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ABSTRACT

Context. Only 8% of the protoplanetary discs orbiting a T Tauri star show emission features of polycyclic aromatic hydrocarbons
(PAHs). Their abundance is therefore little known. As PAHs are strong absorbers of UV radiation, they contribute to the heating of
the disc photosphere, shielding of UV radiation that drives photo-chemistry in the disc, and their abundance is a key parameter for
determining the strength of photo-evaporative disc winds. Soon, high-quality data obtained with the James Webb Space Telescope
(JWST) will become available with new data to interpret.

Aims. We want to understand the photochemical evolution of PAHs in protoplanetary discs around T Tauri stars, and thus explain the
absence of PAH features. We want to determine whether PAHs are destroyed because of the X-ray emission from their host stars or
whether PAHs can withstand these conditions.

Methods. We developed a model for the absorption of X-rays by PAHs. X-rays with more energy than the K edge of carbon doubly
ionise PAHs and vibrationally excite them by ~15-35 eV. With a Monte Carlo model, we modelled the dissociation of H, H,, and C,H,
from PAH monomers. Furthermore, we modelled the dissociation of PAH clusters and the desorption of PAH clusters from dust grains
caused by X-ray excitation.

Results. We find that small PAH clusters quickly desorb and dissociate into individual molecules. PAH molecules experience rapid
loss of H and acetylene C,H, by the high excitation and lose C,H, on average after three X-ray excitations. However, large PAH clusters
(coronene Cy4Hj: 50 cluster members, circumcoronene CssHjg: 3 cluster members) can stay intact and frozen out on dust grains.
Conclusions. Based on our results, we expect a gas-phase PAH abundance that is lower than 0.01 times the ISM abundance and that
rapidly decreases over time due to the dissociation of small clusters that are subsequently destroyed. To maintain a higher abundance,
replenishment processes such as vertical mixing must exist. Large PAH clusters remain in the disc, frozen out on dust grains, but barely

emit PAH features because of their strong thermal coupling to dust grains.

Key words. astrochemistry — protoplanetary disks

1. Introduction

Almost 50 years ago, unidentified aromatic infrared bands
(UIBs) were seen for the first time in the planetary nebula NGC
7027 (Russell et al. 1977) and were then attributed to carbon-rich
aromatic molecules commonly referred to as polycyclic aromatic
hydrocarbons (PAHs) (Duley & Williams 1981; Leger & Puget
1984; Sellgren 1984; Allamandola et al. 1985). The typical PAH
infrared signals we observe occur at wavelengths of 3.3 pum,
6.2 um, 7.7 um, 8.6 um, and 11.3 um. Other weaker PAH fea-
tures exist, but are much harder to detect. Each of the spectral
features can be attributed to a specific vibrational mode of the
chemical bonds: stretching and bending modes between carbon-
carbon bonds and carbon-hydrogen bonds (Tielens 2008). To
date, PAHs have been identified in numerous astrophysical envi-
ronments such as galaxies, the interstellar medium, nebulae,
protoplanetary discs, and the Solar System (Leger & Rouan
1986; Desert & Dennefeld 1988; Verstraete et al. 1996; Peeters
et al. 2002; Acke & van den Ancker 2004; Tielens 2008; Li 2009;
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Kamp 2011; Tielens 2013; Li 2020). In the context of planet-
forming discs, several surveys have been executed to investigate
the infrared spectra of protoplanetary discs. Using the infrared
space observatory (ISO), Acke & van den Ancker (2004) inves-
tigated the spectra of 46 Herbig Ae/Be stars and found PAH
signals in 57% of the discs. In 2003, the Spitzer Space Tele-
scope was launched with the InfraRed Spectrograph (IRS) on
board. Geers et al. (2006) obtained spectra for 38 T Tauri discs
and determined a lower limit of 8% for the detection rate of
PAHs. A few years later, Acke et al. (2010) analysed 53 Herbig
Ae stars with Spitzer and detected PAH features in 70% of
them. Finally, Valegard et al. (2021) analysed Spitzer spectra
for intermediate-mass T Tauri stars and detected PAHs in 40%
of them. This difference in detection rate between low-mass and
intermediate-mass pre-main-sequence (PMS) stars clearly shows
that the stellar type affects the evolution and observability of
PAHs. Seok & Li (2017) re-investigated data of 14 T Tauri and
55 Herbig discs and fitted the continuum-subtracted PAH spec-
tra with emission models from Draine & Li (2007). The authors
found a positive correlation between PAH size and stellar effec-
tive temperature that can be explained by the destruction of small
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PAHs in discs with strong stellar UV radiation. Furthermore, the
authors did not find a correlation between disc age and PAH
size and conclude that a replenishment mechanism must act in
protoplanetary discs.

In the literature, attempts have been made to explain the
lower abundance of PAHs in protoplanetary discs. Geers et al.
(2009) discussed several different explanations based on their
observational findings. On the one hand, they considered non-
destructive mechanisms such as coagulation into clusters or the
freezing out of PAHs as a realistic explanation for the lower
abundance of observed PAHs. In these processes, PAHs are not
destroyed, but are harder to detect through broader emission fea-
tures by clusters (Allamandola et al. 1989) or thermal coupling
to the dust grains. Both processes were addressed by Lange et al.
(2023) and connected to the strength of the vertical turbulence
in the disc. On the other hand, destruction mechanisms such as
organic chemistry or ice chemistry may modify frozen-out or
trapped PAHs (Bouwman et al. 2011a,b) and deplete them in
the disc.

Discs around T Tauri stars seem to lack PAH emission fea-
tures compared to the interstellar medium (ISM) and Herbig
star discs. Herbig Ae/Be stars are pre-main-sequence stars with
masses between 1.5 My < M, < 10 My and have a spectral type
of A or B; thus, they show significant thermal emission in the
ultraviolet (UV) (see Waters & Waelkens (1998) and Brittain
et al. (2023) for reviews on Herbig stars). In contrast, T Tauri
stars are low-mass PMS stars with masses M. < 3 M and spec-
tral types of F or later (Appenzeller & Mundt 1989). T Tauri stars
have much lower stellar emission at UV wavelengths due to their
lower effective stellar temperature. Herbig stars have weak X-ray
luminosity compared to their stellar luminosity (107® < Ly /L, <
107*, Brittain et al. 2023). Consequently, UV photons are the
main energy sources for PAHs. On the other hand, T Tauri stars
are sources of strong X-ray emission (107 < Lx/L, < 1072,
Preibisch & Feigelson 2005), presumably caused by their strong
magnetic fields. T Tauri stars are not fully convective, and their
differential rotation speed can explain the strong correlation
between their rotation period and X-ray luminosity Pallavicini
et al. (1981) for the creation of the stellar magnetic field.

We propose that the rare (compared to absorbed UV photons
in Herbig discs) but very energetic excitations through absorbed
X-rays have a major impact on the evolution of PAHs in T Tauri
discs. The interaction of high-energy photons, for example far-
ultraviolet (FUV), extreme ultraviolet (EUV), and X-rays, with
PAHs was investigated by Siebenmorgen & Kriigel (2010) and
Siebenmorgen & Heymann (2012). In these works, the life-
time of PAHs was estimated based on the amount of time PAH
molecules can spend in the photosphere of the protoplanetary
disc. The authors related the survivability and observability of
the PAHs to the strength of turbulent motions and the presence
of a halo around the disc that can obscure the PAH features.
For this work we re-investigated the interaction of PAHs and
X-rays under consideration of PAH microphysics, which lim-
its the available excitation energy to a few tens of electronvolts
and causes PAHs to become doubly ionised. In addition, we
also investigate the interaction of gas-phase PAH clusters and
adsorbed PAH clusters with X-rays. We propose mechanisms
to explain observations of reduced PAH abundances and detec-
tion rates of PAH signals in T Tauri discs by the fast destruction
of PAH molecules and small PAH clusters, and the survival of
large PAH clusters against hard radiation to suppress the observ-
able PAH features. We examine the ability of X-rays to detach
PAHs from dust grain surfaces, to dissociate PAH clusters into
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Fig. 1. Excitation and ionisation process of a PAH after absorption of an
X-ray. The X-ray ejects an electron from the innermost shell of a carbon
atom. Then, an electron from a higher shell fills the vacant inner shell
so that the freed energy ejects another electron. A fraction of the energy
is carried away by the electron, the remaining fraction is transferred to
vibrational excitation of the PAH. In the end, the PAH is doubly ionised
and vibrationally excited by the X-ray absorption.

PAH molecules, and to destroy individual PAH molecules by
triggering the ejection loss of acetylene C,H, molecules.

This manuscript is structured as follows. In Sect. 2, we
describe our model for the excitation of PAHs by X-rays and
the resulting dissociation cascade of PAH molecules and PAH
clusters. Then in Sect. 3 we outline how we applied the model to
gas-phase PAHs, gas-phase PAH clusters, and adsorbed clusters
to determine the rate at which the carbon skeleton of the PAHs
is irreversibly destroyed. Thereafter, we discuss our findings in
Sect. 4 in the context of previous theoretical and laboratory work
on the dissociation through X-rays as well as the implications of
our findings for the survival of PAHs and their state (adsorbed,
gas-phase) in T Tauri discs. Finally, we conclude and present our
results in Sect. 5.

2. Methods

In previous works, the excitation and relaxation of PAHs under
irradiation of UV photons was investigated by authors such as
Bakes et al. (2001) or Visser et al. (2007). After absorption of a
UV photon, the entire energy of the photon can be transferred
into vibrational excitation that can trigger dissociation of the
PAH. Alternatively, the PAH can ionise and eject an electron.
In this work we consider that X-rays do not deposit their entire
energy into vibrational modes, and thus require a more complex
treatment. Therefore, we explain in this section the excitation
mechanism of PAHs by X-rays followed by the different disso-
ciation mechanisms (dissociation of the PAH and PAH clusters)
that we consider at the given excitation energies.

2.1. PAH interaction with X-rays

As with all particles found in astrophysical environments, PAHs
are exposed to high-energy photons, including X-rays, espe-
cially regarding circumstellar discs surrounding T Tauri stars.
The interaction between PAHs and high-energy photons is cru-
cial as X-ray photons can deposit a large amount of energy into
individual molecules and molecular clusters. X-rays interact with
the K-shell electrons of the carbon atoms and the resulting (free)
electron carries some of the excess energy away as kinetic energy
(Fig. 1, left). Subsequently, a valence electron drops down to the
vacant inner K shell. The energy associated with this electron
transition may be released as an X-ray photon or leads to the
ejection of a second electron, the Auger electron (Auger 1923),
causing double-ionisation of the PAH (Fig. 1, right). Generally,
Auger-Meitner ionisation dominates over X-ray fluorescence for
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Table 1. Coefficients for Equation (1) from Biggs & Lighthill (1988) to calculate the elemental carbon absorption cross-sections for high-energy

photons.

Interval i A As Az Ay

0.01 keV < E <£0.0457 keV 5.704 - 10° 0 0 0
0.0457keV < E <0.284keV  -3.935-10> -3.219-10*> -6.549 2.086 - 107!
0.284keV < E <0.8keV -9.022-10* 1.76-10° 1.549- 10> -2.28-10%
0.8keV < E <4keV -7.363 —1.537-10' 2.672-10° —4.482-10?

low atomic numbers Z, such as for carbon (Bambynek et al.
1972). A fraction of the electronic excitation energy is carried
away by the Auger electron, but the remaining energy differ-
ence is transferred into vibrational excitation of the molecule.
The amount of available excitation energy depends on which
orbital the electron that fills the K shell comes from. Hence,
a distribution of possible excitation energies is expected. We
assume that 15-35 eV is left behind as internal excitation energy
(Micelotta et al. 2010), which agrees with the conclusions of
Reitsma et al. (2015) that the vibrational excitation follows a dis-
tribution around 20 eV based on the Auger spectrum of benzene,
which has been well studied in experiments and theory (Rye &
Houston 1984; Jayadev et al. 2023). To approximate the absorp-
tion cross-section of different PAH species, we adopted the
elemental carbon cross-section from Biggs & Lighthill (1988)
approximated by fourth-order hyperbolic functions where the
coefficients for different energy intervals are given in Table 1:

_ A A

Az
4=ty
E E?

E3

Ay

+ ok (1)

g

The commonly used X-ray cross-sections of Verner &
Yakovlev (1995) produce similar results. We scale the carbon
cross-section with the number of carbon atoms in each PAH to
approximate the PAH absorption cross-section in the X-ray pho-
ton regime. The findings agree with the absorption cross-section
near the K edge measured by Boechat-Roberty et al. (2009) after
scaling the absorption cross-section to the number of carbon
atoms. We note that through this approximation we neglected
features around the K edge arising from the molecular struc-
ture of PAHs, as investigated in the laboratory by Reitsma et al.
(2015) or Huo et al. (2022), among others. However, this is only
a small interval compared to the whole considered X-ray spec-
trum between 280eV and 2keV that we consider in our study
following (Siebenmorgen & Kriigel 2010). Therefore, the molec-
ular fine-structure of the X-ray absorption spectrum around the
K-edge is negligible in our calculations as the deposited vibra-
tional excitation energy by the X-ray does not depend on the
X-ray energy itself. In principle, the cascade model can also con-
sider higher-energy X-rays, as the energy deposited into the PAH
is independent from the energy of the X-ray photon. However,
implementing such a model would require a more complex ver-
tical structure to determine the penetration depth of all X-rays at
varying disc heights.

To estimate the number of emitted X-rays by the star, we fol-
lowed the model of Siebenmorgen & Kriigel (2010) and assumed
an X-ray luminosity of Lx/L, ~ 2.5 - 10~ based on studies by
Preibisch et al. (2005) who used observations of the Chandra X-
ray Observatory of T Tauri stars in the Orion Nebula Cluster. We
take the T Tauri star BP Tau (Grankin 2016) as a typical repre-
sentative of the T Tauri stars. BP Tau has a stellar luminosity of
0.88 Ly and a stellar effective temperature of 4040 K. As a result,
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Fig. 2. Sketch of cascading processes for PAHs in protoplanetary discs.
X-rays can trigger evaporation of PAH clusters from dust grains or the
vibrational energy of the cluster is transported to the dust grains and
emitted as thermal radiation. Dependent on the cluster size and PAH
species, the evaporated cluster can be fully destroyed into monomers
(small cluster), can lose a few of its monomers (intermediate clusters),
or not lose any monomer (large clusters). Then, the subsequent absorbed
X-rays break down the cluster until the entire cluster has been disso-
ciated into molecules. Finally, the absorption of X-rays by individual
PAH molecules triggers dissociation of H and H,, which cools the PAH
without structural damage, followed by IR cooling. Simultaneously,
acetylene (C,H,) fragments can be ejected from the PAH, damag-
ing the carbon backbone, which is difficult to repair without complex
chemistry.

our model assumes' an X-ray luminosity of Lx = 8.4 - 10?° erg/s
for a BP Tau-like T Tauri star for X-rays between 280eV and

I 'We would like to clarify that this does not take into account potential
measured X-ray luminosities from BP Tau specifically.

Al4, page 3 of 13
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2keV. We note that the X-ray luminosity of T Tauri stars can
be in the range 10 < Lx/L. < 1072, Preibisch & Feigelson
(2005), so all of our calculated rates and timescales must be
adjusted and scaled appropriately. We assume that the X-ray pho-
ton flux is emitted from a hot black body, so the X-ray frequency
range lies in the Rayleigh-Jeans limit of the black body and can
be approximated by F(v) « v2. The absorption rate of X-rays can
then be calculated by integration of the product of the absorption
cross-section o (E) and X-ray photon flux F(E):

kx = fa'(E)FX(E)dE. 2)

2.2. Dissociation cascade model

The absorption of an X-ray leaves a PAH highly excited. Depend-
ing on its state (cluster, gas-phase, frozen-out), the PAHs have
multiple channels to cool down after excitation. An overview of
the different evolutionary pathways and their competing cooling
processes is displayed in Fig. 2. We consider non-dissociative
cooling through emission of IR photons with a typical rate of
Teool = 157! (Andrews et al. 2016) if the PAH is in the gas phase.
If the PAH or PAH cluster is frozen on a grain, the estimated heat
transfer to the dust grain (re0 = 10'2s7!) (Lange et al. 2023) is
faster than the emission of IR photons by the PAH. We model
the heat transfer to the dust grain by assuming that vibrational
coupling between the PAH and the dust grain surface will be
similar to graphite conduction through the c plane between the
individual layers described by

dQ kAAT

== 3

dr Ad )
where the contact surface A is determined by the area of a flat
PAH molecule that is attached to the grain, and

A=n(\Neo-09A) = Neg-2.5- 107 em?, 4)

where Nc o is the number of C atoms of a PAH monomer (Tielens
2008), k = 0.04 W/m/K = 4000 erg/s/cm/K is the heat conduc-
tion coefficient of graphite (Alofi & Srivastava 2014), and Ad is
the contact distance between two graphite layers that we assume
tobe Ad = 3.34 A (de Andres et al. 2008).

For dissociative cooling, we consider the release of H atoms,
the release of acetylene (C,H;), and the ejection of entire PAH
molecules if clusters are considered. The fragmentation of a few
small PAHs has been studied experimentally by Ling, Lifshitz,
and co-workers on timescales of several microseconds (Ling
et al. 1995; Ling & Lifshitz 1998). At these timescales, the loss
of H, H, and C,H, has been fitted by simple Arrhenius laws
and the parameters for the rates involved have been derived.
However, it is unclear whether these rates can be extended to
the much longer timescales associated with radiative cooling
(=0.1 s), the much higher internal energies involved in X-ray irra-
diation, and the much larger PAHs considered here. In particular,
we recognise that laboratory experiments imply that large PAHs
(more than 32 carbon atoms) are first stripped of all their Hs
before the resulting (isomerised) carbon clusters shrink through
C, loss (Zhen et al. 2014). In the absence of direct informa-
tion on the specific microphysical steps in the chemical reaction
routes that would allow such an extrapolation, we adopted the
Arrhenius law derived from the time-dependent fragmentation
studies on pyrene (CigHjp). We expect that this choice overes-
timates the breakdown of the carbon skeleton through loss of
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C,H,. Then, dissociative processes can be approximated by an
Arrhenius expression of the form

k:ko-exp( Ea 5)

_kB Te )

to estimate the dissociation rate given an activation energy Ea.
The pre-exponential factor can be calculated through

kgT. A
ko = BTexp(l + 75) (6)

where kg is the Boltzmann constant, 7, the effective tempera-
ture of the PAH, & the Planck constant, R the ideal gas constant,
and AS the change in entropy of the reaction (Tielens 2021).
We used values available in the literature for pyrene (CicHjp)
even though we note that the exact value depends on the PAH
molecule considered. For H, loss we assumed E = 3.52eV
and AS = —12.7 cal/K/mole (Ling et al. 1995), E = 4.6eV and
AS = 10.7 cal/K/mole (Ling et al. 1995) for H loss, and E =
4.4eVand AS = 3.5 cal/K/mole (Ling & Lifshitz 1998) for C,H,
loss. In all dissociative cases, the PAH loses the binding energy
E’ = E — E, and additionally a fraction of the energy that is car-
ried away by the ejected atom from the PAH or ejected molecule
from the cluster. In the case of atom loss, the additional energy
that is carried away by the fragments as kinetic energy is of the
order of 2 kg T, which is much smaller than the total energy of the
system. In the case of PAH clusters, a fraction of the vibrational
energy is carried away by the ejected molecule that is calculated
by the fraction of the degrees of freedom that are lost

3Nmon — 6

E =
foss 3(lvdau + Nmon) -6

E, )

where Ny, is the number of atoms in the daughter cluster and
Nmon 1s the number of atoms in the ejected PAH. We assumed
ko = 2.5-10"7 s7! for all PAH clusters similar to the dissociation
of PAH clusters derived in the Appendix of Lange et al. (2021).

To calculate the excitation temperature of the PAHs and PAH
clusters, we used the energy-temperature relation (Bakes et al.
2001; Tielens 2021)

) {3750(5;52)‘”5 K

| 11000 (29Y" k

if T, < 1000K

, , ®)
if 1000K < T,

for which the heat-bath correction needs to be applied to obtain
the necessary effective temperature 7 in Equation (5):

T, =T, (1 - 0.2%) . )

Finally, the probability of each of the dissociative and non-
dissociative cooling events can be calculated by evaluating the
rate of each dissociation and cooling event over the total rate of
events:

ki(E)
Ziki(E)

Using a random number generator with the given probability for
each event, we can consider all paths for cooling with a Monte
Carlo scheme and determine the probability for each of the dis-
sociative losses. We followed the cascade of cooling until the
PAH cooled down to the initial temperature or was damaged at

pi(E) = (10)
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Fig. 3. Comparison of dissociation rates for coronene Cy;H;, (solid
lines) and ovalene C36H;s (dashed lines). Only for low energies where
H and C dissociation starts to appear do H, and C,H, loss have com-
parable rates to H loss; for high energies H loss always dominates.
Dissociation of a dimer is always favoured because of the much weaker
binding energy between two PAHs. For ovalene, the reactions appear
at nearly the same temperature but at higher energies because of the
larger heat capacity. Hence, the increasing size of PAHs and PAH clus-
ters increases their stability against X-rays as the deposited energy is
independent of the structure. The dissociation rate for clusters addition-
ally depends on the size of the cluster. The typical rates for IR cooling
and energy transfer to dust grains are indicated by the grey lines.

the carbon backbone by the release of C,H,. For gas-phase PAH
monomers, we followed 10° Monte Carlo steps, which roughly
corresponds to 10*~10° modelled photon absorptions. For gas-
phase PAH clusters, we used 107 Monte Carlo steps, which
corresponds to 10° photon absorptions. For an adsorbed PAH
cluster, we used ~10° Monte Carlo steps, which corresponds to
~10° X-ray photon absorptions.

3. Results

Our analysis is structured in the following way: first we apply
the cascade model to individual gas-phase PAHs and investigate
the loss of acetylene and hydrogen induced by X-rays. Then we
extend the model to gas-phase clusters and analyse their stabil-
ity and destruction after excitation by X-rays. Finally, we extend
our study to adsorbed PAH clusters and their ability to evaporate
from the grain surface.

The goal of our models is to investigate the interaction
of PAHs with X-rays after they have potentially clustered and
frozen-out in the shielded midplane of the disc. One of these
mechanisms can be vertical mixing, but there are other processes
that can transport PAHs and grains from an optically thick to an
optically thin regime. The height and location in the disc where
this occurs is strongly dependent on the structure of the disc, but
also on the relative strength between the UV field and the X-ray
luminosity. Our obtained results are therefore very general and
a sophisticated application of such a model to a specific disc to
make precise predictions requires proper treatment of radiative
transfer and disc morphology. The transport from a shielded to
an exposed regime is much more complicated than our estimate
and there might be regions between the midplane and the photo-
sphere where some of our simulated processes are only partially

—— Coronene
0.4 Ovalene
: —— Circumanthracene
—— Circumcoronene

0.39

0.2 4

Probability of acetylene loss

0.14

00 1 T T T T
5 10 15 20 25 30 35
Excitation energy E[eV]

Fig. 4. Fraction of destroyed gas-phase PAHs for our four considered
PAH sizes (coronene Cy4Hj, to circumcoronene CssH;g) after absorp-
tion of an X-ray followed by vibrational excitation through the release
of an Auger electron.

active. However, it is beyond the scope of this work to treat this
in detail.

All our calculations are performed under full X-ray exposure
on the basis of single X-ray absorptions, as multi-photon events
are highly unlikely. Given the parameters from the X-ray model,
for our typical T Tauri disc we derive an X-ray absorption rate at
a radial distance from the star r in the photosphere of the disc
given the number of carbon atoms in the molecule Nc,

r )‘2& .

_ . -9
kx(F) = 1.8 - 10 (10au o5,

(11)

which corresponds to an absorption of one single X-ray photon
every 17.4yr for a coronene at a distance of 10au. All calcu-
lations assume that only the optically thin photosphere of the
disc is considered so that X-rays reach PAHs without previous
scattering or absorption.

3.1. CoHo loss of gas-phase PAH monomers

In our first considered case, we investigated the impact of X-
ray absorption on gas-phase PAH monomers. Our simulations
accounted for cooling through infrared photon emission and the
dissociation by release of H, H,, and C,H,. Our results show that
the stripping of single hydrogen atoms from the PAH molecule
is the most likely event for all energies at which IR cooling is
not dominant (see Figure 3), which agrees with the appearance
energy of 12eV measured for coronene (Cp4Hjy) by Jochims
et al. (1994). The loss of acetylene only occurs with a proba-
bility of a few per cent at all energies. Therefore, in most cases,
the PAH experiences sequential losses of a few hydrogen atoms
until it has cooled down to energies where infrared cooling starts
to dominate and the PAH eventually cools down fully. Then,
the PAH has sufficient time to re-hydrogenate by collisions with
hydrogen as the collision timescale is of the order of seconds.
If the carbon structure of the PAH is damaged, acetylene loss
occurs at all hydrogenation stages, although lower hydrogenation
states are slightly preferred (see probability curves of the model
in Appendix A).

Figure 4 shows the impact of different amounts vibrational
energies left in the molecule after the absorption of X-rays
on the dissociation of various PAH species (coronene Cy4Hj>,
ovalene C3,H14, circumanthracene C49Hi¢, and circumcoronene
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Fig. 5. Average fraction of ejected PAH monomers from gas-phase cluster after excitation with 15eV, 20eV, 25eV, 30eV, and 35eV (from light
to dark). With larger cluster size and larger PAH size the probability of losing cluster members strongly decreases so that the cluster is stabilised

against X-ray radiation.

Cs4Hjg). Our findings show that in the energy range of 15—
35eV, there is no discernible difference between the average
dissociation probabilities of the simulated PAH species. How-
ever, small-scale variations in the loss of acetylene of each PAH
species arise from the sequential loss of hydrogen atoms and
the subsequent resampling of the model dissociation curves (see
Appendix A). This sub-structure in the dissociation is the reason
why the exact excitation energy (even on a small scale) is impor-
tant and can change the probability of acetylene loss by a few per
cent. Additionally, we observe a large-scale trend where larger
PAHs are slightly more likely to lose acetylene (C,H;) because
the energy loss through H loss is independent of the PAH size.
Hence, larger PAHs experience a smaller drop in temperature
through H loss, which favours acetylene (C,H;) loss slightly
more. Only the lowest energy required for acetylene loss and
the energy required to fully dehydrogenate the PAH molecule
are affected by the PAH size. Overall, our study suggests that
the probability of damaging the carbon backbone of PAHs by X-
rays is only weakly dependent on the considered PAH species
in our estimated excitation energy range. Our results suggest
that acetylene loss of gas-phase PAHs occurs every few X-ray
excitations, so we expect that gas-phase PAHs are (mostly) irre-
versibly destroyed of the order of ten times the X-ray absorption
timescale.

3.2. Cluster dissociation of gas-phase PAH clusters

In the next step, we expanded our investigation from gas-phase
PAH monomers to PAHs that are present as clusters in the gas
phase. In this scenario, PAH clusters can experience additional
ejection of single PAH molecules from the cluster. This is an
additional cooling process that needs to be taken into account as
the activation barrier for breaking the van der Waals bond of the
cluster is much smaller than the activation barrier for breaking
chemical bonds such as acetylene or hydrogen. For that reason,
the evaporation of monomers is much more favoured compared
to processes such as the loss of H, H,, and C;H,. Hence, the
sequential loss of PAH monomers occurs before any chemical
bond between hydrogen and carbon atoms is broken. As a sig-
nificant amount of energy is carried away by the ejected PAH
molecule from the cluster following Equation (7), the leftover
energy of the daughter cluster is hardly ever sufficient to break
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chemical bonds of the PAHs that have evaporated from the clus-
ter. Only for dimers and trimers do the individual monomers
retain enough energy to dehydrogenate.

Figure 5 displays the average number of ejected PAH
monomers after a single X-ray excitation as a function of parent
cluster size. As the remaining vibrational excitation energy after
the ejection of an Auger electron is unknown, we did the calcula-
tion for energies between 15 eV and 35 eV, which is indicated by
line colour (from light to dark with increasing excitation energy).
A probability of unity corresponds to the destruction of the clus-
ter into only individual monomers. We find that for very small
clusters with four to six monomers the whole cluster is disrupted
by a single X-ray excitation. For slightly larger clusters, the exci-
tation energy needs to be high enough (30eV) to still break the
entire cluster down into individual monomers. Our simulations
show that the size of the individual PAH molecules in a cluster
is more important for the stabilisation of a cluster than the num-
ber of PAH molecules that the cluster consists of. For coronene
Co4Hj», cluster sizes of around 60 cluster members are needed to
fully stabilise the cluster for the typical lifetime of a protoplan-
etary disc of a few million years. For circumcoronene Cs4Hjsg,
clusters with six cluster members are stable.

Our simulations imply that the formation of PAH clusters
slows down the process of PAH destruction by fully stabilising
large clusters against hard radiation (compared to the lifetime of
a protoplanetary disc of 10° years) and slowing down the pro-
cess of irreversible PAH destruction for small PAH clusters by
releasing individual PAH molecules from time to time.

3.3. Desorption of adsorbed clusters

We next considered the case where PAHs and PAH clusters are
adsorbed on dust grains. Our grains have two different temper-
atures, warm dust at 400 K and colder dust at 200 K. As the
energy transfer to the dust grain is much faster than the IR cool-
ing of gas-phase PAHs, the effective internal energy required for
fragmentation processes is raised; hence, the timescale on which
these processes must happen is greatly diminished.

Figure 6 shows the probability of desorption for the four
PAH species that we consider in our study for two different dust
grain temperatures (400 K: colours, 200 K: black). The increased
threshold for evaporation to happen within the cooling timescale
heavily impacts the clusters’ ability to evaporate from the grain.
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Fig. 6. Probability of desorption of a given cluster size from a dust grain at temperature 7 = 200K (grey lines) and T = 400K (coloured lines)
after absorption of an X-ray for the four considered PAH species between 24 C atoms and 54 C atoms. The different shades of colour indicate
the assumed excitation energy (light: 15 eV, medium: 25 eV, dark: 35 eV). The considered PAH species has a much larger effect on the desorption

probability than the PAH cluster size or dust grain temperature.

We find a trend similar to that in the dissociation of gas-phase
PAH clusters: with increasing size of the PAH species and
increasing cluster size, the probability of desorption from the
grain decreases drastically. Only small clusters can immediately
evaporate from the grain surface.

After evaporation from the grain surface, the remaining exci-
tation energy after desorption is high enough to trigger ejection
of monomers from the cluster. The distribution of leftover ener-
gies is dominated by the highest possible energy (binding energy
of the cluster subtracted from the initial energy) and drops expo-
nentially to lower energies as some clusters cool down before
they leave the grain surface. Hence, depending on the temper-
ature of the dust grain, the desorbed cluster can have leftover
energies below and above the initially assumed excitation energy
for the gas-phase clusters in the previous section. Nevertheless,
the resulting average fraction of lost monomers after desorption
from the grain surface is comparable to that of initial gas-phase
clusters excited by X-rays. Hence, the desorbed clusters experi-
ence either partial destruction (larger clusters) or full destruction
(small clusters) without absorbing another X-ray photon. We
summarise that the desorption of clusters from dust grains is
much slower than the destruction of gas-phase clusters and only
small clusters with fewer than 25 monomers can desorb from the
grain surface in a protoplanetary disc relevant timescale.

4. Discussion
4.1. Evolution of PAHSs in T Tauri discs

An important question in the search for PAHs in T Tauri discs
is whether PAHs are absent from most of the T Tauri discs
or whether they are present in undetectable low abundances
compared to Herbig Ae/Be discs, and therefore have only been
detected in a few sources. A survey with the Spitzer space
telescope led to inconclusive results, identifying the limiting
feature-to-continuum ratio obtainable with Spitzer, and pointing
out the necessity of future work (Geers et al. 2006). The inter-
action of X-rays with PAHs covered in this work is only one
of the puzzle pieces that is required to understand this observa-
tional trend. Disc-substructures in the gas or dust disc have only

been partially covered in the literature, and currently no complete
model of PAH chemistry including ionisation, atom-loss, UV-
and X-ray chemistry, and (radial and vertical) transport through
the disc exists. We urge that these models be explored in the
future to interpret the upcoming JWST spetra of T Tauri discs.
We wanted to combine the results of our calculations using
the small PAH coronene C,4Hj, as an example to estimate the
timescale on which clusters transition from the desorbed state to
the irreversible destruction of the carbon backbone of the PAHs
to determine the timescale for destruction of PAHs due to X-
ray absorption. Hence, we would like to emphasize our assumed
initial disc state. The protoplanetary disc is in steady state with
no remnants of the molecular cloud. The PAH population that
has been inherited from the ISM has had time to form clusters
of different sizes. Then PAHs and clusters have frozen-out onto
dust grains where it is cold enough. Now, X-rays are allowed to
interact with frozen-out PAHs and frozen-out clusters to observe
what effect X-rays have on the gas-phase abundance of PAHs.

From frozen out to destroyed

We wanted to estimate the amount of adsorbed clusters and gas-
phase monomers as a function of time if they are continuously
exposed to stellar X-rays. Therefore, we assumed that coronene
Cy4H); is initially present with ISM abundance and then clus-
tered in the protoplanetary disc before being adsorbed on dust
grains as described by Lange et al. (2023). Integration of the
resulting cluster size distribution (Figure 5 in Lange et al. 2023)
shows that 9% of the total PAHs are adsorbed as clusters with 25
cluster members or fewer. Using the desorption time of the spe-
cific cluster sizes, the cluster dissociation time, and the monomer
dissociation time, we can estimate the lifetime of the clusters on
the dust grains and the resulting fraction of monomers in the gas
phase. The desorption timescale is given by the reciprocal of the
desorption probability per X-ray multiplied by the X-ray absorp-
tion timescale. For the dissociation of clusters, we assume that
with each X-ray photon absorption a fraction of the monomers
enters the gas phase (see Figure 5). Step by step, the break-
down of a cluster is calculated until the cluster has completely
dissociated into monomers. For the destruction of a PAH, we
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assume that three X-ray absorptions result in the destruction of
a PAH monomer by loss of acetylene C,;H, because the average
probability of C,H, loss is one third.

Figure 7 shows the time evolution of adsorbed coronene
clusters smaller than 25 members at 10 au for the stellar param-
eters of BP Tau. Small PAH clusters desorb on a single X-ray
timescale of a few years, while for clusters larger than a decamer,
the timescale for desorption increases to values equivalent to the
lifespan of a protoplanetary disc of a few million years. Thus,
the distribution of adsorbed PAH clusters will show fewer and
fewer small clusters over time and will be dominated by larger
clusters. Figure 8 shows the time evolution of adsorbed and gas-
phase clusters summed-up over all cluster sizes. The initial phase
of clustering and adsorption is not shown in the figure because
the time to cluster and adsorb on dust grains is only a few years
at 10au. Initially, small clusters are efficiently desorbed and
dissociated into monomers, which are subsequently destroyed
by the following X-ray absorption. Therefore, in the beginning,
the PAH abundance reaches its maximum. Once the reservoir
of adsorbed small clusters is depleted and all have desorbed,
the slow desorption rate of larger clusters and short destruction
timescale of monomers reduces the abundance of monomers,
leaving only a small fraction of the original ISM-PAH abundance
in the gas phase. The gas-phase abundance further decreases ini-
tially (+ < 103 yr) when larger PAH species are considered, even
though their increased desorption timescale preserves clusters
for longer and slows down the destruction.

Hence, the gas-phase abundance is enhanced compared to
small PAH species for longer exposure times.

We conclude that the resulting abundance from this pro-
cess is much lower than the abundance of PAHs derived from
T Tauri observations where the 11.2 um feature has been detected
(0.01-0.1 times ISM), even though much lower abundances are
expected in discs without detections (Geers et al. 2006). There-
fore, as suggested by Siebenmorgen & Kriigel (2010), vertical
mixing may be able to supply the photosphere with unprocessed
PAH-carrying grains from which PAHs have not been desorbed
yet. Hence, our calculations only provide estimates for a non-
mixing disc and lower estimates for a mixing disc for which the
PAH abundance must be calculated using a model that consid-
ers vertical mixing. Future observations with JWST, which has
a higher sensitivity than Spitzer, will either provide us with new
abundances or will establish new upper limits for the abundance
of PAHs in discs. Thus, without a replenishment of PAHs from
the midplane, we do not expect significant new detections of
PAHs in T Tauri discs.

Rebuilding PAH molecules and clusters: Rehydrogenation,
clustering, and adsorption

In our dissociation cascade, we assumed that the timescales for
the counter-processes of desorption and cluster dissociation are
slower than the timescale of X-ray absorption. In the follow-
ing, we want to estimate under what conditions this approach
is valid by calculating the timescales for rehydrogenation, clus-
tering, and adsorption. For each of these processes the rate
can be estimated from the frequency of collisions between the
corresponding reactants:

Za,b/na = Kab = nbo-a,bAUa,b- (12)
Here Z,, denotes the collision frequency between collision part-
ners a and b, n, and n, are the number densities for a and
b, and o, describes their geometrical collision cross-section.
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Fig. 7. Fraction of initial PAH ISM abundance of each adsorbed cluster
size that is desorbed by X-ray photons over time at a 10 au distance from
the central star BP Tau (for coronene). A PAH cluster size distribution
originating from clustering simulations (Lange et al. 2023) and the des-
orption timescale from Figure 6 are assumed.
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Fig. 8. Summed abundance for all cluster sizes (coronene: solid lines,
ovalene: dotted lines) relative to the ISM. All clusters that desorbed,
dissociated, and then experienced C,H; loss are marked in black. The
resulting gas-phase monomer fraction resulting from the desorption and
subsequent dissociation by X-rays is shown in red. Since most PAHs
are adsorbed in the form of clusters with more than 25 molecules, the
adsorbed fraction of PAHs hardly changes at all.

Furthermore, Av,, describes their relative velocity assuming
Brownian motion, for which we assume a reference temperature
of 400 K. For the rehydrogenation of coronene, we estimate a
rehydrogenation rate of

_ [ T
kH = 89 . 10 1OCII'IB/S "Ny - m

To estimate the clustering timescale, we estimate the timescale
for a collision between a monomer and another monomer where
the radius of a PAH is similarly described as in equation (4).
Then, assuming that at maximum 1/100 (¢ = 0 in Figure 8) of the
PAHs are in the gas phase, we find

- T
ket = 3.6 - 107 8em™/s - nyy - /m_

13)

(14)
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Table 2. Comparison of process timescales at different distances.

r(au) Ty (s) Tety (Y1) Tad (Y1) TX-ray (yr)
1 35-100% 54-103 34-107' 1.8-107!
10 35-1070 54.10° 3.4-10? 1.8- 10!
100 3.5-10% 54103 3.4.10° 1.8-10°
1000  3.5-10° 5.4-10° 3.4-108 1.8-10°

Notes. Typical rehydrogenation timescale ky, clustering timescale k,,
adsorption timescale k,q, and X-ray absorption timescale for coronene in
the photosphere of a classical T Tauri disc (at three disc scale heights).
At all distances, rehydrogenation is faster than the absorption of another
X-ray, so a PAH is likely to always be completely hydrogenated before
it absorbs another X-ray. The cascade-like breakdown of adsorbed PAH
clusters by X-rays is always faster than the rebuilding processes in the
outer disc, whereas in the inner disc, clustering and adsorption compete
against X-ray destruction.

In order to estimate the adsorption timescale, we need to make
assumptions about the dust grain population. We assumed a dust-
to-gas ratio of 1:100 for spherical compact dust grains with an
average density of pg = 3.6 g/cm?. The dust grain population
follows a power law of n(a) o« a=>* with apj, = 0.1 um and
Admax = 0.1 cm and is assumed to be well mixed within the disc.
Then, by integrating the collision cross-sections with every dust
grain size, we find

/ T
—58-1020cm3/s - 7w - A ———
kag =5.8-10""cm’/s - ny 100K

Finally, assuming a typical disc following a surface density pro-
file derived from the minimum mass solar nebular (MMSN)
(Weidenschilling 1977) XZ(r) = 730 g/cm3(r/au)’1‘5(M* /M)
and a typical temperature profile (Hayashi 1981) T(r) =
280 K(r/au) (L, /L5)*?, we can derive the corresponding
rates for a typical disc around a star such as BP Tau. The
calculated rates are presented in Table 2.

In summary, rehydrogenation occurs on shorter timescales
than X-ray absorption, so all PAHs are expected to be fully
hydrogenated before another X-ray is absorbed. The estimations
for clustering and adsorption show that in the outer disc regions,
the dissociation cascade of PAHs through X-rays is faster than
the rebuilding processes. In the inner disc (r < 30 au) clustering
and adsorption compete with X-ray destruction. Our model pre-
diction (no competition) needs to be treated as an upper limit for
destruction, as some monomers might partially build back clus-
ters that can protect them from total destruction of the PAHs.
A disc with lower X-ray fluxes than our assumed model (e.g.
through partial shielding) is likely to preserve even more PAHs.

(15)

Survival of PAHs in the Solar System

Our aim was to relate our study to the amount of PAHs that can
be found in the Solar System. It has been supposed that the Sun
was a highly active T Tauri star (see Giidel (2007) for a review),
so the circumstellar disc of the early Solar System was intensely
irradiated with X-rays. Today, PAHs can be found at high con-
centrations close to chondrules in the Allende and Murchison
meteorites (Plows et al. 2003), the Martian meteorite ALH84001
(Clemett et al. 1998; Becker et al. 1999), and in the atmosphere
of Titan (L6pez-Puertas et al. 2013). However, reaction path-
ways in Titan’s cold atmosphere have been proposed to produce
PAHs locally (Zhao et al. 2018). PAHs have also been found

in captured interplanetary dust particles (IDPs) (Clemett et al.
1993) and in comet 81P/Wild 2 as part of the stardust mission
(Sandford et al. 2006). Tentatively, PAHs might be the carriers
of the 3.28 um feature (Bockelée-Morvan et al. 1995) observed
in Halley’s Comet (Baas et al. 1986), and Comet Levy (Davies
et al. 1991), among others. The presence of PAHs to this day in
the Solar System indicates that the primordial PAHs must have
persisted throughout the protoplanetary disc stage with heavy X-
ray bombardment and beyond, or that, alternatively, PAHs must
have been formed on or inside planetesimals through chemical
reactions. However, the low abundance of PAHs indicates that
most of them must have been destroyed or chemically processed.
Other processes such as sooting and burning with oxygen in
the gas phase and on the surfaces of grains should be consid-
ered when evaluating the evolution of PAHs in the Solar System
(Kress et al. 2010; Anderson et al. 2017).

4.2. Comparison to laboratory work

The absorption of X-rays has also been studied in the laboratory
by several groups. Huo et al. (2022) studied the destruction of
normal- and super-hydrogenated coronene cations in an ion trap
under irradiation of photons with energies from 280 to 300eV.
They found that when irradiated with X-rays whose energy is
near the K edge of carbon, 30% of PAHs suffer carbon loss. This
number increases from 30% to 70% when X-rays with energies
above the K edge of carbon are considered. Other laboratory
work has been done by Monfredini et al. (2019) who exposed
naphthalene (CoHsg), anthracene (C4H)g), and pyrene (C;sHo)
to 2.5keV X-rays. In their study under these harsh conditions,
only 6.6—14.8% of the PAHs survive without any carbon loss.
Comparing these numbers to our dissociation model of sin-
gle gas-phase PAHs, we found that we are underestimating
the fraction of PAHs where the carbon backbone is dam-
aged. One plausible explanation is the potential underestimation
of the deposited vibrational energy because higher energies
also (slightly) increase the dissociation probability of acety-
lene (C,H») in our model. Another possible explanation can be
attributed to the fact that we have only considered the loss of
acetylene (C,H;) as a carbon loss channel, whereas fragmenta-
tion into other aliphatic carbon structures was not considered.
It seems plausible that acetylene (C,H;) cannot be the only
fragment ejected from the PAHs as fragmentation spectra show
distinguished peaks at all possible carbon fragment sizes smaller
than the parent molecule with a varying number of hydrogen
atoms attached to the carbon fragments (Monfredini et al. 2019).
Hence, the consideration of other fragmentation channels would
likely increase the probability of the PAH suffering from carbon
loss in our model. Unfortunately, these dissociation channels are
seldom described in the literature from laboratory studies. One
possibility is the loss of (C4H;) groups, which is possible under
the right hydrogenation conditions; another is the weakening of
the carbon skeleton by aliphatic bonds (Tang et al. 2022).
Another critical aspect of our chemical model is the uncer-
tainties of the activation energy E, and the entropy factor AS
of the reactions. The dissociation rate depends exponentially on
both values so that small variations in E5 and AS can change the
dissociation rate by several orders of magnitude. As a compari-
son between the dissociation parameters obtained by Ling et al.
(1995) to a more recent study by West et al. (2018) shows, the
structure of the PAH and the model approach used strongly affect
the derived activation energies Eo and entropy factors AS for
certain reactions. The given uncertainties (e.g. choosing the val-
ues for the release of hydrogen from West et al. (2018) for pyrene
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CigHip with E54 = 4.16 £ 0.69¢eV and AS = —5 + 37) result in
a change of dissociation rates of multiple orders of magnitude.
Additionally, Castellanos et al. (2018) showed that hydrogen
roaming along the carbon rings needs to be considered in inter-
preting laboratory data and modelling hydrogen loss. Hence, the
probability of each event in our model and the corresponding
cascade model strongly depends on the considered dissociation
model. Therefore, we emphasise the need for detailed chemical
studies of the underlying fragmentation channels of C,H, for
PAHs similar to the study of Castellanos et al. (2018).

If coronene is superhydrogenated, the chance of carbon
loss is significantly decreased to around 40% for X-rays car-
rying more than 280eV energy Huo et al. (2022). Therefore,
the attachment of additional hydrogen atoms to the PAH acts
as an additional mechanism to stabilise the carbon backbone
against hard radiation, which was also concluded by Reitsma
et al. (2014). The authors studied the fragmentation channels
of superhydrogenated coronene (Cp4Hj,) with up to seven addi-
tional hydrogen atoms. In a separate theoretical study, Andrews
et al. (2016) calculated the fraction of superhydrogenated PAHs
for standard ISM conditions. Their results show that in order
to have a significant fraction of abundant superhydrogenated
PAHs (depending on the PAH size ~20% for coronene, 100%
for circumcoronene), Go/ny < 1073 is required. Hence in typ-
ical T Tauri disc conditions, superhydrogenation is possible as
Gy ~ 10* at 1 au, which could slow down the destruction of the
carbon backbone of the PAHs in protoplanetary discs. However,
coronene with seven additional hydrogen atoms has only 16.5 eV
of binding energy available for cooling by de-hydrogenation
of the additional hydrogen (Reitsma et al. 2014). It is unclear
whether superhydrogenation can stop the destruction of PAHs
by X-ray photon absorption entirely. A detailed chemical model
is necessary to fully characterise the hydrogenation and charge
state of the PAHs in protoplanetary discs to determine their
increased stability against hard radiation.

4.3. Comparison to theoretical work by Siebenmorgen

Older theoretical work done by Siebenmorgen & Kriigel (2010)
and Siebenmorgen & Heymann (2012) has investigated the
destruction of PAHs through high-energy radiation in T Tauri
discs. In these studies, the authors examine the destruction of
individual PAH molecules through the absorption of high-energy
photons, assuming that the X-ray and EUV photons transfer all
of their energy to the molecule. In these models, the absorption
of a single X-ray photon with an energy of 1keV has the poten-
tial to completely disintegrate a PAH consisting of 100 carbon
atoms into individual atoms. However, the ejected primary elec-
tron of the ionisation process carries away the remaining energy
of the X-ray as kinetic energy. Hence, the amount of energy that
can be transferred into vibrational excitation to trigger molecular
dissociation is much lower than the energy of an X-ray photon.
The introduction of H and H, loss opens new energy dissipa-
tion channels in our model so that not every X-ray can destroy a
PAH monomer (see Fig. 4). This leads to destruction timescales
of PAHs that are a factor of 3-5 longer than in the model by
Siebenmorgen et al. Nevertheless, our gas-phase PAH destruc-
tion timescales are still very short compared to the lifetime of a
protoplanetary disc.

The authors relate the survivability of PAHs to the strength
of turbulence in a disc. By vertical mixing into the radiation
shielded midplane, the time an individual PAH is exposed to hard
radiation is limited to a timescale much shorter than the lifetime
of a disc, and the midplane can act as a reservoir to replenish

Al4, page 10 of 13

destroyed PAHs. In relation to our calculations, vertical mixing
is also an effective mechanism to retain a higher PAH abun-
dance that delivers new dust grains with adsorbed small clusters
into the photosphere that are desorbed and destroyed by X-rays.
Therefore, we expect the decreasing fraction of gas-phase PAHs
in Figure 8 as a lower limit of the PAH abundance if vertical
mixing is active in the disc.

4.4. PAH destruction supporting organic chemistry

It is unknown what contribution PAHs make to the organic
chemistry of discs and what their photochemical products look
like. The destruction of gas-phase PAHs through X-rays could
contribute to the formation of more complex species such as
fullerenes C¢y with spectral features at 17.4 and 18.9 um (Cami
et al. 2010; Sellgren et al. 2010). High temperatures and strong
excitation support the top-down formation of fullerenes (Berné
& Tielens 2012; Zhen et al. 2014). This has been investigated
in the reflection nebula NGC 7032 driven by UV photons (Berné
et al. 2015). However, a possible build-up or repair path for PAHs
after carbon loss might be through reactions with C,H, at warm
temperatures where warm carbon chemistry can act (Carr &
Najita 2008, 2011; Bast et al. 2013). An investigation of a possi-
ble link between PAHs and the rarely seen nanodiamonds (Acke
& van den Ancker 2006) with features at 3.43 and 3.53 wm would
also be interesting to study.

For completeness, we would like to mention the recently
observed protoplanetary disc (2MASS-J16053215-1933159) that
has a highly enhanced C/O ratio with detections of C;H,, C¢Hg,
and other organic compounds. PAH signatures and small sili-
cate grains are completely absent in this system (Tabone et al.
2023). Even though this disc is rather exceptional, we would
like to mention the lack of PAHs and the high abundance of
carbon-bearing molecules in this system.

5. Conclusions

In this exploratory work we modelled the interaction of PAHs,
PAH clusters, and adsorbed PAH clusters with X-rays. The
X-rays vibrationally excite the PAH by 15-35eV and doubly
ionise it if the X-ray energy is more than the energy barrier of
the carbon K edge of 280 eV. Subsequently, the highly excited
vibrational state can do the following:

— cause desorption of clusters from dust grains up to a size
of 25 cluster members for coronene c,4Hi, and two mem-
bers for circumcoronene Cs4H g. The size of the PAH species
strongly limits the largest desorbable cluster size within the
lifetime of a protoplanetary disc. After desorption, small
clusters carry enough energy to break down without addi-
tional excitation;

— efficiently break down PAH clusters into monomers. If a
cluster can desorb from a grain surface, two or fewer addi-
tional X-rays can break the entire coronene cluster into
monomers. However based on the presented timescales of
each process, partial rebuilding of a cluster is possible in the
inner parts of the disc (» < 30 au) that can protect PAHs from
complete destruction. Therefore, our models predict upper
limits for the destruction of PAHs. For larger clusters, the
dissociation of a cluster is less efficient and a large number
of X-rays is required to break down a coronene cluster with
60 cluster members (CpsHi2)60;

— cause strong dehydrogenation and damage to the carbon
structure of the PAH by the loss of acetylene C,H,. The
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destruction of monomers is independent of the considered

PAH species, and acetylene loss occurs after three X-ray

absorption timescales. However, the different carbon-loss

channels for coronene and larger PAHs are not well under-
stood. We therefore emphasise the need to study the carbon
fragmentation of highly excited PAHs and their mechanisms
in chemical studies.
As a result, only a small fraction of PAHs can leave the grain
surface and enter the gas phase as monomers. Our expected
PAH abundance for T Tauri discs decreased by a factor of 100 or
higher compared to the ISM abundance and will decrease over
time. Hence, in discs in which a higher abundance is measured,
a replenishing mechanism must act to support the photosphere
of the disc with unprocessed PAHs, or another mechanism must
evaporate more PAHs from the dust grain surface.

Finally, we are curious about the latest observations using
JWST. Our models predict a significantly lower PAH abundance
than JWST could observe if vertical transport is not effective.
Hence, if many new detections of PAHs occur in T Tauri discs
in the future, this would allow us to draw conclusions about the
vertical mixing in some of these discs. We emphasise the need
to approach the chemistry of PAHs and their transport in com-
plex disc and chemistry models in order to interpret future results
from observations.
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Fig. A.1. Probabilities for loss of H, H,, and C,H, and IR cooling for
coronene given an excitation energy E.

Appendix A: Probability of dissociation events

The rate at which a certain event occurs given a set of rates is
determined by Equation (10). Using the dissociative processes
for H, H,, and C,H; and non-dissociative IR cooling, the prob-
ability of each depends on the excitation energy of the PAH and
is displayed in Figure A.1. For low energies, IR cooling is domi-
nant, while for very high excitation energies, H loss is dominant
approaching a probability of 95%. The probability of acetylene
loss decreases from 11% at its peak at 9.8 eV to 5% for high ener-
gies. Hence, starting at a high excitation energy, every ejected
hydrogen atom slightly increases the probability of acetylene
loss. Furthermore, Figure 4 shows a pattern that repeats every
4.6 eV, which corresponds to the binding energy of an H atom
to the PAH. This pattern resamples the dissocation probabilities
from 8.6 eV-13.2 eV, to which the PAH cools down before IR sets
in. If 13.2 eV are exceed, the PAH will lose another hydrogen and
reach 8.6 eV again.

Appendix B: Leftover energies and probability
distribution of desorbed PAH clusters

As described in Section 3.3, modelled PAH clusters that desorb
from the grain surface will have cooled down partially before
entering the gas phase. Figure B.1 shows the leftover energy dis-
tribution after desorption from the grain surface for a decamer
PAH cluster adsorbed on a 400 K dust grain and excited with
35eV. The resulting gas-phase cluster can have energies below
or above the assumed excitation energy of 35eV even though it
has additional thermal energy compared to the case of gas-phase
clusters described in Section 3.2. Therefore, we can compare the
number of ejected monomers from the cluster after desorption to
the pure gas-phase calculations. Figure C.1 shows a comparison
between gas-phase clusters and the cluster after desorption.

Appendix C: Full cascade calculation

In our model for coronene described in Section 4, we esti-
mate how a population of adsorbed PAH clusters will enter
the gas-phase and will be dissociated through multiple X-rays.
The cascade can be described in multiple stages. For clusters
with fewer than ten monomers, the pathway to a monomer is
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Fig. B.1. Histogram of leftover vibrational excitation energies after des-
orption of a coronene (C4H,,) decamer from a 400 K dust grain.

described by

X-ray
(PAH),(s) — pPAH(g), (C.1)
where a cluster enters the gas-phase and entirely breaks down.
For clusters with between 11 and 21 members, the dissociation
into monomers requires an additional X-ray after entering the
gas-phase:

X-ray

(PAH),,(s) — (PAH)p(g) + (m-p) PAH(g), (C.2)
(PAH),(2) — pPAH(g)- (C3)

Finally, for the largest considered clusters, the dissociation cas-
cade requires a third X-ray absorption:

(PAH), () ~— (PAH),(g) + (n-m) PAH(g), (C4)
(PAH),(2) = (PAH),(g) + (m-p) PAH (g), ©5)
(PAH), (g) —=> pPAH(g)- (C.6)

Table C.1 gives the desorption rate and corresponding intermedi-
ate cluster sizes n, m, and p for desorbed clusters. The breakdown
of a each species can be calculated using exponential decays of
the form

N() = Ny - exp(—kt) - . (C7
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Fig. C.1. Fraction of evaporated cluster members after desorption from
the cluster, similar to Figure 5. The gas-phase cluster data is included
as red dotted lines with the same colour scheme (light colour: 15¢V,
medium colour: 25 eV, dark colour: 35 eV excitation energy).

Table C.1. Cluster sizes and desorption rates after desorption from the
grain surface. The larger the cluster, the more X-rays are required to
fully dissociate the cluster into monomers.

Coronene Ovalene
n m )4 kdes[1/5] n _m p kdes[1/5]
1 1.8-107° 1 24-107°
2 3.6-107° 2 48-107°
3 54.107° 3 72-107°
4 72-107° 4 53-107°
5 81-107° 5 12-107°
6 48-107° 6 25-10710
7 22-107° 7 6.6-107!
8 1.1-107° g8 20-107!
9 46-10710 9 17.6-107"2
10 24-1071° 10 2 29.-107"2
1 2 15-1071 1 3 13-107"2
12 2 6.0-107" 12 4 70-108
13 3 54.1071 13 5 31-1078
4 4 34.1071 4 7 17-108
15 5 23-107!
6 5 1.6-1071
17 6 1.1-107'
18 7 83-10712
9 8 59.10712
20 9 44-10712
21 9 2 35-1072
2 10 2 26-10712
23 11 3 21-10712
24 12 4 20-10712
25 13 5 14-10712
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