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Optical properties of dust



Lifecycle of dust
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Dust sizes and shapes

Polycyclic aromatic hydrocarbons (PAH)
Sooth in the earth
athmosphere “typical” dust

Theoretical model

Interplanetary dust

Laboratory experiment

100 nm

: L 3[ 3
(effective) grain size: Ao = EVgrain

1cm



Dust ingredients

Silicate feature at 10 um ~100 % Si, Mg, Ca, Al, Fe, and Ni is in grains
- ' | i * Almost all Si and Mg is in silicates

* 30 % of Fe is in silicates (rest is missing)

e 20% of O is in silicates and oxides

Possible candidates

* Forsterite (Mg,Si0,) (astrosilicate)
* Fayalite (Fe,SiO,)

* Enstatite (Mg SiO5)

* Ferrosilite (Fe SiO3)

Wavelength (um)

Chiar & Tielens 2006
~40 % of Cis in grains
* ~15%isin PAHs
e 5-10%isin hydroyarbons
e 20 % is unknown



Dust material

Silicates + Graphite + PAH
“Classic” Dust:

Silicates and graphite are separate components

C24H12
“Astrodust” model:
Amorphous silicates + carbon material + other ( FexOy + Al,0, + CaCos + ...)
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Material constants

Da(abase of Oplical Conslants for Cosmic Dllsl

Laboratory Astrophysics Group of the AIU Jena

Note: Users of these data are kindly asked to cite the original papers. Links to the literature can be found in the header of each class of materials. Thank you. H.M. 23/08/06

https://www2.mpia-hd.mpg.de/HJPDOC/ o

The database is divided into the following pages :

+ Amorphous Silicates

+ Crystalline Silicates - New: T-dependent MIR/FIR constants of olivine and enstatite (Zeidler et al. 2015)
+ Fe-hased Oxides

+ Albased Oxides - New: T-dependent MIR/FIR constants of corundum and spinel (Zeldler et al. 2013)

* Sulfides

+ Carbonates
¢ Carbides
¢ Carbon
ubey silicates. The database consists of tabulated data which generally contain three columns: (1) or (2) Real part of the refractive index "n", (3) Imaginary part of the refractive index "k". Additionally, the
eated HIPDOC silicon and silicon oxides database now contains plots of these quantities together with a plot of a calculated absorption cross section for small (Rayleigh limit) spherical particles of the respective material. If no ather information is given, the
owe? metals data have been obtained from spectroscopic measurements on polished surfaces or thin sections of the materials, often by applying Kramers-Kronig or oscillator-fit procedures. For the details of the derivation of the
oxides 3 data we refer to the original publications, which are also indicated in the headers for each group of materials. If available, densities of synthetic materials are given in brackets after the chemical formulae of the
materials.
sulfides
nitrids £ . e
o https://www.astro.uni-jena.de/Laboratory/OCDB
carbonaceous species . . . .

organics:
ices )
extra-terrestiral materials -

miscellaneous

databases collections books reviews
Kramers-Kronig analysis Effective Medium Theory light scattering codes

o Interstellar Dust

infrared emission from the silicate-graphite-PAH model for interstellar dust (Draine & Li 2007)
extinction curves for selected mixtures of carbonaceous and silicate grains (from submm. to X-ray wavelengths)
scattering phase functions for selected mixtures of carbonaceous and silicate grains (IR to X-ray energies)
optical properties for candidate grain materials (from submm. to X-ray wavelengths):

o dielectric functions

o absorption and scattering cross sections for spheres

o Planck-averaged absorption and radiation pressure cross sections for spheres
e microwave emission from interstellar grains

g group

https://www.astro.princeton.edu/~draine/



Optical properties of dust

geometric cross section
G =T degr” [cm?]

cross section (C)lpacity
C = oQ [cm?] K = 67 [cm?kg™1]
Dimensionless parameter Q quantifies: e grain shape

* material composition
e wavelength

* grain orientation

e polarization

* temperature



RT with dust grains



Dust scattering

Reflection and transmission e.g. on a

Scattering on a dust grain
water surface

Incident ray Reflected ray .
(unpolarised) : (polarised) polarlsed
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Refracted ray
(slightly polarised)
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Scattering phase function
\\Reﬂection

Attenuation

/ Refraction
P

Diffraction

back-scattering
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Scattering source term: jo.q = Kgeq fm 1¥(6,$)dQ



Wavelengths regime

2T Aeff

Size parameter x = 7

> Geometrical optics

h=
x=10 X\T\ = N
%
x=3.0  \_ ok Mie regime x~1 — 1000

x=0.1 () Rayleigh Regime



Rayleigh regime

2 NGC 7023 Iris Nebula
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scattering: Qg =
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Absorption: Q5 = 4x Im (m 1)

Phase function: LI’(G)~% (1 + cos 62)
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Mie Theory

The Mie theory is a complete mathematical—physical theory of the scattering of electromagnetic wave by
homogeneous spherical particles

Solution for each direction ® can be calculated as a sum of Ricati — Bessel functions
Y (x) and , (x) and the recursive angular functions

1. EXTERNAL

REFLECTION 2k—-1 k
4. TWO INTERNAL Tk (e) — 241 Tck—l(e) cos O - k—1 Tck—Z(e)
REFLECTIONS

=

with 15(0) = 0,7,(0) =1
2. TWO REFRACTIONS
LIGHT RAYS

and

0. DIFFRACTION

3. ONE INTERNAL ’[k(e) =k cos O Tk (e) - (k+1) Tck—l(e)

REFLECTION



Amplitude function

Defines amplitude functions

2k +1
$.0) = ) i (@ (®) + Biri(©)
k=1
and
= 2k +1
5,(6) = (a4 (0) + b ()

Luk(k +1)

where coefficients a; and b, are a combination of y; (x) and £, (x) and the
refractive index m = n + ik as well as the derivatives y'; (x) and &'}, (x)

B Y (mx)yy (x) — my (mx)y', (x) _ my’, (mx)yy(x) — wk(mx)w’k(x)
B Y (mx)yy (x) — my (mx)&' (x) “ my’, (mx)& (x) — yi(mx)&' (x)’
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Scattering matrix

Scattering of the Stokes vector S=MSs
my; Mz 0 O
mi M1 0 O

0 0 Mms33 Mgy
0 0 —mzy Mmss3

Scattering matrix M =

(only 4 independent components for spherical grains)

Note: For irregular grains the matrix may be full and
components need to be calculated by other means
than Mie Theory!

Components:

myy = (1:(0)|% +15,(0)[2)

my, == (1:(0)|% — 15,(0)12)

Ma3 = 2 (51(0)S,(6)" + 51(6)5,(6)*)

M3y = 2 (51(0)S,(6)" — S1(6)5,(6)*)



Scattering phase function

Note: The component mq4is the exact phase
function and

[mq1cos0dQ
fmlldQ

g = (cos0) =

is the Henye — Greenstein parameter for
the approximation
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Efficiencies

Extinction: Qg = x—lzzzozl(Zk + 1)Re(ay + by)

. 1
Scattring:  Qqcq ;Ziozl(Zk + 1)Re(|ak|? + |bkl?)

Absorption: Qg ps = Qoxt — Qscq

* Pressure: Qpr = Uext — 90sca

Note: These calculations are only valid for spherical grains!



Scattering) codes

MIEX (Spherical grains, Mie Theory)
https://ui.adsabs.harvard.edu/abs/2018ascl.soft10019W/abstract

MSTM (dust aggregates, T-Matrix method)
https://pypi.org/project/mstm-studio/

SCADYN (arbitrary shapes, T-Matrix method)
— Radiative torque Qpar
https://github.com/jherrane/scadyn

DDSCAT (arbitrary shapes, discrete dipole approximation)
— Circular polarization Q.;. & Radiative torque Qpt
https://www.astro.princeton.edu/~draine/DDSCAT.7.3.html|
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https://ui.adsabs.harvard.edu/abs/2018ascl.soft10019W/abstract
https://pypi.org/project/mstm-studio/
https://github.com/jherrane/scadyn
https://www.astro.princeton.edu/~draine/DDSCAT.7.3.html

RT with a dust mixture

Typical MRN (Mathis, J.S., Rumpel, W., and Nordsiek, K. H. 1977)

Grain size: qff
dust model for the interstellar medium :

3.5

] . . ) ] dn
Grain size distribution: Grain size distribution: dn
Aeff . daeff
n

Ak daeff

Ceff

Weight per size bin dags: Wy, =

[amax_dn_, Size range: Auyin = 5 MM, Ay gy = 250 NM

a
Amin daeff

Material ratio: {; with 3}, C; = 1

Materials
- Silicate: ; = 0.375
- Graphite: ; = 0.625

e.g. average cross section of absorption becomes

~ —_ 2
Cabs - Z Ci Zkanak Qabs,i,k
i
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Scattering probability

» average cross section: C = Y, &; Y Winag Qi

e albedo: a =

D1 (apay = 0.02 pm)
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= Scattering becomes dominant for a mixture with more larger grains



Observed dust scattering

870 um (ALMA Band 7)
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Grains with similar size as wavelength are present



Dust heating



Dust heating

Assume the dust is in local thermodynamic equilibrium (LTE)

— re-emission follows the Planck function B (Tqyst) and Caps= Cem re-emitted radiation

Absorbed energy per time: E ps = [ Caps ), Fodr ‘
. Flux of the star Fy \ /
Re-emitted energy per time: Eop, = 47 [ Cabs ) B (Taust) d : Z

—_—

In thermal balance (when grain reached its equilibrium temperature Tq,st) follows: / l \
Eabs= Eem

i.e.

] CabS'Kdek = 4rn [ Cabsjka(Tdust) di
(implicit solution e.g. via look-up table)



Dust heating

re-emitted radiation

-7
F ;1\ ‘ /
Thermal balance for optically thick case: Flux of the star . e

f Cabs (er_T}\‘_l']?\,)d;‘ = 47tf Cabs By (Taust) d : / s o4

BUT: Radiation field F;Le_rk + Jy.is not known at the beginning
= Monte Carlo techniques Diffuse radiation field [,




MC dust heating
AN

Start with an initial dust temperature T
S O

* Inject Npp, photons (photon packages) from each source into the grid
0'@\\

= 4
1--

Sample a new direction 71 (s. points on a sphere) and a new wavelength
A for each absorption event

Temperature correction techniques:

Correct only in cells with an absorption event (memory efficient,
some cells may not have T4yt in the end)

O scattering

Store the entire radiation field (continuous absorption) in each cell
and correct for each absorption and once at the end of the run
(memory demanding).

S - Split photon into an absorbed and a scattered photon (time

O absorption and emission correct Tayst demanding)

of entire cell



lterative approach

 Start with an initial dust temperature T
* Correct temperature Thew — To1g + AT
 Sample new wavelength from Planck function

At AN

f}\, _l CabsB}L(Tnew) dA
) Zi —_— L

f(;)o CabsB}L dh

Repeat MC run until convergence criterion is fulfilled e.g. Thew — To1a< €
in each cell

Full control of convergence
- Very time consuming!



Spontaneous emission

Start with an initial dust temperature T,

Correct temperature Thew = To1g + AT
Sample new wavelength from partial temperature derivative of Planck

OB+ (T)
function B’y (T)= %T

7&1' AN /
f}v-l_ Cabs BK(TneW)CDL

o0 !/
fy Cabs By (Tnew) di

Zi =

- Only one MC run is required
No convergence control of temperature
The spectrum of the radiation field ]y is always correct.
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What regulates star formation?

Radiative feedback

radiation —— dust ——— gas
pressure collision

Frad Fo) = fabs(1 + T1R)
rad -
41c r?

10° 2
; A

CprLy, dr

rad

L Ko e
x5

- A'(:;ut [Hm]

7\“Oll.t

MC dust simulation

o° 10’
Aip [um]

PDF [%]



What regulates star formation?

log1o(T4(r)/1 K)
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= Dust shifts the initial SED of the cluster effectively into the IR and
sub-mm where the cloud is optically thin!



Stochastic heating

In contrast to “large” grains PAHs with N, atoms have internally “limited”
degree freedom to absorb energy:

A * Rotational: 3
? ft‘,,\ * vibrational: 3N, — 6

= Smaller heat capacity: C = %

F o Basalt

[ + Obsidian ]

J J k * Si0, |
o graphite |

|

10 10° 10°
T(K)

Draine & Li 2001




Stochastic heating

Heat capacity: C z% = AT z%

Energy AE of UV photon
very “small” grain “large” grain
AT —
T
Energy AE of IR photons Energy AE of
continuously
emitted IR photon
C
“small” grains:

* spend a significant amount of time at much higher temperatures
* emit at shorter wavelengths, which can have a strong effect on the observed spectrum



Stochastic heating algorithm

* RT for each grain size k separately
* define temperature range T4t €[Tmin, Tmax] in N bins

« enthalpy Hy(a,T) = %n a3p fOT C(T")dT' (pre-calculated)
Probability for heating from initial state i to final state f (f>i)

hc
Hy (T¢)—H(T;)

Aij = 41k Caps(Mij) (i) [Hi (Tmax) — Hi (Tmin)] With 25 =

Assume cooling occurs only to the next lower level
4

T o0
VLT H (T — Hk(Ti—l)JO
Diagonal elements A;; = — X ¢; Af;
Otherwise 4; ; = 0

A Cabs B’}\’(Ti) dr

— Matrix 4;; is determined by the material specific quantities C(T) and C,p, as well as the radiation field I



Stochastic heating probability

Probability P, (T;)dT of finding the k-th grain size at temperature T;

N—1
z P (T))Af; =0
i=1

(steady state condition)

with f =0,...,N — 1 and

N-1
> R(T) =0
=1

(normalizing condition)



A gy (W/sr/H)

PAH emission

Finally, the emissivity over all grains of the same size is

103! :
10732
1033
1034

1035

jk — Zk Cabs,k f PkB}L(T)dT

Total
Silicate
Graphite|
PAH

1073° """""""""""""""""""""""""""""""""""""""" 1 """""""" z
0.1 1 10 100 1000
A (pm) Camps+ 2015



The origin of disk shadows

Ginsk+ 2021

Normalized column density
10~* 1073 1072 1071 10°

Kiffmeier+ 2021 Krieger+ 2024



Disk shadows in emission

Krieger+ 2024

ALMA beam

16—

Flux density [Jy/Beam]

Tq [K]

Dust cooling by emission

dTq_Kaps(Ta) (T =T

dt C(Tg)
R =400 au, At=210.9 yr
100 A
90 A
80 A
70 4
60 - aeff = 125 nm
—— deff = 250 NM
50 4 — deff = 500 nm
L —— aeff = 1000 Nnm
40 - — deff = 2000 nm
—1]00 (I] 160 2(I)0 3(IJO 4(130

t[yr]



