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Overview

e Interstellar dust grains:
o composition and properties

e Polycyclic Aromatic Hydrocarbon (PAH) molecules
and large hydrocarbons
o detection, properties, role in ISM, hot topics

Jessberger et al, 2001 - cc-By-25



A tour of the dusty Universe

Q: How do we know that there is interstellar dust?



A tour of the dusty Universe

Q: How do we know that there is interstellar dust?
A1: Because it interacts with light => absorption of light

Gaia’s allsky view (ESA/Gaia/DPAC)
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Visible wavelength (~550 nm) . Gomposite IR (3.648; 24 ym)
NASA, JPL-Caltech/S. Carey (SSC/Caltech)




A tour of the dusty Universe

Q: How do we know that there is IS dust?
A1: Because it interacts with light => Reddening

Blok Globule B68, ESO



Dust extinction

For spherical dust grains of size a
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Extinction curves
A, =-2.51log (/1) =1.086
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Extinction curves
A, =-2.5log (I/l)) =1.086 7
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Extinction curves are characterized
by one parameter

R, is environment-dependent:
- 3.1 in diffuse ISM
- 4-6 in molecular clouds

Main features:

e Rising with A" in the IR
and A in the visible

e Prominent 217.5 nm (4.6
um™) bump + Far-UV rise



Extinction curves
A, =-2.51og (I/l,) =1.086 7
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Extinction curves
A, =-2.51og (I/l,) =1.086 7
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A tour of the dusty Universe

Q: How do we know that there is IS dust?
A2: Because some elements are missing from the gas-phase
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Dust composition



Dust composition
1) UV Bump at 2175 A in the extinction curve
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Dust composition

2) Infrared absorption features in the diffuse ISM
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More C-dust

Consistent with vibrations of several types of C-H bonds
and C-C bonds (Dartois et al. 2007)
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Dust composition

R absorption features in the “dense” ISM

silicate

silicate

: - Features at 9.7 and 18 pm,

. due to O-Si-O modes (mostly
] Mg and Fe-rich)

- Different ice features, e.qg.

| water at 3 ym

Dependence on A !

Flux density (Jy)
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Flux (Jy)

Dust composition

3) IR absorption features in the “dense” ISM
— — 7 - Features at 9.7 and 18 pm,
. ki cH o due to O-Si-O modes (mostly
5 \ siicate [ | 3 Mg and Fe-rich)
b AN “* 4 - Differentice features, e.g.
| o E water at 3 ym
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Dust temperature

Dust temperature is set by radiative energy balance I'_, =
r
with

o0
I . 4770'd f Q()\)J(A)d)\’ J(A)= mean intensity of the radiation field,
e 0 Q(A)= efficient of the dust (abs and em.)

00 T = dust temperature
lem = 477'0'd/0 Q(A)B(Ty, A)dA,  B(T,\)= Planck function for T=T,

In the diffuse ISM, considering stellar light and efficiencies typical
for Silicate and Carbon dust:

0.06 1 0.06
Tsn=13.6(1“m) K. o Tgra=ls.8( ”m) K.

a a




Dust temperature

Dust temperature is set by radiative energy balance I'_, =

r with

o0
I . 477'0'd f Q()\)J(A)d)\’ J(A)= mean intensity of the radiation field,
e 0 Q(A)= efficient of the dust (abs and em.)

00 T = dust temperature
lem = 4770'd/0 Q(A)B(Ty, A)dA,  B(T,\)= Planck function for T=T,

In the diffuse ISM, considering stellar light and efficiencies typical
for Silicate and Carbon dust:

0.06 1 0.06
u=13.6(1“‘m) K. @an Tgra=15-8( ”m) K.

a a

/
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EXERCISE: (in pairs) Calculate the Silicate dust temperature for particles
of sizes:

1) a=10nm

2) a= 2.5um




Dust temperature

Dust temperature is set by radiative energy balance I'_, =

r with

o0
I . 477'0'd f Q()\)J(A)d)\’ J(A)= mean intensity of the radiation field,
e 0 Q(A)= efficient of the dust (abs and em.)

00 T = dust temperature
lem = 4770'd/0 Q(A)B(Ty, A)dA,  B(T,\)= Planck function for T=T,

In the diffuse ISM, considering stellar light and efficiencies typical
for Silicate and Carbon dust:

0.06 1 0.06
u=13.6(1““m) K. @an Tgra=15-8( ”m) K.

a a

/

S

EXERCISE: (in pairs) Calculate the Silicate dust temperature for particles
of sizes:

1) a=10nm =>T_~18K

2) a=25um=>T_~13K




Dust temperature

Dust temperature is set by radiative energy balance I'_, =
r

em
Star-forming region, central star with Luminosity L and distance d.



Dust temperature

Dust temperature is set by radiative energy balance I'_, =
r

em
Star-forming region, central star with Luminosity L and distance d.
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IR view of a star forming region

Orion Nebula 1980s IRAS => strong and extended
. emission in the mid infrared (12 um)

\ 4

cannot be solid dust in radiative
equilibrium. Why?

Credit: NASA/JPL-Caltech/T. Megeath




IR view of a star forming region

Orion Nebula 1980s IRAS => strong and extended
. emission in the mid infrared (12 um)

\ 4

cannot be solid dust in radiative
equilibrium. Why?

Apeak = —  T=242 K for 12 ym

Credit: NASA/JPL-Caltech/T. Megeath




IR view of a star forming region

Orion Nebula 1980s IRAS => strong and extended
. emission in the mid infrared (12 um)

\ 4

cannot be solid dust in radiative
equilibrium. Why?

b
Apeak = = T=242Kfor 12 um

TOO HOT, TOO FAR AWAY

Credit: NASA/JPL-Caltech/T. Megeath




IR view of a star forming region

Orion Nebula 1980s IRAS => strong and extended
. emission in the mid infrared (12 um)

\ 4

cannot be solid dust in radiative
equilibrium. Why?

b
Apeak = = T=242Kfor 12 um

TOO HOT, TOO FAR AWAY

POLYCYCLIC
AROMATIC
HYDROCARBONS

Credit: NASA/JPL-Caltech/T. Megeath




Polycyclic Aromatic Hydrocarbons

g \

6 prbitals delocalized

Aromaticity = e delocalization

On Earth they are

1) the product of combustion chemistry (high T and
density)

2) pollutant of water and of air
3) carcinogenic => they link to and deform DNA



PAH emission is strong and ubiquitous!

Protoplanetary Disk

Doucet+, 2006

« Abundant in meteorites (Sephton
2002; Sabbah+, 2017)

* Presentin comets and IDPs (Li,
2008; Clemett+ 2010)

« Abundantin the atmosphere of

Titan (Lopez-Puertas+, 2013; Cours+,
2020)

« Detected up to z ~ 4 (Riechers+,
Up to ~20% of IR flux from a galaxy 2014; Li, 2020)



PHANGS
collaboration
2024




PAH excitation mechanism

Higher Energy level
- For small molecules, electronic . B

excitation and de-excitation happens '

- l
Ab tion | NN
at the same wavelength \‘\_\s:'\’i':'; | Emission
.

> 2

Lower Energy level



PAH excitation mechanism

Higher Energy level

- For small molecules, electronic (UV) a %)

excitation and de-excitation happens '

- :
Ab tion | NN
at the same wavelength PR Emission
-
1

but PAHs behave differently! Lower Energy level
Internal l\?_g?gggj“'” UV photon
. | | .
conversion Redistribution absorptlon
leads to infrared
— . - — -
i fluorescence
}
}
'R
i emission
uv '
absorption l




PAH excitation mechanism

Higher Energy level

- For small molecules, electronic (UV) a %)

excitation and de-excitation happens '

- :
Ab tion | NN
at the same wavelength PR Emission
-
1

but PAHs behave differently! Lower Energy level
Internal l\?_g?gggj“'” UV photon
. | | .
conversion Redistribution absorptlon
leads to infrared
— . - — -
fluorescence

N |

}
}
}
}
}
T emission
}

uv
absorption PAHs “cool” down

0 vibrating




PAH vibrations

Wavenumber [ecm™']
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PAH excitation: fimescales

- Timescale for PAH emission

102 s (IC)+ 10"?s (IVR)+ 1s (IR emission) ~ 1s



PAH excitation: fimescales

- Timescale for PAH emission
102 s (IC)+ 10"?s (IVR)+ 1s (IR emission) ~ 1s

- Timescale for UV absorption of PAHs (Tielens, 2005)

1.4 x10°
S,
NCGO

Tuv = kijy = (dmoyy (PAH) Nyy) ' =~

Exercise (in pairs)

A. Considering a standard size PAH (N_=50), calculate how often a PAH
absorbs a UV photon
a. in the diffuse ISM (G=1)
b. in a photo-dominated region (GO=1O4)

B. Describe how the internal energy of PAHs changes with time




PAH excitation: fimescales

- Timescale for PAH emission
102 s (IC)+ 10"?s (IVR)+ 1s (IR emission) ~ 1s

- Timescale for UV absorption of PAHs (Tielens, 2005)

1.4 x10°
S,
NCGO

Tuv = kijy = (dmoyy (PAH) Nyy) ' =~

Exercise (in pairs)

A. Considering a standard size PAH (N_=50), calculate how often a PAH
absorbs a UV photon
a. diffuse ISM => 1 photon per year

b. photo-dominated region => 1 photon every few minutes
B. Describe how the internal Energy of PAHs changes with time




PAH excita

tion: timescales
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Exercise (in pairs).

A. Considering a standard size PAH (N_=50), calculate how often a PAH
absorbs a UV photon
a. diffuse ISM => 1 photon per year
b. photo-dominated region => 1 photon every few minutes

B. Describe how the internal Energy of PAHs changes with time




| photophysics
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PAH photophysics: a unified vision
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PAH photophysics: a unified vision
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Courtesy of u. yuunn

Wavenumber [cm™']

PAH photophysics: a unified vision
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PAH emission process®

heat capacity for
harmonic oscillators

S (hv\*  explhv,;/kT]
(kT ) (exp[hv;/kT]—1)?"

After absorption of a UV photon

i
hvyy :/T | Cy(T) dT, where Cy =k
0 =1

*thermal approximation (Leger+, 1989; Schutte+, 1993)



PAH emission process®

heat capacity for

harmonic oscillators frequencies
o (hv,-)z exp[hv)/kT]

T
— C :k "~ L)
hvyy /TO CplT]GE, where Y 2 kT ) (explhv;/kT]—1)?

vibrational
After absorption of a UV photon

*thermal approximation (Leger+, 1989; Schutte+, 1993)



PAH emission process®

After absorption of a UV photon

heat capacity for vibrational

harmonic oscillators frequencies
o (hvl-)z exp[hv)/kT]

T
— C :k "~ L)
hvyy /TO CplT]GE, where Y ; kT ) (explhv;/kT]—1)?

The emission in the vibrational mode (i) can be expressed as
kiR, = U 4@ exp(—vhv; /kT) x (1—exp(—hv; /kT)).

Einstein coefficient

*thermal approximation (Leger+, 1989; Schutte+, 1993)



PAH emission process®

| heat capacity for vibrational
After absorption of a UV photon harmonic oscillators frequencies
exp|Av)/kT]

h U Co(Ty AT, wh c, =iy (2 2
VUV—fTO v(D AT, where  Cy =X 2.\ 37 | (oxplhw/kT] = D2

The emission in the vibrational mode (i) can be expressed as
kiR, = U <@ exp(—vhv; /kT) x (1—exp(—hv; /kT)).

Einstein coefficient

k%R — Z k%R,v — A;,O X [exp(hl/z/kT) - 1]_1 Totalﬂl}R emidssiQn
- in the mode i

*thermal approximation (Leger+, 1989; Schutte+, 1993)



PAH emission process™®

- heat capacity for vibrational
After absorption of a UV photon harmonic oscillators frequencies
exp|Av)/kT]

T hV
— C — k 9
hvyy fr Cy(T) dT,  where J Z (kT) (explhv;/kT] — 1)2

We need frequency (cm™) and intensities of the vibrational
modes for PAH molecules => Computational Chemistry

11;"'&:0 y /Nﬂl‘vx.,\/,/"*f\'\_ a _/[-\\_
PAH IR Spectral Database Polycyclic

Aromatic Cagliari - Toulouse
Hydrocarbons Database

kin = Z kino = A7° x [exp(hv; /kT) — 1] To_talt rI]R emidssipn
IN the modade |

*thermal approximation (Leger+, 1989; Schutte+, 1993)



A populatlon of AstroPAH
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A population of AstroPAH

||||||||||

FIRAS 12073-6233

N
(@)
|

00
o
i S

Hel (SSl —SH] ) j 4.6-4.8um features
i I 1

N
o

Surface Flux Density (MJy/sr)

Subst.

Large fluctuation of D in the ISM N,O.51.D

Incorporated in PAHs<e
(Yang+, 2020; Wiersma, 2021; Boersma + 2023)




A populatlon of AstroPAH
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A population of AstroPAH

Soria 3.3 /11.2 yum NGC 7023 .
_ .., 3.3/11.2 band ratio

11054 Qs proxy for size of

itz emitting PAHS

8 0.36 Ricca+ 2012; Maragkoudakis+, 2020
B 0.30 Lemmens+, 2024

= 0.24 Size

B 0.18

3 0.12 NC>4O

1, ‘ | First determination of
— _ the size distribution of
—— PAHs across an object
[50-120] Nc

20 40 60 80 100 120 140
Number of Carbon atoms
Croiset+, 2016



A populatlon of AstroPAH
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A population of AstroPAH

Membaers




A population of large Organics

Buckminsterfullerene C,, in the Planetary Nebula TC-1

0)
7]
]
c
4
<
A=
L
11]

Wavelength [microns) NASA/JPL/J. Cami

Also detected in other planetary nebulae, in reflection nebulae, a young
stellar object and the diffuse ISM. (Sellgren+, 2007, 2010; Otsuka+, 2013; Roberts+,

2012; Rubin+, 2011)



A population of large Organics

Unraveling the Diffuse Interstellar Bands mystery
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6000 7000
Wavelength (A)

Campbell +, 2015 Also, C60+ IR detection in the diffuse ISM

Cordiner+, 2019 (Berné+,2017)
Linnartz+, 2020




A population of large Organics

and are altered by it Size

This means that PAHs
actively participate to the Charge
chemistry of the ISM

Groups

Members Subst.
<Fu nc’r>




PAH Charge Balance



PAH Charge in the ISM

lonisation potential
1 251 Fora PAH with N =50 in
IP(Z) ~ 4.4+ (Z + 5)

~z eV B  difiuse ISM (E<13.6 eV)
¢ +3, +2, +1, 0, -1




PAH Charge in the ISM

lonisation potential

1\ 25.1 For a PAH with N =50 in
IP(Z) ~ 4.4+ (Z - 5) eV IR diffuse ISM (E<13.6 eV)
Ne +3, +2, +1, 0, -1

The PAH charge is set by the balance between photo-ionisation

nder mbination rates
and e recomb k(2 +1)

f(2) = kion(Z)

f(Z+1)




PAH Charge in the ISM

lonisation potential

1\ 25.1 For a PAH with N =50 in
IP(Z) ~ 4.4+ (Z - 5) —zeV B diffuse ISM (E<13.6 eV)
Ne +3, +2, +1, 0, -1

The PAH charge is set by the balance between photo-ionisation
and e recombination rates

ke(Z +1)
=Ty 1

Photoionisation: kin(Z) =7W / Yl Z,v)aas(Z, V) eff (s7h)

Molecule




PAH Charge in the ISM

lonisation potential

1 25,1 For a PAH with N =50 in
IP(Z) ~ 4.4+ (Z - 5) —zeV B diffuse ISM (E<13.6 eV)
Ne +3, +2, +1, 0, -1

The PAH charge is set by the balance between photo-ionisation

nder mbination rates
and e recombinatio k(2 +1)

1) == ¥
Photoionisation: kim(Z) =7W / Yl Z,v)aas(Z, V) eff (s7h)
Molecule

N _ 300 \ /2 .
Electron recombination: ke(Z) =13 x 10 6ZT—> ne) (s7)
gas

Electron attachment: kea(Z = 0) = 1.3 x 10 ne ) (s7)



PAH Charge in the ISM

Ovalene (C32H14)
1.00 1] |ITYIII 1 1 IYII-II 1 IIIVIIII ]

Sidhu+, 2022
L TYIT] 1§

fraction of charge
o o
(9] ~
o (&)
I 1 I 1 1 ]
o
| |

o
N
wn

0.00"

10 10 10 10
Y = Go X \/ Tgas/Ne (Habings K¥? cm?)

Dense clouds: y < 102 => PAH mostly anions
ISM: y ~ 0.5 10° => PAH mostly neutral
PDRs (star formation region, disks): y > 10* => PAH mostly cations



PAH Charge in the ISM

1 Ovalene (C3;H14)  Sidhu+, 2022
,00~ 1 |1IYIII 1 1 I!Il-ll 1 YII!IIII 1 IIITYITI 1

=

~

wn
I

PAH anions important
1 . for gas charge balance
In dense clouds
(Wakelam & Herbst,
2008)

fraction of charge
o
(9]
o
I

.t

N

wn
I

0.00%

10 10 10 10
Y = Go X \/ Tgas/Ne (Habings K¥? cm?)

Dense clouds: y < 102 => PAH mostly anions
ISM: y ~ 0.5 10° => PAH mostly neutral
PDRs (star formation region, disks): y > 10* => PAH mostly cations



PAH Photodissociation



PAH Photodissociation

K. Lange PhD Thesis

Dissociation depends on

- internal energy of PAH E
- Dissociation energy E,
- degrees of freedom

Vib. Density of States

~dN(E)
p(E) = >

V

°§
P



PAH Photodissociation

K. Lange PhD Thesis
4@» Dissociation depends on
- internal energy of PAH E
- Dissociation energy E,
- degrees of freedom

{ Vib. Density of States
dN(E)

< E -

{p PE) =g

~

RRKM THEORY ° B

Rice—Ramsperger—Kassel A B

—Marcus theory

Sum of states B

W*(E—E
ki (B) = =,

Density of states A




PAH Photodissociation

K. Lange PhD Thesis

qu Dissociation depends on
- internal energy of PAH E

- Dissociation energy E,
- degrees of freedom

{ Vib. Density of States
dN(E)

< E -

d} PE) =g

~

RRKM THEORY °© B

Rice—Ramsperger—Kassel A B

—Marcus theory

Ingredients needed:
k EY = W*(E — EO) 1) vibrational modes A and B (Quantum
RRkM(E) =

hp(E) ’ Chemistry)
2) E, (Quantum Chemistry / experiments)




PAH Photodissociation

FROM THE LAB

Specific dissociation channels

depend (mostly) on size
- N_>24 Only H/H, loss

- N <24 H/H, and C_H. loss at the
C 2 2 2

same time

Before
Photolysis

: @' CigHi2
@@ MW 228.2

a
195 200 205 210 215 220 225 230 236

=

re

N
=
+

After

+ -4
M* - C,H, Photolysis

4H -2H

ceisbubes i

186 200 205 210 215 220 225 230 235

)

4 After
S Photlolysis

280 285 290 295 300 308 310
mz

Ekern+ 1998



PAH Photodissociation: H loss

Reaction Barriers (eV)

15" H loss 4.96 (DE)
Aliph H loss 2.65/1.73(DE)
Tertiary Hloss | 1.10 (DE)
H, loss (bay) 5.29 ({1S)

H, loss 2.56/1.85 (TS)
B3LYP/6-31G**, ZPE corrected ] 889
’,/-Ha alphatic é'Hz
aliphatic  y joss T H loss :
521 531 H;";S; 505 520 o1 S06 M 4.96 !
H_loss ts8 i = tSQ: — .'
1 ‘ : ! ' -H1 i -H1
° i, 3318 L
’ . Nboan 2 BT v
4 v 240, - - : -
) Int7 no Vo
: b L
: : | '
o Pery*
Samering

)
Across bay Castellanos, Candian+, 2018a



PAH Photodissociation: H loss

Reaction

15" H loss
Aliph H loss
Tertiary H loss
H, loss (bay)
H,_loss

B3LYP/6-31G**, ZPE corrected

90

Across bay

Barriers (eV)

4.96 (DE)
2.65/1.73(DE)
1.10 (DE)
5.29 (TS)
2.56/1.85 (TS)

aliphatic

240,
Int7

Hzloss
H-loss 515

e

STy ]

Isomerisation reactions have lower barrier

than direct H or H2 loss!

0.84
’,/-Ha aliphatic
T H loss
" 506 5.14
' P— F—
- 56
: t-H1 4.08 '

= b

: ' H, loss

"

e
S

3.81 ;

Pery*

Samering



PAH Photodissociation: H loss

DFT e g0 (E) =

WHE = E0) ey

hp(E)

Monte Carlo
Modelling

EXPERIMENT MODEL
10 T T T 10 r"“'s T T T
® ¢ CORO e ® Coro*
. & H ® e -H
0.8 & -2H | 0.8 ® e -2H
e & -3H . e -3H
2 . ¢ -4H ’.. o -4H
2 0.6 o 1 c 0.6
L [ ] L .
g B =
. © ®
€ o4 &L 0.4 L
[*] ®
= ..00‘00'.
e @ ®e
o2 e ©° o . = 8 e 900033“5820028“5
®° ° ® ‘..... 880 L 1)
0o 828 8 g s 8 : . , $ 0.0 mna!!!::noa“?g.‘“.:“”..“....”“'l
0 2 4 6 8 10 12 0 1 2 3 4 5 6 7

Laser fluence (m))

Castellanos, Candian +, 2018a

Laser fluence (m))

Isomerisation is fundamental to explain the experiments!



Chemical evolution of PAHs in ISM:
charge and H coverage

PAH Kinetic model
- (multi) photon absorption
- real molecular properties

Reactions

- € recombination/attachment
- H/H,, photodissociation

- H addition (plenty of H gas)
- H,, abstraction

Le Page+, 2003
Montillaud+, 2013
Andrews, Candian & Tielens, 2016

Coronene family

24 < Nc <96
Z=-1, 0, +1
N, =[0, N_edge+2]




Chemical evolution of PAHs in ISM:

charge and H coverage
CH,_ PDR

1.0  1¢0°
09

1.0

radiation field
Go (Habing units)

- 00 10 0.0
10° 100 10° 10;‘ ¢ 10° 10 10" »10* 10; 10 10°
Doty Diffuse ISM /"D {em)

N_< 50 completely dehydrogenated in most environments (clusters)
S50 < N_ < 80 normally hydrogenated
N_ > 80 superhydrogenated (hydro)



PAHSs to C,

Cluster size (C-atoms)

16— 4;4 A | 510 | 5q6 ’ - =% ¥ f TN 3
(A) ; ; ; Ceo
bWithout lascr% | L | i @ .
12 | 1.9mJ | L LK _L__L \ -
_ CooHl If PAH are large enough
£ olosm | od ) L ... 1 (moreN_>66)and there
e j e ‘ is enough UV irradiation
s L ~ | =>they convertinto C_,
% r 1.9mJ ;L AT ¢ i i L l L ' § l A
c thhout lasg;i : § P
24 | | T Cy
1.4mJ | {ﬁ?&
i A._Lm | l | AL,J i L L l l oo A Q’ ]
Without laser: 3 5 : |
0 L= 1 . | . 1 H 1 L 1 R l L | R 1 L 1

480 528 576 624 672 720 768 816 864
m/z
Zhen+, 2016



Top-down Carbon Chemistry

Dehydrogenation & Fragmentation

% O @ @Q— Graphene < PAH
Chain ng l

Cio J’cgo$

73

O

@ 3

< <G+ @

il - v D

Tangled Random Open cage &
poly-cyclic cage J, Cso ¥ £ -

Fullerene
(stable)

Berné & Tielens, 2014



Top-down Carbon Chemistry

Dehydrogenation & Fragmentation

{ < fqu}q- g iq—% <+ Graphene < PAH

Can the products of top-down chemistry from
PAHSs be the responsible for the DIBs carrier?

UOIeZIJaWos)|

Closed cage

Fullerene ¢ :
(stable)

Berné & Tielens, 2014



Top-down Carbon Chemistry

e () C,,H,, isomers lead to
900 OO‘Q‘O e C..- C.. carbon rings
® 20@ 117 ~15 g

Dibenzo[a,e]pyrene Dibenzo[a hlpyrene Dibenzo[a,l]pyrene
DBPae DBPah DBPal
Cs Cap C; * $ + * *
- CntCht Cnt & Cis 4
] e e e DBPah
0 / J / / / \
/ / / / \
i 4 W I \
~ lqmm Add 2l .h‘_‘_
S v 7
m' ok L k. . N LLl;um A «ﬂL—u——dﬁ
> 3{0pse L |y
Rl - . L 7
c : - P
E ,, ol I
P s ;S . ‘ ! {
Dl N Y
Jpumes L o " FYGIGENT W | I *_ Al ' - ‘
‘“w A Aot A il A JL Al -[
1 putsed ;
O oees e )
140 160 ‘ﬁ 200 220 260

240
m/z

Hrodmarsson et al, Int. J. Mass. Spec., 2022

Berné & Tielens, 2014



Evolution of PAHs in PDRSs

* ) — INCREASING density —

FULLERENES

*PAH PAH* PAH® GRAINS
ISOMERISATION
DEHYDROGENATION & DESTRUCTION

HYDROGENATION

Candian & Petrignani, 2021
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H2formo’rion on PAHS

Andrews et al 2016



Hzformo’rion on PAHS

{1
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\‘ HPAH + H = PAH + H,

While the mechanism works
from a chemical point of view
(there is almost no barrier), its
efficiency in the ISM is < 1%



Hzformo’rion on PAHS

{1
10"

> y

o 107

O =

2 3

= 107

o ;
104}
10”1

\‘ HPAH + H = PAH + H,

While the mechanism works
from a chemical point of view
(there is almost no barrier), its
efficiency in the ISM is < 1%

What if considering H,
photodissociation?



Efficiency can go up to 10%
but highly dependent on the
shape of the molecule

, formation in PAI

s (reprise)

107E

- (b)

— Go=10"
Sl
= iye=de® |

i 2F -7
F107 .

1073}

103 f w e

Go/n(H)

Castellanos, 2018b




PA

processes: hot topics



PAH processes: hot topics
PAH formation (high T)

Combustion chemistry in space —> C-rich (C/O>1) evolved stars
(Chercheff, 2011 but see Martinez+, 2019)

big PAHSs,
small carbon medium-sized  diamond-like structures,  grains,
molecules small PAHs PAHs fullerenes, nanotubes amorphous carbon

Carbon-rich star

Cernicharo+, 2015

T.=2000 - 5000 K
Models fail to predict
1) the abundance of PAH
detected (but new routes
Kaiser et al, 2021)

2) the diversity of populations

d=10"%cm? d=10°cm? d=10°-10°cm™



Signal-to-Noise Ratio

Signal-to-Noise Ratio

PAH processes: hot topics
PAH formation (low T}

(A) |”| 1-cyanonaphthalene
DR1

19¢ r* |
0 i
10 5 0 5 1

10

0
Relative Velocity (km/s)

10 (B) 2-cyanonaphthalene
N DRA1
Z
s (I
0
-10 -5 0 5 10

Relative Velocity (km/s)

McGuire+, 2021
Cernicharo+, 2022

2-ring PAHs (CyanoPAHs and indene)
detected via rotational transitions in cold
clouds, but formation mechanism is
unclear

\ 4

- Formation of 1st ring (benzene) is the
bottleneck

- Few small radical/ions hydrocarbons
to start from in cold environments

Garcia de la Conception+, 2023; Rap+ 2022a, b



PAH processes: hot fopics
Recurrent/Poincaré Fluorescence

IR Dissociation
-—>EC__, In a collisionless environment (ISM),
mreshold  INVErse Internal Conversion can happen
energ . .
! => fluorescence from electronic excited

" Electronic states (Leger+, 1988), faster than IR
excited state Recurrent emission .

fluorescence

e ——
Electronic
ground state
Kosuda+, 2024

Efficient stabilization of cyanonaphthalene by fast
radiative cooling and implications for the resilience of
small PAHs in interstellar clouds

Mark H. Stockett &, James N. Bull, Henrik Cederquist, Suvasthika Indrajith, MingChao Ji, José E.

Navarro Navarrete, Henning_T. Schmidt, Henning_Zettergren & Boxing_Zhu

Nature Communications 14, Article number: 395 (2023) | Cite this article




Effect of anharmonicity



Potential Energy ( U)

A

PAH processes: hot topics
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PAH processes: hot topics

A ° °
Anharmonicity
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We can model more accurately PAH
emission bands, e.g. 11.2 ym / 893 cm™

intensity [arb)

Peeters+, 2021
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