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Dust evolution along the ISM lite cycle
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Dust evolution

e Grain-grain collisions:
e At low velocity (1-2 km.s1) = coagulation
e At intermediate velocity (~20 km.s-1) - fragmentation
e At high velocity (> 20 km.s-1) - sputtering & vaporisation

e Gas-grain reactions:
e (Grain growth: condensation of molecules on the dust surface
e Erosion by the hot gas (sputtering)

e Interaction with photons (UV, X...)
e Chemistry on grain surface and within icy mantles
e [nfluence the ionisation and stability of PAHs and nano a-C(:H) grains

¢ Interaction with cosmic rays (CRs)
e Chemistry within icy mantles
e Changes of the grain structure (amorphisation)
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Newly formed dust

e Produced In :
e Circumstellar shells around evolved stars
e Supernovae (also destroy dust)
e The ISM (also destroy dust)

e [woO-steps process involving 1) nucleation and 2) grain growth

e Depends on time, dynamic,...
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Newly formed dust : silicates

e Fvolution from O-rich to C-rich stars

e Amorphous & crystalline silicates .
e Evolved stars with C/0~1

e Oxides
[Jiang+2023]
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Newly formed dust : circumstellar shells

¢ H Igh Mass eVOlved Stars IWR 1‘;0 - Offse.t 2 MIRI MRSI 20000{ MIRI MRS spectroscopy of C1 feature
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Newly formed dust : circumstellar shells
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e Amorphous carbon dust (featureless)
[Volk+2011, Honny+2002]

* PAHS
* Hydrogenated amorphous carbons

e HerbigAeBe, HIl regions, RN, post-
AGB, PPNs, extragalactiques
sources

¢ |solated Herbig AeBe, post-AGB,

DDNS

e post-AGB, young PPNs

e [ncrease of aliphatic content from class
A to class C [Pino+08, Carpentier+12]
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Dust lifetime

e (Grain residence time in the ISM before incorporation in new stars: ~ 1.5 Gyr
e (Grain life time against destruction by high velocity (SN) shocks: ~ 0.5 Gyr
e Hydrodynamical models of Giant Molecular Clouds + elemental depletion constraints

[Jones & Nuth 2011, Bocchio+14, Slavin+15, Zukhoska+2016,2018, Dwek+15, Kirchschlager+2022]

v

e \Most cosmic dust grains are destroyed in the ISM before being incorporated into new stars

v

e (Grains must be formed in situ in the ISM
® The proportion of dust that forms in the ISM depends on many parameters which are not well
constrained...
e Need more observational constraints
e Need experiments on dust growth on the cold surface of grains [Rouillé+2020]
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Dust evolution In sShocks

Effect of high velocity shock propagation in the ISM :

e (Grain destruction :

e Grain size distribution changes: Slavin+2015]
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e Fragmentation:

e diminution of the number of big grains e Thermal history of shocked gas matters

* Increase of smalls grains, Maust I constant e Dust destruction timescales might be shorter

e Sputtering:
e decrease of grain size and Mgust
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Silicate dust in the diffuse ISM

¢ |nterstellar silicates are ~ 95-98 %

A (um)

amorphous [Kemper+2004, Li+2007]

[Kemper+2004]
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e Crystalline silicates amorphised
IN shocks

® [ncrease of porosity

e Chemical evolution : loss of O

and Mg, Fe reduction
[Demyk+2001, Jager+2002, Brucato+2004]
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Dust variation in the diffuse ISM

e Tsilicate/continuum N\ when Av Parametrisation of the extinction curve
with Rv from 912 A to 32 um :

= grain growth [Decleir+2022] ? A
~17 [Gordon+2021] = chemical changes of grains ? A(V)

small variations in the NIR
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Dust variations in the diffuse ISM

[Ysard+2024]
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From diffuse to dense ISM

= The extinction curve varies from = Cloudshine & Coreshine = Position of the
diffuse to dense lines of sights e NIR and MIR polarization max increases
e xtinction curve flattens e Scattering by grains bigger
e Silicate bands broaden than DISM grains
e Peak position unchanged
e Variations correlated with ice Steinacker+2014] Wang+2017] ' |
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0.8l A { ‘ ' — 5Star 13793, ),,..=0.83+0.01 .
[McClure+2009] =< ,//' ' Dark cloud IC5146
0P d 0.6} ! // ‘ J
: \ 4\ | 1‘ E: :; /'//
"N ML 2 0.06 0.4 |/
: S T N g >
= | ‘U‘ g o2}/ / AA~0.3 m ~
< g .l
T 0.04/ [ s D
0.3<A<1.0 ’ 0.0 . . , . ‘
o TOZALDD | 0.5 1.0 1.5 2.0 2.5
0.1 | 2.0<A<3.0 . Wavelength (pm)
[ — PR ! —
Z | éll | tl': | éHD ZIO 310 40
Apm)

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



From diffuse to dense ISM: dust growth and coagulation

® |[n dense environments: cold clouds, pre-stellar cores, [HEMIS adaptation for
porotoplanetary disks the dense ISM:
e Small grains stick onto big grains ncening diffuse 15
. . Mue Nu core/mantle grains
e Big grains coagulate to form aggregates _ am .
e [ces freeze on big grains and/or the aggregates for Av = 3 .
core/mantle/mantle grains
CMM ~ a-C+a-CH
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Wavelength in um [Jones +2013, Kohler +2014, 2015]
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https://www.ias.u-psud.fr/themis/

Dense ISM : variation of dust emissivity

DISM dust

LA
M

and the emission data
e dust opacity at 250 um is raised by 1.8-2.2
® grain size increases by a factor 5

Brightness map at 250 uym (Herschel)
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Dust coagulation in dense clouds

® |[n dense environments: cold clouds, pre-stellar cores, protoplanetary disks

e Coagulation time for a mixture of grains : [Draine+85, Stepnik+03]

1 N+ . number density of grain 1
{ e v1/2 . relative velocity between the two grains
coa
O1/7MV1n O1/2: coagulation cross section: Gy = T x (a1 + a)?

Molecular cloud with ny = 4x103 cm-3 and a relative velocity of 0.1 km/s

Type of coagulation ~ Coagulation time-scale [yr]  7n, [cm™]

® [he time for coagulation is rapid VSG on VSG 14%10° 152% 102
VSG on BG 1.6x10° 1.52x 1072
= grain have time to coagulate BG (car) on BG 11%10° 617 % 10-2
, ~ 103 - -8
pefore cloud collapse and star BG (sil) on BG 4.3%x10 1.60x 10
formation (in ~ 106-107 years) [Kohler+12]
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100

Dense ISM : variation of dust spectral index

Planck: 13188 Galactic
Cold Cores

[Planck 2015 XXVII]
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BPIanck =1.6-1.7
BHersoheI =2.0-2.1

e |n optically thin medium :

M y,,5:6,B,(T')
I, =1B,(1) =
. AW
assuming : Ky = K3 \
Ao

= 5= 2 and may be > 2
= (5 varies with A

* This is not a bias
* Not an effect of noise
* Not an effect of temperature mixing

along the line of sight
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lemperature dependent dust opacity

MAC of small prolate grains (a/b=1.5)

Extinction coefficient of amorphous silicate
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Coupeaud+2011 _ _
Boudet+2005 = (3 varies withAand T
Mennella+1998
Agladze+1996 = B3(A) /" when T \

e DCD and TLS model [Meny+2007]
e Able to reproduce SED of warm and cold

regions [Paradis+2012,2014]
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[Demyk+2022]

astrosil

THEMIS Fo.

MAC at 100 ym:

» lab: 81 /87 cm2.g-" T
» astrosil: 37-44 cm=2.g-1 j-

v

100 1000
A(um)

MAC (cm2.g-") at 1 mm:

» lab: 0.56 - 1.36 at 10K _
» astrosil: 0.35-0.47
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Modelling grains emission: the big grains & the TLS model

Proposed by solid state physicists to describe the low temperature behaviour of disorder material

e Sum of two different models: DCD and TLS
e DCD: Disorder Charge Distribution e TLS: Two Levels System Menyx2Ror]
® Independent of the temperature e temperature dependent
e depend on the typical distance on which ¢ 3 mechanisms for transitions between two
charge is neutralised levels system of the disordered structure
| | | | |
¢ 8 & & | & o g =8 j o \
I 1 lc | l ! tout p"t:\oton

10000.0

~ 1000.0

100.0

Korain = Kir T Kpcp + K71s
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Dust In dense clouds : Ices

® | oW mass star forming region . ' ge Age JWS] ERS program ,_,

Chameleon | 10“"‘-§ N H.0 stretch o, "Co 1.0 beng CHOH [McClure+2023] F
e Lines of sight outside the infalling bl ‘
enveloppe of the class 0 YSO Cha MMST

e High extinction: Av ~ 60 & 95
e Pristine ices
® \/ery rich ice composition :

e N-rich species

® S-rich species

Silicates
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More JWST results on YSOs : Rocha+2023, Nazari+2024,...
22

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



Dust In dense clouds : Ices

e Detection of COMs
(commonly observed
and abundant in the gas
phase in the mm) :

e acetone CH3zCOCHs
e cthanol CH3zCH>O

e gcetaldehyde
CH3CHO

Reverse optical depth (arbitrary offset)

Wavenumber (cm™1)

1379 13
| : -

33

1290 1250
| I

Ice Age JWST ERS program

1212 1176 1

-0.30

=025

—0.20k_

I
O
—
w

I
ot
-
o

—0.05}f

0.00}

0.05

0.10f

1429
2 | :

S s

e B 1 i,

T e
CHj3 s-def

CH3COCH3ICO (115)

1 l 1 Il

1

c) |

-------
-
e
..
-
.......
L)

..
..
L)
-----
-
* .
-
-
-
-

NIR38 (A,~60)

[McClure+2023] F

avelength [um]

---------- continuum fit
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Dust In dense clouds : grain growth and aggregation

Ice Age JWST EP.S program

l ' . : l ' ' ' ' 1 '  IEF ' 1
1.4 _—[Dart0'3+2024] % 2 0. 8‘“ 535 1 \ | Spectroscopic sizing of grains
F o | ol % {1 * RT modelling
| ot _t e Optical constant ices,
_10f! neest®®’ 1 refractory matter
— ! R . '
é 5 s e DDA modelling for large grains
g *°r 4 * MRN size distribution
O O i
= [ | o) = amax — 09 + 01 Hm
0.4; | | o
i 2 | | amax : Snew
- \ A — 09 - SMRN
il * ] — 0.25 (MRN) ]
UL L ! \ patfl \ | | ) ) | | I ) I | | | ! I | I '
25 3.0 3.5 4.0 45 5.0 M(a 2 0.25um) _ . 5 1 415
el o M@<025um)

= dynamical evolution of dense clouds

= chemistry

= external radiation field penetration
and propagation

DISM /2
Nc ice, a & A/2n a < g K. Demyk, The physics of star formation, 12-23, February, 2024



Silicates In disks

HAe TTS BDs Lab.S1l.
I U L L N L L S = | arge variability of spectral shapes:
Rutszo-asze | | ol(i)j"ize_ e Narrow or broad feature
ﬁi — e High or low contrast wrt continuum
1B f w i e Sub-structure in the 9.8 pm band
¥l & 4
AR\ VARNDEN I ,
A T | 5 Si;ae'”/, = As grains grow to pme-size:
™ —S"“ﬁé‘p’s}, $ﬁ4+ e Shift in peak position
~< I | o e Band width increases

F ——— ——

® To.gum/CONtinNUUM decreases
= |n the MIR we do not see large grains !

HD 14266

Normalized Flux

HD 9588

B = Presence of crystalline silicates:

HD 17921 2

‘/‘J\i / .. AL enstatite| ( Crystaline e Sharp peaks in the 9.8 ym band
0.1u > silicates

HD 144668 RXJ161410.6-230542 S - y

Natta+2006] =™, | , ™1 - B

8 10 12 8 10 12 8 10 12 8 10 12
A(um) A(um) A(um) A(um)

= Grain growth and crystallisation in disks
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Silicate crystallization in PPDs

e |SM dust is amorphous

e Crystalline silicates in dis
¢ \/aporisation and re-cono

KS and In co

ensation of 1

mets
‘he dust grains?

® [n situ crystallisation in disks: need to reach temperature higher than

~800-1300K

-0r

Depending on the -

> (/0K -> structural changes occur for time scales < 106 years

‘emperature, the stoichiometry of the crystallised

sample changes from forsterite to enstatite [Roskosz+2011]

e Need radial mixing
mechanism to transport of the
crystallised dust to the outer
part of the disks

e and/or local processes such
as lightening or shocks

ISM
Amorphous
Dust

Equilibrium ISM
Crystalline h Crystalline
Dust Dust

|

R P

Turbulence

Accretion

| | !
~1 ~50 ~100 ~500

Radial Distance r (AU)

20

Normalized flux F,/ (Fi, + Fou)max

0.1

02 0

0.1

_ 02

020

__ 041

~ Inner disk
T
= I .
HD 163296
1 e e e
I -
HD 144432
- I .
HD 142527
8 10 12
A (um)

0.4

[Van Boekel+2004]
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Opacity of mm- and cm-size grains :

Grain must grow to mm, cm-size in disks Cabs
[Ysard+2019]  ==== Qsca dense ISM grains
e Dust opacity varies with : grain composition (~ x3) i) Qe S———
Slze - \\ 3 )
size distribution 107} \
e Dust scattering important at long wavelength for large grains R, g = 8(1’1uﬁqm
At \ :
o ;= .10 um 1
[Ysard+2019] W°] = 100 wm g ‘ N
102 . _— et _— s — o £ : - — - SES 1 MIMTh \\ ) \\ \\"\\-
log-normal size distribution | — a-Sil power Ia}w size | oower law size . — 1 cm Y, % A 5
centered atap | — 2aC distribution | istribution 10°f — 10cm, Mix3:ce % N
a-C:H amin = 0.01 ym 0= -35 | " \ : \
1 Mix 2 amax=106M 1 amin = 0.01 ym 10" 10° 10° 10*
5 10 B Wavelength (zm)
= Mix 3
e Mix 3:ice
£ 100} oy |
k = 1.8 cm2g-1
T {  |used in most models :
) Beckwith+1990, D’alessio+2001,
10 1(')_'1 ‘1‘(‘]@ 10'1 165 163 — = E _30 _25 1‘(‘)_1 ‘ 105 — 101 — 102 ‘ 16§ 104 Andrews+2009, Birnsteil+2018
an (m) Power-law exponent Aman (M)
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Opacity of mm- and cm-size grains :

[Ysard+2019] — : —
o[ | == | =g SED calculated using DustEM for ;
10 E-a-S|I;__,__ \ 1 a-g,. a-C:H o ?C;;n A pm | | |
R - ~- — 10um ® optically thin medium (Nn = 1020 H/cm?)
— 1an 1 @ standard ISRF

| (M]y/sr)

¢ |0og-normal distribution (colour)

e power-law distribution amin = 0.01 pm (grey)
e n=-3.5, amax = 1 pm (solid)
e n=-3.5, amax =10 cm (dotted)
e p=-2 amax = 10 cm (dashed)

| (M]y/sr)

= The SED peak shifts with the grains size
pecause the grain temperature varies with
the grain size and composition

[Ysard+2019
25
2 —  a-Si|
: : —_ a-g
Bl ~ a-C:H
- 10 2 ] \ (V2 20 N e Mix:1
i 5 S B N —  Mix 2
= | @ :
= » S <O\ Mix 1:50
= P © i ::'hx ;: ce
— -4 _ ' o — ix
107} D e § —  Mix 3:ce
[ /
[ 4 [
// —
: // €10
10° - \ | . | =
107 10° 10* 10° 10° 10° 10° 10° 10° =
Wavelength (zm) Wavelength (;im) Wavelength (um) 8 5

0 A ; . R
10°* 236°t 36 AaAp* 16 107 10° 10°

28 K De Grain size (jm) 2024



Opacity of mm- and cm-size grains

e Dust spectral index g(A) calculated over [Ysard+2019]
1GHz frequency steps 2 il \l ‘ ‘ ;
. ' . _— '
e Circles = g calculated from MBB fit of the - V" AN
SED in the Wien part < of
S | |
1 ' M ' —2 //‘//‘
= 5(\) varies with grain size ~3}/
= 5(\) varies with grain composition |
: e r 2
= B(\) is different from the B(A) of the I P i
constituent N WY
51 ) i | //'/ | /,,/
e 3 =10 pum: B = f of the material Qaps _i , / Y
] / ’,’/ / /
@ . { I — ‘ 1/ : #
4= 10 Um . ﬁ < ﬁ o tqe materla Qabs 3 Mix 1:ice | Mix 3 | Mix 3:ice
as longas A =10 ao 2| |
~ 1}
“Based solely on (sub)millimetre/centimetre l'l 0
B measurements, for a0 smaller than 100 e
pm, it would be very difficult to determine s Vi
the grain sizes for most of the grain -3 P . | ]
compositions considered in this study.” 10 10 10

Wavelength (zm) Wavelength (xm) Wavelength (xm)

See Ysard+2019 for the optically thick case without and with an embedded source K. Demyk, The physics of star formation, 12-23, February, 2024



Implications for mass determination :

M 5,6, 8,(T)

e |n optically thin medium : I, = tB,(T) =

d>Q LAQ (2,
| | Mdust — B,(T) 7
e Approximation for the dust B A\ _p ARG, \ Ao
K/AtO —

emissivity in the FIR :

e f 5 and xo varies with

e the temperature and wavelength (physical
DrOCESSES)
¢ the grain size (grain coagulation)

The mass estimation might be

» wrong (over-estimated)
- different in the FIR and mm

A
The use of k) = K3, (/1—) =7 in the FIR does not properly describe grain physics
0

The observed (5 is not always the same as the one of grain constituents
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Dust in PDRs : Orion

JWST ERS project « Radiative feedback from massive stars as traced by multi band . Lol [Chown+2024] = ;';(’)mic i — gg .
imaging and spectroscopic mosaics » Pl O. Bernég, E. Habart, E. Peeters < —— DFI
S;
0.5t
lL;
[Peeters+2023] =~
‘ 1 0.0
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[Elyajouri+23]
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Dust in PDRs : Orion

JWST ERS project « Radiative feedback from massive stars as traced by multi band
imaging and spectroscopic mosaics » Pl O. Bernég, E. Habart, E. Peeters

3.3 ym band of aromatic dust : PAHs

3.4 uym band of aliphatic-rich dust : HAC or hydrogenated/methylated
PAHS?

» 3.3um/3.4um decreases with decreasing UV field

» band-to-continumm ratio varies

* THEMIS model :
* 3.3um/3.4um different in Orion than for DISM dust (THEMIS model)
* Nano-carbon grains least hydrogenated near the star
= photdissociation
* Nano-carbon grains most hydrogenated in molecule region (dissociation
front)
* amin Of grains decreases when UV field increases
= Strong depletion of small grain compare to the diffuse ISM
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Observations of AlBs In disks

[Seok & Li 2017]

ke ] PARSNMSmIEARGN] mp e b RANEU-0I A o e AlBs observed in the MIR In Herbig AeBe stars
| ISOPHOT | [FOPHOT | g} SOBWS It ISO/SWS

e Marginally detected in T Tauri stars
e More extended than the continuum emission
eStronger emission bands in flared disks
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PAHs and VSGs In disks

HD135344 110
0 BD+40 4124
HD 347
sl 100 CD -42 11721
XX GoHam 90
HD 169142 E S0 RRTau —o,q Lg' e
8 HD 97048 o O X
r— o + 70
&) HD 141589 - HD 169142
> HD 342860 x E 60 O o HD 97048
> O LkHa215 a. HD 34282
RR Tau |RS48 +
s S0 HD 141569
= 4 ~
CD -42 1 521
BD+40 4124 30 HD 34700
Berné+09 20 HD135344 Berné+09
-10 " A A
' 2 2 10
10 10° 10" 10" 10° 10* 102 1o T o
UV Luminosity (W) UV luminosity (W)

e Fraction of VSGs decreases with increasing UV luminosity : destruction
e Fraction of PAH increases with increasing UV luminosity

e See also Seok & Li 2017: similar study on a larger samples
e Need mechanisms to replenish the disk in small PAH which abundance tends
to decrease with increasing stellar age.
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Resolved carbonaceous dust In disk

Wavenumber [cm ']
3100 3000 2900 2800 27003100 3000 2900 2800 27003100 3000 2900 2800 27003100 3000 2900 2800 2700

HD100546 HD100453 HD169142 HD179218 e aromatic, aliphatic, olefinic signatures
e 10 to 150-100 au
® a/SO In Inner gaps devoid of large grains

e aliphatic/aromatic =~ constant
= same carriers
= nanometric hydrocarbons grains
= or PAHs with aliphatic groups”?

Normalised emission [arb. units]

e caslly destroyed by UV photons
= continuous replenishment at the disk
surface

VLT-NACO

e certainly more to come from JWST

[Boutéraon+2019]

33 34 35 36 3.7 33 34 35 36 3.7 33 3.4 35 36 3.7 3.3 34 35 3.6 3.7
Wavelength [xm]
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Evolution of hydrocarbon dust

Some views of carbon-rich dust evolution

The Lifecycle of Hydrocarbon Dust in the Interstellar Medium

free-flying PAHs

Diffuse ISM
a-C:H
surface layer

Stellar Ejecta

Basic Building Blocks

Aromatic Soot

hydrocarbons
(CCH,
C'CSHz,C4H)

Soot witﬁ ice layer
Dense Cloud

Chiar et al. 2013

Hydrocarbon evolution through the ISM

diffuse ISM
aromatisation

PDRs / Hll regions
photon-induced fragmentation, ...

evolved star / ISM accretion
a-C:H formation

‘DISOLUTION’ «{:&

7

_ _ o aromatisation - aliphatic to aromatic conversion
H-rich, aliphatic-rich by photon-induced and thermal annealing
T CCH /
C,H PHOTO-DISSOCIATION
\ (Pety et al. 2005)
low-density aromatic-rich hydrocarbons

dis-aggregate into free-flying aromatic radicals

N\ re-accretion / re-formation
S~ and the ‘bridging’ hydrocarbons

-——-——_—/

Ant Jones, IAS, Orsay, 2008

See also Goto+2003, Carpentier+2012
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lce evolution In the ISM

Grain Surface Chemistry

1. Polar Phase: gas H/CO large 2. Apolar Phase: gas H/CO small 3. CH30H Phase: gas H/CO large
T>20 K, n2103 cm-3, Ay>1.5 T<20 K, n210% cm-3, A\/>3 T<20 K, n210° cm-3, Ay>9
CRIUY CO __=
" ; Z -

Thermal Processing Energetic Processing

4. Distillation Phase: 5. Segregation Phase: 6. Energetic Phase:

T>20 K T-30-77 K '
CRIUV T>90 K, high UV

‘/_ “NH4*? - .. . -
crystallme -
| . HzO 2
| ' . organics? .
‘ CH4 g stellar particles ‘ E
| / uv

uv

[Boogert+2015]
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Summary 1/2

e Dust properties change along the life cycle of the ISM

e (Grains are destroyed In the diffuse ISM submitted to shocks

¢ the size distribution changes

e the ISM is enriched in molecules and heavy elements
® this suggests that dust grains must be formed also in the ISM

® |n dense clouds, protostars and protoplanetary disks grains coagulate

e the size distribution changes

® o complex chemistry occur on grain surfaces and in ice mantles
e this is partly inherited by the new stellar systems forming In

e Carbonaceous dust composition, struc

with UV photons as well as with the inte

raction with gas

38

B

Ds

'ure and lonisation state changes with the interaction

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



Summary 2/2

e MIR spectroscopy probes micron-size grains

e Submm/FIR dust emission :
e The use of k; = K,lo(/l//io)_ﬁ in the FIR does not properly describe the grain physics

e put it Is simple and will continue to be used
e however It must be used with caution:
® ko and @ varies with temperature

® xo varies with grain size

® (5 varies with composition and grain size

® Sobserved May be different than Lqust

= couple extinction to emission who possible

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