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ABSTRACT

We study whether polycyclic aromatic hydrocarbons (PAHs) can be a weighty source
of small hydrocarbons in photo-dissociation regions (PDRs). We modeled the evolution
of 20 specific PAH molecules in terms of dehydrogenation and destruction of the carbon
skeleton under the physical conditions of two well-studied PDRs, the Orion Bar and the
Horsehead nebula which represent prototypical examples of PDRs irradiated by ”high”
and ”low” ultraviolet radiation field. PAHs are described as microcanonical systems.
The acetylene molecule is considered as the main carbonaceous fragment of the PAH
dissociation as it follows from laboratory experiments and theory. We estimated the
rates of acetylene production in gas phase chemical reactions and compared them
with the rates of the acetylene production through the PAH dissociation. It is found
that the latter rates can be higher than the former rates in the Orion Bar at AV <
1 and also at AV > 3.5. In the Horsehead nebula, the chemical reactions provide
more acetylene than the PAH dissociation. The produced acetylene participate in the
reactions of the formation of small hydrocarbons (C2 H, C3 H, C3 H+ , C3 H2 , C4 H).
Acetylene production via the PAH destruction may increase the abundances of small
hydrocarbons produced in gas phase chemical reactions in the Orion Bar only at
AV > 3.5. In the Horsehead nebula, the contribution of PAHs to the abundances of
the small hydrocarbons is negligible. We conclude that the PAHs are not a major
source of small hydrocarbons in both PDRs except some locations in the Orion Bar.
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INTRODUCTION

The infrared (IR) observations of the interstellar medium
(ISM) reveal the wide emission bands in the wavelength range from 3 to 20 µm (Gillett et al. 1973;
Sellgren et al. 1983). It is believed that polycyclic aromatic hydrocarbons (PAHs) are responsible for arising of
these bands (Leger & Puget 1984; Allamandola et al. 1999).
PAHs are macromolecules consisting of benzene rings with
hydrogen atoms at the periphery. The structure of these
molecules may be different – from elongated linear chains to
compact PAHs. In general, the PAH molecules are planar,
though, if they have defective rings consisting not of 6, but
of 5 or 7 carbon atoms, the plane of the molecules can be
curved.
While many PAHs are photostable under the conditions
of the general ISM (Allamandola et al. 1999; Tielens 2013),
in an environment with a high intensity ultraviolet (UV) ra-
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diation field, they can be dissociated into fragments due to
the breaking of bonds as a result of interaction with highenergy photons. Photo-dissociation regions (PDRs) are examples of the objects with the increased UV radiation field.
They present a transition zone between the ionized hydrogen
region near a young massive star and a molecular cloud (see
the detailed description in Hollenbach & Tielens (1999)).
Depending on the class of the ionizing star, the intensity
of the radiation field can exceed the mean value in the ISM
by 1-5 orders of magnitude. Under these conditions, PAHs
dissociate and their fragments can participate in chemical
reactions, in which other hydrocarbons form (Allain et al.
1996; Verstraete et al. 2001; Fuente et al. 2003; Pety et al.
2005).
To date, a number of experiments has been carried out
on the destruction of PAHs under the laboratory conditions
using UV lasers (Jochims et al. 1994; Ekern et al. 1998;
Zhen et al. 2015). Based on these experiments, the following
conclusions can be made: 1) the main products of the dissociation are hydrogen atoms, hydrogen and acetylene (C2 H2 )
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molecules; 2) PAHs with a compact structure are more stable than PAHs with a non-compact structure; 3) the efficiency of the PAH destruction decreases with the increase of
their size. The ionisation potential of PAHs varies depending
on their charge and size, the typical value of first ionisation
potential is about 6-8 eV, while the second ionisation potential is higher, around 10-15 eV (Weingartner & Draine
2001a). The dissociation energies for C-H and C-C bonds
typically are slightly higher than 4 eV, but they may change
depending on a structure and state of PAHs. On the account
of experimental data being available only for a narrow set
of PAHs, theoretical modelling is necessary to estimate parameters of the destruction (rate, products, etc.) in general
case. One of the theories applicable to PAHs is the RRK
theory (Rise, Ramsperger, Kassel) (Forst 1973), based on
which the rate of dissociation of bonds in PAHs can be estimated. Based on this theory, estimates of the time-scale of
the PAH destruction in the ISM were obtained (Leger et al.
1989; Allain et al. 1996; Jochims et al. 1994). In our previous studies, we have calculated the rate of the PAH destruction depending on the intensity of radiation field and PAH
size (Murga et al. 2016). We have found that for PAHs with
a number of carbon atoms (NC ) less than 50, when the radiation field intensity equals to or exceeds the mean value
for the ISM, the time of destruction is less than 105 -106 yr,
which is the typical age of objects such as PDRs. PAHs with
NC ≈ 60−70 can be destroyed for 105 yr but under influence
of radiation field with intensity higher by 2 or more orders
than the mean value for the ISM. Larger PAHs can be destroyed only partly. Thus, PAHs with NC < 70 should be
destroyed in objects with an intense UV field, and this destruction should increase the number of small carbonaceous
compounds available for gas phase chemistry in PDRs.
The main channel of the dissociation of PAHs is the detachment of a hydrogen atom. An acetylene molecule detachment is less likely, however, this channel may be important
for chemical composition in PDRs. Acetylene is converted
through chemical reactions to different compounds such as
C2 H and C3 H2 , which are observed in PDRs (Fuente et al.
2003; Pety et al. 2005; Cuadrado et al. 2015). To follow further evolution of acetylene molecules and their conversion
to other compounds we use the chemical model MONACO
which utilizes a chemical network based on OSU1 and
KIDA2 databases (Vasyunin & Herbst 2013; Vasyunin et al.
2017).
To study the destruction of PAHs and its contribution
to abundance of small hydrocarbons, we consider two wellstudied PDRs: the Orion Bar and the Horsehead nebula
as examples of the high and low illumination PDRs. Their
almost edge-on orientation (Walmsley et al. 2000; O’dell
2001) makes them suitable regions for observational and
theoretical studies of the layered-on PDR structure. The
Orion Bar is an ionized border of a molecular cloud irradiated by four O-B type stars from the Trapezium cluster. The most massive and luminous of them is θ1 Ori C
which spectral class is confined in the range from O5.5

class (Kraus et al. 2007) to O6.5V (Tsivilev et al. 2014) or
O7 (Sota et al. 2011). The radiation field intensity, χ 3 , produced by the Trapezium stars on the ionized border of the
Bar at a distance of 0.235 pc is 2 · 104 (Goicoechea et al.
2015; Salgado et al. 2016). Gas density in the Bar near ionisation front is about 104 cm−3 (e.g. Goicoechea et al. 2016)
but then it increases and can reach 107 − 108 cm−3 in
the embedded clumps (Leurini et al. 2010; Cuadrado et al.
2017). Electron density (ne ) in the PDR is about 60 −
100 cm−3 (see Mesa-Delgado et al. 2011; Cuadrado et al.
2019, respectively). A parameter χ/ne which describes energetics and chemistry of PDRs (Tielens 2005) achieves 102 103 by order.
The Horsehead PDR is a pillar-type dense cloud surrounded by the ionization front of IC 434 H ii region.
The exciting star of the H ii region is O9.5V-type σOri
(Warren & Hesser 1977) which gives χ = 60 at a projected distance of ∼4 pc (Zhou et al. 1993; Abergel et al.
2003; Goicoechea et al. 2009; Ochsendorf & Tielens 2015).
Habart et al. (2005) found a steep gradient of the gas density from 104 to 105 cm−3 in a thin layer of 0.02 pc. Estimations of the electron density by the nebular lines are in the
range from 6 to about 80-100 cm−3 (Caswell & Goss 1974;
Bally et al. 2018). The parameter χ/ne is about 1 in the
PDR region. Therefore, χ/ne differs at least by two orders
in the considered PDRs, these regions have quite different
UV-irradiation properties and energetics.
The aims of this study are: 1) to estimate the rate of the
acetylene production via the PAH dissociation in two wellstudied PDRs, the Orion Bar and the Horsehead nebula;
2) to compare this rate with the rate of the acetylene production in gas phase chemical reactions; 3) to estimate the
contribution of acetylene produced via the PAH destruction
in abundances of other small hydrocarbons. To perform this,
we consider in detail the evolution of PAHs of different sizes
under the physical conditions of PDRs in terms of their destruction and acetylene formation, and we apply a chemical
model of the acetylene formation to the same conditions. We
also estimate the abundance of small hydrocarbons with the
contribution of PAHs and without it in order to understand,
whether PAHs can be their weighty source in PDRs.
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A network of chemical reactions developed in the Ohio State
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THE MODEL OF PAH EVOLUTION

In this work we consider a history of state of specific PAH
molecules under PDR conditions. The state is characterized
by the number of carbon and hydrogen atoms in a molecule.
The processes of dissociation (hydrogen and carbon atoms
loss) and hydrogenation are considered, but the processes
of formation and growth of PAHs are out of the scope
of this work. As mentioned above, the experiments show
that a hydrogen atom is the most frequent product of the
PAH dissociation, while an acetylene molecule is produced
with less efficiency (Allain et al. 1996; Ekern et al. 1998;
Berné & Tielens 2012; Zhen et al. 2014, 2015; Joblin et al.
2019). It was shown in Allain et al. (1996) that the rate of
We characterize the radiation field intensity by the scale factor χ, which shows how many times the intensity of the radiation field differs from the average value for the ISM described by
Mathis et al. (1983).
MNRAS 000, 1–13 (2019)

Impact of PAH dissociation on the formation of small hydrocarbons
H-loss due to PAH photodissociation exceeds the rate of
C2 H2 -loss by 1-2 orders. In accordance to this, generally,
PAHs became partly or even fully dehydrogenated first, and
after that they lose carbon atoms. Obviously, that fully dehydrogenated PAHs can not produce acetylene any more,
only diatomic carbon. However, hydrogen atoms can be attached to PAHs again, and the number of hydrogen atoms
in molecules can be partially restored. Thus, in order to calculate the number of produced acetylene molecules by PAHs
correctly, it is necessary to take into account the hydrogenation state of molecules.
Let an ith molecule with charge Z loses hydrogen atoms,
molecules of hydrogen and acetylene (or diatomic carbon)
i,Z
i,Z
i,Z
, RC
, atoms s−1 , correspondwith the rates RH
, RH
2
2 H2
ingly (the rates for molecules are multiplied by 2 to get the
units of atoms s−1 ), while hydrogen atoms and molecules
attach to the molecule with the rate H i,Z , atoms s−1 . The
methods for calculating these rates are described below.
Changes of the number of carbon and hydrogen atoms for
the ith molecule (NCi,Z /dt and NHi,Z /dt, correspondingly) are
calculated from the equations
dNCi,Z

i,Z
−2RC
2 H2

=
(1)
dt
dNHi,Z
i,Z
i,Z
i,Z
= −RH
− 2RH
− 2RC
+ H i,Z .
2
2 H2
dt
We use the explicit Euler method to solve the system of
equations 1, therefore the number of carbon and hydrogen
atoms at the jth time step, tj = tj−1 + ∆t, can be expressed
through

2.1

3

Dissociation rate of PAHs

i,Z
i,Z
In this work, the rates of PAH dissociation (RH
, RH
,
2
i,Z
RC2 H2 ) are calculated according to the scheme presented
in the works of Murga et al. (2016, 2019) with some modifications described below. The photon energy obtained by
a PAH molecule can lead to several processes: 1) emission
of an IR photon; 2) PAH ionization; 3) bond dissociation.
These processes compete each other, and the probability of
each of them depends on the photon energy, size and ionization state of PAH. The smaller a PAH is, the more likely its
dissociation becomes, with increasing PAH size the probabilities of the ionization and emission of an IR photon increase
as well.
We assume that the photon energy (E) either is spent to
ionization or converts to the internal energy of a PAH (Ein ).
We adopt the ionization yield (or probability of ionization)
from Weingartner & Draine (2001a). The probability of dissociation of a PAH of a radius ai and charge number Z with
the internal energy Ein can be found as
sp
Ydiss
(ai , Ein , Z) =

kdiss (Ein )
,
kdiss (Ein ) + kIR (ai , Ein , Z)

(4)

where kdiss and kIR are the bond dissociation and the IR
emission rates correspondingly.
In our previous paper (Murga et al. 2016), we have concluded that PAHs with NC > 70 − 80 are photostable,
the time of their dissociation is much longer than the lifetime of the objects where they are observed. In this work,
the updated model of the PAH destruction is used, namely
the multi-photon heating mechanism of PAHs has been
dNCi,Z
added (Guhathakurta & Draine 1989). Thus, we take into
∆t
(2)
NCi,Z (tj ) = NCi,Z (tj−1 ) +
dt
account that a PAH can accumulate the energy obtained
dNHi,Z
from several photons, if it does not cool down due to IRi,Z
i,Z
∆t,
NH (tj ) = NH (tj−1 ) +
photon emission in the time interval between the entries of
dt
these photons. Therefore, the PAH internal energy can be
where ∆t is an integration time step. The index j starts at
higher, and, as a result, the rate of the destruction of PAHs
1, and t0 = 0 yr. The value of ∆t is chosen equal to 1 yr, as
increases compared to the rate calculated by considering
decreasing it lower than this value does not change the final
only single-photon heating. The multi-photon mechanism is
result. The number of acetylene molecules produced by the
mostly important for large PAHs (NC > 80), which can also
ith PAH molecule during Niter time steps is estimated as
be
destroyed in PDRs due to the high intensities of radiation
Niter

1 X  i,Z
i,Z
i,Z
i,Z
field.
For each PAH, we find the probability distribution of
NC2 H2 =
NC (tj ) − NC (tj−1 ) , if NH (tj−1 ) > 1. (3)
2 j=1
internal energies, p(ai , Ein ), that it may have. To estimate
the total probability of the dissociation of this PAH, we inThe condition NHi,Z (tj−1 ) > 1 indicates that the PAH
tegrate probabilities of the dissociation corresponding to the
can not produce acetylene during the integration step, in
specific internal energies, taking into account the probability
which it is completely dehydrogenated or has only one hyof being in the states with these internal energies, i.e.
drogen atom. However, owing to reverse process, hydrogenaZ∞
tion, acetylene can be obtained from the molecule again in
sp
Ydiss (ai , Z) = Ydiss
(ai , Ein , Z)p(ai , Ein )dEin .
(5)
subsequent steps. The number of integration steps for a par0
ticular molecule depends on what comes first: the molecule
completely loses all carbon atoms or the maximum compuThe final rate of dissociation is found taking into actation time is reached, which is assumed to be 106 yr as it is
count the PAH absorption cross section Cabs (ai , E, Z) and
the characteristic age of massive stars, around which PDRs
the photon flux of radiation field, F (E), as
appear.
13.6
Z eV
In the following text, we will use the terms normal”,
i,Z
Rfrag = Ydiss (ai , Z)
Cabs (ai , E, Z)F (E)dE.
(6)
dehydrogenated and super-hydrogenated” states. A PAH in
5
eV
the normal state has the same ratio between carbon and
0
hydrogen atoms (XH ) as in its original state (XH
), i.e. each
The photon energies from 5 to 13.6 eV are considered as relperipheral carbon atom is connected to one hydrogen atom.
evant for the destruction and ionisation processes. DependIf this ratio becomes greater than the initial one, then the
ing on which fragment of dissociation is considered (H, H2
i,Z
i,Z
i,Z
i,Z
state is considered as super-hydrogenated or saturated by
,
or C2 H2 ), the rate Rfrag
is designated as RH
, RH
, RC
2
2 H2
hydrogen, if less, then the state is dehydrogenated.
correspondingly. Cabs (ai , E, Z) for PAHs is taken from the

MNRAS 000, 1–13 (2019)
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work of Draine & Li (2007). The photon flux of radiation
field in units eV−1 cm−2 s−1 is obtained from the radiation
field intensity taken from Mathis et al. (1983) scaled by factor χ which precise value for a specific PDR is described
below.
In contrast to the previous works (Murga et al. 2016,
2019), the PAH is described using the Gibbs microcanonical distribution, and its bond dissociation rate is estimated
using the expression in the form of the Arrhenius law (for
more details, see Tielens (2005):


E0
kdiss (Ein ) = k0 (Te ) exp −
,
(7)
kB T e

Table
1.
Dissociation
∆S [cal K−1 mol−1 ].

where kB is the Boltzmann constant, E0 is the activation energy of a bond, Te is the characteristic effective temperature
of PAH associated with the microcanonical temperature Tm
and the internal energy through


E0
,
(8)
Te = Tm 1 − 0.2
Ein

(2016) it can be determined that the activation energy for
acetylene becomes less than 2.73 eV, since only one photon
with such energy is required for dissociation, but the precise value has not been measured. The activation energy for
the dominant carbonaceous channel (CH3 ) is estimated to
be about 2 eV (the exact value depends on the fraction of
extra hydrogen atoms in the PAH). So we accept E0 = 2 eV
for acetylene as we consider only it among carbonaceous
products. For the loss of the hydrogen atoms in the superhydrogenated state we use the values adopted in the work of
Andrews et al. (2016), namely, ∆S = 13.3 kcal K−1 mol−1 ,
E0 = 1.4 eV (Z ≤ 0) and E0 = 1.55 eV (Z > 0). In
the super-hydrogenated states, the hydrogen molecule can
be detached from the PAH due to the Eley-Rideal mechanism; therefore, we do not consider this channel as a competitor in the dissociation. Instead, similarly to the work of
Andrews et al. (2016), we calculate the additional hydrogen
loss with the rate of ker equal to
r
Tgas
−13
nH ,
(10)
ker = 8.7 · 10
100

and k0 is a coefficient estimated by


kB T e
∆S
k0 (Te ) =
exp 1 +
,
h
R

(9)

where h is the Planck constant, ∆S is the change of entropy
due to the bond dissociation, and R is the universal gas
constant. We use the relationship between the microcanonical temperature and the internal energy of PAH presented
in the work of Draine & Li (2001). The parameters E0 and
∆S are determined by the type of the bond and the state
of the PAH (charge and hydrogenation state). The values
adopted in this work are presented in Table 1 and shortly
described below.
Regarding to the normal and dehydrogenated states,
PAHs with even and odd numbers of hydrogen atoms have
different E0 and ∆S in the same hydrogenated state according to Andrews et al. (2016). But in this work, we perform calculations with no consideration of parity. So we take
the mean values between the ones for PAHs with even and
odd number of hydrogen atoms in the normal and dehydrogenated states given by Andrews et al. (2016), namely,
E0 = 4.3 eV and ∆S = 11.8 kcal K−1 mol−1 , regardless of the charge and parity of the number of hydrogen
atoms. According to the same paper, we adopt the values
E0 = 3.52 eV and ∆S = −12.69 kcal K−1 mol−1 for the loss
of the hydrogen molecule. For the acetylene molecule, the
values are determined less precisely. Based on the works of
Micelotta et al. (2010) and Ling & Lifshitz (1998), we take
values 4.6 eV and 10 kcal K−1 mol−1 for E0 and ∆S, correspondingly.
If the PAH is super-hydrogenated, then it may be less
stable than its less hydrogenated analogue, as indicated by
the experiments (Wolf et al. 2016; Quitián-Lara et al. 2018;
Rapacioli et al. 2018). Fragmentation of such molecules via
detachment of carbonaceous compounds becomes the dominant channel. There can be a variety of Cx Hy among the
compounds, not just the acetylene molecule. Nevertheless, in
this paper, we consider the acetylene molecule as the only
carbonaceous product of PAH destruction. In the absence
of estimates of ∆S for acetylene in the super-hydrogenated
state, we adopt the same value as for the normal and dehydrogenated states. From the experiment of Wolf et al.

Fragment

H (Z ≤ 0)
H (Z > 0)
H2
C2 H 2

parameters

E0

[eV]

and

0
XH > XH

0
XH ≤ XH

E0

∆S

E0

∆S

4.3
4.3
3.52
4.6

11.8
11.8
-12.69
10.0

1.4
1.55
2.0

13.3
13.3
10.0

where Tgas – the gas temperature and nH – the atomic hydrogen number density.

2.2

Hydrogenation of the PAH molecules

The total rate of the hydrogenation of PAHs (or H-addition)
can be expressed as follows

nH ki,Z=0 , if Z = 0
(11)
H i,Z =
i,Z6=0
, if Z 6= 0
nH ki,Z6=0 + nH2 kH
2
where k are the rates of H-addition for the different cases
which are described below.
The rates of the hydrogenation differ for PAHs of different sizes, hydrogenation states and charges. We schematically illustrate all the states and the corresponding expressions for the rates in Fig. 1. We adopt the rates for
ionized PAHs from the work of Montillaud et al. (2013).
Specifically, if PAHs are in the normal state, then the
rate of the H-addition, ki,Z6=0 , equals to 1.4·10−10 cm3 s−1
scaled by the ratio NHi,Z /NCi,Z . For PAHs in the superhydrogenated state the reaction rate is 10−12 cm3 s−1 regardless of NHi,Z and NCi,Z . Finally, if PAHs are dehydrogenated, the reaction rate is taken as the mean between
the values for PAHs with the odd and even number of carbon atoms given in the work of Montillaud et al. (2013):
ki,Z6=0 = 0.5(1.4 · 10−10 NHi,Z /NCi,Z + 5 · 10−11 ) cm3 s−1 .
i,Z6=0
The reaction rate with the molecular hydrogen, kH
, is
2
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H + ith PAH

Z=0
All XH

Z 6= 0
XH < XH0

XH = XH0

i,Z
i,Z=0
i,Z
i,Z=0
kcore
) k i,Z6=0 = 0.5(5 · 10−11 +
+ NC,core
kedge
k i,Z=0 = 0.5(NC,edge

+1.4 ·

H + C inside
i,Z=0
∗
kcore
= k3a

H + C on edge

XH > XH0
k i,Z6=0 = 10−12

10−10 NHi,Z /NCi,Z )
k i,Z6=0 = 1.4 · 10−10 NHi,Z /NCi,Z

i,Z=0
kedge
= 0.5(k1 + k4 )∗

Figure 1. Scheme with the rates of the H-addition reaction for different PAH states. k i,Z=0 and k i,Z6=0 are given in units cm3 s−1 .
∗ We designate different points of attachment of hydrogen atom to PAH analogically to the paper of Goumans (2011). Specifically, they
performed calculations for the points with designations 1, 3a and 4.

adopted to be equal to 5·10−13 cm3 s−1 for all ionized PAHs
in any hydrogenation state.
In the papers of Le Page et al. (2001, 2003);
Montillaud et al. (2013) the reactions of the H-addition
to neutral PAHs were neglected. However, it was shown
that neutral PAHs can also efficiently react with hydrogen
atoms (Rauls & Hornekær 2008). In the work of Goumans
(2011), the calculations of the chemisorption process of
hydrogen atoms on PAHs were carried out by considering
the quantum mechanical tunnelling through reaction barriers; the rates of the reaction were calculated depending
on temperature and the point of attachment (core or
periphery). In the same work of Goumans (2011) it was
shown that this process should not be neglected, since it is
probably a key process to the formation of the H2 molecule
and super-hydrogenated PAHs.
Goumans (2011) considered three locations of the attachment of H atoms to PAHs, two peripheral and one central, which they designate by numbers 1, 4 and 3a, correspondingly. The reaction rates for the peripheral carbon
atoms are much higher than those for the inner atoms, so
it is important where the hydrogen atom is attached. As
the rates are given per site, we need to consider how many
carbon atoms are on the edge and inside a PAH. For the
initial state, the number of the peripheral carbon atoms,
i,Z
NC,edge
(t0 ), is taken equal to the number of the hydrogen atoms in a PAH, NHi,Z (t0 ), the rest are considered as
the central ones. That is, the number of the central atoms
can be found as NCi,Z (t0 ) − NHi,Z (t0 ). For simplicity, the ratio between the number of the central and the peripheral
atoms is assumed to be constant, regardless of how much
the PAH has lost during its evolution. Thus, at each time
step, the number of carbon atoms at the edge and in the
i,Z
i,Z
center (NC,edge
(tj ) and NC,core
(tj ), correspondingly) are calMNRAS 000, 1–13 (2019)

culated based on the initial ratio, and the current number
of carbon atoms. The rate of the H-addition to the periphi,Z=0
eral carbon atoms of neutral PAHs, kedge
, is considered as
the mean value between the rates of two peripheral points
considered in the work of Goumans (2011) (with indices 1
and 4). For the central carbon atoms, we adopt the reaction
i,Z=0
rate, kcore
, which corresponds to the point 3a from the
work of Goumans (2011). The total rate for neutral PAHs
is estimated as the mean value between the rates for peripheral and inner atoms. It should be noted that the reaction rate significantly depends on the gas temperature, and
when the temperature is more than 1000 K, the value of the
rate considerably exceeds the values for ionized PAHs. Such
temperatures can be achieved in PDRs close to the region
of ionized hydrogen. Thus, it turns out, neutral PAHs under
these conditions can be super-hydrogenated.
Due to the lack of data about the reaction between neutral PAHs and the molecular hydrogen, we do not consider
this reaction. Moreover, the hydrogenation of ionized PAHs
by molecular hydrogen is, in fact, ineffective, and it does
not affect the results of calculating the rate of the PAH dissociation and the formation of acetylene (Montillaud et al.
2013).

3

ACETYLENE PRODUCTION VIA PAH
DISSOCIATION

We have selected 20 compact PAH molecules to calculate the yield of acetylene. These PAHs chosen are the
most abundant in the ISM according to the recent work
of Andrews et al. (2015): C16 H10 , C30 H14 , C42 H24 , C48 H18 ,
C96 H26 (pyrene family), C24 H12 , C54 H18 , C96 H24 , C150 H30
(coronene family), C32 H14 , C66 H20 , C112 H26 (ovalene family), C40 H16 , C78 H22 , C128 H28 (anthracene family), C48 H12 ,
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C90 H24 , C144 H30 (tetracene family), C110 H26 , C130 H28
(some large compact PAHs). Differences in size, number of
benzene rings and hydrogen atoms, structure and ratio between central and peripheral carbon atoms lead to different
rates of acetylene production by these molecules under the
same conditions.
We investigate two well-studied PDRs, the Orion Bar
and the Horsehead nebula which were shortly described
above. We take the physical conditions at different distances
from the ionizitaion front. For our calculations, it is necessary to have the following set of parameters: the number
densities of atomic hydrogen (nH ) and molecular hydrogen
(nH2 ), electrons (ne ) and carbon ions (nC+ ), the gas temperature, and the radiation field intensity. For the Orion Bar
the profiles of parameters along a distance from the ionization front are taken from Goicoechea et al. (2015) where
the isochoric (constant-density) model was considered, and
from Goicoechea et al. (2019) where the isobaric (constantpressure) model was considered. In the main text we present
results for the first model, and the results for the second
one are given in A. For the Horsehead nebula the profiles of
nH , ne , nC+ are taken from the work of Goicoechea et al.
(2009), the profiles of nH2 and Tgas are from the work of
Le Gal et al. (2017). The intensity of the radiation field relative to the value near the ionizing source (χ0 ) is determined
through the absorption in the V band as
cUV
V AV = −2.5 log 10 (χ/χ0 )
cUV
V

(12)

where AV is the extinction value and
is a coefficient between extinction in the UV range and V band. Using the correlations suggested by Cardelli et al. (1989), we calculated
the mean value in the wavelength range which is considered
in the PAH dissociation model (912 – 2500 Å). It is approximately equal to 3. We use the value χ0 = 60, which is often
adopted for the calculations in this PDR (Goicoechea et al.
2009; Le Gal et al. 2017; Rimmer et al. 2012). In Fig. 2 the
profiles of the physical conditions for two PDRs are presented. We note that it is supposed that the ionisation fronts
are located at AV = 0, and the minimum distance in our calculations corresponds to AV = 0.1.
The rates of the PAH destruction and the hydrogenation depend on charge of the PAH as it was mentioned
above. The charge was calculated based on the work of
Weingartner & Draine (2001a), where it is determined by
interaction with the UV radiation field, ions (in our case,
C+ ) and electrons. In fact, the charge state of the ith PAH
is described by the probability function, f (i, Z), value of
which we estimate for each charge number Z. Further, we
take this function into account for calculating the number
and the production rate of acetylene molecules under certain
conditions.
In Fig. 3 the mean charge numbers for three PAHs
(C24 H12 , C66 H20 , C128 H28 ) along PDRs are illustrated. We
have chosen these PAHs as representative of small, medium
and large PAHs. For the Orion Bar, where the UV field is
by 2 orders higher than in the Horsehead nebula, PAHs can
be both neutral and positively charged, large PAHs are ionized twice. In the Horsehead nebula, small PAHs are neutral,
while the larger ones can have also a negative charge number
in the extinction range 0.1 < AV < 2.
In Fig. 4 the numbers of the acetylene molecules produced by specific PAHs under the conditions of AV = 0.1

and AV = 2 for both considered PDRs are shown. It is seen
that the ionized and neutral PAHs produce different numbers of acetylene molecules, and the amount of the produced
acetylene varies depending on conditions at the same ionization state. The rate of the hydrogenation of neutral PAHs
sharply increases with temperature, when the temperature
exceeds ∼200 K, and it also depends linearly on the hydrogen density. The adopted rates of hydrogenation of ionized
PAHs do not correlate with temperature, only with density
(linearly, as well). In the Orion Bar at AV = 0.1 the gas
temperature is more than 1000 K. According to Goumans
(2011), under these conditions the hydrogenation process of
neutral PAHs is very efficient and may compensate the Hloss, therefore, neutral PAHs of all sizes are almost always
in the normal or in the super-hydrogenated states, i.e. they
can produce acetylene. Ionized PAHs with NC > 70 produce a comparable number of acetylene under these conditions, smaller PAHs produce less by 1-2 orders, because the
H-loss process for smaller PAHs dominates over hydrogenation. Thus, small ionized PAHs produce acetylene slower in
comparison with the larger ones.
At AV = 2 the gas temperature and the density of
atomic hydrogen decrease, and due to the strong dependence
of the hydrogenation rate of neutral PAHs on temperature,
it becomes much less under these conditions than in the
previous case. The radiation field remains sufficient for efficient dehydrogenation. So, the neutral PAHs quickly lose
their hydrogen atoms, and they do not have time to produce
enough acetylene. Roughly speaking, the number of the produced acetylene molecules by neutral PAHs is proportional
to their dissociation rate, hydrogenation can be neglected.
Small neutral PAHs with NC < 40 produce higher amount
of acetylene than larger ones. That is because their rates
of H-loss and C2 H2 -loss do not differ from each other so
much as the rates for larger PAHs. Large neutral PAHs become dehydrogenated when they have produced just a small
amount of acetylene (rate of the H-loss is much higher than
the rate of C2 H2 -loss). Due to the low rate of hydrogenation they can no longer produce acetylene after losing their
H atoms. The acetylene production rate for ionized PAHs
is not straightforward proportional to the dissociation rate,
because their hydrogenation rate is not sensitive to temperature and decreases less steeply than the rate for neutral
PAHs.
The discrepancy in the numbers of produced acetylene
molecules under the different radiation field intensities is
also observed in the Horsehead nebula (in Fig. 4). The field
in this PDR is not as intense as in the Orion Bar, so the number of the produced acetylene molecules is less than in the
Orion Bar. Nevertheless, it can also be seen that at AV = 0.1
(a higher radiation field intensity, a higher temperature and
atomic hydrogen density) PAHs produce much more acetylene than at lower values of these parameters. This fact reflects that nH becomes negligible for large values of AV (and
low radiation field intensities), and, as a result, hydrogenation does not occur. Like the Orion Bar, there is a difference
between the numbers of acetylene produced by PAHs with
different charges under the same conditions. The manner of
the difference is approximately the same in spite of the discrepancy between the radiation field intensities. However, it
is seen that the amount of produced acetylene molecules is
much lower than in the Orion Bar.
MNRAS 000, 1–13 (2019)
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Summarizing the results presented in Fig. 4, it can be
concluded that the efficiency of the acetylene production is
sensitive to many parameters simultaneously: the size and
the charge of PAH, the intensity of the radiation field, the
atomic hydrogen density and gas temperature. It is hardly
possible to highlight which PAHs or conditions are the best
for acetylene production, because all the parameters should
be considered together.
In order to follow the production of acetylene at various
distances from the ionization front in PDRs, we integrate
the values of NCi,Z
over all the ionization states using the
2 H2
probability function f (i, Z) and we get the value NCi 2 H2 for
each ith molecule, i.e.
Z
NCi 2 H2 = NCi,Z
f (i, Z)dZ
(13)
2 H2
In order to calculate the total amount of acetylene
produced by all the considered PAHs, it is necessary to
take into account how PAHs are distributed by size. We
adopt the dust size distribution (dn/da) from the work
of Weingartner & Draine (2001b) (WD01) corresponding to
RV = 3.1. According to this distribution the number of all
PAHs from 3 to 20 Å is about 2 · 10−7 with respect to H nuclei. If to adopt that a mean PAH contains about 50 atoms,
the number of carbon atoms locked in PAHs is about 10−5
with respect to H nuclei. On an average, the abundance of
carbon atoms with respect to H nuclei in gas is about 10−4 ,
therefore about 10% of carbon atoms can be locked in PAHs,
that may be significant to chemistry. We consider the size
interval from amin to amax , which correspond to the radii of
the smallest (C16 H10 ) and biggest (C150 H30 ) PAHs in our
sample. We divide this interval to Nbin bins with Nbin + 1
borders, abj . Nbin is taken to be equal 4. Each jth bin inj
PAHs, radius of which is in the size interval
cludes NPAH
b
b
(aj , aj+1 ). The number of acetylene molecules in the jth
bin is found as
j

NPAH

NCj 2 H2

=

X

j
NCi 2 H2 /NPAH

(14)

i=1

The full number of acetylene molecules produced by all
the considered PAHs with the adopted dust size distribution
is estimated by
Nbin

NC2 H2

X  dn 
NCj 2 H2 (abj+1 − abj )
=
da
j
j=0

an increase of AV , while large PAHs are hardly destroyed
at some value of the radiation field intensity and produce
acetylene molecules even less efficient than before.
It should be noted that the calculations for the rate
of the PAH destruction may have uncertainties. Firstly,
there are other PAH destruction models, different to the
one used in this study. We calculate the rate of the dissociation describing the PAH molecules by using the microcanonical distribution. However, there is a number of other approaches (Tielens 2005; Montillaud et al. 2013; Allain et al.
1996; Le Page et al. 2001) which can lead to different results, although, generally, the differences are not significant
(see details of comparison in Tielens (2005)). One of uncertainties of the results is in the approach chosen. Secondly, the
process of the PAH destruction strongly depends on characteristics — a PAH structure, size, presence of defective
rings, etc. In the work of Ekern et al. (1998), it was experimentally shown that there is no singly universal law by
which all PAHs are destroyed, one can only reveal the main
trends. Therefore, the results of the theoretical modelling of
the PAH destruction may differ greatly from the experimental, true, values for the same molecule, since the model may
not be applicable to this particular molecule. Thirdly, there
is just little experimental data available for PAHs that are
relevant for astrophysics, i.e. for PAHs with NC > 20 − 30.
The models are based on the results for small PAHs which
have been extrapolated to larger sizes, and there is no way
to verify the correctness of such extrapolation. Fourthly, we
do not consider the process of ‘carbonization’, that is the
restoration of PAHs via reactions with carbon atoms or carbonaceous species. It was shown by Allain et al. (1996) that
this process is ineffective against photodestruction, though
our results can slightly change with taking into account it.
Finally, we have considered only a set of compact PAHs,
which are stable enough to survive in the ISM, however, the
spectra of PDRs can not be well fitted only by this type of
PAHs, other types, like catacondensed and irregular PAHs,
are needed to explain the emission spectra (Tielens 2013;
Andrews et al. 2015). If such PAHs exist in PDRs, they may
contribute to small hydrocarbons as well. Thus, the results
presented in this work are estimates which can be obtained
from the modern models of the PAH destruction, but they
have the uncertainties, which in some cases, especially for
large PAHs, may be significant.

(15)

In Fig. 5 we illustrate the number of acetylene molecules
produced throughout PDRs in the time period of 106 yr by
three specific PAHs, C24 H12 , C66 H20 and C128 H28 , and by all
considered PAHs summed according to the WD01 size distribution. For both PDRs, the maximum amount of acetylene is produced at the minimum values of AV (in our case,
AV = 0.1), where the radiation field intensity, the atomic
hydrogen density and the temperature reach their maximum. The amount of acetylene produced by the destruction
of PAHs decreases toward molecular clouds. In the Orion
Bar the behaviour trends for all molecules are similar, while
in the Horsehead nebula, the large PAHs have a sharp decline in the acetylene production at AV ≈ 3. Small PAHs
are not as sensitive to the changes in external conditions,
the amount of produced acetylene gradually decreases with

4
4.1

GAS PHASE CHEMICAL REACTIONS
VERSUS PAH DISSOCIATION
Acetylene formation in gas phase chemical
reactions in PDRs

To estimate the significance of PAH dissociation as a source
of small hydrocarbons, it should be checked which rates of
acetylene production are higher – from the gas phase chemical reactions or from the PAH dissociation. Below we present
the results of the calculations for the acetylene production
rates in the gas phase chemical reactions for considered
PDRs.
We use the MONACO model (Vasyunin & Herbst 2013;
Vasyunin et al. 2017) to calculate the total rate of acetylene molecules formation in gas phase chemical reactions
MNRAS 000, 1–13 (2019)
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Figure 5. Dependence of the total number of the acetylene molecules produced by specific PAH molecules (NC
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2 H2
PAHs with WD01 size distribution (NC2 H2 ) on the visual extinction in the Orion Bar (on the left) and the Horsehead nebula (on the
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between atoms, molecules and ions, under the conditions
illustrated in Fig. 2. This model includes chemical processes occurring in the gas and on the surface of interstellar dust particles. Only diffusion chemistry is considered for the dust particles. The reactions occur between
physisorbed atoms and molecules due to the LangmuirHinshelwood mechanism. Other mechanisms (e.g. the EleyRideal one) are not considered. Before this work, the
MONACO code was mainly applied to model chemical evolution at the earliest stages of low- and high-mass star formation (e.g. Vasyunin & Herbst 2013; Vasyunina et al. 2014;
Ivlev et al. 2015; Rivilla et al. 2016; Vasyunin et al. 2017;
Punanova et al. 2018; Nagy et al. 2019). Those regions are
well shielded against stellar and diffuse interstellar UV radiation, and characterized by low gas and dust temperatures.
As such, although the network of chemical reactions utilized
in the MONACO model is based on the OSU and KIDA networks and benchmarked with other codes for the conditions
described above, it does not include some processes important for UV-dominated chemistry. In context of the scope
of the current study, perhaps, the most important class of
processes currently missing in our model are reactions with
vibrationally excited H2 (Agúndez et al. 2010). Those reactions were shown to be potentially important for chemistry
of small hydrocarbons in highly FUV-irradiated clouds such
as the Orion Bar (Cuadrado et al. 2015). Despite this limitation of our chemical model, we believe that it is still suitable
for the analysis of the role of PAH destruction in the formation of small hydrocarbons in PDRs. The current version
of the model also does not include the formation of H2 on
PAHs. We present the results of the calculations from the
MONACO model together with the rates of acetylene production via PAH destruction in Fig. 6. Note, that we find
the total rate for PAHs analogously to the total number of
produced acetylene molecules (Eq. 3) taking into account
the dust size distribution.
The rates in Fig. 6 are given for three time moments
at 104 , 105 and 106 yr, as time goes on, they change. In
the Orion Bar the rates of acetylene production by PAHs
at 104 yr are slightly higher than the same rates at time
MNRAS 000, 1–13 (2019)

moments 105 and 106 yr. This is due to decreasing of a
number of available PAHs that can be destroyed under the
certain conditions. At AV = 0.1 the PAH production stops
after 104 yr due to full destruction of PAHs within this period. The PAH destruction is more efficient in production of
acetylene than the gas phase reactions at 104 yr for AV < 1,
at 105 yr – in a range of AV from 0.5 to 1, and at 106 yr
– the PAH destruction is not more efficient than chemical
reactions within the considered range of AV . The rates are
comparable to each other at 105 and 106 yr at AV > 4. If to
consider another set of parameters (the isobaric model) and
the corresponding calculations in Fig. A1, then we can indicate that the PAH destruction is more efficient at AV > 3.5
at any time. The last result arises from the high value of
hydrogen density at these AV relatively to the first model,
which leads to possibility of recovery of the number of hydrogen atoms in PAHs (only PAHs with hydrogen atoms can
produce acetylene).
In the case of the Horsehead nebula the rates for the
PAHs are less than the rates for the chemical reactions for all
the time moments and AV excluding one point at AV = 0.1,
where the rates are comparable. In this PDR the radiation
field is weaker than in the Orion Bar and the PAH destruction is not so efficient. Only in the closest vicinity to the star,
the PAH destruction may contribute the number of acetylene molecules comparable with the chemical reactions.
4.2

The contribution of PAH dissociation to the
abundance of small hydrocarbons

Acetylene can participate in the reactions that form small
hydrocarbons. Gas phase acetylene is destroyed in photodissociation reactions C2 H2 + hν → C2 H + H and C2 H2 + hν →
C2 + H2 (Lee 1984), as well as photoionization C2 H2 + hν →
−
C2 H+
(Hudson 1971) under the powerful UV field con2 +e
ditions. The energy threshold of acetylene dissociation is
5.7 eV, the threshold of ionisation is 11.2 eV according to
the data given by Heays et al. (2017). The products of photodissociation and photoionization participate in other reactions that form different small hydrocarbons. Some of them
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Figure 6. Rates of acetylene production via the PAH dissociation (gray color) and in gas phase chemical reactions (black color) in the
Orion Bar (on the left) and in the Horsehead nebula (on the right). The calculations for the isochoric model of the Orion Bar are shown.

are observed in both considered PDRs. Namely, they are
C2 H, C3 H, C3 H+ , C3 H2 , C4 H. Using the MONACO code
without contribution of acetylene from the PAH dissociation
and with this contribution we have estimated the abundance
of these hydrocarbons in the Orion Bar and the Horsehead
nebula. The results of these calculations are presented in
Fig. 7 and Fig. 8 (and additionally, in A2). The age of the
Orion Bar is adopted equal to 105 yr (Salgado et al. 2016),
the age of the Horsehead nebula – 5 · 105 yr (Pound et al.
2003).
In the Orion Bar abundances of the considered small
hydrocarbons are generally in consistency with the abundances estimated in other works (Cuadrado et al. 2015;
Tiwari et al. 2019). The abundances calculated with the
PAH contribution and without PAHs are almost the same
for all considered molecules except C2 H2 at AV ≈ 0.5 and
AV > 4. It can be concluded that inflow of additional
amount of C2 H2 from PAHs by 2 orders higher than from
chemical reactions at AV ≈ 0.5 does not change the abundance of other hydrocarbons substantially. However, a contribution of PAHs at AV > 3.5 is seen in the calculations for
the second model of the Orion Bar which are illustrated in
Fig. A2. Thus, the PAH dissociation can play a larger role
in the formation of small hydrocarbons relative to the gas
phase chemical reactions at these AV under the conditions
predicted by the model in Goicoechea et al. (2019). Nevertheless, basically we ascertain insignificance of PAHs as a
source of small hydrocarbons in the Orion Bar.
Small hydrocarbons are observed in the Orion Bar. The
peak emission of small hydrocarbons is shifted relative to
the peak of the PAH emission (Cuadrado et al. 2015): the
peak of the PAH emission is at AV ≈ 0.1, while for small
hydrocarbons the peak is at AV > 2. These observations
do not resolve spatially this emission peak, but it is most
likely in the zone of molecular hydrogen. According to our
results, the abundance of small hydrocarbons should have
a peak around AV ≈ 1.5. Cuadrado et al. (2015) have estimated the observational abundances of small hydrocarbons
at AV ≈ 1.5. They vary from 10−12 to 10−8 for different
species (the values are normalized to the hydrogen number
density). Our abundances are slightly lower than the obser-

vational estimates, and the PAH contribution is negligible
at this distance. Thus, despite the fact that the PAHs may
contribute to the abundance of small hydrocarbons under
some conditions, they can not provide the observable abundance at AV ≈ 1.5 where the observations are available. It is
still necessary to have an alternative source. Cuadrado et al.
(2015) suggested a scenario for efficient formation of small
hydrocarbons – endothermic reactions between C+ , radicals
and molecular hydrogen which occur under the extreme conditions of the Orion Bar (high values of radiation field intensity). We do not consider these reactions, though we do not
exclude that they have an important role in the production
of small hydrocarbon. Cuadrado et al. (2015) emphasized
that PAHs are not necessary to explain the observations,
our results support this statement.
In Fig. 8 the modelled abundances of small hydrocarbons are shown for the Horsehead nebula. As expected, taking into account the PAH contribution does not change the
abundances. Guzmán et al. (2015) have estimated the abundances of some small hydrocarbons in this PDR. At AV ≈ 1
the abundance of C2 H is about 10−9 , C3 H and C3 H2 is
about 10−10 and C3 H+ is about 5 · 10−11 . The abundances
obtained from the MONACO model are generally in consistency with these values. At AV ≈ 0.1 all abundances become
higher: C2 H – 10−8 , C3 H2 – 10−9 and C3 H+ – 10−11 . The
MONACO abundances do not achieve these values, though
our results are consistent with the estimates from other
works (Pety et al. 2005; Guzmán et al. 2015). Consideration
of PAH destruction does not improve the modelling. In this
PDR, the peak of emission of small hydrocarbons (namely
C3 H2 , C2 H, C4 H) coincides with the peak of the PAH emission based on observations (AV ≈ 0.1), that is why it was
assumed that the PAH destruction provides these hydrocarbons (Pety et al. 2005; Guzmán et al. 2015). According
to our calculations, the contribution of the PAH destruction to the abundance of small hydrocarbons is negligible.
The radiation field intensity is not enough to destroy large
PAHs, it is sufficient only for destruction of the smallest
PAHs. The dehydrogenation of such PAHs occurs quickly.
The recovery of the number of hydrogen atoms does not occur efficiently. As a result, only a few acetylene molecules
MNRAS 000, 1–13 (2019)
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Figure 8. The same as in Fig. 7 for the Horsehead nebula.

are produced within the time period when the PAHs have
hydrogen atoms. Therefore, PAHs contribute a low amount
of additional acetylene to chemical reactions. Thus, we disprove the assumption about the efficient PAH contribution
to the small hydrocarbons abundance.
Apart from the detailed calculations of the PAH dissociation, let us make some analytical estimates. As we observe
PAHs in PDRs, than at least some of them should survive
about 105 −106 yr. If assumed so: 1) the number of PAHs
decreases by the exponential law nPAH = n0PAH exp(−kt),
where k is the rate of their destruction; 2) the number of
PAHs decreases by e times for 106 yr; then k is about 10−14 10−13 s−1 . These rates are too low relative to the typical
rates of chemical reactions which play a role in chemical
evolution (10−10 -10−9 s−1 ). From this point of view, PAHs
can not contribute a lot to the chemical evolution. Of course,
the above rates are average. Small PAHs are destroyed much
faster (at least in the Orion Bar), while large PAHs survive
and may live longer than the PDRs themselves. But if small
PAHs dissociate very fast, then they contribute only in the
beginning, after that they can not be a prominent source of
MNRAS 000, 1–13 (2019)

acetylene, because only large and stable PAHs remain which
dissociate slowly. Thus, from this point of view, despite the
high rates of destruction of small PAHs, they play a role in
the chemical evolution only for a short period. To be able to
make them important for a lifetime of a PDR, there should
be a source of PAHs, which supplies the PAH abundance.
The possible source of PAHs can be evaporating very small
grains (Pilleri et al. 2012).
It should be noted that our calculations of the PAH
contribution depend on the adopted dust size distribution.
We take the one from the work of Weingartner & Draine
(2001b) which corresponds to the parameter RV = 3.1 with
the maximum number of PAH-size grains. This distribution
successfully describes the observed extinction curve and infrared emission in different parts of the Milky Way. But we
assume that the size distribution in the considered PDRs
(especially in molecular cloud) may differ from the adopted
one. For example, RV is estimated as 4 − 5 in the Orion
Bar (Bohlin & Savage 1981). It means that the abundance
of PAHs is overestimated in our calculations, but even in this
case we can not explain the observations. In fact, we need to
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have the abundance of PAHs by several orders higher, which
is impossible to get varying the size distribution.
We also remark that due to the scarcity of the experimental data, in our model we consider only acetylene among
carbonaceous products of the PAH dissociation. But this
is plausible only for the PAHs in the normal and dehydrogenated states, while in the super-hydrogenated states other
products are also possible (including the observable ones).
Perhaps, the inclusion of other products in the model will
increase the abundance of small hydrocarbons as well, however, we do not expect that this growth will be enough to
explain the observations.
Aside from PAHs, small hydrocarbons can be produced
by large dust grains, if the material of these grains is hydrogenated amorphous carbon (HAC). To date, many experiments have been carried out, which indicate that the
formation of carbonaceous dust with a disordered structure (such as that of HAC) is most likely under ISM conditions (Jäger et al. 2009), and that the HAC grains fragment into different small hydrocarbons (including PAHs
and acetylene) under the influence of the UV radiation
field (Scott et al. 1997; Alata et al. 2015; Duley et al. 2015).
Alata et al. (2015) applied the laboratory results of HAC
photodestruction coupled with a PDR model to the Horsehead nebula, and they concluded that HACs could provide
the amount of small hydrocarbons needed to explain the
observations of this PDR.

the PAH contribution to the acetylene abundance. The peak
of abundance of the small hydrocarbons is around AV ≈ 1.5.
In approach of the isochoric model, the PAH dissociation
increases the modelled abundance of acetylene in the Orion
Bar at AV ≈ 0.5 and AV > 4, but it almost does not change
abundances of other small hydrocarbons. In approach of the
isobaric model, increasing of all considered hydrocarbons occurs at AV > 3.5 due to the PAH dissociation. PAHs does
not affect the results in the Horsehead nebula. The calculated abundances are lower than the observational values
at AV ≈ 1.5 in the Orion Bar and at AV ≈ 1 in the Horshead nebula even when the PAH destruction is taken into
account. Thus, at least in our model we conclude that the
PAHs are not a major source of small hydrocarbons, which
were recently observed to have high abundances towards the
Orion Bar and the Horsehead nebula by Pety et al. (2005);
Cuadrado et al. (2015).
The work was supported by the grant of the Russian
Science Foundation (project 18-12-00351). We thank Javier
Goicoechea who provided the profiles of parameters in the
Orion Bar. We are grateful to the anonymous referee for
constructive suggestions that allowed us to improve the
manuscript.
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CONCLUSIONS

• We applied the model of the evolution of PAHs to the
conditions of the high radiation field intensity. Two PDRs
were studied: the Orion Bar and the Horsehead nebula. For
these PDRs we took sets of parameters modelled in other
works. For the Orion Bar two models, isochoric and isobaric,
were considered. It was shown that the PAH size and charge,
the radiation field intensity, the number density of the hydrogen atoms, ions, and electrons, and gas temperature affect the rate of PAH photodestruction. The numbers of the
acetylene molecules produced by a specific PAH molecule for
a lifetime of PDRs can differ by several orders for different
conditions and charges. We calculated the evolution of PAHs
throughout PDRs from the star to the molecular cloud at
up to AV = 5. It was found that in the considered range of
distances, PAHs produce the acetylene molecules the most
efficiently in the vicinity of ionized stars, at AV ≈ 0.1.
• The rates of the acetylene production via the PAH destruction and in the gas phase chemical reactions were calculated and compared to each other. It was shown that the
rate of the acetylene production in gas phase chemical reactions is lower than the same rate for the PAH dissociation
in the Orion Bar by up to AV < 1 during 104 yr and around
AV ≈ 0.5 − 1 during 105 yr for both considered sets of parameters. PAHs may produce acetylene molecules more efficiently at AV > 3.5 in approach of the isobaric model. In the
Horsehead nebula, the gas phase chemical reactions dominate in the production of acetylene at a whole considered
range of AV .
• Using the chemical model MONACO we estimated the
abundances of the observed small hydrocarbons (C2 H, C3 H,
C3 H+ , C3 H2 , C4 H) in PDRs with and without inclusion of
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A. G. G. M., Báez-Rubio A., 2019, A&A, 625, L3
Draine B. T., Li A., 2001, ApJ, 551, 807
Draine B. T., Li A., 2007, ApJ, 657, 810
Duley W. W., Zaidi A., Wesolowski M. J., Kuzmin S., 2015,
MNRAS, 447, 1242
Ekern S. P., Marshall A. G., Szczepanski J., Vala M., 1998,
The Journal of Physical Chemistry A, 102, 3498
MNRAS 000, 1–13 (2019)

Impact of PAH dissociation on the formation of small hydrocarbons
Forst W., 1973, Theory of Unimolecular Reactions. Academic
Press
Fuente A., Rodrıguez-Franco A., Garcıa-Burillo S., MartınPintado J., Black J. H., 2003, A&A, 406, 899
Gillett F. C., Forrest W. J., Merrill K. M., 1973, ApJ, 183, 87
Goicoechea J. R., Pety J., Gerin M., Hily-Blant P., Le Bourlot J.,
2009, A&A, 498, 771
Goicoechea J. R., et al., 2015, ApJ, 812, 75
Goicoechea J. R., et al., 2016, Nature, 537, 207
Goicoechea J. R., Santa-Maria M. G., Bron E., Teyssier D.,
Marcelino N., Cernicharo J., Cuadrado S., 2019, A&A,
622, A91
Goumans T. P. M., 2011, MNRAS, 415, 3129
Guhathakurta P., Draine B. T., 1989, ApJ, 345, 230
Guzmán V. V., Pety J., Goicoechea J. R., Gerin M., Roueff E.,
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Mesa-Delgado A., Núñez-Dı́az M., Esteban C., López-Martı́n L.,
Garcı́a-Rojas J., 2011, MNRAS, 417, 420
Micelotta E. R., Jones A. P., Tielens A. G. G. M., 2010, A&A,
510, A37
Montillaud J., Joblin C., Toublanc D., 2013, A&A, 552, A15
Murga M. S., Khoperskov S. A., Wiebe D. S., 2016,
Astronomy Reports, 60, 233
Murga M. S., Wiebe D. S., Sivkova E. E., Akimkin V. V., 2019,
MNRAS, 488, 965
Nagy Z., Spezzano S., Caselli P., Vasyunin A., Tafalla M., Bizzocchi L., Prudenzano D., Redaelli E., 2019, A&A, 630, A136
Ochsendorf B. B., Tielens A. G. G. M., 2015, A&A, 576, A2
O’dell C. R., 2001, ARA&A, 39, 99
Pety J., Teyssier D., Fossé D., Gerin M., Roueff E., Abergel A.,
Habart E., Cernicharo J., 2005, A&A, 435, 885
Pilleri P., Montillaud J., Berné O., Joblin C., 2012, A&A,
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APPENDIX A: THE ORION BAR: THE
RESULTS FOR THE ISOBARIC MODEL
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. In the left: parameters of the Orion Bar from the isobaric model (Goicoechea et al. 2019). In the right: the same in Fig. 6
for the isobaric model of the Orion Bar.
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Figure A2. The same as in Fig. 7 for the isobaric model of the Orion Bar.
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