = 0.044 at 1000 K and 0.1
Pa, leading to a relative equilibrium abundance of 8 × 10−19 /nH .
This concentration is too low for any ensuing condensation reaction
to be fast enough kinetically (see below). At the cluster level, SiO
binding energies will be much lower than the bulk binding energy
(Wang et al. 2008) implicitly assumed by extrapolated vapour phase
data. Nucleation models based on bulk SiO data will therefore, by
construction, overestimate nucleation rates.
While the homomolecular nucleation of SiO ends effectively at

(ii) The admixing of Mg and Si stabilizes the clusters with respe
to the separate binary oxides.
(iii) For a fixed number of Mg + Si atoms, the fully oxidiz
magnesium silicate cluster is the most favourable (nO = nMg
2nSi ).
(iv) Up to full oxidation the release of gaseous H2 upon reacti
with water is preferred over hydroxyl formation.
(v) Fully oxidized clusters, however, can be favourably overox
dized by water via the formation of surface hydroxyl groups, in li
with previous calculations for the (MgSiO3 )4 cluster of enstat
composition (Goumans & Bromley 2011).

❖ Hard radiation, fast electrons, ions He+, Ne+, Ar+
that break down stable molecules, SiO, CO
✦ Clumpy, stratified composition
✦ Mixing between layers
✦ Reverse shocks

✦ Uncertain composition and final yields

The first silicate cluster with a mineral composition to emerge h
the enstatite stoichiometry: Mg2 Si2 O6 . We envision this cluster
form via the following seven-step pathway (cf. Fig. 1):
1. 2SiO → Si2 O2

2. Si2 O2 + H2 O → Si2 O3 + H2
!
"
Mg → MgSi2 O3
3. Si2 O3 +
H2 O → Si2 O4 H2
!
"
MgSi2 O3 + H2 O

Sputtering
TRIM/SRIM Monte-Carlo simulations
of particle stopping power and
sputtering yields in solids

✦ Dependence on incident angle
of projectiles
✦ Finite grain size
✦ Non-stochiometric sputtering
✦ Step-size in the Monte-Carlo
simulations

VERY
preliminary
comparisons

Grain-grain collisions
Theoretical approach
Shock wave in solids

Semi-empirical approach
Theory+Lab data on cm-size solids

(Tielens + 1994)

(Fujiwara+1989, Melosh+1992;
Borkowski & Dwek 1994)

✦ impact velocity
(shock strength)
✦ density, (porosity)
size, composition
✦ eq. of state
✦ compressibility
✦ defects in solid
✦ tensile strength

Grain Destruction by SNR
Mass of dust destroyed by single SNR
(e.g. Slavin +2015; Hu + 2019)

md = Zd

Z

vf

fd (vs )
v0



dMISM
dvs

fragmentation

dvs

evaporative
g-g collisions

thermo-kinetic
sputtering

Dust lifetime (Dwek & Scalo 1980)

Md
⌧d (t) ⌘
md RSN
md [M ]

⌧d [Gyr]

Slavin+ 2015
sput + g-g coll

~ 1.5

2-3

Hu+ 2019
sputtering

~ 1.4

0.4

✦
✦
✦
✦
✦
✦
✦
✦

ISM morphology
ISM density
B-field
Shock energy
SN rate
Correlated SNe
Grain size distribution
Total dust mass
in ISM

Dust Lifetime in LMC-SMC
(Temim + 2015)
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Accretion in Dense ISM
Dwek & Scalo 1980

Problems that need to be resolved
in accretion models
✦ Nature of impinging molecules and accretion sites
SiO4 tetrahedra
Mg2SiO4

✤ Compositions (MgO, SiO2, refractory organics), sticking
probabilities
✦ The origin if the interstellar depletion pattern
✦ The properties of the regrown dust are not the same as
regular interstellar dust
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stretch: 9.7 µm
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✤ In particular, cold accretion will not form the SiO4
tetrahedral structure needed to give rise to the 9.7 and 18
µm silicate emission features
✦ Amount of needed accretion still uncertain

O
bend: 18 µm

✤ Uncertain rates of dust production and destruction
✦ Iron is SOFAR the only element that needs to be grown in
the ISM independent on grain destruction rates

Large-scale dust evolution
In galaxy cluster
simulations

Fundamental issues
In galaxy mergers

(Gjergo + 2018)
Dust Evolution in Galaxy Cluster Simulations
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✦ Fate of dust in galaxy
merger/assembly
process
✦ Grain destruction
efficiency (too high)
✦ Grain growth in the
dense ISM (dust
properties do not
match the general
ISM)
✦ How does the grain
size evolve (two
size approx)

Figure 4. For the fid run, column density maps for total gas mass, gas-phase metals, large dust grains, and small dust grains, in a box
of 1 Mpc in physical size over 5 redshifts (from top to bottom, z = 4, 3, 2, 1, and 0). The two colorbars are fixed at all redshifts from
total gas and gas metals and for large and small grains respectively. Dust abundances trace gas mass distributions until about z = 2.
After z = 2 sputtering destroys dust. Small grains evolve to the point of reaching large grains abundances only in cold overdensities, but
they are destroyed more efficiently than large grains in hot gas particles.
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Takeaway
✦ The very presence of dust in the universe
highlights the many physical processes that
lead to the formation, survival, destruction,
and reformation of dust in the various
sources and the general ISM
✦ Understanding these processes is a major
challenge in astrophysics

