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Dust Is everywnere

* (Gas and dust represent less than 10% of the
Milky Way mass
* Dust represents ~ 1% of this mass

BUT dust

The Sombrero Galixy (VI ANTU + FORNT

* 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

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



Dust and the ISM cycle

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

DENSE CLOUD E * Dust is a probe of the physical and

" chemical conditions of astronomical

. environments

DIFFUSE CLOUD

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

v

~ i {//éeu_m L » Dust is key to promote chemical

: MASS LOSS COmp|eXity
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How can we determine and study dust properties ?

Observational constraints :

Extinction
Emission
Polarization
Depletion
Presolar grains

Experimental data : Modelling :

Synthesis of dust analogues Cosmic dust models

Spectroscopic characterisation
Simulation of chemical and physical processes

Radiative transfer codes
Chemical models
MHD simulations

THEMIS * .

IDA KINETIC DATABASE
FOR ASTROCHEMISTRY
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Astrophysical conditions

Interstellar dust physics




Observational
constraints on aust
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ExtiNnction

Pre-Collapse Black Cloud B68 (comparison)
(VLTANTU + FORS 1 - NTT + SOFI)

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

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

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

I\ lo I\
3 3 P Observer
4
Iﬂ — 1/106 — \ : Specific intensity (W.m-2.sr-1)

kext : Extinction coefficient (m-7)
Ax : extinction
e kext(ﬂ)dl T : optical depth
I/l
Aj = = 2.5log,o| = ) = 1.0861,
I/l()
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1 he extinction curve

A (nm)
The extinction curve gives information on the size and _ ,5?0, - 2:5()' 1 '16[71 1 '1f5' | ;30
composition of grains: - MW R,=3.1: dn/da =a-33, 504 < a < 0.25um’ -
8- Maiolino AGN: dn/da «xa-35 504 <a< lO;.Lm —

: . . . , [Li +2007]
e UV rise = grains with radius a <4 ie. a < 10 nm

e 2175 A bump = carbonaceous grains (electronic transition)

e U, B, V bands = extinction in A1 = grains with radius a ~ 1 ie.

a~0.1Tpum

Color excess: E(MB—-V)=Az—-Ay

AV
E(B-V)

Total-to-selective visual extinction ratio: Ry =

Ry characterise the extinction curve
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Extinction in the mid infrared

Spitzer - diffuse and dense ISM
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Scattering

e Scattering depends on the size, shape and composition of the grains
e Grains of radius a ~ 0.1 um scatter light in the visible
e [ arger grains scatter light at longer wavelengths, in the NIR

e Scattering depends on the albedo w and the phase function g

W = Qsca/Qext
J 1©)cos(6)d
1(6)d<Q

g =< cos(0) > =

Rayleigh and Mie scattering phase function

= —
> 5 = - _ ‘ . : v ; v. i ) ! )
27Z'Cl 2][61 h "‘-.* . v 5 ‘. N o T \..A_, Ve ...-\‘5 r ; *
ﬂ << 1 l >> 1 Composite Image [3.6-8.0 microns) "Coreshine” (3.6 microns) Dark Cloud Core (8.0 microns)
Crédit : Sharayanan CC-BY-SA “Coreshine” in the L183 Dark Cloud Spitzer Space Telescope * IRAC

NASA / JPL-Caltech / L. Pagani [Observatoire de Paris/CNRS]) sig10-020
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EMISSION

Diffuse ISM emission: [Compiegne+2011] SILICATES

On a given line of sight, dust emission depends  p-7g——m —————— 3 10-300 nm
on: : N, = 10 H cm Toto :
o e
I, € X Ny X X, X ISRF o, K
LOS ks
2
N1 (cm-2) : gas column density 107
Xq: dust abundance A : Amorphous
Intensity of the ISRF - carbon
e (erg.st.sr-l.cm-1.g1) . dust emissivity - Nom prosested HAC,
5 \ ; L,,=7.2A_-‘j_'_;"_'.
10 100 1000
o Kirchoff law = at thermal equilibrium, emitted A (um)

VSG 5-10 nm
power = absorbed power — Kaps « € . e

[} [} [} [} [} | | °°
Different emission mechanisms depending S
on the grain size and nature >

9
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Polarization

e Due to the presence of non-spherical and partially aligned

e [n absorption starlight is polarised // to the

grains containing

—k (In(2

pDaramagnetic inclusions

S fleld lines

Z)s

Grain

p/l — pmaxe e [Serkowski 1975] Patat Et al. (201 O) diﬂ:use lSM
- | T | I | | I EE—
® Amax ~ 0.55 uym = grain radius ~ 0.1 ym -
e The peak position is sensitive to grain size S -
® Dmax ~ a few % R ‘ :
ot Fhos 950 .
e Correlated to ext|ngt|on | o A ~0.55um AT

e The 10 um feature is polarised & max * e ;%%}
I A T §

4000 6000 8000

Wavelength (A)
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Polarization

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

e Polarized emission Is L to B field lines

e P/| = polarisation fraction in the FIR/submm
e Observed by ARCHEOPS, WMAP, Planck

Grain

Polarised emission (Planck)

¥ ‘K —

Polarisation fraction (Planck)

SR R
...........
........

D : = | == 2 | ' ‘I ( - . » ‘__ -'_:-;1‘--':'7":_/-‘
10— s (.10 108 ,(Fase/ (MJy.sr 7)) [Plaan Collab. 2015] 0.0 e— cessessss——— 20.0 p (%]
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e Depletion varies from one element to t

log(X/H) — log(X/H)e

[X/H]

e Depletion factor: D(X) = [

¢ lectronic absorption lines of ato
¢ [n the UV spectra of O and B sta
e Copernicus (1972), HST (90’s), F

X

H

MS Or I0oNS
'S

USE (1999)

Depletion

Ne other

gasl = log( MY )obs_log

(&

) ref

e Depletion iIncreases with condensation temperature of the elements
Elemental letions in ISM | | | | | |
1 I | T T T E ° OO :__ _ _Iilg _______ ﬁ o 1(3_0_%_ i_n_ Eh_e_ gO_S___p_h9§e_ ]
:(1oox) ‘N ’Tl SQS.OS" > i
= ' = L o ~— [ ‘ —
- A ] — [
r Pb‘ ’Zn Goc ’:.i .P E I L - | ED
- | a4 ] s — 1.0 e B L LT LL LR LELEEEED -
~1 Faon) N:f'(-c., 1 =2 I + 10 %
: *Y o : - o
© Mn! v Ny i o é
- % v : X —1.5F ]
-2 g'(ix of solar In the gos) Cr’? "5‘ g E ‘ | . | :
é - ;N' Il —20 :_--Ij -------------------------------- “*,"',",I'/"""'"""'\\'\\'\' """"""""""""""" -
B :— CO‘ o o~ : WARM HALO CLOUDS L ' | % :
3 g ?Tl \2/ . @ COOL DISK CLOUDS + é
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u ‘CO . + i
-4 | i ! 3 ) 1 - : L 2 L . f - - i, | | | | | ]
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[Jenkins 2009, 2013]

600-
500-
400-
300 1
200-
100-

0

B B stars

0 Sun

C N Mg Si

Fe
Table 2. Adopted Gas and Solid Phase
Abundances of Selected Flements
X (X/Mhsm (X/Mgas  (X/T)duss
[ppm)] [ppm)] [ppm]
C 321 198 126 £ 56
O 682 434 249 1+ 94
Mg 52.9 i | 45.8 + 4.9
Al 3.5 0.1 3.4+ 0.3
Si 44.6| 6.6 38.0 & 3.1
S 17.2 9.6 7:6 2.0
Ca 3.2 0.1 3.2 0.2
Fe 437 0.88 42.8 + 4.0
Ni 21 0.01 2002
[Hensley&Draine+2021]
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Photo-electric a

(Gas and dust si

X-ray observations

osorption edges
multaneously

Mg, Fe, Si, Ca, Ti ...
Chandra, XMM-Newton

More data to co

—
- ..

.....

[Zeeger PhD 2018]

me with Athena and X

X-ray photon

_» Photoelectron
E.s 4

*Exin =Ephotor\ - Eo

Absorption probabjlity

Absorption probability

Eo

RISM

15

-2

[Costantini +2019]
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S
, . Presolat Silicates

IntePstellar Organit Matter

‘-

L

Pre-solar grains

e Sample return missions : STA

RDUST, HAYA

BUSA, OS5

RIS-

nterplanetary grains (Ml

R S

ations, stratospheric flights)

Rex

¢ |nclusions In meteorites
e Micro-meteorites

Red giants, AGB
stars, ~1-2 Msol

Samples brought back from Ryugu

Artificial object?

|

. : meteorite ACFER 094 i
.f'y‘ . "." - » YT ::
%Y % ‘hﬁg S ~agl ) |@ Oxides (prev.)
Yo Vs o £ |o|~ Silicates (prev.)
- . % T W Acfer 094 HR
o 95 b @ Acfer 094 LR

[Hoppe+2015]

Sup‘emova:
Qlivine  —

Inferst&ll_af . 5
Nanoglobule =

Tamatebako

» =~ . ' : w

i Intgr,planeta‘r; Dust Particle L2'054.E1"

0.002
180 /160

0.003)\ 0.004

low mass and

fmages credit: JAXA, Universify of Tokyo, Keohi University, Rikkyo University, Nagoya University,
Chiba Institute of Technology, Meiy University, University of Aizu, AIST

metallicity AGB
stars, SN
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Dust properties: size distribution

: : : : C i€ 2011
e Constrained by the extinction curve and depletion measurements e —

Silicates (@Sil) =-sm=se= ;
Carbonaceous 1
PAH 3

* The most used is the MRN size distribution (for spherical grains silicate and

SomC - —-—-— !

graphite grains): [Mathis, Rumpl, Nordsieck, 1977] 3 °F R
E E
= tf i
e Many updated versions of the MRN size distribution exist, in particular to include é _
the PAH grain population [see dust models from Compiegne+2011, Weingartner = ¢ :
& Draine 2001]. nEw ‘1 j :
1 10 100
e | 0g-normal grain size distributions are also proposed for large grains [see the a (nm)
THEMIS 1 & 2 dust models from Jones+2013, Ysard+2024]
e grain destruction = power-law size distribution = the dust mass is in big grains
e grain coagulation = log-normal size distribution = the dust surface is provided by small grains
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Grain charge

Balance between 5 A i 1000 A
: : : Ibanez-Meijia+2019
® |ON recombination o8- (Z)= -0.13 | (Z)=130 | Ibanez ejla_l(_Z)=4.4e]> T_14 4K
e photo-ionisation i o o | |G
® clectron recombination = s s oovey | Medium |y, - oxtos
- : = xH2 = 0.99
e Neutral or positively charged in CNM, WNM =
e Negatively charged in CMM for small grains r.., A —r=... o 6.' T
0.8 - -— {Z)=0.05 )= T.25 (Z)=43.89 T=70K
0z=0.43 0z=2.70 0z=6.67
® [he charge depends on : (23 f2xS iood | nn=300ms
. . E (Z)=0.03 (Z) =5.05 (Z)=42.46 Medium Gitot = 0.60_
® grain size * 0.4 07=0.26 07=2.08 | 07=5.50 (CNM) | Xe= 1.8x104
: o fzx5 fzx5 xH2 = 0.15
® grain compaosition
e |[SM phase (density, temperature) i 3 e— _
' ' ' -1 0 1 2 3 A4 20 30 40 20 40 60 80
e Radiation fleld - (Z) = 0.82 (Z) = 33.97 | (Z) = 255.65 T7000K
® COsMic ray ionisation rate e o i W = 0.9 cm?
y 0.6 = J4 fzx5 fzx5 arm
E F-==y {2)=0.38 u: l". (Z) =18.59 (Z) =139.58 'D::ldllt&?r!] )(?tot 2010.?5
= ' or=0.51 : L 0,=2.31 o»=6.92 e = U.
. . . . . 0.4+ | Z :, zzx o zz>< (WNM) - _
* Grains charge distribution impacts: 4 an il xre = 4.6x10°
* properties and propagation of shocks | " A
PY gas_grain Coupling -1 0 1 . 2 3 | 4 "10 20 30Z 40 50 150 200Z 250 300

silicate grains
carbonaceous grains

e surface chemistry
* grain growth and destruction
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Modelling the dust
extinction and
eMmISSIoN

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



Modelling the extinction

I(A) = Ij(A) X e™™®

Extinction cross section (cma)

N : number density of dust grains (cm-3)
N : column density of dust grains (cm-2)
ogr . grain geometrical cross section (cm?2)

Vgr : grain volume (cms3)

i Cext, Qext, Kext refer to an
individual grain !!

ety Observer
B Extmctlon
, T(A) = JQ/ coefficient (cm-1)

C

_ Cext _ (Ca Sca) o ext
Ugr Ggr @ Vgrp gr

Extinction efficiency Opacity or mass extinction

coefficient (cm2. g-1)

T(4) = lkext =N Cext — ang Qext Mo Kexi

Cext, Qext, Kext contains the information on the dust properties
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Modelling the dust extinction

e [0 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

e [his interaction is specified by the dielectric function ¢ or optical constants m of the grain material;

£ =¢€ +1¢& m=@+i@=\/g

refraction absorption .
, _ - (sometimes called
index index extinction coefficient!)

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

e [-or a spherical grain small compared
to the wavelength :

21
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Qext/a, Qsca/a (um™)

Extinction as a function of size: spherical grains

e \When the particle size a = A, one has to use different methods to calculate Cans and Csea
o [f the particles are spherical one can use Mie Theory (many public codes exist)

10°

10°

107* |

10°°

Grain size: 10 nm 500 nm

ll\l#ll‘*\

L 1 l

1.0

10.0
A(pm)

100.0

1000.0 10000.

Qext/a, Qsca/a (um™)

100.0000 ' ' '
-\ e Qsca/a Grain size (Uum): -
10.0000 £ Qext/a Od()15 -
B 02 2
1.0000 I
0.1000 | -
0.0100 ¢ =
0.0010 f -
0.0001 L el e B S . S Y
0.1 1.0 10.0 100.0 1000.0
A(pm)

- fora < A, the absorption and scattering properties do not depend on the dust size
- for a = A the absorption and scattering properties depend on the grain size
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Extinction cross section of complex grains

nart

e |f the
NS are aggregated

o |[f gra
e [f gral
structure :
e core-mantle grains
e composite grains with inc

cles are not spherical or spheroidal

NS are complex in term of composition and

usions

e aggregates of grains of different compositions

)

oublic):

Different methods are used (some codes are

e DDA [Draine & Flatau 2010}
e [-Matrix [Mischenko+1996]

= Effective medium theories (EMTS) [see eg. Min+2008]

e Fach theory has its own limitations

23
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— 1000
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[ E
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T lilﬂ_lll |

_[Stognienko+93]

.....

DEMT-0
DEMT
DMM
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EMT-0
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—
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] I |||l_ll| | |

T rrrrrT l‘lllllll-

{1}
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L 1| lllL[II
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Dust temperature (1/2)

e Grains are heated by:
e apbsorption of a photon from the radiation field
e collision with atoms, electrons, cosmic rays, grains
e cnergy delivered by chemical reactions at grains surface
= Radiative heating is the most important in the ISM

energy absorbed by
surface unit

00 4
CU,
E . = 0, (V)7 2 dr E, =
0 . \ 7L
flux per
grain surface steradian
30
20 A
93
~— 10-
o
I~
6.
4.
3 —r——r O SV
102 10! 10° 10! 102 103 104
a (um) 24

grain surface

¢ Grains cool down via:
® cmission of a photon
e collision with cold atoms and molecules
® cjection of electrons, atoms or molecules
from the surface
= Radiative cooling is dominant

power emitted per

frequency unit
abs(y)E’Bv(Tﬁ Eem — Eabs giveS Teq

All sky Planck observations [Planck Collaboration 2013]
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Dust temperature (2/2)

e Big grains have a constant temperature

50 " " 20amm T,=100s -
10 £ 3 .
3 e Small grains :
L Y T
o0 F 10nm  T,,,=750s E e absorb fewer photons than larger particles
10 e reach higher temperature than larger ones (small
@ ° SR L S S . - heat capacity : C(T) ~ 3N, kg)
= 50 | 5nm T =6x103s = o ,
l ans \ o cxhibit higher temperature fluctuations than larger
10 & \I\ E ONEes
O N T R B _: N hv _ hv
50 F | | 2.5 nm Tabs:5><|104 S - T C(T) 3N, kg
1g 3 E e 30 atoms (~0.5nNm) + <hv>=8eV =T ~ 1000 K
B ] ] ] | ] ] ] ] ] ] | ] ] ] | ] ] ] |
0 2x10¢  4x10*  6x10*  8x10% 105 (eg PAHSs)
t(S> B. T. Draine 2002.12.24
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Modelling grains emission: the big grains

e Medium is optically thin Modified Black Body model:

e Grains in thermal equilibrium > B

e No temperature gradient on the line of sight _ I,=B(1,)(1 —e™™) =~ B/(1, X1,
with : (1) =N Mg Kext

e |ISM big grains have T = 20-30 K = emit in the FIR/mm domain

e |[n the FIR/mm, semi-classical physical models assume an

y/ .
asymptotic behaviours : «, = zcl()(/l—)‘ﬁ with : I, ~ B (T) =
0

Mdusth(T) ( 4 )ﬁ
Ko
d2Q2

e 5 =2 from Lorentz model

e 5 =1-2 for phonons model

M, 2kT K
In the Rayleigh-Jeans limit: | ny — 94! d”“(_o),/%ﬁ

v d2QC2 1/(')5
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Modelling dust emission : small grains

[Draine & Li 2007]

e Stochastic heating induced by the absorption of photons of the ISRF 10 Rl -(- lj'BAH;
a
T, 1 E A —
e Strong temperature fluctuation if - hv,, > J C(T)dT 0.1 U=1
0 ; b 1AW
| T | dT 1 00 0.01 g L\.\'
starting from ny = L C(T)dT cooling as = ﬁjo SerQupsW)B(T)dy 10-3 , |
* % 104 | \
=10-6
o dP S | | |
E, (v)= J S, 0., WaB(T)—dT \1()—6 |
o T = A
1077 | | | E \
10-8 |/ /S E B L
’ & | a > 2
-0 | 4
e Need to know the heat capacity of the species to calculate the 10 | |
temperature probability distribution of the different species 10-19 \
10-11
10—12 L1 1 ll“ll‘ L1 1 lLl|l| 1
10 10° (k) 10° 1
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Modelling dust polarisation

Polarisation requires alignment of dust grains with the magnetic field

e Magnetic dissipation See als
* Radiative torque alignment (RAT) S ot

Voshchinnikov+2016

Polarised intensity depends on

e (Grain alignement
e Polarisation properties of the grains (composition, shape)

From Guillet+2017, used in DustEm :

: , : 1 In ((l / aalig)
Fraction of align dust (in mass) : fla) = 5 fmax | 1 + tanh p '
stiff
: : : | C2.x.—C.ex< - xt.
Polarisation cross section : T ool (A) = Zn. (@) fi(a;) ( saaliite t)( i) Ci,aps, Ct,scay Ciexti E // Bpos
i 2 Co.apbs, C2.sca, Coext: E L tO Bros

Total polarised intensity : P,(1) = an(ai) fila;) )( 51 B, T (@)

Ji

C?., abs — C] ,abs
2
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Summary

e Observational constraints : depletion, extinction, emission, scattered light, polarisation

from X-ray to mm

® Spectroscopic observations provi
e Analysis of presolar grains provi

site

de Iinformation on dust compositior

de information on the dust compositi

on an

d st

‘ucture

and T

orr

e Several components of dust exist: silicates, carbonaceous grains, ices, PAHS
e Distribution of size: from ~ 0.5 nm to up to ~0.5 pm in the [SM
e (Grains are not spherical and are partially aligned

e Silicates represent ~70% In Mass

29

ation
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\Viain dust constituents
and cosmic dust moagels
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Fa (107183 W m—2 pum-!)

e NMain

Silicates : the 9.7 & 18 um features

e Main dust component : ~ 70 % in mass

y amorph

OousS

e Crys

‘alline ano

amorphous In circums:
e Mostly Mg-rich silicates such as amor

LOS toward the Galactic center (ISO) dense ISM

IOO0.0E

100.0F

10.0

1.0
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Silicates : composition and structure

olivine
MIR spectrum of MgSiOs grains Olivine
C.10C I | | ' I ' ' ' Tetrahedral e
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- . . — SiO,)* Si,05)°"
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= - f - / tetrahedral chain:
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S - _
c - _
<! I ] _
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Other large grains

Wavelength [um]

Wavelength [um]
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Aromatic dust: the Aromatic Infrared Bands

a [Tielens+2008]

CC stretch
| | | C H stretch Combination CH in-plane  CH out-of-plane
e Observed in photo-dominated regions, i sy - e

circumstellar shells and disks around evolved 140 —~———— T T T —
and young stars 120 - -
100 - —
e ~10-20 % of cosmic carbon 80 - .
* ~ 5 % of the dust mass E or .
E Yr .
e Heated stochastically T D —
e Band strengths and band ratios vary withthe 2 T -
environments g oL -

e |7 7um/l11.3um /" with charge S ol

. : = i

® |33,m Sstronger for small particles and.or ]

strong radiation field :

10 -
an Orion Bar (H2S1) |
i, i : P fepeisim § 39 : :
3 4 5 6 7 8 9 10 20

Wavelength (um)
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Aromatic dust: Polycyclic Aromatic Hydrocarbons

[ JNeu’rmIM

|

£
o

e Aromatic molecule such as PAHS
e distribution of size : ~ several tens of C atoms
® NO single identification
e could explain some DIBs (ionised PAH)

[See review from Tielens 2008]
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Hydrogenated amorphous carpon

e Hydrogenated amorphous carbon (HAC or a-C:H) :

® |[n absorption in sightlines with sufficient

e 3.38, 3.42, 6.85 et 7.25 ym features : st
bonds in CH2 and CHsz groups

e ratio aliphatic/ aromatic variable:
e < 15 % aromatic in Dartois+2004
e ~ 85 % aromatic in Pendelton+2002

NH
retching and bending of C-H
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i/ ; 0.2F C—H Bending - [Pendleton+02]
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Volatile dust : ices

[Dartois +1998 in Boogert 2015]

E combination I :| .H2.0 o e lces mantles form at A, = 2-3
_ stretch bend libration lattice
107 1 s e Dense clouds
- e Protostars of all masses
I e Circumstellar shells of OH/IR stars and some AGB
o E e Elemental budget => grain mantle of 5-10 nm
3 :
E i
= el , _ e Main species: H20, CO, CO2, CH3z0OH, NH3, CH4
silicates e Others likely species: HCO, OCN-, OCS,
i \ :1;:‘:0;{:08 j HCOOH, CH3zCH-OH, HCOO-, CH3CHO,
107171 “J _ NH4+,SO2, PAH
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S — ' e H20O 100
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Grain Surface Chemistry COQ 15-28
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Cosmic dust models

i [Henning & Mutschke 2011]
, Measurements Chem./StruN
%ﬁ;ﬁ:;: on .Bulk Samples, Characterization
e Based on the physical characteristics of the dust : thin Films ete. (TEM, EDW

e dielectric constants
e heat capacity for emission modelling
e nhoto albsorption cross-sectior

Production of
Small Particles

l

Measurement of
Extinction, Absorption,
Scattering

Optical Data
n@), k()

e [hese data come from laboratory astrophysics
studies of dust analogues

Scattering Calculations
for Spheres, Ellipsoids, CDE,
Core-Mantle particles, etc..

e Consider various dust populations, shape and size
distributions

C C.. s

Xt abs ? sca

e Constrained on a set of observations and cosmic Nodelline of the Cosmic Ervirommen
abundances Continuum Radiative Transfer

i

Comparison with Astronomical Spectra |<
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Some dust models for the DISM

Constraints from extinction & emission (old models):
e Draine & Lee (1984) and later versions [eg. Weingartner & Draine 2001,Draine & Fraisse 2009]: astrosilicates &

graphite &

PAHS

o Compiegne et al. 2011: astrosilicates & amorphous carbon & PAHs & PAHs*
e /ubko et al. 2004 astrosilicates & graphite or amorphous carbon & PAHs & H2O ice and organic

refractory

e Jones et al. 2013, 2017, Koehler et al. 2015: THEMIS model : lab silicates (M

Constraints from extinction, emission & polarisation (hew models):

e Siebenmorgen et al. 2014, 2017 astrosilicates & amorphous carbon &

extinction

R) & a-C(:H)

PAHS — polarised

o GGuillet et al. 2018: astrosilicates & amorphous carbon & PAHs — polarised extinction and

emjIssion

e Draine &
e Ysard et a

ensley (2021): Astrodust + PA

. 2024 : The TH

extinction and emission

-MIS 1| model:

S — polarised extinction

ab silicates (MIR/FIR) at low T & a-C(:H) — polarised
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Astrodust & THEMIS models for the DISM

e Reproduces grain evolution in the DISM: mantle accretion

e Reproduces grain evolution in the DISM:

destruction and re-condensation and processing
e TwoO dust components: e Core/mantle grain model
e astrodust: porous mixture of silicates & e Aromatic carbon (a-C), hydrogenated hydrocarbons (a-C:H)

carbonaceous matter on grain surface and silicates (low temperature experimental data) with Fe
e PAHS Inclusions

* Spheroidal grains 033 1 3 10 30 100nm e

Assumption about compaosition: a-C

size-dependent propertes

a-C:H/a-C

core / mantle

amorphous silicate
hydrocarbon material
other materials (e.g. Fe oxides, Al,0Os, CaCOxs)

a-Silre/a-C

care / mantle

Hensley & Draine 2020, 2023 Draine & Hensley 2021

https://dataverse.harvard.edu/dataverse/
astrodust;jsessionid=6ad4b0855ffdf13379ecb46eb838 [Jones +2013, Kohler +2014, 2015] [Ysard+2024]

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

e Pollack (1994) model: lab silicates, Fe, organic C —molecular clouds and transition disks

e Ossenkopf et al (1994): lab silicate and amorphous carbon grains, ices - dense protostellar
COres

e /ubko et al. 2004 astrosilicates & graphite or amorphous carbon & PAHs & H20 ice and
organic refractory

e Jones et al. 2013, 2017, Koehler et al. 2015: THEMIS model : core-mantle aggregates with
lab silicates (MIR), a-C(:H) & H20 ice

e Under progress: THEMIS 2 model : core-mantle aggregates with lab silicates (MIR), a-C(:H) &
H-O ice
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Some dust models used In disk models

Table 1. Assumptions about disk shape, grain size, opacities, dust settling and PAHs in different thermo-chemical disk models.  [Woitke+2015]

reference model setup & disk shape radial range [§ grain size | dust opacities | dust settling PAHs
Semenov & Wiebe (2011), | adopted from D’ Alessio et al. | (10 —700) AU § uniform 0.1 gm well-mixed n.a.
see Semenov et al. (2006) (1998), Tous = Tuss
Gorti & Hollenbach (2008) | powerlaw X(r), (0.5 =200) AU f powerlaw, well-mixed reduced ISM abun-

modified CG97 (0.005 - 50) um dance,PAHs in heat-

ing and chemistry

Dutrey et al. (2011), see series of 1D vertical slabs, | (40 — 300) AU § uniform 0.1 um well-mixed n.a.
also Semenov et al. (2010) | based  on Hersant et al. : : :

(2009, Tys = Tiius e Graphite is a wrong assumption use
Walsh et al. (2014), based | () from a-model, vertical | (1 —300)AU J§MRN, details see mix of AS, | well-mixed amorphous carbon instead
on Nomura & Millar (2005)| hydrostatic equilibrium (Nomura & Millar graphite and

20035) water ice

Du & Bergin (2014), based | powerlaw XZ(r) with self- | (1 — 140) AU § 2 powerlaws: 7:3 mixture

on Bethell & Bergin (2011)

Mathews et al. (2013),
based on Qi et al. (2011)

Akimkin et al. (2013)

Bruderer (2013)

Woitke et al. (2009)

this work
(more details in Sect. 3)

similar tapered outer edge,
parametric

powerlaw 2Z(r) with self-
similar tapered outer edge,
modified parametric

viscous disk evolution, verti-
cal hydrostatic equilibrium

powerlaw 2Z(r) with self-
similar tapered outer edge,
parametric

powerlaw X(r), vertical hy-
drostatic equilibrium

two zones, powerlaw X(r)
with tapered outer edge, para-
melric

complete disk

(10 = 550)AU

complete disk

(0.5 =500) AU

complete disk

C,:(0.01 — 1) um,
Ca: (1 — 100) um

2 powerlaws:
C1:(0.005-0.25) u
C>:0.005 pgm — 1 mm

dust evolution from
initial MRN dist..
(0.003 — 200) um

2 powerlaws:
Ci:(0.005—=1)um
C»:0.005 gm — 1 mm|

powerlaw
(0.1 = 10) gm

powerlaw,
0.05 ggm — 3 mm

of AS and
graphite

3:2 mixture
of AS and
graphite

AS

mixture
ol AS and
graphite

AS

lab. silicates
mixed with
AC, DHS

42

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

C well-mixed,
C, reduced H

included 1n

dust evolution @ Add ice maﬂtleS

reduced ISM abun-
dance. in heating,

e Check how the extinction efficiencies

are calculated for grains > 1 um : Mie
Dubrulle et al. D
(1995).about  LNEONY, aggregates”

100 size bins I chemistry and RT

C well-mixed,
C» reduced H

well-mixed
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Summary

® [here are many cosmic dust models

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

e Some criteria to classify dust models:
e [he environment they are supposed to represent: diffuse vs dense medium

e [he observational constraints they consider

¢ The adopted description of the dust: empirical (observational) vs experimental (measurement
on cosmic dust analogues)

Sut they Imp

No dust model is

‘OvVe

unigque or
ttle by litt

are obtained on dust analog

perfect
e as new observational constraints are available and as new results

UeS
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