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Introduction

2

• Dust is involved into environments such as galaxies, star-forming regions, protoplanetary disks, 
… Through different processes: 

• Gas heating by photoelectric effect on dust grains. 

• Interaction with the radiation field and the magnetic field. 

• Formation of molecules on grain surface, … 

• These processes strongly depends on the dust properties (i.e. size, composition, and shape) 
hence the necessity to constrain those properties.
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• Problem: The wide disparity in the physical conditions (density and irradiation) throughout the 
interstellar medium (ISM) triggers an evolution of the dust properties through accretion, coagulation, 
fragmentation, photo-destruction, … 

• Objective: Understand how interstellar dust evolves as a response to the physical conditions. 

• How/Where: We study dust evolution in regions where the physical conditions are strongly 
contrasted and are spatially resolved by our instruments: photon-dominated regions.
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• PDRs are the surface layers where the 
radiation field can dissociate  but cannot 
ionise H. 

• They are therefore located at the interface 
of HII regions and molecular clouds. 

• The radiation field coming from nearby stars 
regulates the chemical and physical 
evolution of the gas. 

• Physical quantities ( , ) vary widely on 
small spatial scales. 

H2
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Figure 1: Zooming into a PDR. a) Multi-wavelength view of a Galaxy (M81): UV tracing massive
stars (blue), optical light tracing H II regions (green), and PAH emission tracing PDRs (red). b)
Sketch of a typical massive star-forming region (at a distance of 2 kpc). c) Zoom in on the
PDR, showing the complex transition from the molecular cloud to the PDR dissociation front,
the ionization front and the ionized gas flow. Inserted is the ALMA molecular gas data of the
Orion Bar, at a resolution of 1” (dashed lines; Goicoechea et al., Nature, 2016). The inset shows
a model of the structure of the PDR. The scale length for FUV photon penetration corresponds
to a few arcsec. The beam sizes of ISO-SWS, Spitzer-IRS and JWST-MIRI are indicated. JWST
will resolve the 4 key regions.

The Team

The philosophy of this ERS program has been, from the start, to be open to everyone with
the objective to gather together the international community. Today, this has materialized into a
large international and interdisciplinary team of 140 scientists from 18 countries. Figure 3 shows
the detailed demographics. If you’re interested in joining the team, register at https://jwst-
ism.org.

The project is managed by three co-PIs (the PI team: O. Berné, E. Habart, E. Peeters) who
will be responsible for overall coordination and for the distribution of the deliverables i.e. Data
Products (DPs) and Science Enabling Products (SEPs). Both for coordination and delivery of
DPs and SEPs, the PIs will be assisted by the core team (consisting of A. Abergel, E. Bergin, J.
Bernard-Salas, E. Bron, J. Cami, S. Cazaux, E. Dartois, A. Fuente, J. Goicoechea, K. Gordon,
Y. Okada, T. Onaka, M. Robberto, A. Tielens, S. Vicente, M. Wolfire).
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Schematic representation of a PDR. Credits: JWST ERS team (PIs: Olivier 
Berné, Émilie Habart, and Els Peeters)

What are photon-dominated regions (PDRs)?

—> PDRs are therefore a unique place to study 
dust evolution as a response to the physical 

conditions.
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Three well-known photon-dominated regions (PDRs)

• Observations with Spitzer and Herschel in 10 photometric bands (3.6, 4.5, 5.8, 8, 24, 70, 160, 250, 350, 500 ) of: 

‣ Horsehead: Irradiated by a star at 35000 K and 100.     

‣ IC63: Irradiated by a star at 25000 K and 1100.  

‣ Orion Bar: Irradiated by a star at 38000 K and 26000.

μm

G0 =

G0 =

G0 =
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Dust emission and relative contributions 
(Schirmer Thesis 2020).
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Models and tools
• An interstellar dust model: THEMIS (Jones+2013, Jones+2017) 

• Model dust emission in optically thin regions: DustEM (Compiegne+2011) 

• Model dust emission in optically thick regions (radiative transfer): SOC (Juvela+2019)
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Grains in the THEMIS model (Jones+2013).

• Fragmentation: Power-law distribution of a-C nano grains (NG, ) emitting in the near and mid-IR.  

• Coagulation: Log-normal distribution of large a-C:H and a-Sil grains emitting in the Far-IR. 

a < 20 nm
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Left: Dust size distributions of a-C grains for  varying from  to . Right: Associated 
spectra computed with DustEM for  (Schirmer+2020).
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Influence of the nano-grain (NG) abundance ( ) on dust emissionMa−C/MH

• A decrease in  implies a decrease in the nano-grain population that is responsible for the emission in the near and mid-IR thus: 

‣ Dust emission in the near ( ) and mid-IR ( ) increases with an increase in . 

‣ Dust emission in the far-IR ( ) is not affected by variations in .

Ma−C/MH

λ ∼ 1 − 5 μm λ ∼ 5 − 25 μm Ma−C/MH

λ ∼ 25 − 500 μm Ma−C/MH
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Left: Dust size distributions of a-C for   varying from 0.4 nm to 0.9 nm. Right: Associated spectra computed with 
DustEM for  (Schirmer+2020).
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Influence of the NG minimum size ( ) on dust emissionamin, a−C

• A increase in  implies a redistribution of the grain mass from the smallest NG (near-IR emission) to the largest NG (mid-IR emission): 

‣ Dust emission in the near-IR decreases with an increase in . 

‣ Dust emission in the mid-IR increases with an increase in  . 

‣ Dust emission in the far-IR is not affected by variations in . 

amin, a−C
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PCMI, October 2022 | Dust evolution in photon-dominated regions  



8Schirmer Thiébaut

100 101 102 103

a [ nm ]

10°31

10°30

10°29

10°28

10°27

10°26

a3
d
n
/d

ln
a

[c
m

3
H

°
1
] Æ = °7

Æ = °4

100 101 102 103

∏ [ µm ]

10°7

10°6

10°5

10°4

10°3

4º
∫

I ∫
[e

rg
cm

2
s°

1
]

a-C a-C:H/a-C a-Sil/a-Ca-C a-C:H/a-C a-Sil/a-C

Left: Dust size distribution of a-C for  varying from -7 to -4. Right: Associated spectra computed with DustEM for 
 (Schirmer+2020).  

α
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Influence of the NG power-law exponent ( ) on dust emissionα

• An increase in  implies a redistribution of the grain mass from the smallest NG (near-IR emission) to the largest NG (mid-IR emission) and some 
large grains (far-IR emission): 

‣ Dust emission in the near-IR decreases with an increase in . 

‣ Dust emission in the mid-IR increases with an increase in . 

‣ Dust emission in the far-IR is slightly increase with an increase in .

α
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α
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Example of  distribution for a given value 
of  in the 2D-space ( , ) 

for IC63 (Schirmer+22)
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Final model for the Orion Bar. Dust modelled (observed) emission profiles is shown in blue (green) line. (Schirmer+22)

—> We minimise a  that quantifies the difference between the dust observed and modelled emission and we obtain:χ2
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Final model for the Orion Bar. Dust modelled (observed) emission profiles is shown in blue (green) line. (Schirmer+22)

—> We minimise a  that quantifies the difference between the dust observed and modelled emission and we obtain:χ2

—> The nano-grain abundance is lower than in the diffuse ISM and strongly varies from one PDR to another (~2 
times lower than in the diffuse ISM in IC63 and 60-100 times lower than in the diffuse ISM in the Orion Bar )

—> The nano-grain minimum size increases by a factor ~ 2 from the diffuse ISM to the PDRs. It barely varies 
from one PDR to another (~0.7-0.8 nm)
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Top: Drift velocities of aggregates for the three PDRs. Bottom: 
Associated collision timescales (Schirmer+2022) 

Nano-grain formation: fragmentation of aggregates
• We propose that collisions of dust aggregates due to radiative pressure lead to their fragmentation in nano-grains. To assess whether it is a viable scenario or 

not, one needs to: 

‣ The collision velocity needs to be larger than 1 m/s to triggers fragmentation and not sticking (Güttler+2010) 

‣ Collisions timescales must be lower than the typical time during which dust grains are processed in PDRs (i.e. the advection timescale,  yrs).τad ∼ 103 − 104

• We use a classical 1D approach and solve the equation of motion of a dust aggregates with size : 

‣ Equation of motion:  

‣ Gravitational force:  

‣ Gas collisions:  

‣ Radiative pressure:  

• The asymptotic solution gives:    

• The collision timescale is:     

a

mdust
dvdust(a)

dt
= Fpr(a) − Fdrag(a) − Fgrav(a)

Fgrav(a) =
4
3

πa3ρdust × ( G M⋆

D2 )
Fdrag(a) = πa2 ρgas v2

dust(a)

Fpr(a, λ) = πa2Qpr(a, λ) ( πR2
⋆

D2
×

Bλ(T⋆)
c )

vdrift(a) =
1
D [ 1

1.4mH nH ( πR2
⋆

c ⟨QprBλ⟩ −
4
3

a ρdust GM⋆)]
1/2

τcoll(a1, a2) = (nH nd(a1)nd(a2) π(a1 + a2)2vdrift(a1))
−1

,

 (smallest 
aggregates that are the most 

abundant)

a0 = 0.05 μm
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Associated collision timescales (Schirmer+2022) 

• We propose that collisions of dust aggregates due to radiative pressure lead to their fragmentation in nano-grains. To assess whether it is a viable scenario or 
not, one needs to: 

‣ The collision velocity needs to be larger than 1 m/s to triggers fragmentation and not sticking (Güttler+2010) —>  

‣ Collisions timescales must be lower than the typical time during which dust grains are processed in PDRs (i.e. the advection timescale,  yrs).τad ∼ 103 − 104

• We use a classical 1D approach and solve the equation of motion of a dust aggregates with size : 

‣ Equation of motion:  

‣ Gravitational force:  

‣ Gas collisions:  

‣ Radiative pressure:  

• The asymptotic solution gives:    

• The collision timescale is:     

a
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dvdust(a)

dt
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4
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−1

,

Nano-grain formation: fragmentation of aggregates

 (smallest 
aggregates that are the most 

abundant)

a0 = 0.05 μm
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Top: Drift velocities of aggregates for the three PDRs. Bottom: 
Associated collision timescales (Schirmer+2022) 

• We propose that collisions of dust aggregates due to radiative pressure lead to their fragmentation in nano-grains. To assess whether it is a viable scenario or not, 
one needs to: 

‣ The collision velocity needs to be larger than 1 m/s to triggers fragmentation and not sticking (Güttler+2010) —>  

‣ Collisions timescales must be lower than the typical time during which dust grains are processed in PDRs (i.e. the advection timescale,  yrs) —> τad ∼ 103 − 104

• We use a classical 1D approach and solve the equation of motion of a dust aggregates with size : 

‣ Equation of motion:  

‣ Gravitational force:  

‣ Gas collisions:  

‣ Radiative pressure:  

• The asymptotic solution gives:    

• The collision timescale is:     

a

mdust
dvdust(a)

dt
= Fpr(a) − Fdrag(a) − Fgrav(a)

Fgrav(a) =
4
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πa3ρdust × ( G M⋆
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,

Nano-grain formation: fragmentation of aggregates

 (smallest 
aggregates that are the most 

abundant)

a0 = 0.05 μm
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Top: Drift velocities of aggregates for the three PDRs. Bottom: 
Associated collision timescales (Schirmer+2022). 

• We propose that collisions of dust aggregates due to radiative pressure lead to their fragmentation in nano-grains. To assess whether it is a viable scenario or not, 
one needs to: 

‣ The collision velocity needs to be larger than 1 m/s to triggers fragmentation and not sticking (Güttler+2010) —>  

‣ Collisions timescales must be lower than the typical time during which dust grains are processed in PDRs (i.e. the advection timescale,  yrs) —> τad ∼ 103 − 104

• We use a classical 1D approach and solve the equation of motion of a dust aggregates with size : 

‣ Equation of motion:  

‣ Gravitational force:  

‣ Gas collisions:  

‣ Radiative pressure:  

• The asymptotic solution gives:    

• The collision timescale is:     

a

mdust
dvdust(a)

dt
= Fpr(a) − Fdrag(a) − Fgrav(a)

Fgrav(a) =
4
3

πa3ρdust × ( G M⋆

D2 )
Fdrag(a) = πa2 ρgas v2

dust(a)

Fpr(a, λ) = πa2Qpr(a, λ) ( πR2
⋆

D2
×

Bλ(T⋆)
c )

vdrift(a) =
1
D [ 1

1.4mH nH ( πR2
⋆

c ⟨QprBλ⟩ −
4
3

a ρdust GM⋆)]
1/2

τcoll(a1, a2) = (nH nd(a1)nd(a2) π(a1 + a2)2vdrift(a1))
−1

,

 —> Fragmentation efficiency is roughly the same in 
IC63 and in the Horsehead. More efficient in the Orion Bar.

τfrag ∝ τcoll

Nano-grain formation: fragmentation of aggregates

 (smallest 
aggregates that are the most 

abundant)

a0 = 0.05 μm
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Molecular view of carbonaceous nano-
grains (Schirmer+2022).

Nano-grain destruction
• Nano-grains are composed of a mix in different molecular domains, i.e. aromatic domains connected by 

aliphatic (C-C) and olefinic (C=C) bridges. Photo-destruction of nano-grains is triggered by the photo-
dissociation of aliphatic and olefinic bonds. There are at least three processes that can lead to the photo-
destruction of nano grains (direct photo-dissociation, photo-thermo dissociation, Coulomb explosion): 

• A decrease in the absorption timescale implies an decrease in the photo-destruction timescale.  

• An increase in the average energy of an absorbed photon implies an increase in the photo-destruction efficiency.

—> Photo-destruction happens more frequently in the Orion Bar than in the Horsehead.
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Average energy of an absorbed photon 
(Schirmer+2022).
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Absorption timescales (Schirmer+2022).

PCMI, October 2022 | Dust evolution in photon-dominated regions  



16Schirmer Thiébaut

Decrease in the nano-grain abundance from the Horsehead to the Orion Bar  
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• The energy of an absorbed photon is roughly the same in the Horsehead and in the Orion Bar (  eV)                                                    
—> the nano-grain destruction efficiency depends almost solely on the absorption timescale.  

Eabs ∼ 9
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Decrease in the nano-grain abundance from the Horsehead to the Orion Bar  
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Absorption timescales (Schirmer+2022).

• The energy of an absorbed photon is roughly the same in the Horsehead and in the Orion Bar (  eV)                                                    
—> the nano-grain destruction efficiency depends almost solely on the absorption timescale.  

• The absorption timescale is ~100 times lower in the Orion Bar than in the Horsehead (  s)                                                                   
—> the nano-grain destruction efficiency is ~100 times larger in the Orion Bar than in the Horsehead. 

Eabs ∼ 9

106 → 104

Decrease by a factor ~100
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Decrease in the nano-grain abundance from the Horsehead to the Orion Bar  
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Absorption timescales (Schirmer+2022).

• The energy of an absorbed photon is roughly the same in the Horsehead and in the Orion Bar (  eV)                                                    
—> the nano-grain destruction efficiency depends almost solely on the absorption timescale.  

• The absorption timescale is ~100 times lower in the Orion Bar than in the Horsehead (  s)                                                                   
—> the nano-grain destruction efficiency is ~100 times larger in the Orion Bar than in the Horsehead. 

• The collision timescale is ~10 times lower in the Orion Bar than in the Horsehead (  yrs)                                                                      
—> the nano-grain formation efficiency is ~10 times larger in the Orion Bar than in the Horsehead. 

Eabs ∼ 9

106 → 104

103 → 102

Decrease by a factor ~10
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Decrease in the nano-grain abundance from the Horsehead to the Orion Bar  
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Associated collision timescales (Schirmer+2022). 
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Absorption timescales (Schirmer+2022).

• The energy of an absorbed photon is roughly the same in the Horsehead and in the Orion Bar (  eV)                                                    
—> the nano-grain destruction efficiency depends almost solely on the absorption timescale.  

• The absorption timescale is ~100 times lower in the Orion Bar than in the Horsehead (  s)                                                                   
—> the nano-grain destruction efficiency is ~100 times larger in the Orion Bar than in the Horsehead. 

• The collision timescale is ~10 times lower in the Orion Bar than in the Horsehead (  yrs)                                                                      
—> the nano-grain formation efficiency is ~10 times larger in the Orion Bar than in the Horsehead. 

Eabs ∼ 9

106 → 104

103 → 102

1) Nano-grain destruction is ~100 times larger in the Orion Bar than in the Horsehead.  
2) Nano-grain formation in ~10 times larger in the Orion Bar than in the Horsehead. 

—> The ratio destruction/formation is therefore 10 times larger in the Orion Bar than in the Horsehead. 

PCMI, October 2022 | Dust evolution in photon-dominated regions  



20Schirmer Thiébaut

Decrease in the nano-grain abundance from the Horsehead to the Orion Bar  
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Absorption timescales (Schirmer+2022).

• The energy of an absorbed photon is roughly the same in the Horsehead and in the Orion Bar (  eV)                                                    
—> the nano-grain destruction efficiency depends almost solely on the absorption timescale.  

• The absorption timescale is ~100 times lower in the Orion Bar than in the Horsehead (  s)                                                                   
—> the nano-grain destruction efficiency is ~100 times larger in the Orion Bar than in the Horsehead. 

• The collision timescale is ~10 times lower in the Orion Bar than in the Horsehead (  yrs)                                                                      
—> the nano-grain formation efficiency is ~10 times larger in the Orion Bar than in the Horsehead. 

Eabs ∼ 9

106 → 104

103 → 102

1) Nano-grain destruction is ~100 times larger in the Orion Bar than in the Horsehead  
2) Nano-grain formation in ~10 times larger in the Orion Bar than in the Horsehead 

—> The ratio destruction/formation is therefore 10 times larger in the Orion Bar than in the Horsehead 

This is in accordance with our results: we found that the nano-grain 
abundance is ~10 times lower in the Orion Bar than in the Horsehead
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Dust evolution scenario in PDRs

a-C (aromatic)

vdrift,1
vdrift,2 ≪ vdrift,1

1. The UV radiation !eld pushes aggregates through radiative pressure. The velocity drift decreases with depth inside the cloud 
because of the decrease of the UV !eld with depth due to dust extinction, leading to collisions hence fragmentation.  

vdrift, 3 ≪ vdrift, 2

vdrift, 4 ≪ vdrift, 3 Star 

AMM from THEMIS

a-C:H (aliphatic)

collision —> fragmentation

2. As the velocity drift of nano-grains is much smaller than that of the larger grains/aggregates, the latter are pushed towards 
other aggregates that are located in the denser part. 

vdrift, NG ≪ vdrift, LG/agg

vdrift, LG/agg
Star 

3. Freshly formed small grains are unprotected from the UV radiation !eld and are therefore photo-processed. The smallest of 
the nano-grains are photo-destroyed   

Photo-destruction of nano-grains smaller than ∼ 0.8 nmFragmentation through collisions

UV photons

Star 
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• We modelled dust emission in three PDRs (the Horsehead, IC63, and the Orion bar) with the 3D radiative transfer code SOC together with the THEMIS dust model. 

• We perform a  minimisation in the 3D-space defined by the nano-grain mass-to-gas ratio, the nano-grain minimum size, and the slope of the nano-grain power-law size 
distribution.  

• We show that the nano-grain minimum size increases from 0.4 nm to 0.7-0.8 nm in those three PDRs and explain this result as there is a critical dust size limit (  
nm) above which dust grains are unlikely to be (thermo-)photo-destroyed. 

• We show that the nano-grain mass-to-gas ratio decreases from IC63 —> Horsehead —> Orion Bar as the ratio between the destruction and the formation of nano-grain 
decreases from IC63 —> Horsehead —> Orion Bar. 

• We proposed a viable scenario to explain both the creation of nano-grains through the fragmentation of larger grains and the destruction of nano-grains.

χ2

alim ∼ 0.75

Schirmer Thiébaut

Conclusion and perspectives

—> Study the Orion Bar observations with the JWST (Early release science program, PIs: Olivier Berné, Emilie 
Habart, Els Peeters) and the Horsehead nebula (GTO, to be observed soon: Meriem El Yajouri, Alain Abergel).
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