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ABSTRACT

We investigate the mid-infrared (IR) emission in the Orion Bar photodissociation region, using archival photometric
and spectroscopic observations from UKIRT, Spitzer, ISO, and SOFIA telescopes. Specifically, we consider flux

densities of the emission bands at 3.3, 3.4, 3.6, 6.6, 7.7, 11.2 µm in several locations and a spectrum from 3 to 45 µm

in one location. We study the behaviour of band flux ratios, which are sensitive to external conditions, as revealed

by their variations with the distance from an ionizing source. Assuming that the mid-IR emission arises mostly from
polycyclic aromatic hydrocarbons (PAHs), and that a weak emission feature at 3.4 µm is related to PAHs with extra

hydrogen atoms (H-PAHs), we trace variations of the ratios using a model for PAH evolution. Namely, we estimate

how populations of PAHs of different sizes, hydrogenation and ionization states change across the Orion Bar over

a time interval approximately equal to its lifetime. The obtained ensembles of PAHs are further used to calculate

the corresponding synthetic spectra and band flux densities. The model satisfactorily describes the main features of
the ratios I3.6/I11.2, I7.7/I11.2, I7.7/I3.6 and I3.3/I3.4. We conclude that the best coincidence between modelling and

observations is achieved if C loss of PAHs is limited by the number of carbon atoms NC = 60, and the band at 3.4 µm

may indeed be attributed to H-PAHs. We confirm that large cations dominate at the surface of the PDR but small

neutral PAHs and anions are abundant deeper in the molecular cloud.

Key words: astrochemistry – infrared: ISM – ISM: individual objects (Orion Bar) – ISM: lines and bands – ISM:

evolution

1 INTRODUCTION

An association of the observed strong mid-infrared (mid-IR)
emission in the interstellar medium (ISM) with polycyclic
aromatic hydrocarbon molecules (PAHs) had been assumed
since early studies by Leger & Puget (1984); Sellgren (1984);
Allamandola et al. (1985). While some other candidates are
also possible (e. g. Kwok & Zhang 2011; Jones et al. 2013),
the relation of the mid-IR band emission with PAHs is now
widely accepted. Each mid-IR band can be attributed to
a specific chemical bond, and certain groups of PAHs are
generally responsible for the flux of the particular band ac-
cording to experimental data and theoretical modelling of
PAH spectra made over the last thirty years. In particu-
lar, ratios of various band fluxes (Fband) trace the average
size and ionization state of emitting PAHs. Specifically, the
band at 3.3 µm arises mostly from vibrations of the aro-
matic C–H bond of small neutral PAHs, the bands at 6.2,
7.7, 8.6 µm are related to vibrations of a C–C bond in
ionized PAHs, and the bands at 11.2 and 12.6 µm arise
from the out-of-plane vibrations of a C–H bond in neu-
tral PAHs or anions (Allamandola et al. 1989; Bakes et al.

⋆ E-mail: murga@inasan.ru

2001a; Draine & Li 2007; Ricca et al. 2012; Croiset et al.
2016). The ratio of the band fluxes F3.3/F11.2 increases
with PAH size (Allamandola et al. 1989; Schutte et al. 1993;
Croiset et al. 2016; Maragkoudakis et al. 2020), while the
ratios F6.2/F11.2, F7.7/F3.3, F7.7/F11.2 correlate with PAH
ionization state (Bakes et al. 2001a; Boersma et al. 2018;
Maragkoudakis et al. 2020).

Apart from these main bands above, there are also some
other bands, which provide additional information about the
emitting PAHs. For example, the band at 3.4 µm is be-
lieved to arise from vibrations of the aliphatic C–H bond,
which can exist in PAHs with extra hydrogen atoms (super-
hydrogenated PAHs or H-PAHs) (Bernstein et al. 1996;
Sandford et al. 2013). In this way, the ratio F3.3/F3.4 ap-
parently reflects the ratio between aromatic and aliphatic
groups in carbonaceous species, whether they are PAHs with
additional aliphatic bonds or particles of some other kind.
Aliphatic bonds are less stable than aromatic ones, therefore
this ratio may provide key information about PAH evolution,
because it might be indicative of specific (and likely unsta-
ble) forms of carbonaceous grains surviving under particu-
lar conditions. We note that the 3.4 µm band may also ap-
pear due to anharmonicity, but not in any specific PAH state
(Barker et al. 1987; Maltseva et al. 2018; Chen et al. 2018).
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Ratios between the band fluxes vary from one object to
another and within one object as outer conditions change.
The changes in the PAH ionization state alone cannot ex-
plain the sharp variations seen in the mid-IR band fluxes
(see e. g. Kassis et al. 2006). These variations must be ac-
companied by changes in the PAH hydrogenation state, size
and/or molecular structure.

Today, a general picture of PAH (and PAH-related grains)
evolution can be described. In molecular clouds, PAHs can
exist either in isolation, or they may stick to each other
via weak Van der Waals bonds in the form of PAH clus-
ters. Individual PAHs may have small sizes, and also unsta-
ble linear geometry. In addition, they can have extra hydro-
gen atoms, therefore the complicated aromatic-aliphatic com-
plexes may form due to coagulation. Moreover, some heavy
elements may adsorb onto PAHs, and these PAHs cease to
be pure hydrocarbons. PAHs evolve in the ISM due to the
influence of ultraviolet (UV) radiation (see, e. g. Wiebe et al.
2014; Croiset et al. 2016). To describe the evolution, several
models and approaches have been developed. Allain et al.
(1996a); Visser et al. (2007); Murga et al. (2016) consider the
photo-destruction of PAHs due to the loss of hydrogen and
the acetylene group. Le Page et al. (2001); Montillaud et al.
(2013) focus on the evolution of hydrogenation and charge
states. Berné et al. (2015); Parneix et al. (2017) model more
specific processes like isomerisation and the subsequent for-
mation of fullerenes. Montillaud & Joblin (2014) study frag-
mentation of the PAH clusters, while Chen (2018b) consider
the growth of PAHs or their clusterisation. Strong UV flux
destroys small and unstable PAHs, along with PAH clusters
and complexes (see, e. g. Allain et al. 1996a; Montillaud et al.
2013; Pavlyuchenkov et al. 2013). Large and stable PAHs sur-
vive, but lose their peripheral hydrogen atoms and undergo
the process of ring defect formation and isomerisation, includ-
ing the transition to other allotropic forms (e. g. fullerenes or
nanotubes Berné et al. 2015; Chen & Li 2019). According to
this scenario, only stable large PAHs with a low fraction of
hydrogen atoms, as well as fullerenes and nanotubes, should
be observed close to sources of the strong UV radiation. At
the same time, the existence of small and H-PAHs under these
conditions is not expected.

As the life-cycle of PAHs and other small carbonaceous
grains strongly depends on the UV field, a bright and nearby
photodissociation region (PDR) with simple geometry be-
comes an ideal laboratory to test theoretical ideas and
models, and also to apply the results of laboratory exper-
iments for the interpretation of observational results. The
Orion Bar PDR is a prototypical example of the highly
irradiated edge of a molecular cloud, where physical con-
ditions vary dramatically across the cloud – H ii region
interface (Tielens & Hollenbach 1985; Tielens et al. 1993;
Goicoechea et al. 2016). Due to its proximity (∼ 414 pc,
Menten et al. 2007) and brightness, an enormous amount
of observational data on this object has been accumu-
lated in various spectral ranges, which makes the Orion
Bar a versatile test ground for various PDR models. Wide
PAH emission bands have been detected and studied in
the Orion Bar PDR by, for example, Aitken et al. (1979);
Geballe et al. (1989); Schutte et al. (1993); Bregman et al.
(1994); Allamandola et al. (1999); Cesarsky et al. (2000);
Bakes et al. (2001a,b); Verstraete et al. (2001); Kassis et al.
(2006); Arab et al. (2012); Salgado et al. (2016).
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Figure 1. SOFIA FORCAST 7.7-µm filter image of the Orion
bar PDR, with the positions of other mid-IR observations used in
this work superimposed. The position of the main ionizing source
θ1 Ori C is marked by a red star. The positions of the Spitzer SH-
slits (black rectangles), the ISO slit (red rectangle), the UKIRT

long slit (white dashed line) are shown.

The main incentive for this study is to check whether
we can reach the consistency between a qualitative scenario
of PAH evolution, based on the mid-IR observations of the
Orion Bar PDR, and up-to-date laboratory results and theo-
retical models on the photo-destruction of PAHs. We con-
sider only the processes related to photo-destruction, but
not the formation of PAH clusters and isomerisation, since
these processes have not been quantitatively described. We
apply a PAH evolution model to the physical and chemical
conditions in the Orion Bar PDR, assessed with a chemo-
dynamical model, and follow the variations of PAH size, hy-
drogenation level, and charge throughout the region. Using
recent experimental and theoretical PAH IR properties, we
calculate synthetic spectra across the PDR, paying particu-
lar attention to the 3.4 µm band, and compare the synthetic
spectra with available observational data.

2 OBSERVATIONAL DATA

In this section we present available observational data on the
Orion Bar that have been used in our analysis.

2.1 ISO spectroscopic data

The ISO spectrum in the 2.4–45.4 µm range was obtained
with the Short Wavelength Spectrometer (SWS) on board of
Infrared Space Observatory (ISO). We downloaded the data,
originally presented by Verstraete et al. (2001), from the ISO
archive1. The ISO slit is illustrated by the red rectangle in
Fig. 1. The center of the slit corresponds to the H2 emission
peak according to Verstraete et al. (2001). This position is
slightly farther away from the star than the PAH emission
peak, seen as the bright bar in the figure. The slit is large

1 https://irsa.ipac.caltech.edu/data/SWS
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enough to cross the Bar itself. The spectrum gives important
information about the relationship between the main PAH
bands in the Orion Bar, and we use this spectrum further to
constrain some PAH characteristics.

The mid-IR emission is characterized by (dust) continuum
emission, gaseous lines of hydrogen, argon, neon and other
elements, wide PAH emission bands at 3.3, 6.2, 7.7, 8.6, 11.2,
12.6 µm and some other thinner bands, and some ‘plateaus’,
which appear alongside the PAH emission bands, and have
a so far unidentified nature (Tielens 2008). The dust con-
tinuum was subtracted by fitting a fifth-order polynomial at
wavelengths that do not include any bands or the plateau.
Also, we masked bright and narrow gaseous lines.

The ISO spectrum can be analysed in two ways: 1) by util-
ising the diagrams suggested by Maragkoudakis et al. (2020)
to roughly estimate the mean size and charge of PAHs us-
ing the ratios F11.2/F3.3 and F11.2/F7.7; 2) by comparing the
observed spectrum with synthetic spectra of PAH mixtures.

In order to use the diagrams from Maragkoudakis et al.
(2020), we measured fluxes at 3.3, 7.7, 11.2 µm in the
same manner as they did, i.e. we took the ranges of wave-
lengths from Maragkoudakis et al. (2020), and integrated the
flux densities within these ranges. The obtained ratios of
F11.2/F3.3 and F11.2/F7.7 are approximately 16 and 1, respec-
tively. Further, we used the diagnostic diagrams for different
mean photon energies. The radiation field in the Orion Bar
can be represented as the mean interstellar radiation field
for the ISM in the Solar neighbourhood (Mathis et al. 1983),
scaled by a factor χ, with a mean photon energy of about
6 eV.

In order to find the PAH mixture suitable to the spectrum,
we performed a spectral fitting procedure analogous to that
of Andrews et al. (2015) using the following procedure:

(i) Selection of PAHs for fitting. Version 3.0 of the
NASA Ames PAH IR database includes vibrational prop-
erties for more than 3000 PAHs (Boersma et al. 2014;
Bauschlicher et al. 2018)2. Application of the full database
for calculations is time consuming. Therefore, we limited the
number of PAHs used for fitting. Andrews et al. (2015) used
around 700 species from version 2.0 and showed that this
was enough to describe mid-IR spectra. Namely, the mixture
of PAHs in three different PDRs may be limited to ∼ 30
molecules. Therefore, we adopt the PAHs from their lists (in
total 42 PAHs) as a basis of our selection. The initial set
of Andrews et al. (2015) included only PAHs that consist of
more than 20 carbon atoms and do not contain any other
elements besides nitrogen. The smaller PAHs were assumed
to be unstable in the ISM, while the PAHs with elements
like oxygen, iron, etc. are of low abundance. Andrews et al.
(2015) also did not include PAHs with extra hydrogen atoms.
Version 3.0 of the PAH database includes dehydrogenated
PAHs (dPAHs) with the same number of carbon atoms and
approximately the same topology. To reduce the number of
dPAHs in the initial set, we imposed the constraint that no
more than two PAHs with a certain number of carbon and
hydrogen atoms from one structure family (catacondensed,
pericondensed, and irregular)3 can be included in the set,

2 https://www.astrochemistry.org/pahdb/
3 We follow the work of Andrews et al. (2015) in classification.

independent of their exact geometry. This constraint signif-
icantly reduced the selection, and may affect the fitting re-
sults, as each PAH has different optical properties (though
within one family they are quite similar). We added large
pericondensed PAHs with more than 100 carbon atoms in
our selection since we found these PAHs are dominant from
the diagnostic diagrams (see 2.5). The total number of the
selected PAHs is therefore ∼ 200.

(ii) Calculation of absorption cross-sections of the sam-

ple PAHs. The list of bands, their central wavelengths, and
intensities were taken from the PAH database. We used a
Drude profile, following to Draine & Li (2007) (hereinafter
DL07). As in the work of Andrews et al. (2015), both the
band FWHM and shift in frequency space (‘redshift’ in that
work) were adopted to be 15 cm−1.

(iii) Calculation of synthetic spectra of the PAHs. The
UV field near the location the ISO spectrum χ ≈ 104 based on
the FIR emission map presented by Goicoechea et al. (2015).
We used the method with the multi-photon heating mech-
anism (Pavlyuchenkov et al. 2012) to find the temperature
distribution for each molecule.

(iv) Alignment of synthetic and observational spectra. We
reduced the resolution of the spectra to λ/∆λ = 1000 (ap-
proximately the lowest resolution of the ISO spectrum) and
performed fitting using the spectra normalised to their maxi-
mum values in the range from 5.5 to 15 µm. The fitting range
did not include the bands at 3.3 and 3.4 µm, as anharmonic
effects may be important for this feature (Maltseva et al.
2018; Chen et al. 2018; Chen 2018a), but they are not consid-
ered in the PAH database. We subtracted the dust continuum
from the ISO spectrum, but did not remove the plateau.

(v) Fitting procedure. We used the leastsq routine from
Scipy library for the Python language to find the best solu-
tion. The results are sensitive to the initial adopted weights
of PAHs (or abundances), therefore we performed ≈ 1000 it-
erations with random weights from 0 to 1 and selected the
iteration with the minimum residual between observed and
synthetic spectrum as a result of the fitting.

2.2 Spitzer spectroscopic data

We use archival spectroscopic data from the Spitzer Data
Archive4. The spectra were obtained with the IRS instru-
ment (the Infrared Spectrograph, Houck et al. 2004). We
combine data from different observational programs: ID=45
(PI: Thomas Rhoellig), ID=93, 120 (PI: Dale Cruikshank),
ID=1094 (PI: Francisca Markwick-Kemper), ID=50082 (PI:
Robert Rubin). We take only SH (Short-High) slit spectra, as
they are positioned perpendicular to the direction from the
ionized stars to the molecular cloud, and parallel to the ion-
ization front (IF), therefore we can follow the changes of mid-
IR emission as the distance from ionising source increases.
The Spitzer data behind the IF toward to the molecular cloud
have been presented by Rubin et al. (2011); Boersma et al.
(2012). In total, we use 46 slits, which overlap with the
SOFIA photometric images (see Fig. 1). The length and the
width of each slit are 11.3′′ and 4.7′′, respectively. The spec-
tra cover the wavelength range from 9.89 µm to 19.51 µm
and have a spectral resolution of λ/∆λ = 600. We use the

4 https://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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post-BCD level product, which does not require any further
reduction. As can be seen in Fig. 1, only two slits share the
same position at locations closer to the ionizing stars. There-
fore, the measurements in these points may be affected by
gas and dust heterogeneity of the object as some clumps can
fall into these specific slits. The measurements behind the
IF were done in several locations, therefore they are quite
accurate, thanks to the overlapping slits.

Following Boersma et al. (2010, 2012), we remove the dust
continuum and underlying plateau from the spectra to mea-
sure the flux of the PAH 11.2 µm band. In order to find the
dust continuum, we fit the points at ∼10, 15, and 19.5 µm
by a third-order polynomial function. After subtracting the
obtained dust continuum, we fit the points at ∼10.6, 10.8,
11.8, 13.4, 13.8, 14.4 µm by a fifth-order polynomial function
to fit the plateau, and also subtract it from the spectrum.

An example of a Spitzer spectrum is presented in Fig. 2. Af-
ter continuum and plateau subtraction, we integrate the flux
densities over wavelength range which includes the 11.2 µm
band (from 10.9 to 11.6 µm). Then, we divide the obtained
value by the integrated wavelength range to get the average
flux density, and by the area of the slit (in units of steradian).
Further we average the values obtained in the neighbour-
ing slits at the same distance from the central stars. Using
this method, Boersma et al. (2012) estimated that the uncer-
tainty of the integrated band flux should be less than 20%,
especially for the bright 11.2 µm-band. We adopt the uncer-
tainty level of 20%, noting that averaging over slits may lead
to some additional uncertainties.

2.3 UKIRT spectroscopic data

Spectroscopic observations of the Orion Bar PDR in the
range from 3.0 to 3.7 µm were carried out at the United
Kingdom Infrared Telescope (UKIRT). The results of these
observations were presented by Sloan et al. (1997). In total,
32 spectra were obtained along the direction from the ionizing
stars toward the molecular cloud with long-slit spectroscopy
using a 40′′ slit. The approximate location of the long slit is
shown in Fig. 1. The slit crosses the IF and partially covers
the molecular cloud. We chose data obtained on Oct 28, 1995,
when the width of the slit was 2.5′′.

To measure flux densities in the 3.3 and 3.4 µm bands, we
estimate the background continuum and the plateau under-
lying the band emission, subtracted them from the spectra,
and fit the bands with a Gaussian function to get the band
flux densities. The background continuum was approximated
by a linear function in wavelength ranges that do not include
any bands (λ < 3.15 µm and λ > 3.6 µm). The plateau was
approximated with a fourth-order polynomial function, with
parameters found by fitting over 3 short wavelength segments
around λ ≈ 3.2, 3.35, 3.55 µm. An example of a spectrum
with the estimated background and the plateau is shown in
Fig. 3 (left). An example of the fitting of the bands by a Gaus-
sian function is shown in Fig. 3 (right). We integrate over the
wavelength of the bands and then divide by the correspond-
ing length of wavelengths to get average flux densities. The
uncertainties of the band flux densities were estimated using a
bootstrap method. We do not show the flux densities and un-
certainties, as they are very close to the results of Sloan et al.
(1997).

Table 1. Distances of the Spitzer SH-slits from the ionizing source
and the average flux densities at wavelengths 3.6, 7.7, and 11.2 µm
measured in the slits.

Distance, F3.6 F7.7 F11.2

arcsec 108·Jy sr−1

44.1 1.3 ± 0.2 30.6 ± 0.5 18.2 ± 3.7
47.7 1.1 ± 0.1 27.1 ± 0.4 17.0 ± 3.4
94.1 1.3 ± 0.1 30.9 ± 0.5 26.9 ± 5.4
97.4 1.3 ± 0.1 32.3 ± 0.5 28.9 ± 5.8
100.7 1.0 ± 0.1 19.1 ± 0.3 11.6 ± 2.3
104.6 0.3 ± 0.1 18.7 ± 0.4 14.3 ± 2.8
116.2 3.0 ± 0.1 114.5 ± 1.3 68.8 ± 13.2
119.8 1.4 ± 0.1 114.6 ± 1.3 69.2 ± 13.8
139.5 1.9 ± 0.1 24.1 ± 0.4 22.1 ± 4.4
143.2 1.7 ± 0.1 22.5 ± 0.4 19.9 ± 4.0
155.5 0.6 ± 0.1 16.1 ± 0.3 14.6 ± 3.0
161.6 1.1 ± 0.1 12.0 ± 0.3 12.9 ± 2.6

2.4 SOFIA and Spitzer photometric data

We use photometric data obtained with the SOFIA FOR-
CAST5 (Herter et al. 2018) instrument at 6.6 and 7.7 µm,
and the photometric image at 3.6 µm from the Spitzer tele-
scope archive (programme ID = 50), obtained with the IRAC
instrument6(Fazio et al. 2004).
We performed photometry in two ways. In the first case,

we took the Spitzer slits, summed the fluxes in all the pixels
which fell inside each slit, and divided these sums by the area
of the slit obtaining average values over the slit areas. The
Spitzer and SOFIA photometric data provide average flux
densities in each pixel. In the second case, we measured flux
densities in stripes with a width of 1.2 arcsec, parallel to the
IF of the Orion Bar and perpendicular to the direction from
the star towards the molecular cloud. We chose the length of
the stripes so that they are comparable to the length of the
brightest part of the Bar. The optimal length was found to
be 54′′.
The filter centred at 7.7 µm corresponds closely to a strong

PAH band. We estimated the contributions of the dust con-
tinuum and plateau at this band, using the flux density of
the 6.6 µm filter as the background value, following the work
of Salgado et al. (2012). The standard deviation of the pixel
flux densities inside the slits are adopted as the uncertain-
ties of the flux density measurements at 3.6 and 7.7 µm. To
compare measurements at 3.6 and 7.7 µm to each other, we
convolved the 7.7 µm image to the resolution of the 3.6 µm
image, which has a lower resolution. The measurements at
7.7 µm obtained from the convolved image are designated
as F conv

7.7 . The results of the measurements at 3.6 and 7.7 µm
(F3.6 and F7.7) in the slits are presented in Table 1, along with
F11.2, obtained from the Spitzer spectroscopy (see above).

2.5 Summary of observational data

We combine all the described IR flux densities as a function of
the distance to the ionizing stars in Fig. 4. The IF is located

5 https://www.sofia.usra.edu/science/instruments/forcast
6 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac
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Figure 2. An example of the Spitzer spectra obtained with the SH-slit spectroscopy. On the left, the global dust continuum is presented
by a dashed line. On the right, the PAH plateau underlying the bands at 11–14 µm is shown by a dashed line.
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Figure 3. Left: an example of a UKIRT spectrum (the solid line). The continuum fit is shown with a dashed line, and the fit to the
plateau is shown with a dotted line. Right: the same spectrum as in the left panel, with the continuum and plateau subtracted. Gaussian
fits to the band emission at 3.3 and 3.4 µm are shown with red and blue lines, respectively.

at 113′′ from θ1 Ori C (O’Dell & Yusef-Zadeh 2000). The
distance between the H2 dissociation front (DF) and the IF
is 17′′ (van der Werf et al. 1996).

The ratios have their extrema near the IF. The ratios
F conv
7.7 /F3.6 and F7.7/F11.2 have maximums at the IF, then

they decrease towards the molecular cloud, and the trend of
decreasing continues in the cloud, while the slope is not as
steep as between the IF and DF. The ratio F3.6/F11.2 has
a minimum right behind the IF and increases towards the
molecular cloud. The ratio F3.4/F3.3 has a maximum near the
IF and then drops to its minimum near the DF. In the molec-
ular cloud this ratio starts growing slowly, although some
scatter in the values of the ratios is present.

Using diagrams from Maragkoudakis et al. (2020), we find
that PAHs in the Orion Bar contain 120–130 carbon atoms,
and that the fractions of cations and neutral PAHs should
be approximately equal. These diagrams were based on the
absorption cross-sections of PAHs with the appropriate num-
ber of hydrogen atoms, i.e. with all peripheral carbon atoms

which have a free valence electron connected a hydrogen
atom. Therefore, the diagrams may not be suitable for the
cases when PAHs are super-hydrogenated or dehydrogenated,
as their absorption cross-sections may depend on the hydro-
genation level. Therefore, we consider these results as a qual-
itative constraint.

We show the results of the ISO spectrum fitting in Fig. 5.
The obtained PAH mixture, unique identifier numbers (UID)
from the PAH database, normalised contribution weights,
and structure of each component are presented in Table 2.
The weights indicate the fraction of specific PAHs in the mix-
ture. From Table 2, we conclude that PAHs, producing the
ISO spectrum, should contain at least 50–100 C atoms. The
major contribution (more than 80%) comes from large PAHs
(C96H26, C98H

+
28, C142H30), which are responsible for almost

all of the main bands. These PAHs can be neutral, positively
or negatively charged. There is a fraction (about 17%) of
small catacondensed dehydrogenated PAHs in the mixture,
which are required for describing the band at 5.7 µm, al-

MNRAS 000, 1–19 (2021)
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are marked by black and gray dashed lines, respectively.
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Figure 5. The ISO spectrum of the Orion Bar and the synthetic
spectrum of the PAH mixture obtained with the fitting routine.

though they also contribute to the 6–8 µm region. We con-
clude that the PAH mixture for the Orion Bar PDR can be
found but with some residuals especially in the regions 6.5–
7, 9–10, 11.7–14 µm. Obviously, some hydrogenated PAHs
traced by the feature at 3.4 µm should be in the list as well,
but we did not consider the range that covers this feature.

3 MODEL OF PAH EVOLUTION

3.1 Main equations of the model

We model evolution of PAHs using Shiva dust destruction
model (Murga et al. 2019), with additional processes and

Table 2. The PAH mixture obtained with the fitting routine. The
table includes a formula of each PAH, its UID, the normalised
contribution weight and structure.

Formula UID Weight Structure

C21 2372 0.048 Catacondensed

C34H
+
20 878 0.122 Catacondensed

C80H20 719 0.062 Pericondensed

C96H
−

28 192 0.082 Pericondensed
C96H25 690 0.020 Pericondensed
C96H26 692 0.273 Pericondensed

C98H
+
28 568 0.243 Pericondensed

C112H26 165 0.001 Pericondensed
C142H30 766 0.123 Pericondensed
C146H30 752 0.024 Pericondensed

modifications described by Murga et al. (2020). We present
the main features of the model, focusing on the new points
adopted in this work. We consider: the loss of atomic hydro-
gen, molecular hydrogen, acetylene (C2H2) or diatomic car-
bon (C2), as well as addition of hydrogen and carbon atoms.
Due to these processes PAH can change their size (and mass)
and hydrogenation level.
The hydrogenation level in each bin is characterized by the

mass of hydrogen atoms. The minimum value is 0 when PAHs
do not contain hydrogen atoms, and the maximum value cor-
responds to a hypothetical super-hydrogenated state, when
PAHs are fully hydrogenated, i.e. all peripheral carbons
atoms are bonded with two hydrogen atoms and inner car-
bon atoms are also bonded with one hydrogen atom. We will
also use the ratio between the number of carbon and hy-
drogen atoms in a PAH molecule, XH, as characteristic of
the PAH hydrogenation level. We assume a normal hydro-
genated state if a PAH possesses the same ratio as in its
original state (XH = X0

H), i.e. each peripheral carbon atom
with free valence electron is connected to one hydrogen atom.
If XH > X0

H, the state is considered as super-hydrogenated.
If XH < X0

H, then the state is dehydrogenated.
The considered PAH mass range is divided into Nm bins

with borders designated as mi
b. The mass within each bin

includes both carbon and hydrogen atoms. The mass range of
hydrogen atoms is divided into NmH bins with borders mij

Hb.
The number density in each bin is designated as Nij and is
calculated from the mass distribution as dn/dm(mi+1

b −mi
b).

We solve the following kinetic equation for each Nij

dNij

dt
= A

(1)
ij+1Nij+1 − A

(1)
ij Nij | H loss

+ A
(2)
ij−1Nij−1 − A

(2)
ij Nij | H addition (1)

+ B
(1)
i+1jNi+1j −B

(1)
ij Nij | C loss

+ B
(2)
i−1jNi−1j −B

(2)
ij Nij | C addition

where A
(1,2)
ij and B

(1,2)
ij are rate coefficients for the processes

of hydrogen and carbon mass change, respectively.
The rate coefficients for processes of H loss and addition

are calculated as

A
(1,2)
ij =

ε
(1,2)
ij

mij+1
Hb −mij

Hb

. (2)
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We adopt the following boundary values: A
(1)
ij = 0 at j = 1,

and A
(2)
ij = 0 at j = NmH, i.e. fully dehydrogenated grains no

longer can lose their hydrogen atoms, and fully hydrogenated
grains cannot acquire hydrogen atoms. The values ε

(1)
ij and

ε
(2)
ij represent the rate of change of H atoms mass and are
expressed as

ε
(1)
ij =

µH

NA
Rij

H

ε
(2)
ij =

µH

NA
Hij , (3)

where Rij

H and Hij are rates of detachment and attachment of
hydrogen atoms, respectively. They are given by Murga et al.
(2020). We note here that Rij

H is the net rate of detach-
ment of all hydrogen atoms which might be detached from a
PAH both separately and also inside hydrogen or acetylene
molecules. The µH value is the molar hydrogen atom mass,
and NA is the Avogadro constant.

The rate coefficients for carbon loss and addition are cal-
culated analogously:

B
(1,2)
ij =

µ
(1,2)
ij

mi+1
b −mi

b

. (4)

The boundary values of B
(1)
ij and B

(2)
ij for i = Nm are set

to zero: the grains cannot get into the Nmth bin from any
bin with i > Nm, and they cannot move from this bin to the
bins with i > Nm. B

(2)
ij is set to zero if i < 1, i.e., we do not

allow new PAHs to appear from scratch, but we allow grains
to leave the i = 1 bin. The values of µij represent the rates

of change of C atoms mass and are expressed similar to ε
(1)
ij

as

µ
(1)
ij =

µC

NA
Rij

C

µ
(2)
ij =

µC

NA
Cij , (5)

where Rij

C and Cij are the rates of detachment and attach-
ment of carbon atoms, respectively. These values are given by
Murga et al. (2020). The µC is the molar carbon atom mass.

The rates of C and H loss in our calculations depend on
the bond activation energy E0 and the change of entropy
due to the bond dissociation ∆S. These parameters are crit-
ically important for the modelling. They vary from one PAH
to another. Furthermore, they have been determined only
for a small set of PAHs. We collect the most relevant val-
ues of E0 and ∆S from the literature. For the H and H2

loss we rely on the parameters adopted by Andrews et al.
(2016) as in the work of Murga et al. (2020). The parameters
for the C loss are more difficult to choose. The values from
Micelotta et al. (2010) can be adopted for the normal and de-
hydrogenated states, as they are supported by experiments,
but the parameters for the super-hydrogenated states are
less certain. Several experiments have shown the instability
of H-PAHs. The more extra H-atoms the H-PAHs have, the
less stable they become (Wolf et al. 2016; Quitián-Lara et al.
2018; Rapacioli et al. 2018). We estimate these parameters
from the experiment of Rapacioli et al. (2018), who inves-
tigated fragmentation of a coronene molecule saturated by
hydrogen. They measured the yields of fragments for differ-
ent hydrogenation states and found that the yield of various
carbonaceous fragments (CxHy) increases with the number
of extra hydrogen atoms, while the survival yield decreases.

Table 3. Dissociation parameters E0 [eV] and
∆S [cal K−1 mol−1].

Fragment XH ≤ X0
H XH > X0

H

E0 ∆S E0 ∆S

H (Z < 0) 4.3 11.8 −2.5XH

X0
H

+ 6.8 13.3

H (Z > 0) 4.3 11.8 −2.4XH

X0
H

+ 6.7 13.3

H (Z = 0) 4.3 11.8 −2.7XH

X0
H

+ 7.0 13.3

H2 3.52 –12.69 – –

C2H2 (Z < 0) 4.6 10.0 −2.7XH

X0
H

+ 7.3 10.0

C2H2 (Z > 0) 4.6 10.0 −2.6XH

X0
H

+ 7.2 10.0

C2H2 (Z = 0) 4.6 10.0 −2.9XH

X0
H

+ 7.5 10.0

When the PAHs are fully hydrogenated, the yield of C2H2 is
higher by a factor of ∼ 50 relative to the yield in the normal
(initial) state. At the same time the survival yield decreases
by a factor of 2.
We can calculate the yields using the expressions from the

Shiva model (Murga et al. 2019, 2020) and try to find con-
sistency with the experiment of Rapacioli et al. (2018). We
assume that the parameter E0 changes depending on the hy-
drogenation level, i.e. we consider E0 as a parameter describ-
ing the yield of destruction rather than the activation energy.
We adopt that E0 changes with hydrogenation level as a lin-
ear function

E0 = a∗XH

X0
H

+ b∗, (6)

where a∗ and b∗ are some parameters. To estimate a∗ and
b∗ we set the boundary conditions for H and C2H2 loss for
hydrogenation states with XH = X0

H and XH = 2 ·X0
H. As for

H loss in a PAH in the hydrogenated state with XH = 2 ·X0
H,

we use the mean values for solo and duo hydrogen atoms
given by Andrews et al. (2016): we adopt E0 = 1.8, 1.6 and
1.9 eV for anions, neutral and cations, respectively. For C2H2

loss we found the most suitable value for each PAH in each
ionization state, such that the yields of carbonaceous frag-
ments and survival are consistent with the measurements of
Rapacioli et al. (2018). We found 1.9, 1.7 and 2.0 eV for an-
ions, neutral and cations, respectively, in the hydrogenated
state with XH = 2 · X0

H; i.e. they are higher than the corre-
sponding values for the H loss by 0.1 eV. The linear functions
obtained, E0 and ∆S for all states are presented in Table 3.
Zhen et al. (2015, 2016) showed that the interaction of

large PAHs with UV photons leads to ionization, rather than
fragmentation. Some studies indicate that dehydrogenation
most likely occurs with large PAHs containing 70–80 carbon
atoms (Berné & Tielens 2012; Zhen et al. 2014). As experi-
ments with destruction of large PAHs are lacking, we consider
four scenarios of carbon skeleton destruction: a) PAHs can-
not lose their hydrogen and carbon atoms; b) PAHs can lose
hydrogen atoms but cannot lose carbon atoms; c) PAHs can
lose their hydrogen and carbon atoms no matter how large
they are, and d) all PAHs can lose their hydrogen atoms,
but only PAHs with NC < 60 can lose their carbon atoms.
The cases are schematically described in Table 4. The ‘a’
model represents the initial state of the PAH ensemble. The
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Table 4. Model variants considered in the work.

Case H loss C loss

‘a’ − −
‘b’ + −
‘c’ + +
‘d’ + + for NC < 60

‘b’ and ‘c’ models represent extreme cases of carbon skele-
ton destruction. The ‘d’ model is chosen based on experi-
ments and theoretical investigations revealing the inefficient
destruction of the carbon skeleton beyond a critical PAH size
(NC ≈ 60 or a ≈ 5 Å)(Zhen et al. 2015). While these exper-
iments were conducted for only the normally hydrogenated
PAHs, we adopt this critical size for all PAH states, since
no experiments are available for large super-hydrogenated
PAH analogues, i.e., we assume that the behaviour of hy-
drogenated and super-hydrogenated PAHs is similar. If, on
the other hand, we assume that the stability properties of
super-hydrogenated PAHs are close to properties of hydro-
genated amorphous carbon (HAC)(Alata et al. 2014, 2015;
Duley et al. 2015), the assumption on the limiting size is not
valid, and the ‘c’ model is more appropriate for the these
states.

The evolutionary processes of ionized and neutral PAHs
proceed with different rates (e.g. Allain et al. 1996b). The
ionization state is also crucial for computing synthetic spec-
tra, therefore, we calculate the evolution of PAHs depend-
ing on their charge, and estimate the PAH charge probabil-
ity function fi(Z) for each size bin based on the work of
Weingartner & Draine (2001).

PAH evolution in UV radiated environments has been
modelled previously several times. Some models focus pri-
marily on carbon skeleton destruction (Allain et al. 1996a),
while others consider only variations of hydrogenation level
and charge (Le Page et al. 2001; Montillaud et al. 2013). Our
model, on the other hand, provides a combined approach for
all relevant processes for PAHs. Unlike the previous models,
we follow the evolution of the full ensemble of PAHs, taking
into account that PAHs can move from one group (in size,
hydrogenation level) to another.

3.2 Input parameters for PDR modelling and

additional tools

For the modelling of the PAH evolution, we adopt phys-
ical parameters of the Orion Bar PDR from the chemo-
dynamical model MARION (Kirsanova et al. 2009). The Orion
Bar has been modelled many times (e.g. Tielens et al.
1993; Pellegrini et al. 2009; Shaw et al. 2009; Ascasibar et al.
2011), but the MARION model has several advantages over
other models. The dynamics and chemistry are coupled in
this model, therefore the model can be used to study how
the chemo-dynamical structure of the H ii region, PDR, and
molecular gas changes with time (see, e. g. Kirsanova et al.
2020). Also, the model takes into account the relative mo-
tions of gas and dust (Akimkin et al. 2015, 2017) and allows
multiple grain populations. We use the modification of the
model presented by Kirsanova & Wiebe (2019), who used it

to describe the H2 and CO dissociation fronts in the Orion
Bar.
That model is not intended to be an evolutionary model of

the Orion Bar, but rather reproduces a ‘moving stationary’
situation for the ionization and dissociation fronts advanc-
ing into molecular material. Parameter distributions shown
in Fig. 6 correspond to some evolutionary time of the model,
when the overall structure of the studied region has already
been established. This structure is kept fixed during the dust
evolution computation. Using the model, we match distances
expressed in values of extinction AV and spatial distances
in arcsec. We model the PAH evolution in the PDR at dis-
tances from 110 to 180 arcsec from θ1 Ori C, where the IR
features change sharply. We use gas temperature Tgas, atomic
hydrogen number density nH, number density of molecular
hydrogen nH2

, n(H) = nH + nH2
, radiation field intensity χ,

number density of electrons ne and number density of ionized
and atomic carbon (nC+ and nC) from that model.
This model region can be divided into three parts with

different physical conditions: the H ii region, the PDR and
the molecular cloud (MC). We add photons with energy ex-
ceeding 13.6 eV, and with photon flux corresponding to an
O6-type star, in order to calculate the evolution of PAHs in
the H ii region as Kirsanova & Wiebe (2019) excluded these
photons. In Fig. 6, we also show ratio χ

√

Tgas/ne, character-
ising the charge balance of PAHs and χ/nH, which indicates
the efficiency of losing or adding of H atoms (Tielens 2005).
The dust size distribution (dn/da) of Kirsanova & Wiebe

(2019) extends up to several microns. As we are interested
only in PAH-size grains in the present study, we model the
evolution of particles with sizes between 3.3 Å and 25 Å divid-
ing this range into Nm = 10 bins. The initial values of the size
distributions for some specific sizes are shown in Fig. 6 (bot-
tom right panel). The range of hydrogenation levels is divided
into NmH = 5 bins, spanning a range from 0 to 2.5·X0

H in XH.
We follow the evolution of each bin, taking into account pos-
sible bin-to-bin exchanges. Finally, as mentioned above, we
consider the evolution of PAHs at different ionization states.
We solve the system of equations (2) for PAHs with charge
numbers from −2 to 8 (NZ = 11), as these are the most
populated charge states of the PAHs in the conditions of the
Orion Bar.
The DustEm tool (Compiègne et al. 2011) is used to com-

pute synthetic spectra in the mid-IR range. We consider
NmH × NZ = 55 PAH types, each type having its own size
distribution obtained with the model. In addition, we include
large graphite and silicate grains. We do not consider their
evolution, but add them to the calculations of the synthetic
spectra using the size distributions from DL07.
The absorption cross-sections (Cabs) of all dust types are

adopted from DL07, with modifications concerning the bands
at 3.3, 3.4, and 11.2 µm for PAHs in the super-hydrogenated
and dehydrogenated states. We describe these modifications
in Appendices A and B. The NASA Ames PAH database is
used as a source of parameters of IR bands. The total syn-
thetic spectrum at any spatial point is obtained by summing
the spectra of all dust components, i.e.

Itotal(ν) =

NmH×NZ+2
∑

i=1

fi(Z)

∫

dni

da
da×

×

∫

Cabs(i, a, Z, ν)Bν(T )
dP

dT
(i, a)dT,

(7)

MNRAS 000, 1–19 (2021)



Orion Bar as a window to the evolution of PAHs 9

120 140 160
distance, arcsec

10−5

10−2

101

104

107
p
ar
am

et
er
s

H II PDR 1

PDR 2

MCDF

Tgas, K

χ

nC+, cm
−3

nC, cm
−3

120 140 160
distance, arcsec

10−3

10−1

101

103

105

107

nu
m
b
er

d
en
si
ty
,
cm

−
3

nH

nH2

n(H)

ne

120 140 160
distance, arcsec

10−5

10−2

101

104

107

p
ar
am

et
er
s

χ
√

Tgas/ne χ/nH

120 140 160
distance, arcsec

103

104

105

106

107

d
n
/d

a
,
cm

−
1 c
m

−
3

a =3.3 Å
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Figure 6. Upper panels: physical parameters along the Orion Bar according to the MARION model. Bottom left panel: parameters
χ
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Tgas/ne and χ/nH along the Orion Bar. Bottom right panel: values of the initial size distribution for some specific sizes along
the Orion Bar.

where Bν(T ) is the Planck function, and dP/dT is the tem-
perature distribution for each grain at a certain computa-
tional cell.

We applied the same procedure as in Sects. 2.2 and 2.3 to
obtain the band intensities at 3.3, 3.4 and 11.2 µm. For the
bands at 3.6, 6.6, and 7.7 µm, we use the formulae presented
in the IRAC and FORCAST descriptions (Hora et al. 2008;
Herter et al. 2013), which can be expressed as follows

Iband =

∫

Rband(ν)Itotal(ν)dν
∫

(ν/νband)−1Rbanddν
, (8)

where Rband is the system response function related with
the response function Sband(ν) as ∝ (1/hν)Sband(ν). The re-
sponse functions were obtained from the IRAC instrumenta-
tion handbook7 and the FORCAST instrument description8.
Note that we simulate the band intensities, while we measure
flux densities using the observational data. As these two val-
ues differ by a constant factor, we assume that their ratios
can be compared.

7 https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
8 https://www.sofia.usra.edu/science/instruments/forcast

There is a faint background emission near 3 µm at the
ISO and UKIRT spectra. Since we measure the intensity at
3.6 µm from photometric image, this background emission
remains in our measurements, and we cannot estimate it ac-
curately. We consider that this background is related with the
radiation field (e.g. via light scattering) and varies with its
intensity. Therefore we roughly approximate this background
in the following way: we calculate the background flux density
from the ISO spectrum and the fraction of the background
in the 3.6 µm-band flux density. Then we add this additional
fraction to the simulated 3.6 µm-band intensities, scaling it
by the ratio between χ at a current distance and χ at the
ISO slit location. The intensity of the 3.6 µm-band with the
added background is designated as Ibkg3.6 .

4 RESULTS OF THE MODEL

In this section, we present results of our calculations and
compare them with the observational data. We show how the
PAH distributions over sizes and ionization/hydrogenation
states vary, depending on a distance from an ionizing source,
and also present the dependence of band intensity ratios on
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the distance. We present results for representative locations
within the H ii region, the PDR (two points designated by
numbers 1 and 2), DF, and MC. The distances from the ion-
izing source to these locations are 110, 120, 129, 130, and
160 arcsec, respectively (see crosses in Fig. 6, upper left).

4.1 PAH size distribution

The initial dust size distributions and results of our calcu-
lations at each location are shown in Fig. 7. The size dis-
tribution does not change when no loss or only H loss may
occur (models ‘a’ and ‘b’), therefore, we only present results
for models ‘c’ (Fig. 7, left) and ‘d’ (Fig. 7, right) in this sub-
section. We demonstrate the size distributions of PAHs in
H ii, PDR 1, PDR 2, DF, and MC locations of the model re-
gion after 105 yr, which is assumed to be approximate age of
the Orion Bar PDR (Salgado et al. 2016; Kirsanova & Wiebe
2019).

The critical size of PAHs in model ‘c’, below which they are
destroyed, changes from one position to another. This size is
8 Å at the H ii, PDR 1, and DF points, ≈ 15 Å at PDR 2 and
≈ 5 Å at MC. From the size distributions, we note that the
fraction of the destroyed PAHs is generally larger for smaller
sizes, and that the most efficient destruction of PAHs occurs
in PDR 2.

In model ‘d’, where the C loss of large PAHs (NC > 60)
is restricted, the abundances of PAHs with NC < 60 goes to
zero at the H ii, PDR 1 and PDR 2 locations. All distributions
are similar to the ones obtained in model ‘c’, except that the
abundances of the smallest grains are lower in PDR 1 and
PDR 2 in case ‘d’, as large PAHs are not destroyed, and
their fragments do not pass into the bins of smaller sizes.

We note that regardless of which model is used, PAHs with
radii smaller than 5 Å are destroyed throughout the model
region, except for the deep interior of the MC (i.e., farther
than 160 arcsec from the star). Thus such small PAHs may
only survive in the shielded regions of the MC.

Another way to trace the destruction of PAHs at various
locations is to estimate the average size of the PAHs (〈a〉)
across the object. We calculate it as a weighted average value
over all size bins. A weight of a size bin is taken to be a sum
of number densities of all hydrogenation and ionization states
within the bin. We present the radial profiles of the PAH av-
erage radius in Fig. 8 (blue line). In model ‘c’, the average
size of PAHs at the IF is approximately 8 Å. At ∼ 125 arcsec
it starts to increase, reaching 12 Å at ≈ 129 arcsec. Then 〈a〉
rapidly drops to ∼ 6 Å at ∼ 130 arcsec (location of the DF)
and smoothly decreases down to the minimum size in the
MC. This behaviour of the average PAH size demonstrates
that within the framework of model ‘c’ the most adverse en-
vironment for PAHs in the model region is PDR 2, where the
hydrogen number density has its maximum. The high num-
ber density of atomic hydrogen in PDR 2 leads to efficient
hydrogenation of PAHs. This is especially true for neutral
PAHs, which are highly reactive with hydrogen at high tem-
perature (Rauls & Hornekær 2008), although ionized PAHs
also efficiently interact with hydrogen atoms, if n(H) is high.
As PAHs in the super-hydrogenated state are unstable and
the radiation field intensity is still quite high in this area
(χ > 102), these PAHs are destroyed quickly. The 〈a〉 value
does not rise at the PDR 2 location in model ‘d’ due to the
selected size limit against the destruction by UV radiation.

4.2 Ionization and hydrogenation state of PAHs

A red line in Fig. 8 shows the dependence of the weighted av-
erage hydrogenation state (XH/X

0
H, see Sec. 3) on a distance

for the models ‘c’ and ‘d’. The hydrogenation level slightly
exceeds 1 at the PDR region up to ∼ 125′′, but farther out
the fraction of H atoms in PAHs grows. The highest hydro-
genation level (1.1 and 1.2 for models ‘c’ and ‘d’, respectively)
appears in the PDR 2 location and coincides with the highest
nH value. In the MC, it drops to 1–1.05 and then decreases
to 0.6 behind ≈ 150′′. The smallest PAHs start to survive
deeply in MC (no C loss), but they are still dehydrogenated
at the same time (see details below). These PAHs are getting
stable even to H loss, and the hydrogenation level increases
again behind 170 arcsec .

We show colour maps illustrating the distribution of states
for model ‘c’ in Fig. 9, where colour indicates the number
density of PAHs in a specific state. Results of models ‘c’ and
‘d’ are qualitatively similar. These maps allow assessing the
states of specific PAHs (six size bins from 3.3 to 20 Å) un-
der certain conditions and number densities of PAHs at the
selected locations. We note again that all dust particles are
mostly abundant initially at the DF, according to the MARION
model, but their abundances change due to evolution under
the UV radiation.

The smallest PAHs (3.3 Å, top row in Fig. 9) are nearly
absent in H ii. Their number density grows from PDR 1 and
reaches a maximum in MC. These PAHs survive only in the
MC. The charge number of these PAHs is mostly 1 in PDR
and 0 in DF and MC. They are mostly dehydrogenated nearly
everywhere in the Orion Bar, except for the deep interior of
the MC.

The number density of 5 Å PAHs (second row in Fig. 9)
is smaller by several orders of magnitude in the H ii, PDR 1
and PDR 2 relative to the DF and MC locations. Their charge
ranges from 0 to 3 in the PDR locations and at the DF, and
from 0 to 2 in the MC. In PDR 1 and PDR 2, the num-
ber density peaks in ionized states, while neutral PAHs are
most abundant at the DF and in the MC. Unlike 3 Å PAHs,
these particles are mostly in the normal hydrogenation state,
though a small fraction of dehydrogenated PAHs also exist.

The difference in number densities of the 7 Å PAHs at
the selected locations is not as prominent as for the smaller
sizes (third row in Fig. 9). These PAHs may lose their car-
bon atoms only in the PDR and at the DF, but less efficiently
than smaller particles. The range of charges is wider: in H ii

and PDR the charge varies from –1 to 4, at the DF and in the
MC it varies from –1 to 3. The dominant charge state shifts
from a positive charge in PDR 1 and PDR 2 to a negative
charge at DF and in MC. These PAHs are mostly in the nor-
mal hydrogenated state, with the insignificant fraction being
super-hydrogenated. We emphasise a gap indicating a deficit
of neutral PAHs of this size in the PDR locations, though
both anions and cations exist there. The abundance of neu-
tral PAHs decreases due to the rapid hydrogenation and sub-
sequent destruction. The same feature appears also for larger
sizes.

The PAHs with radius of 9 Å (fourth row in Fig. 9) can be
destroyed only in PDR 2, but not substantially. The range of
PAH charges is from –2 to 5 in PDR, from –2 to 4 at DF,
and from –1 to 2 in MC. In PDR 1 and PDR 2 the PAHs
are positively charged, and they become anions in DF and
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Figure 8. Weighted average PAH size (〈a〉, blue line) and hydrogenation level relative to the initial one (〈XH/X0
H〉, red line) along the

Orion Bar. The initial values are shown by dotted lines of the corresponding colour.

in MC. There are no neutral PAHs in PDR 1 and PDR 2.
These PAHs stay in the normal hydrogenation state mostly,
but some PAHs are super-hydrogenated at all locations. The
fraction of H-PAHs becomes especially large in PDR 2 and
DF.

The maps for the PAHs of radius 12 Å (fifth row in Fig. 9)
look similar to the maps of the previous size, but they are
even more hydrogenated in PDR and DF even though they
are mainly in the normal hydrogenation state. There are no
neutral PAHs in PDR 1 and PDR 2 due to photo-destruction
as well as for two previous sizes. The fraction of neutral PAHs
is insignificant in PDR 1, therefore their destruction does not
contribute to the PAH size distribution in Fig. 7, while their
fraction in PDR 2 is more considerable and their destruction
is reflected on the size distribution. The range of charges is
wide in PDR 1 and 2 (from –2 to 10), but becomes narrower
in DF (from –2 to 4) and MC (from –2 to 3). There is a shift
from positively charged to negatively charged particles after
transition from PDR 1 and PDR 2 to DF and MC.

Finally, we present the maps for 20 Å PAHs (bottom row
in Fig. 9) though these large grains are practically insensi-
tive to the UV radiation. They are mostly positively charged
in PDR 1 and PDR 2 and negatively charged in the DF and
MC locations. As for the hydrogenation state, their behaviour
is similar to the behaviour of smaller PAHs. Some of them
are super-hydrogenated, but they are mostly in the normal
hydrogenated state. Also, even neutral PAHs of this size,
which can be quickly hydrogenated, survive because these
PAHs are stable against photo-destruction even in the super-
hydrogenated state.

4.3 Comparison between the observed and

simulated PAH emission

In Fig. 10 we show the observed and simulated ratios
I3.6/I11.2 and Ibkg3.6 /I11.2 (PAH size), I3.3/I3.4 (ratio of
aliphatic to aromatic groups), I7.7/I3.6 (PAH size and charge)
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PDR 2

−2−1 0 1 2 3 4 5 6 7

Z

a = 20 Å
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Figure 9. Maps of PAH hydrogenation and charge states (model ‘c’). Columns correspond to the positions of H ii, PDR 1, PDR 2, DF,
and MC. Rows correspond to different sizes (3.3, 5, 7, 9, 12, 20 Å).

and I7.7/I11.2 (PAH charge). The colours in the figure repeat
the colours used for the observational the data in Fig. 4.

4.3.1 F3.6/F11.2 ratio

The observed ratio F3.6/F11.2 (green squares) has a mini-
mum at the IF and then stays nearly constant ≈ 0.1 in the
MC. The ratio anti-correlates with parameters χ

√

Tgas/ne

and χ/nH (compare with Fig. 6). We find a trough in the
radial profile of the simulated F3.6/F11.2 ratio (green lines)
between the IF and DF in all models. If we ‘switch on’ car-
bon skeleton destruction and consider models ‘c’ and ‘d’, the
trough is deeper, and its depth gets larger if destruction of
larger grains is allowed (model ‘c’). A quick look at observed
and computed F3.6/F11.2 (I3.6/I11.2) ratios leads to conclu-
sion that only models without PAH destruction (‘a’ and ‘b’)
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Figure 10.Ratios of the band intensities obtained from the synthetic spectra. The model cases (‘a’, ‘b’, ‘c’, ‘d’) are marked in corresponding
plots. Observational data are also shown, as in Fig. 4.

are consistent with the observational data. But if we con-
sider simulated Ibkg3.6 instead of I3.6, then the ratio becomes
higher than the observational one in the models without C
loss up to half order of magnitude, but the ratio is consistent
with the observations in the models ‘c’ and ‘d’, where PAH
carbon skeleton can be destroyed. We know that the back-
ground emission exists, therefore we choose the Ibkg3.6 values
and prefer the models with C loss to fit the F3.6/F11.2 ratio.

In our calculations without restrictions on the PAH size,
the destruction occurs quickly in PDR 1 and PDR 2 due
to the harsh radiation field, particularly the destruction is
efficient in the PDR 2 due to the rapid hydrogenation of
PAHs at this location and the low stability of H-PAHs. Such
PAHs disappear at these locations within the time interval
shorter than the model age of the Orion Bar PDR. The PAHs
up to a ≈ 15 Å are destroyed (see Fig. 8), and their fragments
can partially refill the bins of smaller sizes. The average size
has a maximum in the PDR 2. The destruction leads to the
significant weakening of the emission at 3.6 µm, and the ratio
I3.6/I11.2 becomes too low. That is why we also checked the

cases with the restriction of the destroying PAHs by NC = 60
(‘d’) and restriction for destruction of carbon skeleton at all
(‘b’). In the case ‘d’, the average size does not drastically
change, and there is no size growth as we move from the IF
to the PDR locations. Thus, we conclude that model ‘d’ fit
the observational I3.6/I11.2 ratio better than other models.
We also mention that if the C loss is allowed then PAHs of
small sizes (a < 5 Å) may exist in the Orion Bar only deep
in MC.

4.3.2 F7.7/F3.6 ratio

The observed F conv
7.7 /F3.6 ratio (cyan dashed lines) is higher

than the simulated one in PDR for all considered models
by 0.5–1 order of magnitude or ever more. The simulated
ratio becomes closer to the observed one (within 0.5 order
of magnitude) in MC region of models ‘a’ and ‘b’. However,
if we again consider the I7.7/I

bkg
3.6 ratio, models ‘b’ and ‘d’

satisfactorily describe the PDR region and the MC zone.
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4.3.3 F7.7/F11.2 ratio

The simulated I7.7/I11.2 ratio (blue lines) looks similar in all
models (blue circles). The ratio decreases from the IF to the
MC both in observations and in the model, but the simulated
values are 2–3 times (sometimes up to ≈ order of magnitude)
higher than the observational points. There might be two
reasons for that: 1) the deficit of neutral PAHs both in the
PDR and the MC in our calculations; 2) the necessity to
use optical properties determined specifically for negatively
charged PAHs.

The first reason is related to the adopted ionization poten-
tial, which is taken from Weingartner & Draine (2001). It is
a generalised potential that suits some ‘average’ PAHs. How-
ever, certain deviations are possible for individual PAHs, so
that PAHs with other potentials or even neutral PAHs can
exist in PDR and MC zones. In the latter case the 11.2 µm-
band will be enhanced, and therefore the ratio I7.7/I11.2 will
be smaller. According to our charge calculations, some neu-
tral PAHs do exist near the DF, and at this point the ratio
I7.7/I11.2 is around observational points (models ‘b’, ‘c’, ‘d’).
This result correlates with the results of Compiègne et al.
(2007), who showed that neutral PAHs are needed to explain
the intensity of the 11.3 µm-band in the Horsehead nebula
PDR.

The second reason is our assumption on the identical opti-
cal properties for negatively and positively charged PAHs,
based on recent investigations of PAH spectra (Gao et al.
2014; Buragohain et al. 2018). Thus, while ionized PAHs in
the MC are dominated by negatively charged PAHs, we treat
them as positively charged PAHs instead, computing the syn-
thetic spectra. Currently, no optical properties are available
that would be computed or measured specifically for an-
ions, but if in fact optical properties of positively and neg-
atively charged PAHs differ significantly, the synthetic ratio
I7.7/I11.2 computed with more appropriate optical properties,
may be closer to the observed values in the MC.

4.3.4 F3.3/F3.4 ratio

The observed F3.3/F3.4 ratio (red circles) drops by at least a
factor of 2 from the IF to the DF and stops decreasing after
the DF. In the MC the ratio fluctuates, staying roughly at
the same level. None of our models reproduce this behaviour
completely, but in model ‘d’ the simulated I3.3/I3.4 ratio (red
lines) follows the observed radial profile closely in the IF and
PDR 1 locations (within several percent). If PAHs cannot be
destroyed (model ‘b’), then the 3.3 µm band flux would be
large compared to the 3.4 µm band flux. This is because as
the small PAHs (a ≤ 5 Å) are dehydrogenated in the PDR,
but their number density is the largest of all the PAHs. When
small PAHs are destroyed (model ‘c’), the 3.4 µm band flux
increases relative to the 3.3 µm band flux, as the large PAHs
can be super-hydrogenated. Therefore, model ‘d’ is an inter-
mediate case when the relation between the abundances of
dehydrogenated small PAHs and large H-PAHs is consistent
with the observations.

However, none of our proposed models are able to ade-
quately describe the observations in the MC. A direct inter-
pretation of the observed ratio suggests that PAHs may be
super-hydrogenated in the MC. This could be the case, if the
PAHs are able to acquire hydrogen atoms from H2 molecules.

In our model, PAHs do not interact with molecular hydro-
gen, and the density of atomic hydrogen is too low to af-
fect the abundance of H-PAHs. This behaviour could also be
related to the non-zero fraction of atomic hydrogen in the
molecular gas of the Orion Bar PDR. Moreover, the small-
est PAHs, which are the most abundant in the MC, are still
dehydrogenated. Consequently, even model ‘d’ overestimates
the F3.3/F3.4 ratio in the MC. The depth of the trough near
PDR 2 varies between models, with models ‘c’ and ‘d’ having
the maximum depth.

5 DISCUSSION

5.1 Comparison with other studies of the Orion Bar

Many works have been devoted to PAH studies in the
Orion Bar. Firstly the unidentified infrared emission fea-
tures at 8–13 µm in this object were discovered by
Aitken et al. (1979). The emission was found to peak in
the neutral region of the PDR, behind the IF, where
radiation gets weaker. Since Leger & Puget (1984) sug-
gested PAHs to be responsible for unidentified infrared
emission features, this hypothesis was almost unanimously
adopted for the mid-IR emission in this object as well.
Bregman et al. (1989); Roche et al. (1989); Giard et al.
(1994); Geballe et al. (1989); Allain et al. (1996a) proposed
that PAHs can hardly survive in the H ii region, and this is
why the peak of their emission is shifted to the neutral re-
gion. However Kassis et al. (2006) adapted a simple attenua-
tion model to the region and showed that the PAH emission
reflects the geometry of this object. Namely, the sharp in-
creasing of the PAH column density behind the IF leads to
increasing of mid-IR emission.
Based on the PAH fluorescent model Schutte et al. (1993);

Bregman et al. (1994) summarised that PAHs have NC from
less than 80 to 102 − 105, and PAHs are rather not de-
hydrogenated except the smallest ones with NC < 24.
Allamandola et al. (1999); Bakes et al. (2001a,b) modelled
synthesised spectra of mixtures of particular PAHs and found
that large PAH cations (NC ≈ 50− 100, singly and multiply
charged) dominate at the surface of the PDR at AV ≈ 0.1,
and the structure of the PAHs is rather symmetrical and con-
densed. These PAHs are thermodynamically stable and likely
survive under the harsh conditions. Deeper to the more at-
tenuated region the PAH mixture is dominated by neutral
and negatively charged PAHs while their size distribution
is shifted to small PAHs. On the other hand, Kassis et al.
(2006) concluded that there is no clear transition from posi-
tively charged to neutral and negatively charged PAHs from
bright to faint region in this object. Instead of that PAHs
rather change their other characteristics like molecular struc-
ture, size or chemical composition.
Recently Knight et al. (2021) demonstrated observational

profiles of ratios F11.2/F3.3 and F8.0/F11.2. The peculiar pro-
file of the ratio F8.0/F11.2 was presented where the ratio has
a minimum closer to the ionizing source. This behaviour is
unexpected as the ratio should be higher where the PAHs
are ionized and lower under the mild conditions of molecu-
lar cloud. They conclude that the ratio F8.0/F11.2 does not
strictly reflect the ionization of PAHs and is smudged by their
dehydrogenation. The ratio F11.2/F3.3 has a maximum at the
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bright region of the PDR decreasing to the MC which is ex-
plained by the photo-destruction of small PAHs in the former
region. However, they emphasise that there is not significant
variation of the ratio in the MC where the average PAH size
is estimated around 70–85 carbon atoms.

The results of the works above prove that evolutionary pro-
cesses of PAHs should be considered for detailed modelling
of mid-IR emission in this object. However, there was no de-
tailed model that could describe charge, size and the hydro-
genation state of PAHs simultaneously. Our results based on
such a model and observations generally confirm the con-
clusions of the previous works, and also allow us to recon-
struct the PAH parameters in the Orion Bar PDR in detail.
We show that large PAHs dominate over neutral and nega-
tively charged PAHs in the PDR while the opposite situation
is in the MC. However, our model overestimates the ratio
F7.7/F11.2, which hints at additional factors, beside of charge,
that influence the ratio. Knight et al. (2021) suggested dehy-
drogenation as one of these factors, but we do not see pre-
vailing of dehydrogenation in the PDR. Unlike Knight et al.
(2021), we do not see a peculiar behaviour of F7.7/F11.2. The
possible reason is that we use different bands and instru-
ments, though the ratio is expected to be similar. However,
we note the profiles of our F3.6/F11.2 and their F3.3/F11.2 are
consistent with each other.

Our synthetic band intensity ratios are reasonably close
to the observations (up to a factor of 3). Our model (in
particular, case ‘d’), ISO spectrum fitting and size estima-
tions with using the diagrams from Maragkoudakis et al.
(2020) indicate that the PAHs should include around 100
carbon atoms or even more in the PDR. Thus, our results
from different methods are consistent with each other. Also,
they are generally consistent with estimates from previous
works (Bakes et al. 2001a; Kassis et al. 2006; Knight et al.
2021). Unlike the previous works, our modelling naturally
shows the processes that lead to the observed distribution
of PAH sizes, charges and hydrogenation states in the Orion
Bar PDR.

5.2 Origin of the 3.4 µm band

It is worth discussing separately the origin of the 3.4 µm
band that has been intensively discussed in the litera-
ture concerning different objects, including the Orion Bar.
Besides the H-PAHs considered in the present work, a
number of other carriers has been suggested: evaporating
PAH clusters, methylated PAHs (Me-PAHs), HACs, mixed
aromatic-aliphatic organic nanoparticles (MAONs), and the
anharmonicity effect (Bakes et al. 2001b; Kwok & Zhang
2011; Li & Draine 2012; Yang et al. 2013; Jones et al. 2013;
Sadjadi et al. 2015; Molpeceres et al. 2017; Chen et al. 2018).
However, precise calculations of the evolution and IR emis-
sion of these particles under the conditions of the Orion
Bar have not yet been performed. The H-PAHs, Me-PAHs,
HACs, MAONs seem to be unstable under UV radiation,
as are H-PAHs (Mennella et al. 2001; Jones et al. 2013;
Rapacioli et al. 2018). They may be destroyed quickly, or
at least dehydrogenated, in the harsh radiation field of the
Orion Bar, losing the ability to emit at 3.4 µm. In this work,
we quantitatively analysed whether H-PAHs can exist and
emit sufficiently in the Orion Bar or not. In our calculations,
the hydrogenation process of small PAHs is compensated by

the H loss process due to photodestruction, but PAHs larger
than 5–7 Å can be super-hydrogenated, and thus contribute
to the 3.4 µm band enough to explain its flux relative to
the 3.3 µm band. Therefore, the 3.4 µm band can be related
to aliphatic bonds in H-PAHs. The hypothesis was discussed
earlier in Schutte et al. (1993); Sloan et al. (1997), and here
we approve the plausibility of the suggestion, although other
carriers should not be excluded.

5.3 Problems with the ISO spectrum fitting

One problem with the ISO spectrum fitting is the shift
of the observed 6.2 µm band and fitted 6.3 µm band.
Bauschlicher et al. (2008) showed that the 6.2 µm feature
could originate at 6.3 µm, but the inclusion of nitrogen atoms
in the PAHs shifts the feature to 6.2 µm. The database we
use for the fitting contains a small number of large (N > 80)
PAHs with nitrogen atoms, therefore the lack of data for ni-
trogenated PAHs may explain the shift.
Another problem appears at 12–14 µm, where our PAH

mixture underestimates the mid-IR flux, and overestimates
the flux around 6–7 µm. This problem may be related to the
high intensity of the UV field in the Orion Bar PDR, so that
PAHs might reach energies equivalent to ∼ 103 K. These hot
PAHs contribute to the spectrum region near 6–7 µm, rather
than to the region at 12–14 µm, which may explain why the
feature at 6.2 µm is enhanced, while the features at 12–14 µm
are reduced.
We find that the most abundant species in the PAH mix-

ture in our fit do not coincide with those from either of
the lists presented by Andrews et al. (2015). Only two PAHs
(C98H

+
28, C112H26), which play a minor role, are included

to the fitting mixtures of both our work and the work of
Andrews et al. (2015). Taking the PAHs from the lists of
Andrews et al. (2015) and calculating spectra with them un-
der the conditions of the Orion Bar, we are not able to re-
produce the 6.2 and 12–14 µm features of the ISO spectrum.
Only emission of large PAHs, like those presented in Table 2,
satisfies the observed ratios between the 6.2, 7.7 and 11.2 µm
features. However, these PAHs do not have strong features at
12–14 µm, so this range cannot be well fitted simultaneously
with the other bands. The consideration of accurate heat ca-
pacities and cooling functions of individual PAHs might im-
prove this fitting, while our approach, which uses the average
PAH properties, makes the fit less reliable.
Rosenberg et al. (2014) demonstrated that a random PAH

mixture can describe any astronomical mid-IR spectrum in
the region of 5–15 µm. Our results are not consistent with
their conclusions, since we show that only very large PAHs
can reproduce the spectrum of the Orion Bar. Even then,
the synthetic spectrum is still not satisfactorily close to the
observed spectrum. In addition, some bands appear in the
synthetic spectrum at wavelengths where no bands are ob-
served (6.5–7, 9–10 µm).
Based on the results of our fit to the ISO spectrum, the

PAH mixture is mostly comprised of large PAHs (C96H26,
C98H

+
28, C142H30, etc.). However, there should also be a num-

ber of small dPAHs and normally hydrogenated PAHs (C21,
C34H

+
20). The small PAHs affect the spectrum in some very

specific features, and are necessary to fit the spectrum. Based
on our models ‘c’ and ‘d’, the PAHs smaller than 6 Å nearly
disappear at the DF and in the PDR. In order to reproduce
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these small PAHs, there should be a way to produce small
PAHs in these regions.

The experiments of Jochims et al. (1994); Zhen et al.
(2014, 2015) showed that small PAHs may be destroyed
efficiently under the UV radiation, while large PAHs can
be ionized or lose hydrogen atoms. However, some exper-
iments (e.g. Ekern et al. 1998; Useli-Bacchitta et al. 2010;
Zhen et al. 2015) also show that coronene (C24H12) has a very
stable carbon skeleton and may lose only hydrogen atoms,
and some other small PAHs (e.g. azulene) were unexpect-
edly discovered to be stable. Ekern et al. (1998) also showed
that some PAHs, after losing just a few acetylene molecules,
change their molecular structure and become photostable. In
other words, the photodestruction of PAHs is complex, and
some PAHs may be unexpected stable.

Another possibility is that the small PAHs appear in
the PDR due to fragmentation of PAH clusters, or even
HAC particles, however checking this hypothesis requires
intensive calculations and experiments. Several efforts have
been made (Rapacioli et al. 2006; Montillaud & Joblin 2014;
Duley et al. 2015), but the question still requires additional
investigation. Even if some small PAHs can be produced due
to the fragmentation of larger complexes, these PAHs might
be quickly destroyed, i.e. their production rate should be
higher than their destruction rate.

6 SUMMARY AND CONCLUSIONS

In this work, we aim to understand whether our PAH evolu-
tion model, which predicts the characteristics of PAHs under
certain conditions, can explain the mid-IR observations of
the Orion Bar PDR. We collected archival observational data
and analysed them. We modelled the PAH photo-destruction
under a harsh UV field, and considered different limits on
the PAH size, above which the C loss is forbidden (limits
NC = 0 (‘b’), NC = 60 (‘d’), NC = ∞ (‘c’)), assuming un-
restricted H loss. Additionally, we considered the case when
no PAH evolution occurs (‘a’). We calculated the size, hydro-
genation state and charge distributions for PAHs in different
positions through the Orion Bar PDR, and utilised the results
of the modelling to obtain simulated spectra and band inten-
sities. Our modelling satisfactorily describes the variations of
the ratios of F3.6/F11.2, F7.7/F11.2, F7.7/F3.6, F3.3/F3.4 with
the distance from the ionizing source, even though the am-
plitudes of these variations are not precisely reproduced. The
main conclusions of this work are:

• The PAHmixture in the Orion Bar PDR consists primar-
ily of large PAHs (NC >

∼ 80), with a small fraction of slightly
dehydrogenated and normally hydrogenated PAHs (NC = 21
and 34, respectively) according to our fitting of the ISO spec-
trum near the DF.

• The observed ratios of F7.7/F11.2 and F7.7/F3.6, which
are believed to characterise the ionization state, have their
maximum in the inner part of the PDR bordering the H ii re-
gion, and gradually decrease from the PDR towards the MC.
The same behaviour is predicted by our model, independent
of the model case, while the models ‘b’ and ‘d’ (no C loss and
no C loss for PAHs with NC > 60, respectively) are closer
to the observed values. The details of the treatment of the
photo-destruction process do not change the ionization state
of the PAHs. Our estimates of the ratio F7.7/F11.2 are higher

than those observed by 2–3 times, apparently due to the low
number of neutral PAHs throughout the Orion Bar PDR in
our calculations. A more accurate method of computing the
PAH ionization potential might eliminate this inconsistency.

• The observed ratio F3.6/F11.2, which is mostly sensitive
to the PAH size, has a minimum in the PDR near the IF. In
the modelling, we found that the ‘PDR 2’ location (near the
DF) is the most adverse place for PAHs, because they can
easily become super-hydrogenated, whereas this state is not
stable under the harsh UV radiation field. If we assume that
all the PAHs can be destroyed, then the depth of the trough
of F3.6/F11.2 in the PDR is too extreme. However, if we limit
the size of PAHs which can be destroyed by NC = 60 (case
‘d’), the F3.6/F11.2 ratio can be described satisfactorily.

• The observed ratio of F3.3/F3.4 has a maximum near the
IF, and decreases towards the MC by at least a factor of 2.
This flux ratio is believed to trace the ratio between aliphatic
and aromatic bonds in PAHs. In our model, we adopt H-PAHs
as carriers of the aliphatic bonds. We conclude that the ratio
changes as the mean size changes, and it is sensitive to the
model case. The behaviour of the ratio is well described if
we limit the carbon skeleton destruction by NC = 60, though
our predictions for the ‘PDR 2’ location are lower than those
observed, while in the MC they are higher. Despite the incon-
sistencies, the band at 3.4 µm can be explained with H-PAHs
as carriers.
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APPENDIX A: ABSORPTION CROSS SECTION

OF H-PAHS

The absorption cross-sections from the work of DL07 are
widely used, and generally consistent with mid-IR observa-
tions. However, these cross-sections describe only PAHs in
the normal hydrogenation state, and they do not include the
band at 3.4 µm, which is needed for interpretation of the
observations of the Orion Bar. Some laboratory IR spectra
were obtained for tens of PAHs with different numbers of
extra hydrogen atoms (Sandford et al. 2013), but these mea-
surements are not absolute, and we are therefore not able
to make full use of them. In the works of Yang et al. (2013,
2017) the cross-sections for PAHs with aliphatic sidegroups
were computed based on the DL07 cross-sections. We follow
the method of calculation from their work, but for H-PAHs.
Specifically, we modify the cross-sections around the bands
at 3.3 and 3.4 µm, and make them dependent on the PAH
hydrogenation level.

In order to estimate the 3.3 and 3.4 µm band param-
eters (central wavelengths, FWHM, and integrated cross-
section σband) of PAHs in different hydrogenation states we
use the NASA Ames IR PAH database. We chose a number
of molecules that have IR properties for the normal hydro-
genation state, and several states with extra hydrogen atoms:
C10H8, C10H

+
8 , C16H10, C16H

+
10, C24H12, C24H

+
12, C54H

+
18,

C96H24. For these molecules, there are different numbers of
hydrogenation states in the database, but no less than two
for each molecule. We estimate the hydrogenation level us-
ing the ratio XH/X

0
H, which indicates the ratio between the

number of hydrogen atoms in a specific hydrogenation state
and in the normal hydrogenation state of each PAH. This
ratio increases from 1 in the initial state to 2 in the most
hydrogenated state presented in the database.
We calculated the cross-sections around the 3.3 and

3.4 µm bands using the parameters from the database and
Lorentzian profiles. The emission bands at 3.3 and 3.4 µm
adopted in the DL07 model are wide, and several thin bands
listed in the database could be related to them. We set the
bounds from 3.22 to 3.32 µm and from 3.35 to 3.44 µm for
the bands at 3.3 and 3.4 µm, respectively, and all thin bands
that fall within these bounds are included in the wide bands.
We fit all thin bands within the bounds as single bands near
3.3 and 3.4 µm by Drude profiles, as this profile is adopted
in the DL07 model. The exact central positions may vary
slightly in different hydrogenation states, but on average the
aromatic band is centred at 3.28 µm, and the aliphatic band
at 3.40 µm.
For each molecule, we constructed the dependence of the

integrated cross-section of the wide bands at 3.3 and 3.4 µm
on XH/X

0
H. These dependencies are shown in Fig. A1. Due

to the significant difference in the IR-properties for ionized
and neutral PAHs, we consider these two groups separately.
As can be seen in Fig. A1, the flux of the aromatic band
decreases with XH/X

0
H, while the flux of the aliphatic band

increases.
The value of σband obtained for a fully aromatic molecule

is less than for a fully aliphatic molecule (Wexler 1967;
Sandford et al. 2013), which is related to the relative weak-
ness of the aromatic modes. We fit the dependence for
each ith molecule presented in Fig. A1 by the function
σ0
band,i(a

h
i · XH/X

0
H + bhi ), where σ0

band,i is the value of the
cross-section in the normal hydrogenation state and ai and
bi are free parameters. We averaged σ0

band,i, a
h
i , and bhi for

four separate groups: the aromatic band of ionized PAHs, the
aromatic band of neutral PAHs, the aliphatic band of ionized
PAHs, and the aliphatic band of neutral PAHs, and obtained
the mean parameters σ0

band, a
h, and bh for each group (Ta-

ble A1). We also give the mean FWHM for each case. Finally,
σ0
band, a

h, bh and FWHM were used to calculate the absorp-
tion cross-sections of PAHs in different states of ionization
and hydrogenation, i.e. we replaced the DL07 cross-sections
near 3.3 and 3.4 µm with bands with the parameters from
Table A1 for each specific state.

APPENDIX B: ABSORPTION CROSS-SECTION

OF DEHYDROGENATED PAHS

Analogous to H-PAHs, we modify the absorption cross-
sections for dehydrogenated PAHs. The NASA Ames IR
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Figure A1. Dependence of integrated cross-sections of the bands
at 3.3 and 3.4 µm on XH/X0

H for several PAHs which were chosen
from the Nasa Ames PAH IR database. Dashed lines indicate the
aromatic (3.3 µm), solid lines indicate the aliphatic (3.4 µm) band.
On the left, the dependencies for neutral PAHs are shown, on the
right — for cations.

Table A1. Mean parameters of the integrated cross-sections and
FWHM for the bands at 3.3 and 3.4 µm for H-PAHs.

Band σ0
band ah bh FWHM

3.3, neutral 2.23 · 10−18 −0.76 1.82 0.010
3.3, ionized 2.71 · 10−19 −0.46 1.40 0.010
3.4, neutral 3.96 · 10−18 1.16 −1.29 0.015
3.4, ionized 1.26 · 10−18 2.74 −1.30 0.015

PAH database includes only a few molecules in the dehy-
drogenated state, namely C54H

+
18, C66H20, C66H

+
20, C96H24,

C96H
+
24. Based on the database, we assume that only the

bands at 3.3, 11.2 and 12.6 µm from the list of bands in the
DL07 model are primarily sensitive to the decreasing of XH.
The fitting procedure described in Appendix A was repeated
for the dehydrogenated states of the PAHs. As in the previ-
ous case, we found the dependence of the integrated cross-
section on XH/X

0
H as σ0

band,i(a
d
i ∗ XH/X

0
H + bdi ), where we

Table B1. Mean parameters of the integrated cross-sections and
FWHM for the bands and 3.3, 11.2, and 12.6 µm bands for dehy-
drogenated PAHs.

Band ad bd FWHM

3.3 0.948 0.003 0.008
11.2 0.987 0.041 -

(DL07: 11.23, 11.33)
12.6 0.799 0.200 -

(DL07: 12.62, 12.69)

adopt σ0
band,i for each molecule equal from DL07. In the case

of dehydrogenated PAHs, the dependencies for ionized and
neutral PAHs are similar (only the value of σ0

band,i may dif-

fer), so we estimated the coefficients ad and bd averaged for
all molecules, regardless their charge (Table B1). In the DL07
model, each of the bands at 11.2 and 12.6 µm consists of two
thin bands, so we modify σband of these thin bands similarly,
without changing their FWHM.

This paper has been typeset from a TEX/LATEX file prepared by
the author.

MNRAS 000, 1–19 (2021)


	1 Introduction
	2 Observational Data
	2.1 ISO spectroscopic data
	2.2 Spitzer spectroscopic data
	2.3 UKIRT spectroscopic data
	2.4 SOFIA and Spitzer photometric data
	2.5 Summary of observational data

	3 Model of PAH evolution
	3.1 Main equations of the model
	3.2 Input parameters for PDR modelling and additional tools

	4 Results of the model
	4.1 PAH size distribution
	4.2 Ionization and hydrogenation state of PAHs
	4.3 Comparison between the observed and simulated PAH emission

	5 Discussion
	5.1 Comparison with other studies of the Orion Bar
	5.2 Origin of the 3.4 m band
	5.3 Problems with the ISO spectrum fitting

	6 Summary and conclusions
	A Absorption cross section of H-PAHs
	B Absorption cross-section of dehydrogenated PAHs

